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ABSTRACT OF DISSERTATION 

MOLECULAR EPIDEMIOLOGY OF LEPROSY IN CEBU, PHILIPPINES 

AND ESSENTIALITY AND CHARACTERIZATION OF AN 

ARABINOSYLTRANSFERASE INVOLVED IN THE CELL WALL SYNTHESIS OF 

MYCOBACTERIA 

Leprosy is a chronic granulomatous infectious disease caused by Mycobacterium 

leprae, which affects the skin, peripheral nerves and mucous membranes. Approximately a 

quarter million new cases are detected annually throughout the world. Since M. leprae is an 

obligate intracellular bacterium, not cultivable under in vitro conditions, and with a long 

incubation time, the causes for continued prevalence in endemic countries are still 

unknown. In this regard, molecular tools for differentiation of isolates of M. leprae are 

needed to track and control transmission of leprosy. Genome sequencing of M. leprae 

facilitated the identification of genetic markers such as variable number of tandem repeat 

(VNTR) and single nucleotide polymorphic (SNP) loci. We standardized methods for 

DNA extraction from the clinical samples and also developed rapid, high throughput and 

inexpensive methods like multiplex-PCR and fragment length analysis (FLA) for VNTR 

analysis; polymerase chain reaction-restriction fragment length polymorphism (PCR-

RFLP) for SNPs to facilitate molecular strain typing of clinical samples. We have applied 

these methods on the DNA extracts of stored and new samples obtained from leprosy 

patients from Leonard Wood memorial (LWM), Cebu, Philippines. We compiled a 

database containing epidemiological information from over 200 leprosy patients. 



VNTR alleles were found to be highly concordant when obtained from biopsies and 

slit skin smears (SSS) from the same patients indicating that either can be used for strain 

typing. Based on parsimony cluster analysis of 207 clinical isolates, five major groups were 

observed. VNTR markers alone were able to differentiate the SNP type 3 isolates from the 

majority of the SNP type 1 isolates. VNTR profiles of the M. leprae isolates within the 

multicase families (MCFs) were similar indicating common source of transmission. 

In a continuation study, VNTR data was obtained for another seventy samples from 

newly diagnosed leprosy patients from LWM, Cebu, Philippines. Multiplex PCR and FLA 

methods were found to be more efficient and accurate compared to short tandem repeat 

(STR) amplification and DNA sequencing. Intra-patient VNTR variability using different 

SSS was found to be minimal. Population structure of M. leprae isolates from Cebu 

remained similar with stable clusters in the phylogentic tree, even with the inclusion of 70 

additional samples. 

Drug resistance is a cause for concern in the treatment and control of any infectious 

disease. Drug resistance in leprosy was known to be caused during the dapsone 

monotherapy control program and patients' irregular treatment. WHO MDT which includes 

anti-leprosy drugs such as dapsone, rifampicin and clofazimine was introduced in 1982. 

However drug resistance was reported even in the areas where the MDT was implemented 

successfully. So to evaluate the primary drug resistance in newly diagnosed leprosy 

patients who are being treated with the standardized MDT regimen, we developed a 

multiplex PCR for amplifying the drug resistance determining regions (DRDR) in genes 

rpoB, folPl, gyrA and gyrB, which are targets of the drugs rifampicin, dapsone and 
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oflaxacin, respectively. No mutations were detected in rpoB and folPl DRDRs for 77 

samples and in the gyrA DRDR for 15 samples tested thus far. 

A separate chapter describes the studies on the cell wall biosynthesis. The cell 

envelope of mycobacteria are comprised of a core macromolecule known as mycolyl 

arabinogalactan (mAG) which is covalently attached to the peptidoglycan layer forming the 

mAGP complex and other macromolecules such as lipomannan and lipoarabinomannan. 

The mAGP complex is essential for survival of the bacteria and is a permeability barrier. 

The synthesis and assembly of this mAGP complex is still not fully understood. In this 

regard, through comparative genome approaches we identified Rv3805c as a putative 

glycosyltransferase located in the cell wall synthesis gene cluster. Rv3805c predicted to 

have ten transmembrane domains, contains a conserved glycosyltransferase and proline 

rich motif also present in Emb proteins which are involved in cell wall biosynthesis. In this 

study we identified that, Rv3805c encodes an arabinosyltransferase through an in vitro 

arabinosyltransferase assay. Furthermore, a knock out mutant of an ortholog gene 

NCgl2780 was generated in C. glutamicum. The structural analysis of AG of NCgl2780 

mutant in C. glutamicum revealed the loss of P(l—»2) Ara/residues at the non-reducing 

ends. We also indentified that the ortholog MSMEG_6400 is essential for M. smegmatis, as 

we were unable to obtain a genetic knock out mutant in the absence of an additional 

functional copy of the gene. 

Rama Murthy Sakamuri 
Department of Microbiology, 

Immunology and Pathology 
Colorado State University 

Fort Collins, Colorado 80523 
Fall 2009 
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Chapter 1 

Molecular epidemiology of leprosy in Cebu, Philippines 
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Chapter 1.1 

Literature review of leprosy 



1.1.1 History of leprosy 

Leprosy is the oldest disease known to humans. The biblical word 'Lepra' is 

derived from two groups root words with opposite meaning, the first one means 'rough or 

harsh like a scaly surface' and the second 'thin, delicate, or fine like a scale' probably 

represent the symptoms of the disease (37). It was also noted that the word 'tsara'ath 

which means 'blemish' appears twenty eight times in the book of Leviticus and in 

Hebrew's ritualistic law. Leprosy was believed to be an 'unclean' condition and person 

with these symptoms were typically quarantined for seven to fourteen days before 

judging the condition (37). In interpreting the ancient literature, which was left behind by 

ancient physicians in the form of medical texts describing various illness and treatments, 

it was found that the word 'Lepra' was found in 'Ebers Papyrus', the ancient Egyptian 

medical document from 1600 B.C. However, these writings were often misinterpreted 

with other skin diseases like fungal, scoriasis, dermatitis, gas gangrene and others, as the 

translators of these ancient writings were criticized for lack of proper knowledge about 

the symptoms of various diseases (37). Other ancient medical texts written by famous 

physicians such as Imhotep and others during the Egyptian Old kingdom (-2000 B.C.), 

describe no sign of leprosy or its symptoms (33). If leprosy was a major disease during 

that period it would not have been ignored by these ancient physicians since all the 

common ailments were described in great detail. Furthermore, no evidence of leprosy 

was found in ancient Egypt from hundreds of mummies and skeletal material that has 

been identified from the ancient Egyptian period (42, 43). So it was hypothesized that the 

word 'lepra', was often used for different ailments not necessary leprosy (37). It was also 
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found that the leprosy disease and its symptoms were also not mentioned in Hippocrates 

Corpus, which was believed to be written between 430-330 B.C. (32). 

The historical text by Thucydides on the peloponnesia war of around 400 B.C. which was 

translated by Jones and Powell described a contagious disease which began in Ethiopia, 

spread to Egypt and Libya (74). It was found that Aretaeus of first century B.C. gave a 

detailed description of leprosy, and from then onwards; leprosy was typically mentioned 

in the medical texts (26). It is assumed that leprosy was introduced in the Mediterranean 

region and European countries sometime between 467 B.C. and 150 A.D. (6). From 

paleontological studies of leprosy in Europe, it was found that the disease might have 

existed between 400 B.C. (63, 66) and in Britain and France the disease was believed to 

have reached its peak during 1st - 4 century A.D. 

According to the ancient writings from Asia, the earliest reference to leprosy was 

found to be written in the Chinese medical classic entitled Nei Ching in the Chou 

Dynasty in 6th century B.C. (35). The ancient treatment with chaulmoogra oil along with 

a description of the symptoms of the disease was given in Sushruta samhita which is a 

compilation of ancient Indian medical writings from 600 B.C. and was also found in 

Arthasastra by Kautilya from 320 B.C. from India (17). In agreement with these 

historical writings, Robbins et. al., recently identified the oldest skeletal evidence of 

leprosy in India from 2000 B.C. and raised questioning the theory of an African origin 

(65). Anderson proposed that, it was the army of the Alexander the great who might have 

spread leprosy to the Mediterranean region after their return from Indian Campaign (-320 

B.C.) (6). His contentions were based on the evidence found in India and lack of the 

evidence of leprosy before Alexander's times in Egypt, Mesopotamia and Persia. Also 
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the earliest archeological evidence for leprosy was from 2n century B.C. in Egypt (42, 

43). However Mark (47) disagrees with this hypothesis due to the fact that a Persian King 

named Darius undertook a similar expedition to India in 500 B.C. before Alexander. 

Mark suggested that if the army was able to acquire and spread the disease so easily, then 

leprosy should have spread throughout the Mediterranean region far earlier than 

suggested by the evidence. It was found from the ancient sources that leprosy first 

appeared in Egypt then spread throughout the Mediterranean region and then slowly to 

Italy and then Greece. Susceptibility factors within a population influence immunity to 

this disease (3, 5, 49). However, Mark (47) proposes an alternative way of disease 

transmission. During 3rd and 4th century B.C., trade between India and Egypt was 

common where Indian slaves, women, spices and animals were imported into Egypt. He 

hypothesized that this slave trade might be the cause of the spread of the disease. 

However, further research needs to be done to determine the geographical origin of 

leprosy combining both archeological and molecular approaches. During the twelfth and 

the thirteenth centuries leprosy was assumed to be terrible disease and believed to have 

affected a quarter of the North European population (18). It was found to have hit hard in 

the filthy and congested towns. Even though physicians were available it was believed 

that leprosy was an expression of wrath of God and was left to priests, so quarantine was 

found to be the best solution to combat the contagious nature of the disease. The sick 

people were outcasted from the towns and cities and strict rules were made on their 

movement. They were forbidden to mingle with healthy people (18). 

It is believed that leprosy was introduced onto the American continent first by 

Columbus' soldiers and later by the slave trade from West Africa. It is also believed that 
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the Chinese introduced the disease into the Hawaiian islands, who visited these islands in 

various ships before 1830 and also from Chinese labor from Hong Kong in Honolulu 

around 1852 (25). By the end of the 18th century, leprosy had died out in Britain largely 

due to the restrictions placed on the leprosy patients and their contact with the healthy 

community and to general improvement in the conditions of society. Leprosy continued 

to be a problem in Norway in the 19th century. Gerhard Henrik Armauer Hansen a 

Norwegian, detected rod shaped bodies, either at rest or with slight movement in 1874 

while examining the pathologic anatomy of the leprous nodules under a microscope (28). 

The significance of this was not immediately appreciated, not until Albert Neisser who 

stained the bacteria from 100 leprosy patients' samples given to him by Hansen and later 

confirmed the valuable findings of Hansen. Because of this leprosy is also known as 

Hansen's disease. 

1.1.2 Epidemiology of leprosy 

Leprosy was initially found to be present in 122 countries with a prevalence of 

>one case/10, 000 people in 1985 and this prevalence gradually declined over the years 

and was seen in 24 countries in 2000 (81), and 12 in 2002 (80). According to the recent 

report on the global leprosy situation by WHO , the registered prevalence was 212, 802 

and the number of new cases detected during 2007 was 254,525 (79). It was also reported 

that the number of newly diagnosed cases declined by 4% (-11,000 cases) from 2006 to 

2007. The annual new case detection had declined from >763 000 in 2001 to 254, 525 in 

2007, which is attributed to active leprosy control programs. However, Brazil, Nepal and 
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Timor-Leste are the three countries with a population more than one million that still 

need to achieve the elimination goal and which account for 17% of the total number of 

new cases detected and 23% of registered cases in 2007. Even though leprosy in India has 

reached its elimination goal, India still accounts for the majority of new cases (137, 685) 

detected in 2007. 

Multidrug therapy (MDT) was introduced by WHO in 1982 (78). The forty fourth 

World Health Assembly in 1991 proposed to eliminate leprosy by the year 2000, while 

recognizing leprosy as a "public health problem" (77). Since then, the leprosy elimination 

campaign has been active throughout the world mobilizing both people and resources. 

Both governmental and non-governmental organization (NGOs) worked together to 

achieve this decline in case numbers. A multisectoral partnership Global Alliance to 

Eliminate Leprosy (GAEL) was established in 1991 to supply free medicines for leprosy 

control. The foundation is comprised of WHO, Nippon foundation, The International 

Federation of Anti-leprosy association (ILEP) and Novartis foundation. However several 

activists argue against the elimination campaign concept because in many countries 

leprosy control activities were eliminated on reaching the goal of elimination (1 case per 

10, 000 populations) (39, 41, 76). 

1.1.3 Etiology, Symptoms, and Classifications of leprosy 

Leprosy is caused by Mycobacterium leprae, which is an obligate intracellular, 

non-spore forming, microaerophilic bacterium. M. leprae is found in the cells singly or in 

clumps (globi) and replicates primarly in macrophages and Schwann cells. Bacilli are 

7 



Gram-positive, acid-fast, alcohol-fast, non-motile rods 1-8 urn in length and 0.2-0.5 urn 

in width. M. leprae has a doubling time of approximately two weeks and grows best at 

30°C. Taxonomically M. leprae belongs to the order Actinomycetales, suborder 

Corynebacterineae, and family Mycobacteriaceae. 

Leprosy is a chronic, infectious disease that affects mainly skin, mucosa, upper 

respiratory track and peripheral nerves. Characteristic rashes and bumps develop. When 

the peripheral nerves are infected and enlarged, the skin becomes numb and causes 

deterioration of the sense of touch and then the ablity to feel pain and temperature. 

Muscles become weak in the infected areas which results in the deformities. Sometimes 

the fingers become so weak that they curve inward and form what looks like a claw. 

Sores can develop on the soles of the feet, making walking painful and damage to the 

eyes may lead to glaucoma or blindness. The immune system may produce an 

inflammatory response causing fever and inflammation of the skin, peripheral nerves and 

sometimes the lymph nodes, joints, testes, kidneys, liver, and eyes. The skin around 

bumps swells and becomes red and painful, and the bumps may eventually form open 

sores. 

Diagnosis of leprosy is most commonly based on the clinical signs and symptoms. 

Skin lesions with sensory loss, with or without thickened nerves and the presence of acid-

fast bacilli in the slit skin scrapings are the diagnostic features of leprosy. Lepromin test 

is sometimes used as a diagnostic test in some countries. Mitsuda Lepromin, which is 

well characterized and given intradermally, is prepared from a whole cell suspension of 

autoclaved leprosy bacilli (71). The test response is measured as an induration at the site 

8 



of injection after four weeks and is a measure of the individual's ability to have a 

granulomatous response. However, the lepromin test is not reliable in the diagnosis of 

leprosy, because false positives are frequently seen. New studies are underway to identify 

the skin test antigen for diagnostic purposes (10). 

For the purpose of global leprosy control, a simple diagnostic scheme suitable for 

field condition has been developed and implemented. According to WHO, leprosy can be 

classified based on the type and number of skin areas affected. When few skin lesions are 

observed with no bacteria in any of the lesions it is known as paucibacillary (PB) 

condition. When 6 or more skin lesions are present and any one site presents a positive 

smear it is known as multibacillary (MB) condition. 

Ridley-Jopling classification of leprosy is a useful one in categorizing the disease 

based on the immunopathological features of the disease (64). According to this, leprosy 

can also be classified as tuberculoid, lepromatous, or borderline. People with tuberculoid 

leprosy (TT) typically have few localized skin or nerve lesions (PB), with a strong 

cellular immune response and a weak humoral immune response and the disease is 

milder. It was also found that granulomas with multi-nucleated giant cells, a large 

number of lymphocytes, and few bacteria (<105 bacilli/gram of tissue) were observed in 

the TT lesions. On the other extreme, people with lepromatous leprosy (LL) typically 

have more skin lesions (MB), with a weak or no cellular immune response and the 

disease is more severe. It was also found that the LL patients have high anti-PGL 

antibody titers with few lymphocytes in the lesions and the macrophages contains 

Q 

numerous bacteria (>10 bacilli/gram of tissue). The other conditions of leprosy in this 

classification includes: borderline lepromatous (BL) condition with numerous skin 
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lesions and bacilli, borderline borderline (BB) condition with numerous skin lesions and 

few bacilli, and a borderline tuberculoid (BT) condition with few to numerous lesions and 

few bacilli. 

1.1.4 Social stigma of leprosy 

Leprosy disease is one of the most socially stigmatized disease ever known. 

According to Goffman's definition "Stigma is an attribute that is deeply discrediting, and 

the stigmatized individual is one who is not accepted and not accorded the respect and 

regard of his peers: one who is disqualified from full social acceptance" (24). During the 

middle ages, leprosy patients were forced to wear special clothing and ring bells to warn 

others as they walked in the streets. In many countries leprosy is considered to be a 

shameful disease, where leprosy patients are often forced to live separately from rest of 

the community. False beliefs about the causation of leprosy like 'leprosy is a judgment of 

God for wrongdoings of a person either in his current or past life', victims of witchcraft, 

uncleanness etc., were found to be the some of the contributing factors (60). The 

pathological conditions like visible deformities, perceived incurability and the chronic 

nature of the disease was also found to contribute to this stigma. 

This stigma towards leprosy patients and their families affected their quality of 

life due to its impact on mobility, interpersonal relationships, social, physical and 

psychological activities. Even the cured patients are not treated as normal patients. The 

stigma to leprosy was found to affect leprosy control because some patients would rather 
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conceal their illness than suffer from social rejection. In a study in South Africa, it was 

found that one third of the black patients in the study population have contemplated 

suicide after their diagnosis of leprosy (70). Recently due to the change of leprosy care 

through integrated approaches from both governmental and NGO's the stigma towards 

leprosy is found to be slightly diminishing. 

1.1.5 Immunology of leprosy 

As described above, the host immune response determines the spectrum of the 

disease within a patient. The tuberculoid form of leprosy has high cell mediated 

immunity (CMI) with a large Thl type response and in contrary the lepromatous form has 

low CMI with a Th2 immune response. Once M. leprae (intracellular pathogen) invades 

the host either by invasion of the nasal mucosa, or through skin aberration or other 

means, dendritic cells are the first cells to modulate early innate immune response to the 

bacteria (16) and are also found to be effective presenters of the antigens to the T cells 

(44, 51). Accordingly the Langerhans cells are found to be fewer in LL patients compared 

to that of TT patients or healthy individuals (23). However it was found that the major 

histocampatibility complex (MHC) class I and II of monocyte derived dendritic cells are 

downregulated during M. leprae infection and phenolic glycolipid 1 (PGL-1, an abundant 

bacterial antigen) was found to be the cause for this immuno-suppression (29). Toll-like 

receptors (TLR) were found to play a important role in the immune responses to M. 

leprae, particularly TLR2 was found to recognize M. leprae lipoproteins (19 kDa and 33 

kDa) (36, 45, 57) which leads to activation of monocytes and dendritic cells. The 
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expression of TLR 1 and 2 was found to be greater in TT lesions compared to that of LL 

lesions (36). The activated dendritic cells present antigen and cause the activation of 

naive T cells by IL-12 secretion (16). IL-2 is a cytokine which promotes cell mediated 

immunity (CMI), and is expressed more on Thl lymphocytes preferentially shifting the 

immune response further towards a Thl response. IL-2 also induces TNF-a (cytokine 

responsible for cellular activation and granuloma formation). The large quantities of 

TNF-a in tuberculoid lesions leads to induction of apoptosis in M. leprae-infected cells 

thereby decreasing the bacterial load (30) leading to granuloma formation in tuberculoid 

lesions where the CD4+ cells are present in the center of the granuloma surrounded by 

CD8+ cells (52). Cytokines Interferon gamma (IFN-y), IL-2 and lymphotoxin-a are 

secreted by T cells in the tuberculoid lesions which results in intense phagocytic activity. 

The bacteria generally replicate very slowly under the pressure of this effective immune 

response (TT patients). On the other hand, in lepromatous leprosy, an effective cell-

mediated immune response is lacking, with no or poor granuloma formation. The 

cytokines IL-4 (which down regulates TLR2 in monocytes), IL-5 and IL-10 (which 

suppress the production of IL-12) are largely found in lepromatous lesions (83). This 

leads to the differentiation of T cells into a Th2 type of immune response where the B 

cells are activated to make neutralizing antibodies, predominantly of the IgM, IgA, and 

IgE classes. These antibodies are not able to reach intracellular bacteria and do not 

constitute an effective immune response. M. leprae is able to grow abundantly in 

macrophages and cause abundant tissue destruction. Infection is widespread throughout 

the body, resulting in extensive damage to bones, cartilage, and nerves. 
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1.1.6 Leprosy reactions and its immunology 

Leprosy reactions are the acute inflammatory complications due to adverse 

immune response to bacterial antigens. Leprosy reactions can occur in patients before 

treatment, during treatment, and even after treatment. Reactions frequently cause severe 

nerve damage which leads to disability and deformity. There are two types of reactions: 

Type 1 and Type 2. 

Type 1 reactions: These reactions are often seen in BB, BL and BT patients 

usually after starting the chemotherapy for leprosy. The clinical symptoms, that appear 

mostly within the existing lesions, include induration, erythema, tenderness, neuritis with 

pain, and loss of function. These reactions contribute significantly to nerve damage, 

particularly if not treated early. Because the immune response is increased, these are 

termed reversal reactions. Type 1 reactions occur gradually and last many weeks. Patients 

with Type 1 reactions are treated with corticosteroids. 

Type 1 reactions are found to be mainly due to increase in cellular immunity and 

delayed hypersensitivity (DTH) to M. leprae antigens. The M. leprae antigens were 

found to localize in Schwann cells and macrophages (40). Increase of proinflammatory 

cytokines like IL-12, EFN-y and TNF-a were observed in the skin (38, 55, 84) and nerves 

(7) during Type 1 reaction compared with non-reaction controls. From these studies it 

was found that when the bacteria is killed by anti-leprosy drugs, large amounts of M. 

leprae antigens are freely available which induces a increase in Thl immune response. 

13 



Type 2 reactions which are also called erythema nodosum leprosum (ENL) 

mainly occurs in BL and LL patients with high bacterial loads, and may also occur 

spontaneously before therapy. ENL involves erythematous and painful nodules that may 

sometimes ulcerate and produce fever, neuritis, lymphadenitis, orchitis, arthritis and 

glomerulonephritis. Type 2 reactions occur spontaneously, sometimes recurrences over 

several months have been observed and these can last days to weeks. Patients with Type 

2 reactions are treated with corticosteroids and/or thalidomide. 

Type 2 reactions were found to occur mainly in patients with poor cellular 

immunity. High levels of IL-12, IFN-y and TNF-a have been observed in the plasma of 

some individuals with Type 2 reactions (55, 84). Peripheral blood mononuclear cells 

(PBMCs) from individuals with ENL secrete increased amounts of TNF-a following 

stimulation with M. leprae whole cells or lipoarabinomannan (9). Increase in these 

cytokines expression in the skin lesions indicates local cellular immune activation in 

these lepromatous patients. However the cause and the mechanism of these reactions are 

poorly understood and need to be studied further. 

1.1.7 Host susceptibility and resistance factors in leprosy 

The unique features of leprosy are the clinical symptoms of patients. These range 

from a single to few lesions with no detectable bacilli (PB) to multiple lesions containing 

large number of bacilli (MB). From the immunological point of view, PB patients have 

Thl response whereas MB patients have a Th2 response and this is mainly due to the 
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immune responses of the host. The spectrum of disease manifestation within the host is 

not yet clearly known, however many researchers have focused on the hypothesis that the 

leprosy patients have some immunological defects because in an endemic setting, even 

though almost all the population is exposed to the bacteria, only few develop the disease 

and in varying degrees. A two step model for the human immune response to leprosy was 

first proposed in the 1970s (15) in which in the first level (innate), some genes are 

responsible for overall susceptibility/resistance to the infection. If innate resistance is 

insufficient and infection becomes established, then in the second level (acquired), the 

degree of specific immune responses (cellular/humoral) generated by the infected 

individual is controlled by other genes (48). 

1.1.7.1 Innate response 

One of the most extraordinary advances in the understanding of leprosy has been 

the identification of a locus by Mira and colleagues (50), within the PARK2/PACRG 

locus that is associated with overall susceptibility of human populations to M. leprae. 

This is the first example where a human gene was associated with susceptibility to an 

infectious disease. In a genome scan of a Vietnamese patient population, the investigators 

identified a locus within this gene that was highly associated with leprosy. These results 

were confirmed by a second analysis of Brazilian families with one or more persons 

affected by leprosy. It was found that two single nucleotide polymorphism (SNPs), 

PARK2_e01(-2599) and rsl040079 are enough to capture the association between the 

SNPs and leprosy susceptibility. It was found that haplotypes with the common allele 'T' 

of PARK2_e01(-2599) and a rare allele ' C of rsl040079 have an increased risk of 

leprosy. In addition T-C is dominant over T-T and C-T haplotypes and these are the only 
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haplotypes present in Vietnamese population. However, the T allele of SNP PARK2_e01 

(-2599) showed a significant recessive effect in susceptibility to leprosy in Indian 

population (46) as opposed tothe dominant effect of haplotype T-C in Brazilian and 

Vietnamese populations. Haplotype analysis also showed a lack of significant association 

of any haplotype with leprosy patients or controls. The non-involvement of major risk 

SNPs in the regulatory region of the PARK2 and PACRG loci with leprosy susceptibility 

in Indian population highlights the differential effect of these SNPs in regulating genetic 

susceptibility to leprosy in different populations. Adel et al. (1) reported that the 

NRAMP1 gene (2q35), is associated with the overall susceptibility of leprosy in a 

multicase family study which was confirmed in subsequent studies (4, 22, 62). 

Interleukin-10 is a cytokine found to be associated with leprosy for both susceptibility to 

early stages of leprosy infection and disease progression (54). Recently it was identified 

that there is an association of the presence of a SNP, LTA+80 A allele of the low 

producing lymphotoxin-a with a high risk of leprosy and found to be more prominent in 

the younger patients (2). It was observed that SNP, LTA+293 has a significant 

association in Vietnamese populations but not in North Indian populations and in the case 

of SNP, LTA+294 it was the opposite. 

1.1.7.2 Acquired response 

Several studies indicate that there is an association of human leukocyte antigen 

(HLA) genes, HLA-DR2 and -DR3 with PB leprosy. Early molecular genetic studies 

reported that the HLA region does play a role in determining the response to M. leprae 

(58). The TAP2 gene (transporter associated protein with antigen processing) has also 

been found to be associated with tuberculoid leprosy (61), but because this gene is located 
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so close to other HLA genes, interpretation of the results was difficult and its association 

is unclear. In a study in South India Siddiqui et al. (73) identified a series of microsatellite 

markers at the 10pl3 genetic locus, that has a significant linkage with susceptibility to 

leprosy. TNF-a was found to be generally associated with resistance to M. leprae, since 

the TNF-a serum levels are elevated in PB patients (resistant form of disease). Several 

polymorphisms were found in the promoter region of TNF-a which may influence the 

immune responses (53). In another study Roy et al. (68) found that there is a strong 

association of a variant allele (-308A) of the promoter region of TNF2 of TNF-a. 

However, in two Brazil studies it was identified that the association exists in the common 

allele TNF1 (69, 72). Roy et al (67) also found that the different alleles of the human 

vitamin D receptor gene (VDR) are associated with different forms of leprosy i.e. 

tuberculoid and lepromatous leprosy. 

These studies indicate that the risk factors to leprosy may be variable within 

different populations, however the bacterial genotypes prevailing in each subcontinent 

are also different. In a study with two different strains of Mycobacterium tuberculosis, it 

was found that individuals with the C allele of Toll Like Receptor, TLR-2 T597C allele 

were more likely to have tuberculosis caused by the East-Asian/Beijing genotype than 

other individuals (13). A significant protective association between the Euro-American 

lineage of M. tuberculosis and pulmonary rather than meningeal tuberculosis was also 

found, suggesting the spectrum of the disease could be variable depending on the 

bacterial genotype. So it is important to know if there is any association between the 

bacterial genotype and the host risk factors in the susceptibility of leprosy which needs to 

be proven. 
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1.1.8 Chemotherapy of leprosy 

Treatment of leprosy with Chaulmoogra oil is mentioned in ancient writings in 

Ayurvedic medicine from India and dates back more than 2000 years. This was 

introduced into the western world by a British surgeon working in the Bengal Medical 

Service (56). Chaulmoogra oil is obtained from the fruit seeds of Hydnocarpus kurzii, a 

plant which belongs to the Flacourtiaceae family. The oil is believed to stimulate the 

activity of serum lipases on the bacterial cell wall, thereby facilitating the lysis of the 

bacteria. After its introduction into the west in the late 19th century, it was extensively 

used until the 1940s. In the 1930s a number of chemical compounds such as 

sulphonamides and chemically related sulphones were under development for 

streptococcal and other bacterial infections. Faget (21) was one who first tried 

sulphanilamide in a group of patients, but without success, but his later use of Promin 

(glucosulphone sodium) yielded impressive results. Dapsone (diaminodiphenylsulfone, 

DDS) a compound synthesized by the German scientists, Fromm and Whittmann in 1908 

was originally used for the treatment of streptococcal mastitis in veterinary medicine 

(82). In 1945, Robert Cochrane was attracted to this parent compound, and tried it on 

leprosy patients. Later, this compound was widely used in leprosy control. However, 

bacterial resistance to dapsone did develop and is widespread throughout the world. In 

1981 WHO recommended the treatment of leprosy with multi-drug therapy (MDT) and 

these initial recommendations suggested the use of drugs for two years or until the 

bacillary index is negative in the skin smears and one year for MB and PB patients, 

respectively. However these recommendations were changed and now WHO reduced the 
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duration of drug therapy for both MB and PB patients to one year and six months 

respectively to reduce the resources allocated to leprosy. Several leprosy control activists 

argue about this change, because relapse rates may increase (39, 41) with this short-

course MDT. Current WHO MDT regimens for MB and PB leprosy patients are shown in 

TABLE 1.1.1. 

1.1.9 Genomic features of M. leprae 

The genomic analysis of leprosy began in 1982 when Imaeda et al., isolated DNA 

from armadillo grown M. leprae, where they studied the genome size, G + C content and 

homology with other related bacteria using DNA-DNA re-association studies (34). Later 

DNA hybridization analysis with M. leprae and other cultivable mycobacteria indicated 

that the M. leprae genome is unique (8, 27, 59). Whole genome analysis of M. leprae by 

Cole et al. in 2001 of a clinical isolate from Tamil Nadu, India which was propagated in 

nine banded armadillo at the National Institute for Medical Research, at Mill Hill, 

London, revealed that the genome size is 3,268,203 bp, with a G+C content of 57.79%, 

with 1,604 protein coding genes and 1,116 pseudogenes (14). DNA for this whole 

gemone sequencing was prepared from bacteria isolated from the liver and used either to 

construct a cosmid library in Lorist6 or a whole-genome shotgun library in pUC18 (19). 

Comparative genomic analysis of the M. leprae genome with Mycobacterium 

tuberculosis genome revealed that M. leprae has undergone an extensive reductive 

evolution (12, 14, 20). Several excellent reviews on the downsizing of genome of M. 

leprae have been published (11, 12, 20, 31, 75). The reduction of the M. leprae genome 

coding capacity was found to be mainly due to deletion of chromosomal regions and the 
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Rifampicin Dapsone Clofazimine Ofloxacin Minocycline Duration 

Multibacillary (MB) patients 

Adult 
50-70kg 

Child 
10-14 
years 

Less than 
10 years 

600mg/m 

450mg/m 

300mg/m 

lOOmg/d 

50mg/d 

25mg/d 

50mg/d 
&300mg/m 

50mg/d 
&150mg/m 

50mg 
twice/d 

&100mg/m 

-

-

-

-

-

-

12 m 

Paucibacillary (PB) patients 
Adult 

50-70kg 
Child 
10-14 
years 

Less than 
10 years 

600mg/m 

450mg/m 

300mg/m 

lOOmg/d 

50mg/d 

25mg/d 

-

-

-

-

-

-

-

-

-

6 m 

Single skin lesion Paucibacillary patients 

Adult 600mg - - 400mg lOOmg One dose 

Table 1.1.1 Current WHO recommended MDT regimens for MB, PB and single skin lesion 
leprosy patients. 
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accumulation of mutations in genes. This reductive evolution is believed to be because of 

its nature of survival as an intracellular pathogen. It was found that fewer genes were 

present in every functional category of genes and the gene duplication found in M. 

tuberculosis was absent in the M. leprae genome (20, 75). Mutations exist in genes 

involved in regulation, detoxification, DNA repair, and transport (75). Genes for the 

synthesis of most small molecules, macro-molecules and cell wall are reasonably 

conserved. 
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Chapter 1-2 

Molecular strain typing of M. leprae isolates from Cebu Philippines 



1.2.1 INTRODUCTION 

The ability to quickly and reliably differentiate among related bacterial isolates is 

essential for epidemiological surveillance of a disease. Historically, bacterial strain typing 

started with phenotypic characters mainly by cellular morphology, bacteriophages, 

serotyping or biochemical typing methods. In the 1970s after the introduction of DNA 

hybridization techniques, isolates that showed >70% DNA-DNA homology were 

considered to be the same species (22). Later with the advancements of sequencing 

technologies, several typing methods with different genomic markers were developed. 

Since the discovery of M. leprae by Hansen, much of the focus was on the culturing of 

the bacteria (1, 26, 27). After the development of the mouse foot pad model for 

multiplication of M. leprae by Shepard in 1960s (31, 32), there was momentum in 

leprosy research, until then several attempts were made and failed to grow the bacilli in 

the culture media. Subsequently, infection had also been achieved in several other rodent 

species such as white rats (16), Syrian and Chinese hamsters (3) and Mystomys sps (2). 

During that period specimens from leprosy patients were collected from different 

countries and were passaged in mouse foot-pads. First observation of strain differences in 

M. leprae isolates was described by Shepard and McRae (33), where the growth rate and 

the number of bacilli obtained after the harvest were measured in the mouse foot-pad. 

They observed some of the isolates were 'fast growers' with a growth rate of less than 25 

days per generation with yields above 10 bacilli/animal, while others 'slow growers,' 

had a growth rate of more than 30 days per generation with yields below 106 

bacilli/animal (33). 
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Mycobacteriophages were used for detecting the strain variation in M. leprae 

isolates (9, 10). Some of the bacteriophages such as BK1, Clark, Sedge, Baits, Watson 

and D29 were found to be absorbed on M. leprae while others like Bgl, Legendre, 

Marshall, Panetti, Leo and Wiseman were not adsorbed on the leprosy bacilli. However 

this approach has failed to detect any strain variation in M. leprae isolates. 

Leprosy in nine banded armadillos (Dasypus novenmcinctus) was first reported by 

Storrs et al. in 1974 (35), however attempts to infect armadillos were started in 1971 (18). 

Other than humans nine banded armadillos are the only endemic natural hosts of M. 

leprae. Leprosy was found to progress very slowly in armadillos, even in the laboratory 

the infected animals require 18-24 months of incubation before they were sacrificed to 

obtain bacilli. Large amounts of bacilli could be obtained from these armadillos. Several 

reviews on the aspect of leprosy in armadillos were published (15, 23, 29, 36). 

The nucleic acid based analyses were started, when Imaeda et al. isolated DNA 

from armadillo grown M. leprae, to study the genome size, G + C content and homology 

with other mycobacterial sps and other related bacteria by DNA-DNA re-association 

studies (17). Genomic libraries of M. leprae representing more than 99% of its genome 

were prepared by cloning into a cosmid vector, pHC79, in Escherichia coli K-12 (5). 

DNA hybridization studies with a DNA fragment from a 65 kDa antigen revealed that M. 

leprae DNA obtained from a single patient or from a pool of patients and cultured in an 

armadillo, and from a leprosy vaccine strain (Mycobacterium strain w) were genetically 

similar (14). Subsequently the, restriction fragment length polymorphism (RFLP) method 

was extensively used with several DNA probes on DNA obtained from M. leprae isolates 

from different geographical locations. However, no genetic diversity was detected (6, 39, 
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41). Then the rRNA genes of M. leprae were targeted. These were subcloned from a 

cosmid library of M. leprae into pUC13 and tested as probes on the M. leprae strains 

from different origins, variability was not found (30). Clark-Curtiss et al.(4) identified 

that a 2.2kb M. leprae DNA probe from a genomic library that could hybridize to at least 

19 fragments of the chromosomal DNA from M. leprae isolates and identical patterns 

were noticed in four different M. leprae isolates. This genomic probe also found to be 

specific to M. leprae, which was later named as RLEP. When the genome sequence was 

available 28 copies were identified, it was found that no two RLEP sequences are 

identical and the features of it resemble a bacterial insertion sequence (IS) elements (42). 

With the advancements in amplification based techniques, these methods were 

tested for their potential use in M. leprae strain differentiation. Initially these methods 

were used for diagnostic purposes (28, 40, 43). To test for the genotypic variation, a 282 

bp spacer region between 16S and 23S rRNA genes was amplified and subjected to single 

strand conformation polymorphism (SSCP) analysis from seventy five different sources 

of M. leprae, and the results obtained from this analysis shared no strain variation (11). 

Analysis of the genome of the leprosy bacillus has revealed that the bacterium has 

undergone a reductive evolution characterized by extensive deletions, inactivation of 

genes, and repetitive DNA (2% of the genome) (7). Cole et al. indentified four families of 

dispersed repetitive elements which are of five copies or more: RLEP (37 copies), 

REPLEP (15 copies), LEPREP (8 copies) and LEPRPT (5 copies) in the genome of M. 

leprae (8). Minisatellite composed of variable number tandem repeats (VNTR) which is 

commonly known as mycobacterial interspersed repetitive units (MIRUs) in 

Mycobacterium tuberculosis were also found in the M. leprae genome. Twenty dispersed 
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loci were found in the M. leprae genome. When examined in 14 different M. leprae 

isolates, these dispersed MIRU like loci contained only a single repeat unit, therefore 

they are not promising loci for strain typing (8). Overall, no variation was seen in the 

pattern of insertion of these repetitive elements (8), except in one case (12). 

VNTR based molecular typing of M. leprae isolates was initiated by the discovery 

of TTC repeats (microsatellite) (34) and a hexamer in the rpoT gene (minisatellite) in the 

genome (19). There are 21 TTC repeats in the sequenced TN M. leprae strain. The TTC 

repeats were found to be absent in the other mycobacterial sps tested, hence were specific 

to M. leprae and varied between 10 to 37 repeats in the M. leprae isolates obtained from 

34 MB patients (34). Matsuoka et al. found that the six base pair tandem repeat in rpoT 

gene, has four copies in the isolates from East Asia, Korea and the main island of Japan, 

while three copies are found in the rest of the world (19). Then our group revealed other 

possible polymorphic genomic regions within M. leprae genome (13), where we 

shortlisted 44 loci (including rpoT and TTC loci) by in silico analyses of the M. leprae 

genome. We tested 11 short tandem repeat (STR) loci, 9 of which were found to be 

polymorphic in four M. leprae isolates derived from passage through armadillos (13). 

Matsuoka et al. (20) used the microsatellite (TTC)21 locus to strain type M. leprae 

obtained from nasal swabs and slit skin smears from patients grouped by village, 

dwelling or household in Indonesia, while Young et al. (45) combined (AT)15, (GTA)9 

and (TTC)21 VNTR loci for identification of short and long range M. leprae transmission 

chains in areas within and surrounding the city of Hyderabad, India. Truman et al. (37) 

examined five VNTR loci [ (GAA), (AT)17, (TA)18, (GTA)9 and (C)16(G)8 ] for the 

possibility of M. leprae strain differentiation, and they found that all loci are highly 
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discriminatory except one, (C)16(G)8 in which reproducible results were not obtained. 

They also observed that most of the genotypes remained stable upon passages in nude 

mice and armadillo. Zhang et al. extended the polymorphic loci to 32 from our list of 44 

STR loci and selected 9 loci for determining strain identity in isolates collected from 

families with multiple cases (46). Matsuoka et al. expanded their study with the 

minisatellite locus (rpoT) to Latin America, where they found M. leprae isolates with 

four tandem repeats copies at that VNTR locus in Mexico and three copies in Peru and 

Paraguay (21). Our collaborators from China in their study in Qiubei County in Yunnan 

Province in South West China shared that multi locus VNTR analysis (MLVA) can be 

used to indentify different clusters of M. leprae isolates (38). Two of the clusters were 

found to be from the isolates of the patients who resided predominantly in the north and 

northwest parts of Qiubei County. Furthermore, conservation of M. leprae genotypes 

from patients of multicase families (MCFs) was also identified, indicating localized 

transmission from shared sources. 

Monot et al identified three SNPs in the M. leprae genome after comparing 

genome sequences of 142 kb of DNA between a small panel of reference strains (25). 

Although these three SNPs can yield 64 genotype combinations, only four combinations 

that were termed as SNP type 1, 2, 3 and 4 were found, even when a larger set of global 

specimens were examined. 

These four SNP- types were found to be geographically restricted. It was also suggested 

that SNP loci are more stable compared to that of VNTR loci. These finding were 

elaborated more in two separate studies by Monot et al. (24) and Young et al (44) using 

M. leprae isolates from Mali and Malawi respectively. In the Monot et al study since 

34 



SNP are too conserved and all the 42 M. leprae isolates in the patients from Mali, Africa 

belonged to SNP type 4; five M. leprae STR loci were studied (24). The results from 

these studies demonstrated heterogeneity in prevalent haplotypes indicating that genotype 

mapping with a small panel of one to five microsatellite VNTR loci was found to be 

insufficient to discern strain relatedness. The authors of these studies concluded that in 

these endemic areas, multiple rather than single dominant isolates are found and that 

additional genomic markers are necessary for strain typing. 

1.2.2 RATIONALE AND OBJECTIVES 

For these reasons, assays for amplification and differentiation of multiple genomic 

loci are needed. When these requirements have been met, it would be possible to 

undertake systematic strain typing studies that include suitable sampling strategies and 

conventional epidemiology methods for monitoring transmission and detecting clusters of 

cases. The hypothesis of our study was to prove that VNTRs are stable, reproducible and 

has the discriminatory ability; to differentiate M. leprae isolates from the clinical samples 

obtained from leprosy patients, so can be used for strain typing purpose. 

The objectives of the study are as follows: 

• Development of rapid and high throughput methods for M. leprae strain typing 

from clinical samples 

• Extending these methods for M. leprae strain typing to obtain data for population 

based studies in the Cebu, Philippines region; to identify transmission patterns by 

analyzing and comparing the M. leprae genotypes with epidemiological criteria. 
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Chapter 1.3 

RAPID VARIABLE-NUMBER TANDEM REPEAT (VNTR) GENOTYPING 
FOR MYCOBACTERIUM LEPRAE CLINICAL SPECIMENS 

This chapter has been published in Journal of Clinical Microbiology 
Kimura et al, 2009 

These studies were initiated by our former laboratory member Miyako Kimura. I 
contributed towards the standardization of methods, reproducibility of tests, reanalysis 
and preparation of manuscript. 

Kimura M, Sakamuri RM, Groathouse NA, Rivoire BL, Gingrich D, Krueger-Koplin 
S, Cho SN, Brennan PJ, Vissa V. Rapid variable-number tandem-repeat genotyping for 
Mycobacterium leprae clinical specimens. J Clin Microbiol. 2009. Jun; 47(6): 1757-1766. 
Epub 2009 Apr 22. PubMed PMID: 19386839 
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1.3.1 ABSTRACT 

Mycobacterium leprae is the non-cultivable pathogen of leprosy. Since the 

availability of the genome sequence of an isolate of M. leprae, multiple locus variable 

number of tandem repeats (VNTR) analysis (MLVA) has been explored as a tool for 

strain typing and identification of chains of transmission of leprosy. In order to discover 

VNTRs and develop methods transferable to clinical samples MLVA was applied to 

global collection of M. leprae isolates derived from leprosy patients propagated in 

armadillo hosts. PCR amplification, agarose gel electrophoresis, and sequencing methods 

were applied to DNA extracts from these infected armadillo tissues (n=21). We identified 

polymorphism in 15 out of 25 short tandem repeat (STR) loci previously selected by in 

silico analyses of the M. leprae genome. We then developed multiplex-PCR for 

amplification of these 15 loci in four separate PCRs suitable for fluorescent fragment 

length analysis (FLA) and demonstrated STR profiles highly concordant with those from 

the sequencing methods. Subsequently, we extended this methodology to DNA extracts 

from human clinical specimens such as skin biopsies (n=30). With these techniques, 

mapping of multiple loci and differentiation of genotypes has been possible using total 

DNA extracts from limited amounts of clinical samples at reduced costs and time. These 

practical methods are therefore available and applicable to answer focused 

epidemiological questions, including the ability to monitor transmission of M. leprae in 

different leprosy endemic countries. 

1.3.2 INTRODUCTION 

41 



The causative pathogen of leprosy is Mycobacterium leprae. Continued incidence, 

defying global campaigns to eliminate leprosy even after years of rigorous case finding 

and availability of multidrug therapy (MDT) regimens (27, 29, 30, 31) are attributed to 

sub-clinical human and environmental reservoir(s) of the pathogen (2, 8, 13). In recent 

years, molecular strain typing methodologies have complemented conventional infectious 

disease epidemiology. With the publication of the complete genome sequence of an 

isolate from Tamil Nadu (TN), India in 2001 (5), selection of potential polymorphic 

genomic markers for strain typing was feasible. The first genetic markers that showed 

polymorphism were short tandem repeats in the M. leprae genome. One was a six base 

pair intragenic sequence in the rpoT gene, and the second, a trinucleotide (TTC) repeat 

element upstream of a pseudogene (17, 23). These sequences exhibit variable number of 

tandem repeats (VNTR) when sequenced in different isolates. Based on these 

observations, we shortlisted 44 loci (including rpoT and TTC loci) by in silico analyses 

of the M. leprae genome and accomplished the screening of 11 Short Tandem Repeat 

(STR) loci, of which 9 were polymorphic when tested in a small panel of four human 

isolates derived from passage through armadillos (7). Five were minisatellites (6-50 bp 

repeat units) and four were microsatellites (1-5 bp repeat units). Since then, others have 

also showed that VNTR loci exist in M. leprae isolates (25, 33, 34). Three single 

nucleotide polymorphisms (SNPs) have been also discovered, by sequence comparisons 

of a limited number of strains (20). 

The goal of our work has been to discover and apply DNA variation among M. 

leprae isolates to identify sources, and chains of transmission of leprosy in endemic 

regions. There are however, physiological and practical issues relevant to strain typing of 
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M. leprae in the clinical setting such as the long incubation period and low 

transmissibility of leprosy, and the requirement for clinical specimens such as slit skin 

smears and skin biopsies from leprosy patients due to the inability of M. leprae to grow 

in culture. During the course of the last 4 years, field studies in which STR mapping was 

implemented have been reported. Matsuoka et al. (16) applied the microsatellite (TTC)21 

locus to strain type M. leprae obtained from nasal swabs and slit skin smears from 

patients grouped by village, dwelling or household in Indonesia, while Young et al. (33) 

combined (AT) 15, (GTA)9 and (TTC)21 VNTR loci for identification of short and long 

range M. leprae transmission chains in areas within and surrounding the city of 

Hyderabad, India. Monot et al, mapped five M. leprae STR loci in patients from Mali, 

Africa (19). The results from these studies demonstrated heterogeneity in prevalent 

haplotypes indicating that genotype mapping with a small panel of one to five 

microsatellite VNTR loci was found to be insufficient to discern strain relatedness. 

However, within an intra-familial case three markers were congruent (33). The authors of 

these studies concluded that in these endemic areas, multiple rather than single dominant 

isolates are found and that additional genomic markers are necessary for strain typing. 

For these reasons, assays for amplification and differentiation of multiple 

genomic loci are needed. When these requirements have been met, it becomes possible to 

undertake systematic strain typing studies that include suitable sampling strategies and 

conventional epidemiology methods for monitoring transmission and detecting clusters of 

cases. In light of these laboratory, field and clinical issues, we further explored MLVA 

techniques. In this paper, we report the development and testing of multiplex-PCR 

methods for MLVA for reference armadillo-derived M. leprae isolates (ADML) and 

43 



clinical materials and address allelic properties of individual loci, reproducibility and 

feasibility of the techniques. In an accompanying paper, we apply and extend these 

methods and the data for population based studies in Cebu, Philippines (Sakamuri et al, 

2008, submitted for publication). 

1.3.3 MATERIALS AND METHODS 

1.3.3.1 Armadillo derived human M. leprae isolates 

Clinical isolates of M. leprae, passaged in the armadillo were obtained from 

National Hansen's Disease Program (NHDP), Louisiana State University, Baton Rouge, 

LA, in the form of infected liver and spleen tissues, as reported in an earlier study (7). 

Frozen infected armadillo passaged clinical isolates obtained during the 1970-80s from 

the National Institute of Medical Research, Mill Hill, London (courtesy of the late Drs. 

Richard Rees and Joseph Colston), and from Florida Institute of Technology, Melbourne, 

FL (courtesy of Dr. Eleanor Storrs) were selected from the remaining inventory of tissues 

shipped to Colorado State University (CSU), following the discontinuation of the 

armadillo colonies at these institutes. 

1.3.3.2 Clinical Samples 

A set of 30 skin biopsies from leprosy patients were selected from previous 

approved studies. These specimens were from patients attending Leonard Wood 

Memorial (LWM), Skin Clinic in Cebu, Philippines collected in collaboration with 
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Yonsei University (YU). These biopsies were frozen immediately upon collection for 

storage and sectioning. 

1.3.3.3 DNA purification 

The Qiagen DNeasy Tissue kit (Qiagen, CA) was employed to obtain total DNA 

from small portions of infected armadillo tissues(~25 -100 mg). DNA was eluted in 100-

200 (xl elution buffer, and typically 1-2 ul of DNA was sufficient for one PCR. Genomic 

DNA from the Philippines sample collection was extracted from cryosections at Yonsei 

University using a previously described method (32). DNA extracts were provided to 

CSU. Reference M. leprae NHDP63 DNA was obtained from a large scale preparation of 

bacteria from infected liver or spleen obtained from NHDP as described previously (7). 

1.3.3.4 VNTR mapping 

The methods for STR amplification using PCR Supermix High Fidelity 

(Invitrogen, CA), and a touch-down thermocycler program have been described earlier 

(7). The copy number (allele) for all microsatellite loci was determined by direct 

sequencing of PCR products. Minisatellite copy number was inferred by 3% agarose gel 

electrophoresis using the EZ load™ 20bp Molecular Ruler (Bio- Rad) for product length 

determination. Sequence was obtained for representative products at the Macromolecular 

Resource Facility at CSU and SeqWright, Houston, USA (Fisher Biotechnology). 

1.3.3.5 M. leprae primers for multiplex-PCR and Fragment length analysis (FLA) 

Fluorescent 5' labeled forward primers were custom synthesized at Applied 

Biosystems, CA, USA (Table 1.3.1) and the reverse desalted primers were custom 
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synthesized at Integrated DNA technologies (IDT), Iowa, USA. These primers were 

reconstituted in 1 X TE buffer (lOmM Tris-HCl, ImM EDTA, pH 8.0) at 100 uM 

concentration. Aliquots of these master stocks were stored at -20°C. Separate working 

stocks of the forward and reverse primer sets, were prepared according to the 

combinations listed in Table 1.3.1 and adjusted to 200 ul final volume with TE buffer, 

such that each primer was at a concentration of 2 uM. 

1.3.3.6 Amplification and detection of STRs using multiplex-PCR 

Multiplex-PCR was performed using the Multiplex PCR kit (Qiagen). Each 

reaction (20 ul final volume) was assembled in a PCR cabinet at room temperature and 

comprised 10 ul of 2X Qiagen multiplex-PCR Master mix, 2 ul Q solution, 2 ul each of 

the forward and reverse primer working stocks, and 1-2 ul of DNA template; the volume 

was adjusted with PCR grade water. The final concentration of each primer was thus 0.2 

uM. Following an activation step at 95°C for 15 min, 40 cycles of PCR were run as 

follows: denaturation at 94°C for 30 sec, primer annealing at 60°C for 90 sec, and primer 

extension at 72°C for 90 sec. The PCR was terminated with a final extension at 72°C for 

10 min. For DNA sequencing, the multiplex-PCR sample was simply diluted 10 fold; 1-2 

ul was combined with 10 pmoles of the forward primer for the Big Dye cycle sequencing 

reaction at the Macromolecular Resource Facility at CSU. 

1.3.3.7 Fragment length analysis (FLA) 

After the multiplex-PCR, 1 ul of the PCR product was diluted 30-60 fold, and 1 \i\ 

of the diluted PCR product was combined with 12 ul deionized formamide (Applied 

Biosystems), and 0.3 ul LIZ-500 DNA standard (Applied Biosystems). The sample was 
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denatured at 94°C for 5 min, and subjected to capillary electrophoresis on the Applied 

Biosystems Genetic Analyzer 3130 at Macromolecular Resource Facility at CSU. The 

samples were injected into the capillary (50 cm length, POP-7 polymer) by applying 

injection voltage of lkV for 22sec. The capillary electrophoresis was run at a voltage of 

15kV at 60°C for 45min. Following the separation, the electropherograms were 

visualized and analyzed using GeneMapper Version 3.7 software (Applied Biosystems) 

to determine the major allele for each VNTR locus, in each multiplex-PCR combination. 

1.3.3.8 VNTR data analyses 

The Microsatellite Tool Kit (http://oscar.gen.tcd.ie/~sdepark/ms-toolkit/) was 

used to calculate allele frequency, and average allelic diversity. 

1.3.4 RESULTS 

1.3.4.1 Discovery of new VNTRs 

In our earlier study (7), 44 loci suitable for VNTR strain typing were listed. 

VNTRs were discovered at 7 microsatellite loci containing one, two and three base pair 

repeat units on a panel of four M. leprae isolates. In this present study, we screened for 

polymorphisms within more microsatellite loci in the same set of isolates (Table 1.3.2, 

Taxa 15-18). Reliable sequence results for the monomeric G/C rich tracts such as for the 

(C)20, (G)22, and (C)18 (G)8 loci were not obtained even though we were able to obtain 

PCR products as reported by other groups (25, 34). Previously, we did not confirm 

VNTR polymorphism at the (AC)9, however, sequencing of the products revealed two 
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alleles, with 8 or 9 copies (7). When we examined the dincucleotide (AC)8b, we found 

the 7 copy and not the 8 copy allele, as seen in the TN isolate in all of the 4 isolates. Of 

the (AT) rich loci, (AT) 17, (TA)18 (AT) 15 were already proven to be polymorphic (7, 

34), so we did not screen any more (AT) dinucleotides STR loci at this stage. Four 

trinucleotide microsatellites, [(AGT)5a, (AGT)5b, (ACT)5, and (GGT)5] were screened; 

only (GGT)5 was polymorphic, with two alleles, 4 or 5. All four isolates had three copies 

of the pentanucleotide (CACCG) STR as in the TN strain. From these screens, (AC)9, 

(AC)8b, and (GGT)5 have therefore been included in the panel of microsatellite VNTR 

loci. 

Likewise we screened the minisatellites 6-3b, 7-3, 10-4, and 15-3 and 23-3 loci 

for VNTRs within the four standard isolates. Only the 23-3 locus was polymorphic 

showing the two copy allele instead of the 3 copy allele seen in the TN strain (Table 

1.3.2). Similar trends of polymorphisms in STR loci were detected in an independent 

study that included Asian isolates maintained by the foot pad inoculation system in nude 

mice (34). 

1.3.4.2 VNTR mapping of an archived collection of M. leprae isolates from various 

parts of the world 

We expanded our reference panel with a collection of frozen armadillo tissues 

sent from the National Institute of Medical Research, Mill Hill, London and Florida 

Institute of Technology, Melbourne, FL. The M. leprae inocula were originally obtained 

from leprosy patients from India, Ethiopia, Malawi, Guyana, Philippines and Thailand; 

such animal infections were performed during WHO studies to generate sufficient bacilli 
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for vaccine production (22). M. leprae isolates representing the original armadillo 

infection (human biopsy suspension to armadillo, i.e., passage number zero), and 

subsequent armadillo to armadillo passages (first, second or third) in these residual tissue 

banks were tested if available. We utilized these specimens to assess purity and stability 

of VNTR patterns (Table 1.3.2). Tissue records indicated that in some instances, biopsy 

homogenates from multiple patients and/or biopsies were combined for the first armadillo 

inoculation. A panel of 16 VNTR loci [10 microsatellites including (TA)10 and 6 

minisatellites] was amplified and analyzed. All loci with the exception of 6-3a were 

polymorphic with new alleles also being identified within this expanded collection. 

With regard to the purity and stability of VNTR profiles of M. leprae in these 

specimens, except in two instances (compare 1480 with A606, and 2936/41 with 

3035/299 in Table 1.3.2) we found a characteristic VNTR pattern for 16 loci for each 

tissue, despite the possibility that multiple biopsies were used in the first inoculation. In 

this VNTR mapping exercise, we were able to find two isolates (CD236 and 1480) that 

closely matched the profile of the original sequenced TN isolate (5). The combined 

presence of the TN-like 23-3 locus and 21 copies at the TTC triplet, is a signature not 

found in any of the other isolates. In this collection of 21 ADML samples plus the in 

silico data from TN genome, the number of haplotypes were 16, with a genetic diversity 

of 0.5463, which is a measure of diversity across the 15 VNTR loci (Table 1.3.2) and was 

calculated in Microsatellite tool kit that uses definition per Nei's gene diversity (21). 

1.3.4.3 Selection of VNTR loci and primer combinations for multiplex-PCR 
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We then developed a multiplex-PCR approach for strain typing of clinical 

isolates. We utilized primer sequences described by us or others, in various combinations 

to enable simultaneous amplification of three or four loci, such that the products were 

detectable in the 3% agarose gel, with minimum overlap (Fig. 1.3.1). The combinations 

listed in Table 1.3.1, proved to be satisfactory. At present there are four combinations for 

amplification of 15 loci. Primer sets for loci 6-3a and (TA)10 have been subsequently 

added to combinations 1 and 4 respectively allowing mapping at 17 STR loci. 

1.3.4.4 Multiplex-PCR and fragment length analysis (FLA) for clinical samples 

All the combinations were optimized with NHDP63 DNA obtained from tissue of 

armadillo infected with the isolate from a leprosy patient, and subsequently utilized as 

our reference DNA for VNTR mapping (7). In order to test the feasibility of multiplex-

PCR and FLA for clinical samples we used DNA from 30 stored biopsy samples from 

leprosy patients (see Fig. 1.3.1, panels la, 2a, 3a and 4a). The VNTR alleles for NHDP63 

and the 30 clinical isolates are shown in (Table 1.3.3). 

The addition of Q solution, a co-solvent that can alleviate amplification problems 

associated with secondary structure and/or high GC content, was found to be useful for 

some loci, and was therefore routinely included in the PCR. In addition to conventional 

agarose gel electrophoresis, the products of the multiplex-PCRs were subjected to FLA 

(see Fig. 1.3.1, panels lb, 2b, 3b, 4b). 

We also retested several of the armadillo derived M. leprae (Table 1.3.2) by this 

multiplex PCR- FLA method and obtained concordant alleles. Interestingly, the FLA 

profile from the tissue infected with 3035/299 from Malawi, which was previously 
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(AT)!"1 
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'(GGT)5 r(GTA)9 (AC)Sb , 
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ComMunlm«) M P 28 32 35 39 42 N 
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39 
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2b 

2a 

ComMnrtan *2 P M 28 32 36 39 43 H 

(AC)Sa * 

>'HDP«3 -h 

(AT)15 '* (AC)9 ^ 214 

3» 

FIG. 1.3.1 Gel electrophoresis and fragment length analysis (FLA) of 15 VNTR loci from 5 Cebu 
clinical isolates amplified using the combination 1, 2, 3, and 4 primer sets. 
Panels la, 2a, 3a and 4a: Gel electrophoresis of multiplex PCR products (combinations 1-4) Lanes: M: 20-bp 
DNA marker (Bio-rad), P: Multiplex PCR products from NHDP63 (positive control) 28, 32, 35, 39,42: 
Multiplex PCR products from clinical isolates. N: Negative control; lb, 2b, 3b and 4b are the 
electropherograms obtained from FLA, where the orange peaks represent the LIZ-500 size standards and red, 
blue, black and green peaks represents the VNTR products in each of the combinations; arrows indicate the 
peak selected as the allele for each locus. 

(Fig. 1.3.1 continued..) 
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thought to be different from 2936/41 (zero passage specimen) at multiple loci, was found 

to carry two alleles at these loci, one the same as that found in 2936/41 along with 

secondary alleles. The results were reproduced when a different scraping from the same 

frozen tissue was used for DNA extraction and typing. 

1.3.4.5 Stutter phenomena and 3' base tailing and allele determination 

Stutter products defined as products formed by slipped stand DNA synthesis at 

repeat regions were commonly observed for the microsatellite loci. We observed both 

minus and plus stutters ranging from -3 to +3 repeats with reference and clinical template 

DNAs (Table 1.3.4). The addition of an extra base at the 3'end of PCR products (non 

template 3' extension) was also observed. The extent and pattern of stutters and 3'tailing 

tended to be characteristic for each locus. Despite the stutter and 3' base tailing, we were 

able to select the peaks, as indicated by the arrows in the electropherograms of Fig. 1.3.1 

(panels lb, 2b, 3b, 4b), for the reportable alleles of the majority of the loci. A non

specific product peak at 242 bp (NED label, black peak) in combination 3 can be seen 

with human derived specimens. 

1.3.4.6 Concordance between VNTR alleles determined by fragment length and 

DNA sequencing 

In order to verify the FLA based allele calls, a subset of samples was submitted to 

multiplex-PCR using unlabeled primers and DNA sequencing of amplicons. For each 

combination, we randomly tested at least three DNA isolates. The alleles determined by 

sequencing of the amplicons were in concordance with those estimated by the FLA 

(Table 1.3.3). 
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Multiplex PCR 
Combination 

#1 

#2 

#3 

#4 

Locus 

(AC)8b 
(GTA)9 
(GGT)5 
(AT) 17 

21-3 
(AC)9 
(AT) 15 
(AC)8a 

27-5 
6-7 

(TA)18 
(GAA)21 

18-8 
12-5 
23-3 

Amplicon sizes* 

384.15 ±0.1589 
307.86 ± 0.4416 
238.53 ±0.3047 
174.83 ±0.0961 
289.75 ±0.3965 
231.58 ±0.2792 
173.54 ±0.2251 
125.17 ±0.1555 
300.61 ±0.1253 
263.95 ±0.2714 
224.51 ±0.1618 
169.80 ±0.1354 
346.20 ±0.2149 
286.96 ± 0.2742 
219.40 ±0.2408 

3' tailing 

+* 
+h 

+* 
-

+" 
+a 

+
b 

+h 

+b 

+a 

-
-
-

+* 
+* 

Stutter products 
-3 -2 -1 

+ 
+ 

. 

+ + + 
+ 
+ 

+ + + 
+ + 

+ 
+ 

+ + + 
+ + 

+c +c +c 

. 

. 

+1 
+ 
+ 
-

+ 
-
-

+ 
+ 
-
-

+ 
+ 
-
-
-

+2 
-
-
-

+ 
-
-

+ 
+ 
-
-

+ 
-
-
-
-

+3 
-
-
-

+ 
-
-

+ 
-
-
-

+ 
-
-
-
-

FLA was performed on the ABI Genetic analyzer 3130. 
* refers to the average amplicon sizes ± standard deviation for 10 independent multiplex PCR and 
FLA experiments. 
'+' and '- ' signs indicate the presence and absence respectively of 3' tailing and stutter products. 
a 3'tailed and blunt PCR product are detected in approximately equal proportions. 

6 3' tailing proceeds to near completion; the blunt PCR product is in limited abundance 
c -1,-2 and -3 stutter products are weak. Instead, peaks at the 2 copy and 3 copy allele positions can be 
seen, which would be the -5 and -6 stutter products for NHDP63. 

TABLE 1.3.4 Amplicon sizes, 3 ' tailing effect, and stutter products detected in FLA for NHDP63. 
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1.3.4.7 Reproducibility of multiplex-PCR and FLA 

In order to test for run to run reproducibility of multiplex-PCR and FLA, 

multiplex-PCR was performed several times using NHDP63 DNA and the products from 

each PCR were submitted to FLA on separate days. Overall, the peak sizes and patterns 

remained stable between independent PCRs and FLA experiments. The average amplicon 

sizes and standard deviations for each locus determined from ten such experiments are 

shown in Table 1.3.4. The multiplex-PCR and FLA reproducibility was also verified for 

clinical isolates. Samples 28, 32, 35, 39 and 42 were subjected to multiplex-PCR and 

FLA at least 3 times, twice with Qiagen Multiplex enzyme and once with a high fidelity 

enzyme (AmpliTaq Gold, Applied Biosystems). Concordant FLA peaks were observed 

from all the three runs, which also demonstrated that the variation due to the DNA 

polymerase is minimal. Furthermore, when stored multiplex-PCR products were re-run 

for FLA, there were no significant changes in the profiles indicating that products can be 

stored (up to a year at -20°C) and analyzed at a subsequent convenient time and location. 

1.3.5 DISCUSSION 

The goal of our studies is to generate useful molecular epidemiological tools for 

monitoring the residual leprosy burden in endemic countries to complement local 

surveillance and control programs. Prolonged contact with a leprosy patient is a known 

risk factor, but only 10-30% of the new cases can be linked to an index case (3, 26); the 

number of new cases among children is not insignificant (a sign of recent transmission); 

isolates resistant to one or more antileprosy drugs are being detected in different endemic 
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countries and relapse rates amongst treated cases are -13% (1, 6, 9, 14). In addition the 

concept of zoonotic transmission has not been excluded (18). Thus finding source(s) and 

chains of transmission by strain typing is a practical application. Special considerations 

for molecular epidemiology of leprosy include the long doubling rate of M. leprae, 

followed by an incubation period of 2-8 years before symptoms may be perceived or 

diagnosed, and the lack of laboratory cultivation methods for M. leprae. Furthermore, 

outbreaks are not common, though intra-familial clusters exist, and pockets of hyper-

endemicity have been reported (11, 12). 

In this context, we pursued our strategy to identify polymorphic markers for M. 

leprae for strain typing applications (7). Of the common methods for infectious 

pathogens, we and others have explored short tandem repeat analyses for leprosy 

transmission, because nucleotide substitutions, inversions, recombinations, and 

transpositions had been found to be rare (4, 28). The preferred method for measuring 

evolutionary distance between two samples takes into account the allele sizes (number of 

repeating units) at each VNTR locus. During the course of our experiments, three novel 

SNPs were discovered, which lead to a model for the origin and global spread of leprosy 

(20). 

In light of field studies indicating that 1-3 microsatellites were insufficient for 

detection of strain diversity and transmission of M. leprae, we exploited the availability 

of a laboratory collection of 21 human clinical specimens passaged in armadillo for the 

purpose of identifying new genomic loci. Independently, a study performed with a 

different sample set composed of 27 mouse derived human isolates, primarily from 

Japan, but also including one each from Korea and Indonesia, and three from Thailand, 
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showed that the list of polymorphic loci are equivalent to that from our study. Locus 10-

4 is comprised of four 10 base repeats, with a consensus repeat sequence 

'ttATTAATAA'. Polymorphisms were not found either in the copy number or in the non-

conserved nucleotides present at the first and/or second position in,any of the repeats, 

even though 10-4 is situated in a non-coding region. The 7-3 locus is contained within a 

putative functional open reading frame in which VNTRs would cause frame shifting, 

perhaps the reason that the 7-3 locus was not polymorphic. The 23-3 locus was peculiar 

because the TN pattern with 3 copies was rare. We discovered a 5 base deletion in the 

third repeat in two isolates from Ethiopia. We have termed this allele as 23-3'. Zhang et 

al, showed that 32 of the 44 loci in our first list are polymorphic; of these, they selected 9 

loci (all microsatellites) for determining strain identity in isolates collected from families 

with multiple cases (34). 

To improve throughput, we have developed a multiplex-PCR approach suitable 

for rapid amplification of 15 VNTR loci fromM leprae containing specimens like slit 

skin smears and skin biopsies. The benefits are reduced PCR reagent consumption 

including DNA template and ease of set up. Of these 15 VNTR loci, 6 are minisatellites 

and 9 are microsatellites. Two more loci [6-3a and (TA)10] have since been included in 

the PCR. Microsatellites tend to exhibit higher allelic diversity even in localized 

collections, and when combined with minisatellites are useful in differentiating 

specimens from different countries/geographical regions (Table 1.3.5). For the 21 

armadillo samples plus that of TN strain, a gene diversity of 0.5463 was observed for 16 

loci. A similar trend was seen for the 30 clinical isolates from Philippines (gene diversity 

of 0.54 for 15 loci). For the same loci, the gene diversity is 0.6 when applied to the 27 
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(AC)8a 
Allele 
8 
9 
10 
11 

Frequency 
6.90 

72.41 
17.24 
3.45 

(AT)15 
Allele 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
22 

Frequency 
3.45 
3.45 

13.79 
3.45 

24.14 
20.69 

6.90 
3.45 
6.90 
6.90 
6.90 

(GGT)5 
Allele 
4 
5 
6 

Frequency 
15.38 
80.77 

3.85 

6-7 
Allele 
4 
6 
7 
8 

Frequency 
3.45 

13.79 
58.62 
24.14 

21-3 
Allele 
1 
2 
3 
4 

Frequency 
17.24 
3.45 

75.86 
3.45 

(AC)8b 
AC8b 
6 
7 
8 

Frequency 
7.14 

25.00 
67.86 

(AT)17 
Allele 
12 
13 
14 
15 
16 
17 
18 

Frequency 
13.79 
13.79 
17.24 
20.69 
20.69 

3.45 
10.34 

(GTA)9 
Allele 
8 
9 
10 
11 
12 
13 

Frequency 
10.71 
46.43 
17.86 
17.86 
3.57 
3.57 

12-5 
Allele 
4 
5 

Frequency 
55.17 
44.83 

23-3 
Allele 
2 
3 

Frequency 
93.10 

6.90 

(AC)9 
AC9 
8 
9 
10 

Frequency 
20.69 
65.52 
13.79 

(TA)18 
Allele 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
25 
26 

Frequency 
3.45 
6.90 
6.90 
6.90 

13.79 
17.24 
3.45 
3.45 

13.79 
10.34 
3.45 

10.34 
(GAA)21 

Allele 
14 
16 
19 
20 
22 
23 
24 
25 
26 
28 
29 
30 
31 
36 

Frequency 
3.45 
6.90 
6.90 
6.90 

13.79 
13.79 
13.79 
6.90 
6.90 
3.45 
3.45 
3.45 
6.90 
3.45 

18-8 
Allele 
7 
8 

Frequency 
14.29 
85.71 

27-5 
Allele 
4 
5 

Frequency 
3.45 

96.55 

TABLE 1.3.5. Allele diversity detected for M. leprae STR loci in leprosy patients from Philippines. 

61 



isolates (mainly of Japanese origin) reported by Zhang et al (34). These diversity indices 

are comparable to those in other bacterial VNTR based typing systems. In B. anthracis, 

an 8 VNTR locus system was used for strain typing. An average diversity of 0.52 for 89 

isolates was shown (10). In S. enterica serotype Enteritidis, Malorny et al, 

demonstrated a typing system based on nine VNTR loci (individual allelic diversity 

ranging from 0.07 to 0.65) which allowed further discrimination of isolates within single 

phage types (15). The average diversity would be 0.42 for this collection of 240 isolates. 

In the context of strain typing of M. tuberculosis, different genomic markers and 

combinations have been utilized. The locus diversity varied from 0.1 to 0.8 when 24 

MIRU-VNTR loci were applied to a set of 90 isolates from a standardized worldwide 

collection. These loci have been recommended for high resolution phylogenetic studies 

(24). This dataset would represent an average genetic diversity of 0.58 for the 24 loci. 

In addition, we developed the FLA method for mapping VNTR alleles, which is 

more rapid than the conventional sequencing method. To validate and standardize the 

technique, reference strain NHDP63 was used (Table 1.3.4) and included every time 

clinical samples were analyzed. Although the minisatellites banding profiles can be easily 

interpreted by visual inspection after electrophoresis on conventional agarose gels, it was 

convenient to include these in the multiplex-PCR combinations for FLA. Rapid mapping 

of 15 VNTRs, in a set of 30 clinical specimens obtained from one clinic has been 

demonstrated using the multiplex-PCR FLA technique. The amplicon sizes were found to 

be reproducible from run to run for the reference stain and the clinical isolates. However, 

the sizes (in bp) do not correspond to the calculated size of the DNA fragments (Table 

1.3.4). This could be due to the nature of the gel matrix, differences during migration 
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between labeled PCR fragments, capillary length, ladder used for calibration, to the 

sequence composition and the models of Applied Biosystems Genetic Analyzers. So we 

recommend that a reference strain (such as NHDP63 in our experiments) be used in all of 

the runs for consistency in allele definitions for a given instrument within a laboratory. 

The allelic diversity for M. leprae in the Philippine sample collection is shown in Table 

1.3.5. 

For the minisatellite 18-8, minus stutter peaks were observed. These appear at the 

2 and 3 copy positions. Even though some of the microsatellites are prone to the stutter 

phenomenon (in vitro and in vivo) and 3' tailing effect, electropherograms can be 

interpreted to assign alleles. The removal of the 3' tail artifacts by a high fidelity enzyme 

minimized the complexity of the peaks as was seen for the (AT) 15 products (not shown). 

Stutter products are also often observed in conventional sequence traces, wherein the 

stutter product sequences merge making it difficult to read the sequence at the end of the 

repeat region. However in FLA, the main product and the stutter products are clearly 

discernible. This suggests that the FLA technique is more convenient for detecting such 

products and reporting the predominant alleles than by conventional sequencing. Strain 

typing allows us also to compare and confirm identity of laboratory reference strains. For 

example, the VNTR pattern of the Thai-53 isolate in our study is quite different from that 

described by Zhang et al, but is probably the same as that in Monot et al. The original 

strain was isolated in Japan from a Thai patient (25, 34). 

VNTR stability to the extent of two passages in armadillo was noted in our studies 

except for two M. leprae suspensions. With the information available to us for the 

archived tissues, we surmise that 2936/41 and 3035/299 originated from one common 
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original inoculation in 1983. Tissue or animal 2936/41 represents the zero passage 

(patient to armadillo), while 3035/299 is that of the 2nd passage (armadillo to armadillo, 

date not known). Unfortunately, the intermediate 'first passage tissue' was not in our 

collection when we started this study. Therefore, we were unable to test or demonstrate 

when or how an additional VNTR profile emerged in the 2nd passage isolate. We could 

only propose that the alternate alleles in 3035/299 represent a secondary strain, rather 

than arising from VNTR instability sometime during incubation or passage because 11/16 

loci carried two alleles. Endogenous infection of the host armadillos is another 

possibility. Similarly, regarding samples 1480,1478 and A606, we inferred that they were 

derived from the same human inoculum. The zero passage animal was also common for 

all three. 1480 and 1478 were from 'first passage' infections, but in two different animals. 

These tissue specimens gave matching M. leprae VNTR patterns. The A606, which is a 

2nd passage tissue, did not originate directly from either from 1480 or 1478, but from a 

different animal. The tissues corresponding to the zero passage and the precursor to A606 

were not present in our sample bank for this study, so we cannot speculate on the origins 

of the different M. leprae genotype seen in A606 (alleles at 11/16 loci were altered) as 

compared to 1480 and 1478. For those armadillos infected with ~ 3 patient biopsy 

homogenates, it appears that one isolate was dominant in the first two passages. Truman 

et al, demonstrated that microsatellites were highly stable after multiple passages in 

armadillo and/or nude mice, albeit allele shifts by one or more repeat units were not 

infrequent (25). Matsuoka et al, demonstrated that the TTC (GAA) locus was stable after 

11 passages in nude mice (16). 
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This study was undertaken mainly for developing methods for VNTR based strain 

typing. There was limited epidemiological or clinical information associated with the 30 

coded clinical frozen samples (Table 1.3.3). However, it was possible to identify four 

isolates (17, 19, 25 and 33) which have the alleles 4 and 1 for the loci (GGT)5 and 21-3 

respectively. These isolates cluster and separate when analyzed by the neighbor joining 

method (data not shown). For the same loci, the alleles are 6 and 3 for the pair of isolates 

(28 and 29) which also cluster, but into a different branch. There was no association with 

genotype and village or city. In a larger study which included these 30 samples and 170 

more that were collected from patients in the same province since 2003, a well defined 

population structure, with distinct VNTR signatures was identified. Several pairs of 

isolates with matching genotypes associated with multi-case families or communities 

could be noted (Sakamuri et al, submitted for publication). 

Our future work is focused on improving sensitivity, detection of mixed VNTR 

patterns, automated allele calling, elimination of non specific peaks (usually seen in 

samples with low bacterial numbers), with regard to the multiplex-PCR and FLA. We 

have initiated the generation of databases that include all available polymorphism data 

along with relevant clinical information for each sample so as to enable molecular 

geneticists and clinical epidemiologists objective means for tracing leprosy and 

implementation of preventive measures. These approaches were explored in the two 

accompanying paper (Sakamuri et al., submitted for publication). 
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Chapter 1.4 

POPULATION BASED MOLECULAR EPIDEMIOLOGY OF LEPROSY IN 

CEBU, PHILIPPINES 

This chapter has been published in Journal of Clinical Microbiology 
Sakamuri et al, 2009 

Clinical samples were obtained from LWM, Cebu, Philippines in collaboration with Dr. 
Robert Gelber Dr. Marivic Balagon and Dr. Sang Nae Cho. I contributed in the sample 
preparation, data collection, analysis and preparation of manuscript. PCR-RFLP method 
for SNP subtyping was designed by Dr. Vissa and Miyako Kimura. PCR-RFLP data was 
contributed by Dr. Wei Li (Post doctoral fellow) in our laboratory. 

Sakamuri RM, Kimura M, Li W, Kim HC, Lee H, Kiran MD, Black WC 4th, Balagon M, 
Gelber R, Cho SN, Brennan PJ, Vissa V. Population-based molecular epidemiology of 
leprosy in Cebu, Philippines. J Clin Microbiol. 2009 Sep;47(9):2844-54. Epub 2009 Jul 
1. PubMed PMID: 19571027; 
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1.4.1 ABSTRACT 

To address the persisting problem of leprosy in Cebu, Philippines, we compiled a 

database of more than 200 patients who attend an established referral skin clinic. We 

described the patient characteristics in conventional demographic parameters, and also 

applied multiple locus variable number of tandem repeat (VNTR) analysis (MLVA) and 

single nucleotide polymorphism (SNP) typing for the Mycobacterium leprae in the 

biopsied skin lesions. These combined approaches revealed that transmission is ongoing 

with the affected including the young Cebuano population under 40 years of age in both 

crowded cities and rural areas in the island. Emergence of multicase families (MCF) is 

indicative of infection unconstrained by standard care measures. For the SNPs we 

designed a low cost polymerase chain reaction-restriction fragment length polymorphism 

typing method. MLVA in M. leprae was highly discriminatory in this population, yet 

could retain broad groups, as defined by the more stable SNPs implying temporal marker 

stability suitable for interpreting population structures and evolution. The majority of 

isolates belong to an Asian lineage (SNP type 1) and the rest to a putative post colonial 

lineage (SNP type 3). Specific alleles at two VNTR loci, (GGT)5 and 21-3 were highly 

associated with SNP type 3 in this population. MLVA identified M. leprae genotype 

associations in patients with known epidemiological links such as in MCFs and in some 

villages. These methods provide a molecular database and a rational framework for 

targeted approaches to search and confirm leprosy transmission in various scenarios. 
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1.4.2 INTRODUCTION: 

During the last 4-5 years, genetic variation in M. leprae has been investigated for 

the purpose of strain typing. Although the M. leprae genome (4) has undergone reductive 

evolution and is highly mutated, limited genome variability has been found between 

global isolates and, except for loci prone to mutation such as variable-number of tandem 

repeats (VNTR) (7, 8, 12, 13, 16, 19, 22, 24, 25, 26), M. leprae are highly clonal species. 

Three single nucleotide polymorphisms (SNPs) were subsequently discovered by further 

genome sequencing efforts that allowed separation of global isolates into four subtypes 

(14). 

Formal, systematic study of the M. leprae diversity by the application of the 

known polymorphic markers in defined endemic settings for studying extant population 

structures and leprosy transmission is limited. Previously, we presented the outcome of a 

focused study in Qiubei County in Yunnan Province in South West China (22). Using 

VNTR loci, we discovered subgroups within a major lineage. Differential geographical 

distribution of these subgroups was seen across the county. Furthermore, we noted 

conservation of M. leprae genotypes carried by patients of multicase families, indicative 

of localized transmission from shared sources. 

We now extend such approaches to Cebu, Philippines, an island in the Central 

Visayas where leprosy is still in existence. From a case detection rate of 5.1 in 2001, to 

the current rate of 4.19 with an actual of about 300 registered cases for the entire island 

of Cebu, Multibacillary cases (MB) have consistently comprised 85%-90% of the total 

number of registered cases. We describe observations from conventional epidemiological 

and novel molecular studies. Currently, we can routinely map up to 15 VNTR loci using 
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multiplex-PCR and fragment length analysis methods (8). In this study, we demonstrate 

the development, feasibility and applicability of a low cost technology, PCR-RFLP 

(Polymerase chain reaction- Restriction Fragment Length Polymorphism) scheme for 

rapid SNP sub-typing of M. leprae DNA (14). 

1.4.3 MATERIALS AND METHODS: 

1.4.3.1 Armadillo derived M. leprae (ADML) strains of human origin 

Four armadillo derived M. leprae (ADML) genomic DNAs (Thai-53, 3039/321, 

NHDP-63, and BR4923) were used as reference strains and taken from a panel of 

archived samples at CSU. These four isolates were previously characterized as belonging 

to the M. leprae SNP type 1, 2, 3 and 4 respectively (14). M. leprae DNA from the 

ADML isolates was isolated using the procedure described in our earlier paper (7). 

1.4.3.2 Description of clinical study site, patients and biological samples 

The patients in this study were drawn from those who consulted at the Cebu Skin 

Clinic (CSC), Leonard Wood Memorial Leprosy Research Centre, Philippines. For M. 

leprae strain typing purposes, we accessed skin biopsies and/or DNA extracts from three 

separate studies performed in collaboration with CSC staff. A total of 228 samples were 

thus compiled. These include DNA extracted from skin biopsies of patients from the 

1980s (30 biopsy samples) (8); a collection of 100 frozen sectioned skin biopsies (from 

newly diagnosed untreated patients or those in the early stages of leprosy treatment) 

during the 2003-2004 period; and 98 ethanol-fixed skin biopsies from an ongoing study, 

started in 2006. These three sets of samples from the 1980s, 2003-2004 and 2006-2007 

are henceforth referred to as 'R', 'M' and 'L' respectively. 
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Besides obtaining basic details of the medical history including the leprosy 

condition and treatment regimen, information about the patients' geographical area of 

residence (village, city and province), types /place(s) of employment and education, 

nature of dwelling, sources of drinking, cooking, and bathing water spanning a prior 20 

year period, was captured with a standardized questionnaire at the time of recruitment 

since the 'L' study began. All studies involving biological sample collections were 

performed following approval from the governing human research ethical committee and 

informed consent procedures as necessary. 

1.4.3.3 DNA extraction and multiplex-PCR, fragment length analysis (FLA) for 15 

VNTRs 

DNA was extracted from the biopsies using Qiagen DNeasy Tissue kit (Qiagen, 

Valencia, CA) as described earlier (7). A multiplex-PCR protocol described by Kimura et 

al comprising four reactions for the amplification of fifteen VNTR loci was achieved 

using the Multiplex PCR enzyme kit (Qiagen) and fluorescent 5' labeled forward primers 

and reverse unlabeled primers (8). These fifteen VNTRs include nine microsatellites 

[(AC)8a, (AC)8b, (AC)9, (AT)15, (AT)17, (TA)18, (GGT)5, (GTA)9, (TTQ21] and six 

minisatellites [6-7, 12-5, 18-8, 21-3, 23-3, and 27-5]. Multiplex-PCR products were 

separated by capillary electrophoresis [Applied Biosystems Genetic Analyzer 3130 at 

Macromolecular Resource Facility (MRF), CSU] and fragment length analysis to 

determine the major allele for each VNTR locus using GeneMapper Version 3.7 

software. When DNA sequencing was performed, a multiplex-PCR sample was diluted 

10 fold; 1-2 ul was combined with 10 pmoles of the unlabelled forward primer for the 

ABI Big Dye Cycle sequencing reaction at MRF, CSU (8). 
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1.4.3.4 Development of a PCR-Restriction fragment length polymorphism method 

for SNP subtyping of M. leprae 

Known M. leprae SNP loci 1, 2 and 3 (nucleotide positions 14,676, 1,642,875, 

and 2,935,685 respectively on the sequenced TN strain) were amplified using published 

primer sequences (14). Single or multiplex PCRs were set up using 1-2 ul of the DNA 

extract. An additional forward primer was designed for locus 2 for a shorter product of 

114 bp instead of 190 bp. The High Fidelity Super Mix (Invitrogen, Carlsbad, CA) was 

used for PCRs (final volume of 20 ul). The DNA products were resolved by agarose gel 

electrophoresis and detected by ethidium bromide staining. 

The three SNP containing sequences were examined for restriction sites 

overlapping the SNP using NEBcutterV2.0 (http://tools.neb.com/NEBcutter2/index.php). 

Restriction digest assays were developed using Smll, CviKI-1 and BstU I for SNP loci 1, 

2 and 3 respectively (New England Biolabs, MA). The PCR products (5ul) were digested 

with 1 unit of the enzymes. The Smll, BstUl and CviKl-l reactions were performed at 

55°C, 60°C and 37°C respectively for lhr. The Smll and BstUl uncut and cut DNAs were 

subjected to electrophoresis on 3% agarose gels. The uncut and CviKl-l digested SNP 

locus 2 products were resolved on a 12% acrylamide gel. The gels were stained with 

ethidium bromide and visualized by UV trans-illumination. 

1.4.3.5 Diversity and phylogeny 

The Microsatellite Tool Kit (http://animalgenomics.ucd.ie/sdepark/ms-toolkit/) 

was used to calculate allele frequency, and average allelic diversity. PAUP4.0b software 

was used to apply the maximum parsimony algorithm with equal or unequal weighting 

for all the VNTR loci (17) for a maximum of 1000 trees. An allele difference of one 
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repeat unit (increase or decrease) per locus was calculated as one mutation step, 

difference of three as three steps, etc., as described previously (22). The 50% consensus 

trees were reported. The figure for the 50% majority rule tree was generated in PHYLIP 

program using the 'consensus' application (6). 

1.4.4 RESULTS 

1.4.4.1 Leprosy in Philippines and in the island province of Cebu 

In 1998, about a decade after MDT was implemented nationwide, the Philippines 

reached its elimination goal with a prevalence of 0.9/ 10,000 with a total of 6,872 

registered cases. Then after another decade of leprosy elimination campaigns, this has 

further gone down to a prevalence of 0.36/10,000 with a total of 3,156 registered cases. 

For Cebu, data from 2001-2006 period shows that the prevalence has sustained: 0.48 in 

2001 and 0.46 in 2006. 

Cebu Skin Clinic (CSC) diagnoses around 200 patients a year, more than half of 

the new cases in the island. The numbers of patients according to the Ridley-Jopling 

clinical classification is shown in Table 1.4.1. These patients come from all parts of the 

island province, voluntarily or as referrals. A large proportion of the CSC cases since 

2003 are included in the current study. 

Cebu is a narrow island, 225 km long and 25 km across at the widest point (Fig. 

1.4.1 A). The Metro Cebu comprises seven cities (Carcar City, Cebu City, Danao City, 

Lapu-Lapu City, Mandaue City, Naga City, and Talisay City) and 6 other municipalities 

on the east. Each city is administratively divided into barangays (akin to a county or 

village). Cebu City per se is located centrally within the Metro Cebu area, while Lapu 
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TYPE 

IND 

TT 

BT 

BB 

BL 

LL 

TOTAL 

2000 

7 

6 

38 

15 

70 

69 

205 

2001 

8 

4 

33 

10 

70 

62 

187 

2002 

6 

0 

29 

8 

65 

72 

180 

2003 

10 

5 

27 

4 

68 

64 

178 

2004 

8 

2 

22 

11 

84 

86 

213 

2005 

4 

4 

11 

13 

61 

80 

173 

2006 

4 

1 

25 

2 

49 

83 

164 

2007 

6 

0 

23 

0 

50 

94 

173 

IND, Indeterminate; TT Tuberculoid; BT, Borderline Tuberculoid; BB Borderline 
Borderline; BL Borderline Lepromatous; LL, Lepromatous Leprosy 

TABLE 1.4.1 New leprosy cases diagnosed at Cebu Skin Clinic (CSC), LWM (2000-2007). 
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FIGURE 1.4.1A Map of Cebu Province, Philippines depicting patient's city of residence. 
One third of the patients in this study population are from the Cebu City. Letters R, M 
and L represent each of the sample collections followed in parenthesis by number of 
patients in this study. 
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Lapu City is in the Mactan island and is connected to the main island by a bridge. CSC is 

in Cebu City while the leprosarium is located in Mandaue City. It is slightly over 10 kms 

north of CSC. Of the 228 patients in this study, one third resides in Cebu City (Fig. 

1.4.1B). 

The majority of the patients were bacteriological index (BI) positive, as judged by 

microscopic examination of slit skin smears or biopsies and were prescribed the standard 

multibacillary WHO-MDT treatment (one year duration in the Philippines). Considering 

the 'L' and 'M' group (n=178), the age of the patients ranged from 5-71 years with a 

mean of 30 years. The proportion of patients under 30 and 40 years of age was 66%, and 

80% respectively. The ratio of male to female patients was 3:1. 

1.4.4.2 Multiple locus variable number of tandem repeat analysis (MLVA) based 

genomic variation of M. leprae in patients in Cebu, Philippines 

Skin biopsies taken from leprosy patients at the time of diagnostic procedures or 

during treatment (as in the case of 38 of the 100 M samples) were the source of M. leprae 

DNA in these studies. MLVA was performed for a total of 228 specimens using 

multiplex-PCR and fragment length analysis (FLA) procedures described previously (8) 

to determine the number of repeats (hereafter known as alleles). The samples from 

patients (n=21) with low BI (BI < 1.5) did not yield data for all loci, and were excluded 

from the subsequent analysis. 

The MLVA 15 locus data of the 207 Cebu samples, NHDP63 reference DNA and 

the sequenced M. leprae TN strain (4) were analyzed for allelic diversity and population 

structure. The allelic diversity across the 15 loci ranged from 0.1 to 0.94 and the 

heterozygosity for the entire data set is 0.5334 (21). 
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1.4.4.3 Comparison of M. leprae VNTR patterns in slit skin smears and skin biopsy 

To compare the stability of VNTRs in different body compartments, VNTR data 

from ten high BI patients' biopsies and SSS samples were also analyzed (Table 1.4.2) 

and found to be mostly similar. We noted extra product peaks for the SSS in some of the 

more variable stutter prone microsatellites. Such patterns may represent variants of a 

dominant isolate. SSS is usually a mix of smears from the lesion site (biopsy) and as well 

as from other body sites. 

1.4.4.4 Rapid PCR-RFLP SNP subtyping of M. leprae in patients in Cebu, 

Philippines 

By using the NEBcutter2 program, we were able to identify commercially 

available enzymes suitable for detection and separation of the four SNP sub types 

according to the scheme shown in Fig. 1.4.2 and 1.4.3. The recognition sequences for, 

Smll, BstUX and CviKl-l are CTYRAG, RGCY and CGCG respectively. 

At first, we verified the feasibility of using one, two or three enzymes for SNP 1-4 

sub-typing for reference M. leprae strains as shown in Fig. 1.4.3. The restriction enzyme 

products could be resolved on a 3% agarose gel for the Smll and BstUl. A novel primer 

set was designed for the SNP 2 locus to eliminate non SNP CviKl-l cutting sites. 

However, there are still two recognition sites one from the SNP 'T' allele that would 

yield fragments of 61, 11 and 42 bp; while amplicons lacking the SNP 'T' would produce 

72 and 42 bp fragments. The 3% agarose gel system was not adequate to reliably 

differentiate the 72 and 61 bp CviKl-l fragments; therefore a 12% acrylamide gel system 

was used. 
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Four M. leprae SNP types 

Tvpe I 
Type 2 
Type 3 
Type 4 

Locus I 
{34,676} 

C 
C 
c 
T 

Locus 2 
(1,642,875) 

G 
T 
T 
T 

Locus 3 
(2,935,685) 

A 
A 
C 
c 

B 

PCR-RFLP SNP typing 

Locus 3 

6/c^BstUI+ 

Type 1..2 Type 3.4 

/ 

Locus 2 

/ 
Type 1 

G,T •CviKI-1-

Type 2 

\ 

Locus 1 

Type 3 Type 4 

FIGURE 1.4.2 A schematic of the M. leprae SNP subtyping method for leprosy clinical 
samples based on PCR-RFLP. The four major SNP types are shown in panel A. The 
numbers below the SNP locus refer to the nucleotide position in the sequenced TN strain. 
Panel B shows the scheme. 
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FIGURE 1.4.3 The PCR-RFLP pattern of four At. leprae reference strains. The PCR 
products of the SNP loci 1, 2 and 3 were subjected to enzyme digestion. The digested and 
undigested PCR products were resolved on agarose (panels A and C) or acrylamide gels 
(panel B) and run in pairs; the digested products for each of the strains are shown first. 
DNA sizing ladders are shown in the left lane in each gel. The numbers on the right side 
of each gel refer to the lengths (bp) of the PCR and digestion products. 
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After establishing the PCR-RFLP method for separating the SNP type 1-4 

isolates, we applied it to all the 100 samples from the 'M' study. The first step of PCR 

amplification of the SNP locus 3 revealed that 99% of the DNAs yielded products and 18 

samples could be digested with BstUl. One of the samples did not yield PCR products 

for all the three SNP loci. DNA sequencing of the PCR amplicons of the remaining 

samples confirmed that all BstUl sensitive amplicons carried the SNP allele ' C , while a 

random selection of the BstUl resistant samples carried the 'A' allele. In the next step, we 

examined susceptibility of the SNP locus 1 to Smll. None of the amplicons were digested 

as was corroborated by the sequence of the products, and thus SNP- type 4 M. leprae 

strains are absent in this clinical sample set. Finally, to classify the strains carrying SNP 3 

locus BstUl resistant phenotype into type 1 or type 2, the CviKl-1 enzyme digestion of 

the locus 2 PCR products was performed. One sample of type 2 was confirmed by 

sequencing at SNP loci 2 and 3. Another isolate that was restriction positive was 

sequenced confirmed to carry the T ' allele; however PCR product for locus 3 was not 

obtained, so we were unable to classify as 2, 3 or 4. One of the samples gave mixed cut 

and un-cut CviKl-l RFLP patterns. Furthermore, both the alleles G and T were observed 

in the DNA sequence. Interestingly the STR typing of this DNA (M55) also revealed 

mixed signals at multiple loci even when independent aliquots of biopsy sections of this 

sample were tested, indicating a mixed infection or contamination of the specimen. In 

summary, we were able to SNP subtype 97 of the 100 specimens. 

1.4.4.5 VNTR alleles predictive of the SNP type 3 for Philippine isolates 

Correlating the SNP subtypes with the VNTR profiles of 15 loci revealed that the 

alleles at the (GGT)5 and 21-3 loci were 4 and 1 or 2 respectively for the SNP type 3 
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isolates (Fig. 1.4.4A, B and C), while other combinations of alleles such as 4:3, 5:3, 5:1 

and 5:2 were seen in isolates of the SNP- type 1 and 2. 

To determine if this allelic signature is predictive of the SNP type 3 in this 

population, we reviewed the 207 VNTR patterns and identified 14 other SNP 3 

candidates (10L and 4R). Of these we first tested 8L and 4R samples. As controls, we 

randomly tested other 'L' (n=6) and 'R' (n=l) samples that did not have the VNTR 

pattern of interest. All the 8L samples were of SNP type 3 (Fig. 1.4.5), while the 

'controls' were not. The 'R' samples had degraded or very little was remaining at the 

time these new assays were being tested, and we could recover PCR amplicons for one 

sample (SNP type 3). Subsequently, we completed the PCR-RFLP SNP typing of the 

remaining 64L samples and demonstrated that the SNP 3 prediction rule was valid. 

1.4.4.6 Population structure of M. leprae isolates from Cebu, Philippines 

There are several computation models and software to infer clustering and/or 

phylogenetic relationships with the molecular dataset (1, 9, 10, 11, 15, 17). We applied 

parsimony (MP) principles, assumed a stepwise mutation model and executed the 

analysis using PAUP software program (17). Arbitrarily defining the sequenced TN 

strain as the outgroup taxon, 50% consensus trees were generated. Since the allelic 

diversity of each locus was found to be different in this study population, we weighted 

the loci according to the inverse of the individual allelic diversity index for MP. Neighbor 

joining (NJ) and UPGMA methods were also executed from the same data sets (data not 

shown) in PAUP. 

Five major groups emerged in phylogenetic trees using MP (Fig. 1.4.6), NJ and 

UPGMA algorithms, which we have named A, B, C, D and T. The T group comprising 
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respectively. Panel A is the Bstf/I-RFLP gel, and Panel B is an agarose gel showing 
products of multiplex PCR for four VNTR loci. The 21-3 product is the largest. VNTRs 
at all loci can be seen within this sample set. The SNP types are shown in Panel C. 
Samples 63 and 69 are indicated below panels A and B. N63 is NHDP63 (SNP type 3). 
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ten isolates is seen proximal to the sequenced TN strain. This grouping may be attributed 

to the 3 copies of 23-3 VNTR locus rare in the entire data set, and other shared alleles 

with the TN strain. 

The majority of the remaining isolates fall within the groups A, B, C and D. 

Groups A and B are separated from C and D due to (AC)8b locus. Groups A and B have 

8 copies of the VNTR, whereas in the groups C and D, the allele is 7. Group A is then 

branched into Al and A2; the (AC)9 allele is 8 or 9 respectively. The 18-8 locus, with 

alleles of 8 or 4 separates Bl from B2. 

The C group comprising 45 clinical isolates is characterized by low allele 

numbers for (AC)8b, (TA)18, (GGT)5, (TTC)21, 21-3 and 18-8 VNTR loci. The 

dominant alleles for (AC)8b, (GGT)5, and 18-8 VNTR loci are 7, 4 and 7. The range of 

alleles for (TA)18, (TTC)21 and 21-3 are 12-17, 14-20 and 1-2 respectively, while in A, 

B and D they are 21-26, 21-32 and 3 copy respectively (Fig. 1.4.6 and 1.4.7). 

The D group is characterized by a distinctive 6 copy allele of the (GGT)5 locus 

and all isolates have 10 repeats at the (AC)8a locus. 

The majority of the Cebu M. leprae isolates are of SNP type 1. Of the 207 

samples for which VNTR patterns were mapped, 100M, 78L and 5R samples have been 

tested for SNP types. From these 10L, 18M and 1R sample were confirmed as SNP type 

3. In the rest of the 'R' samples for which DNA is no longer available for testing, three 

more carry the 4: 1 alleles for (GGT)5:21-3. Therefore, we estimate that 16% (32/207) of 

the study population are of SNP type 3. Interestingly in trees that were derived solely 

based on VNTR alleles, the SNP type 3 isolates converged in Group C described above, 

separating from the remaining at a deep or intermediate branch level. The allele profiles 
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FIGURE 1.4.7 Comparison of VNTR patterns in SNP type 3 versus SNP type 1 isolates 
in Cebu, Philippines. The allelic frequencies (Y axis) were plotted against the VNTR 
alleles (X axis) for the locus indicated on the top of each panel. Solid squares (•) and 
hollow squares (•) represent SNP type 3 and SNP type 1 isolates respectively. 
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for the SNP type 3 versus SNP type 1 isolates are shown in Fig. 1.4.7. A few non-SNP 

type 3 (of SNP type 1, n= 13) isolates also group with the SNP type 3 isolates in Group 

C, probably due to their low allele numbers typically seen in the SNP type 3 isolates 

(Fig. 1.4.7) but not in the majority of the SNP type 1 isolates. 

1.4.4.7 Identification of plausible transmission clusters in Cebu by genotyping 

Exposure to the M. leprae source can occur within and outside the household, 

such as in the community, place of employment, education, etc. The barangay of 

residence at the time of sampling was known for nearly 200 patients. However, daily, 

weekly or monthly commute for work or other reasons is not uncommon for residents in 

the metro Cebu region. 

The patient population studied included several MCFs. MCFs presenting in the 

clinic within a period of four years of each other, serve as a model for recent infections 

from one to the other, or from another common source. The 15 locus VNTR profiles of 

M. leprae from these patients are shown in Table 1.4.3. In general, the mismatched 

alleles in the MCFs occurred in the more polymorphic and stutter prone VNTR loci. In 

the two pairs F3 and F4 there were differences in many loci. Accordingly, four of the six 

MCF pairs, appeared closely in the consensus tree despite allelic differences at one or 

more loci (Fig. 1.4.6). Based on these trends, we tentatively define transmission clusters 

in Cebu as patients/isolates whose M. leprae VNTR alleles are shared in 12/15 loci 

(includes all minisatellites) and that co-localize in the weighted consensus tree. 

Besides examining the genotypes of M. leprae in MCFs, we sorted the VNTR 

profiles according to the barangays. There is not much evidence of geographic 

segregation of strains according to VNTR or SNP profiles. However, several matched 
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pairs emerged (Table 1.4.4) that are suitable for formal secondary epidemiological 

investigations of these cases and active search for other new cases in these barangays; 

activities not within the scope of the current study. 

1.4.5 DISCUSSION 

Global standardized guidelines for diagnosis and treatment of leprosy with a goal 

of elimination have been available and in practice for more than two decades (23). Yet, 

new patients are being detected at unchanged rates in some endemic regions leaving 

fundamental questions about source and routes of transmission and efficacy of leprosy 

control measures unanswered. Classical epidemiology and leprosy control programs have 

frequently identified household contacts of patients as being at higher risk of infection 

than the general population (2, 3, 20); explanations or tools are not routinely in place for 

tracing the origins and relationships of these and remaining new cases (5, 18) 

In susceptible individuals leprosy manifests as single or multiple skin lesions 

often remaining unnoticed or not reported and undiagnosed for extended durations. 

Laboratory testing including slit skin smear testing and biopsy examinations are not 

universally required for diagnosis. M. leprae is non-cultivable in the laboratory even after 

detection. These and social factors impede tracing leprosy infections in communities. 

Nevertheless, molecular technologies of strain typing of the infectious agent directly from 

skin lesions and skin smear specimens when available are emerging and being explored 

to provide novel information and overcome these challenges in traditional leprosy 

control. 
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We present findings and interpretations on molecular strain typing of M. leprae 

based on fifteen VNTRs genomic markers by studying nearly 170 patients residing in 

Cebu, Philippines from a recent four year period. Another thirty patients from 20 years 

ago were also included. Sub-typing on the basis of three SNP markers was applied to 

approximately half the study population. In this regard, the Cebu study represents a 

comprehensive and descriptive molecular analysis encompassing a large cohort of 

patients. 

Skin biopsy specimens from a single lesion per patient were collected and used as 

the source of the M. leprae DNA for genotyping. For the Cebu patient group, the panel 

of 15 VNTR markers exhibited slow, medium and rapid rates of evolution. Therefore, all 

loci were informative revealing a heterogeneous diverse M. leprae population. In 

contrast, we observed that in Qiubei, China, the M. leprae isolates appeared to have 

descendants of a dominant genotype with only few of the 15 VNTR loci being 

polymorphic. Thus not all M. leprae VNTR loci are highly variable; markers suitable for 

genotyping can be exploited, but these need to be determined empirically for each 

population or endemic region. 

Finding conserved VNTR profiles in MCF pairs is consistent with the potential 

for MLVA in tracing sources of infection or identifying a transmission network. While, 

MLVA that was able to demonstrate the genotypes were shared for patients with known 

epidemiological links, the estimated phylogenetic trees contain clusters with no known 

links, together with those from disparate residential histories. Multiple factors including 

the long incubation period of leprosy, missing data due to partial patient coverage 

(capture) in this study (Table 1.4.1), the lack of sensitivity of MLVA in paucibacillary 
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biopsies, and patient mobility are probable causes. The search for new genomic markers 

should continue and be evaluated as they are discovered. 

Monot et al described a classification of global isolates into four types based on 

the discovery of three SNPs (14). SNP type 1 M. leprae was shown to be prevalent in 

Asia (Nepal, India, Korea, Thailand, and the Philippines), Pacific islands of New 

Caledonia and East Africa, while type 3 was found in the European, North African and 

American continents, and also in New Calendonia. In our study, we also found that the 

major circulating isolate in Cebu is SNP type 1; 16% belong to SNP type 3. Cebu was 

colonized by the Spaniards in the 16th century and therefore the finding of SNP type 3 

isolates could be attributed to this history. However, SNP type 3 isolates, are also 

prevalent in Japan, Korea and China (14, 22). Therefore the exact origin of the Cebu 

strains is not definite. Interestingly, VNTR markers could separate the SNP type 3 

isolates from the majority of the SNP type 1. Distinctive allelic patterns were found in 

SNP type 3 isolates; typically contractions rather than expansions at several microsatellite 

and minisatellite loci when compared to SNP type 1 isolates. In addition, a two locus 

signature was detected that is highly predictive of the SNP type 3 within the Cebu 

population. These data indicate that there is sufficient stability in the VNTR markers such 

as to retain phylogenetic relationships during transmission. The detection of the 

polymorphism for the 21-3 minisatellite simply requires a 3% agarose gel system; the 

detection of 1 or 2 copy alleles being a good indicator of the SNP type 3 in the studied 

population. The two SNP subtypes were not found to be localized to any part of the 

island suggesting there has been considerable circulation and dispersion of leprosy in this 

community. 
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Intra-patient variability of VNTRs has been raised as a concern in two studies (13, 

24). These studies examined VNTR profiles in more than one clinical sample per patient 

taken at the same and/or different time points. In the study of 42 patients in Mali, Africa, 

36 patients showed no allelic variation in all five loci, four of which were microsatellites 

(13). In 6 patients, one or two copy variations were noted at one or all loci. It was 

suggested that a larger panel of markers exhibiting a broader range of allelic diversities 

would be necessary to assess if there were any genotypic relationships within this patient 

population. SNP typing was unable to further discriminate the isolates as they were all of 

the type 4. 

There are several indications from our findings in Cebu that VNTRs can be used 

as markers both for the study of strain evolution and leprosy transmission: the distinctive 

clustering of SNP type 3 isolates by VNTRs; the contrasting allelic properties between 

the Cebu and Qiubei leprosy patients; and the closely matching profiles in MCFs despite 

the overall diversity in the population and the analysis of one time point single biological 

samples. 

Regarding the possibility of detection of mixed infections, we found one biopsy 

sample (M55) from which two distinct alleles were detected at several VNTR loci 

(11/15) in the electropherograms by the FLA technique, which would have been missed 

with conventional DNA sequencing. Separate aliquots of frozen sections gave the similar 

results. 

The absolute definition for strain identity and the apriori choice of markers is not 

yet clear because these will be dependent on the strain diversity in the target population 

and have to be experimentally described. The mechanisms by which M. leprae isolates 
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are established during infection (and re-infection) and evolve are not known and could be 

influenced by the endemicity (incidence rate), the population size, host susceptibility, 

leprosy control measures, and other unknowns such as environmental reservoirs. 

Furthermore, the methodology and analysis can vary on whether the application is for 

discerning localized transmission or for delving into broader evolutionary relationships or 

both as we have discerned in this study using 15 markers in Cebu. The baseline molecular 

epidemiology database and approaches from this work will aid in designing targeted 

studies to monitor selected genotypes/clusters, perform active case finding, trace and thus 

uncover transmission arising in settings beyond the household such as school, 

employment and socialization or from environmental sources. The collection and banking 

of samples such as skin biopsies and slit skin smears, and a tiered approach to strain 

typing such as described could be adopted in other reference clinics. 
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Chapter 1.5 

A CONTINUATION: STUDY AND CHARACTERIZATION OF M. LEPRAE 
SHORT TANDEM REPEAT GENOTYPES AND TRANSMISSION OF LEPROSY 

IN CEBU, PHILIPPINES 

The work in this chapter has been submitted to Leprosy Review journal 
Sakamuri et al, 2009 (in press) 

Clinical samples were obtained from LWM, Cebu, Philippines in collaboration with Dr. 
Marivic Balagon who is the current director for LWM. These studies were initiated by 
our former lab member Jordan Harrison who extracted DNA from clinical samples. I 
contributed towards the completion of MLVA analysis, data analysis and preparation of 
manuscript. 

Sakamuri RM, Harrison J, Gelber R, Saunderson P, Brennan PJ, Balagon M, and Vissa 
V. 2009. A continuation: Study and characterization of M. leprae short tandem repeat 
genotypes and transmission of leprosy in Cebu, Philippines. Lep. Rev. (in press) 
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1.5.1 ABSTRACT 

Objective To study the stability and allelic diversity of tandem repeat loci in M. leprae in 

leprosy patients of Cebu, Philippines, and the suitability of multilocus variable number of 

tandem repeat (VNTR) analysis (MLVA) typing for detecting transmission. 

Methods Total DNA from seventy newly diagnosed leprosy patients consulting at the 

Leonard Wood memorial, Cebu Skin Clinic Total DNA was extracted from slit skin 

smear (SSS) scrapings of each patient and used for amplification of thirteen M. leprae 

VNTR loci by single locus or multiplex PCR. Number of repeats for each VNTR locus 

was obtained by DNA sequencing or fragment length analysis methods. Medical, social 

and geographic details were included in the molecular epidemiology database. 

Results and conclusions Multiplex PCR and fragment length analysis methods were 

found to be more efficient and accurate compared to single short tandem repeat (STR) 

amplification and DNA sequencing. Intra-patient MLVA patterns from four different 

samples were conserved in the minisatellites, while differences in one or more of the 

polymorphic and stutter prone microsatellites was observed, in four of five patients. The 

thirteen loci could differentiate M. leprae strains in Cebu. However, MLVA patterns 

were stable enough during incubation and transmission between individuals within multi-

case families. Thus M. leprae MLVA has potential for strain typing and transmission 

studies in Cebu. 
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1.5.2 INTRODUCTION 

A micro-epidemiology project under the auspices of the IDEAL consortium has 

been active in several countries, including the Philippines, which has a national case 

detection rate (CDR) of 2.6 per 100,000. The Philippines consists of around 7000 islands 

and Cebu, one of the larger islands, has historically had a higher incidence of leprosy 

than most others. The leprosy CDR for Cebu is now 5.4 per 100,000 although there is 

considerable variation between districts; in Lapu Lapu (an urban area adjacent to Cebu 

City) the CDR was 16.6 per 100,000 in 1997 and 10.3 per 100,000 in 2007. In 1930, the 

Leonard Wood Memorial research facility was established in Cebu and the epidemiology 

of leprosy was intensively studied in the district of Cordova near to Cebu City (3). 

Because it is an island with a well-functioning health infrastructure, it was felt 

that Cebu would be an ideal setting in which to study the micro-epidemiology of leprosy. 

The movements of patients and their inter-relationships should be easier to map. 

1.5.3 MATERIALS AND METHODS 

1.5.3.1 Clinical Samples 

Seventy slit skin smears (SSS) and biopsy samples were collected in 70% ethanol 

from the patients attending Leonard Wood Memorial (LWM), Skin Clinic in Cebu. These 

samples were shipped to Colorado State University (CSU) in two separate batches. 

Besides obtaining basic details of the medical history including the leprosy 

condition and treatment regimen, information about the patients' geographical area of 

residence (village, city and province), types /place(s) of employment and education, 
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nature of dwelling, sources of drinking, cooking, and bathing water spanning a prior 20 

year period, was captured with a standardized questionnaire at the time of recruitment. 

The average bacteriological index was 3.5. Nineteen patients reported knowledge of at 

least one known leprosy patient in their families. Two Multi-case families (MCFs) were 

identified in this IDEAL study patient population. In some patients, several specimens 

were obtained to identify any intra-patient variations which may be present. 

The SSS samples were processed to obtain the DNA. Briefly, the SSS containing 

tubes were centrifuged to pellet the particulate material. The pellet was rehydrated in 0.5 

ml PBS buffer (Invitrogen) at room temperature for 1 hour, followed by a centrifugation 

step to recover the SSS material. Buffer (0.1M Tris, 0.05% Tween 20) was prepared, 

filter sterilized and distributed into 3-5 ml aliquots. Proteinase K powder was added to 

the buffer (10 mg/ml) just before its use and filter sterilized. This lysis buffer (200 ul) 

was added into the rehydrated SSS sample and allowed to incubate overnight at 60 °C. 

Then the lysate was centrifuged at 13,000 rpm for 10 minutes, the supernatant was 

divided into two aliquots. One aliquot was stored at -20 °C and the other tube was stored 

at 4 °C for further analysis. DNA from the biopsy samples were obtained by using 

DNeasy Tissue kit (Qiagen). 

1.5.3.2 VNTR mapping 

Single short tandem repeat (STR) amplification was done according to the IDEAL 

protocol (1) and the Multiplex PCR (M-PCR) amplification was done according to a 

protocol developed at CSU (4). M-PCR was performed to amplify four or five VNTR 

loci simultaneously from the clinical isolates, by utilizing the primer sequences described 

by us or others, in four combinations (2, 4, 6). Primer sequences used for M-PCR 
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combinations are from Kimura et al. (4). Ten microsatellites [(AC)8a, (AC)8b, (AC)9, 

(AT)15, (AT)17, (TA)10, (TA)18, (GGT)5, (GTA)9, (TTC)21] and seven minisatellites 

[6-7, 12-5, 18-8, 21-3, 23-3, 27-5, and rpoT] were included in this study. Minisatellite 

copy number was inferred by 2.5-3% agarose gel electrophoresis using the EZ load™ 20 

bp Molecular Ruler (Bio-Rad) for product length determination. The copy number 

(allele) for microsatellite loci was determined by direct sequencing of PCR products. 

Sequence was obtained for representative products at the Macromolecular Resource 

Facility (MRF) (now known as Proteomics and Metabolomics Facility) at CSU. 

M-PCR products were subjected to fragment length analysis (FLA) for 

determining the allele number for each VNTR locus (4). After the M-PCR, the diluted 

PCR product was combined with deionized formamide (Applied Biosystems), and LIZ-

500 DNA standard (Applied Biosystems). The sample was denatured and subjected to 

capillary electrophoresis on the Applied Biosystems Genetic Analyzer 3130 at MRF/PMF 

at CSU. Following the separation, the electropherograms were visualized and analyzed 

using GeneMapper Version 3.7 software (Applied Biosystems) to determine the major 

allele for each VNTR locus, in each Multiplex-PCR combination (4). 

1.5.4 RESULTS AND DISCUSSION 

DNA from sixty SSS and some of their paired biopsy samples were extracted. 

Single PCR for 13 VNTR loci were done for some of the samples. Allele numbers for the 

minisatellite loci like 12-5, 21-3, 23-3 and 27-5 were obtained from 3% agarose gel. 

However, the sequence data obtained from the PCR products of the microsatellite loci 
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were hard to analyze to determine the exact allele number. Therefore, M-PCR and FLA 

methods were used for obtaining the VNTR profiles for all samples (Table 1.5.1). 

In order to test the reproducibility of the VNTR data, nine SSS DNA samples 

were also sent to another laboratory. Thirteen VNTR loci data for the nine SSS samples 

were obtained by using single PCR method and conventional sequencing at a partner 

laboratory, whereas at CSU M- PCR and FLA methods were used. When the VNTR data 

from both the laboratories were compared 14 mismatches were observed. When the 

sequence files from were re-read for 12 of these mismatches, it was found that 7 of the 

sequence data was hard to analyze or 5 of them were misinterpreted due to mixed signals, 

stutter or unidentifiable end points of repeats in the sequence. The FLA results were 

therefore accepted. In general, M-PCR followed by FLA was found to be easier to 

interpret for allele numbers for the VNTR loci and the data obtained from this approach 

may be more accurate and also useful to detect mixed alleles. 

In order to study the intra-patient M. leprae VNTR profiles, SSS from different 

anatomical sites were collected. A biopsy specimen was also obtained from one of the 

lesions. These SSS and biopsy samples were subjected to M-PCR and FLA. It was found 

that the patterns were mostly similar in the minisatellites, while variations were observed 

in the more variable and stutter prone microsatellites like (AT) 17 and (TTC)21 (Table 

1.5.2). 

The VNTR profiles of the isolates from the SSS samples within the two MCFs 

were compared. IDEAL50 and IDEAL53 of MCF-1 were found to have identical VNTR 

profiles, indicating that the infections were from the same isolate. In another MCF 

(IDEAL68, IDEAL69 and IDEAL70) the isolates in the patients IDEAL69 and IDEAL 
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Table 1.5.1 M. leprae VNTR profiles in leprosy patients in the Cebu study population 
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SSS 
SSS 

SSS 

Biopsy 

IDEAL3A 

IDEAL3B 

IDEAL3C* 

IDEALB03 

SSS 

SSS 

SSS 

Biopsy 

IDEAL4A 

IDEAL4B* 
IDEAL4C 

IDEALB04 

SSS 

SSS 

SSS 

Biopsy 

IDEAL5A 

IDEAL5B 

IDEAL5C* 

IDEALB05 

SSS 

SSS 

SSS 

Biopsy 

STR locus 

(A
C

)8
a 

9 

9 

9 

9 

(A
C

)8
b 

8 

8 

8 

8 
(A

C
)9

 

9 

9 

9 

9 

(T
A

)1
0 

10 
10 

10 

10 

(A
T

)1
7 

13 
13 

13 

13 

(G
G

T
)5

 

5 

5 

5 

5 

(G
T

A
)9

 

12 

12 

12 

12 

(G
A

A
)2

1 

28 

29 

29 

29 

6-
7 

7 
7 

7 

7 

12
-5

 

4 

4 

4 

4 

21
-3

 

3 

3 

3 

3 

23
-3

 

2 

2 

2 

2 

27
-5

 

5 

5 

5 

Sample 
collection 

sites 

Ear lobe right 

Elbow right 

Elbow left 

Elbow left 

10 

10 

10 

10 

8 
8 

8 

8 

8 
8 

8 

8 

11 

11 

11 

11 

13 
13 

13 

13 

5 

5 

5 

5 

11 

11 

11 

11 

30+34 

31 

30 

31 

7 

7 

7 

7 

4 

4 

4 

4 

3 

3 

3 

3 

2 

2 

2 

2 

5 

5 

5 

5 

Ear lobe right 

Back right A 

Back right C 

Back right 

9 

10 

10 

10 

NA 

6 

6 

6 

8 

8 

8 

8 

N 
A 

7 
N 
A 

7 

10 

10 

10 

10 

N 
A 

5 

5 

5 

9 

9 

10 

10 

12 

15 

14 

14 

N 
A 

7 

7 

7 

4 3 

5 

5 

5 

2 

2 

2 

N 
A 

2 

2 

2 

5 

5 

5 

5 

Ear lobe left 
Arm left 
posterior 

Back left 

Back left 

10 

10 

10 

10 

7 

7 

7 

7 

9 

9 

9 

9 

N 
A 
N 
A 

12 

12 

18 

19 

19 

19 

6 

6 

6 

6 

9 

9 

9 

9 

24 

23 

23 

23 

7 

7 

7 

7 

4 

4 

4 

4 

3 

3 

3 

3 

2 

2 

2 

2 

5 

5 

5 

5 

Ear lobe right 

Back right 

Back left 

Back right 

10 

10 

10 

10 

6 

6 

6 

6 

8 

8 

8 

8 

7 

7 

7 

7 

9 

9 

9 

9 

5 

5 

5 

5 

9 

9 

9 

9 

14 

14 

14 

14 

7 

7 

7 

7 

5 

5 

5 

5 

2 

2 

2 

2 

2 

2 

2 

2 

5 

5 

5 

5 

Ear lobe left 
Arm left 

posterior A 
Arm left 

posterior B 
Arm left 

posterior B 

Weak product 

* SSS is from the biopsy site, NA: No PCR product 

Table 1.5.2 Comparison of VNTRs from different body sites; Biopsy (B) and Slit Skin Smears (A, B, C) 

111 



70 were found to be closely matching, but different from that of IDEAL68 (Table 1.5.3) 

at 4/13 VNTR loci. When the epidemiological information for the second MCF was 

considered it was found that this family has a history of 5 other leprosy patients (2 uncles, 

2 sisters and a brother). Therefore, multiple sources of infection may be possible in this 

family context. 

MLVA differentiated M. leprae in this study of 70 leprosy patients consulting at 

the Cebu Skin Clinic; adding to an existing strain type database of more than 200 Cebu 

patients. Although a formal phylogenetic or cluster analysis of the strain types in the 70 

patients is not shown here, the alleles, their frequencies and diversity, and the VNTR 

patterns are consistent with earlier findings. The strain types can be assigned to five 

major groups (5). The two multi-case families in this study (as in others identified in the 

earlier study (5)) are of interest in that two individuals in each family had identical strains 

of M. leprae, indicating that the VNTR profile can remain stable for at least as long as the 

incubation period of these cases. This is also suggested by the finding that the VNTR 

profile is stable within one individual. This suggests that if the right specimens can be 

collected, evidence of direct transmission between individuals could be obtained. 
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Family 
Number 

MCF-1 

MCF-2 

Patient ID 

IDEAL50 

IDEAL53 

IDEAL68 

IDEAL69 

IDEAL70 

STR locus 

CS 

00 

G 
< 
8 

8 

9 

9 

9 

.o 
90 
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< 
8 

8 

7 

9 

9 

U 

8 

8 

9 

9 

9 

© 

10 

10 

13 

13 

13 

P 

14 

14 

15 

15 

15 

P 
o 

5 

5 

6 

5 

5 

H 
O 

10 

10 

9 

9 

9 

24 

24/25 

26 

23 

25 

5 

5 

7 

7 

7 

i 

4 

4 

4 

5 

5 

<*> 
• 

3 

3 

3 

3 

3 

• 

2 

2 

2 

2 

2 

1 

5 

5 

5 

5 

5 

Barangay 

Kinalumsan 

Kinalumsan 
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Gahab 
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Gahab 
Upper 
Gahab 

City 

Lapu-lapu 

Lapu-lapu 

Sibonga 

Sibonga 

Sibonga 

Alleles Differences when compared with M. leprae found in siblings in the multi-case family 

Table 1.5.3 M. leprae MLVA profiles of two multi-case families 
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Chapter 1.6 

Evaluation of primary drug resistance mutations in M. leprae isolates from newly 
diagnosed patients from Cebu, Philippines 
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1.6.1 ABSTRACT 

Drug resistance is a cause for concern in the treatment and control of any 

infectious disease. Drug resistance in leprosy was known to be caused during the dapsone 

monotherapy control program and patients' irregular treatment. WHO MDT which 

includes anti-leprosy drugs such as dapsone, rifampicin and clofazimine was introduced 

in 1982 for the treatment and control of leprosy. However drug resistance was reported in 

even in the areas where the MDT was implemented successfully and there is no estimate 

of drug resistance of leprosy. So to evaluate the primary drug resistance in newly 

diagnosed leprosy patients who are being treated with the standardized MDT regimen, we 

developed a multiplex PCR for amplifying the drug resistance determining regions 

(DRDR) in genes rpoB,folPl, gyrA and gyrB, which are targets of the drugs rifampicin, 

dapsone and oflaxacin, respectively. No mutations were detected in rpoB and folPl 

DRDRs for 77 samples and in the gyrA DRDR for 15 samples tested thus far. 

1.6.2 INTRODUCTION 

1.6.2.1 Anti-leprosy drugs 

Even though Mycobacterium leprae has been identified from leprosy patients as 

early as 1873, preliminary screening for potential anti-leprosy drugs was not possible in 

the laboratory, since the bacilli are un-culturable in artificial media {in vitro conditions). 

So the chemotherapy for leprosy was started mainly based on the compounds' efficacy 

against M. tuberculosis and other bacteria which were then tested in leprosy patients. 

Promin (Glucosulfone sodium) was used for leprosy by Faget (9), which was shown to 

possess anti-tubercular activity in guinea pigs (10). However this had to be administered 
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intravenously (IV), so the search for an oral sulphone lead to the discovery of dapsone 

(DDS: 4,4'- diamino-diphenyl sulphone) (6). Initially dapsone was used at high doses 

(600-700mg/week) which was found to be toxic and unnecessary, and then the dapsone 

dosage was reduced. Clofazimine had been developed as an anti-tubercular drug but 

became popular in leprosy chemotherapy. Barry et al. (1) synthesized this clofazimine 

which is a riminophenazine dye (Lamprene-Geigy; B663). When tested against M. 

leprae, it was found that it was not only as effective as dapsone but it also had anti

inflammatory action which was an added benefit for suppressing leprosy reactions. 

However, when exposed to sunlight skin becomes red at first, later brown while the 

lesions get darkened and turn black or grey. However these colors slowly disappear after 

stopping the treatment. Red tint may appear in the urine, sputum and sweat. In case of M. 

leprae clofazimine was found to be bacteriostatic whereas dapsone is bacteriocidal. 

Another drug which was adopted from tuberculosis chemotherapy is rifampicin. 

Rifampicin is a semisynthetic drug, a derivative of 4-methyl-piperazinaminyl group and 

also obtained from rifamycin B which is derived from a bacterium {Amycolatopsis 

rifamycinica) (39). It was shown to be bactericidal in both in vitro and clinical conditions 

against M. tuberculosis (32, 48). When tested in the mouse foot-pad system it was found 

to be highly active against M. leprae (14, 35). Initially dapsone was commonly used as a 

monotherapy for leprosy patients from 1940s. Because of the increase in dapsone 

resistance in leprosy patients, in 1982, WHO recommended multidrug therapy (MDT) 

which includes dapsone, rifampicin and clofazimine for the treatment and control of 

multibacillary leprosy (52). The current regimen for patients with paucibacillary (PB) 

leprosy is, DDS plus rifampicin for 6 months and three drugs DDS, rifampicin and 
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clofazimine for multibacillary (MB) leprosy (Table 1.1.1). Over the years MDT was 

found to be very effective for the treatment of leprosy however in some cases resistance 

to drugs was observed. The MDT regimen has been changed from time to time in the 

duration of treatment. Meanwhile, minocycline (tetracycline derivative), clarithromycin 

(macrolide), several fluoroquinolone derivatives like oflaxacin are the drugs that were 

added subsequently into the list of anti-leprosy drugs. 

1.6.2.2 Mode of action for anti-leprosy drugs and their mechanism of drug 

resistance 

Similar to that of sulfonamides, dapsone is mainly involved in the inhibition of 

folic acid synthesis, particularly in the conversion of 7,8-dihydro-6-hydroxymethylpterin 

pyrophosphate and para-aminobenzoate (PABA) to 7,8-dihydropteroate with the help of 

a bacterial enzyme dihydropteroate synthase (DHPS) which is encoded as folpl gene in 

M. leprae. This dihydropteroate is converted into tetrahydropteroate which acts as a 

cofactor in the biosynthesis of purines, pyramidines and aminoacids. Dapsone is a 

structural analog to PABA and competes for the active site of the DHPS enzyme. The 

mechanism of dapsone resistance is found to be associated with the development of 

mutations in the folpl (DHPS) gene of M. leprae (12, 19, 21, 51). Mutations in the 

codons 53 and 55 of the folpl gene were observed in clinical isolates with dapsone 

resistance (12, 18, 24, 28, 51) (Fig. 1.6.1). 

Rifampicin targets the beta subunit of the RNA polymerase which is encoded by 

rpoB gene, thus preventing the transcription within the bacteria. It was found that the 

rifampicin-RNA polymerase is a highly stable complex, where the aromatic amino acids 
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Figure 1.6.1 The DNA sequence and common mutations in the drug resistance 
determining regions (DRDR) of M. leprae folPI, rpoB, and gyrA genes conferring 
resistance to dapsone, rifampin, and fluoroquinolones. 
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of the RNA polymerase are tightly bound to the naphthoquinone of rifampcin (2). The 

drug resistance for rifampicin in the bacteria is developed when the aromatic amino acids 

of the RNA polymerase in the active binding area (rifampicin-RNA polymerase complex) 

are replaced with non aromatic amino acids. Similar to that of Escherichia coli, mutations 

in the rpoB gene of M. leprae are clustered in a small region (Cluster I, region II) in the 

middle of the gene (15). So, the mutations at the codons 407,410, 420, 425 and insertions 

between 408 and 409 in the rpoB gene have been indentified to be associated with 

rifampicin resistance (Fig. 1.6.1). 

The compound B663 (clofazimine) was found be involved somewhere in 

respiration (1). Interestingly it was found that peroxide formation inside the bacteria may 

be helpful for the action of this B663 compound, since it was found that catalase negative 

(isoniazid resistant) strains of tuberculosis were more susceptible to B663 than that of 

parent or catalase positive strains. Rensburg et al. showed that clofazimine mainly effects 

membrane phospholipid metabolism, but phospholipase activity is unaffected by 

clofazimine and its analog B669 (47). In another study, it was found that the drug binds 

preferentially to mycobacterial DNA at base sequences containing guanine resulting in 

inhibition of mycobacterial replication and growth (29, 30). In the recent studies in 

Staphylococcus aureus (31), it was found that clofazimine has no specific inhibition of 

RNA polymerase, but non-specifically inhibits DNA, RNA and protein synthesis. It was 

mainly found to be a membrane disrupting agent. However the exact mechanism of 

action of this drug is not yet understood, so the molecular surveillance of drug resistance 

is currently out of reach. 
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Regarding the new drugs for leprosy treatment, fluoroquinolones mainly target 

the DNA metabolism by the inhibition of DNA topoisomerase II (DNA gyrase) and DNA 

topoisomerase IV. In Gram negative bacteria, fluoroquinolones were predominantly 

found to inhibit DNA gyrase, whereas in Gram-positive organisms such as S. aureus, 

topoisomerase IV was recently found to be the principal target. The function of DNA 

gyrase is to supercoil linear DNA double helix to obtain highly condensed three 

dimensional structure of the DNA. Topoisomerase IV was found to have two functions: 

the first one being the decatenation step where in the new replicated DNA strands of the 

daughter chains after chromosome replication are separated and the second being to relax 

the positive supercoils like that of DNA gyrase in Gram negative bacteria. The DNA 

gyrase and the topoisomerase IV are found to have two subunits namely gyrA and gyrB 

that form a heteroduplex {gyrA2gyrBi) (5). It was found that mutations in the codons 89 

and 91 of the gyrA and in the codon 205 of the gyrB are associated with quinolone 

resistance inM. leprae (25) (Fig. 1.6.1). 

Until recently drug resistance in the M. leprae isolates were mainly detected in the 

mouse foot-pad (MFP) assay. 

1.6.2.3 Drug susceptibility tests 

Mouse foot-pad technique: Leprosy research gained momentum only after the successful 

growth and transmission of M. leprae in mouse foot-pads by Shepard in 1960 (33, 40, 41, 

45). Anti-leprosy drugs were then tested for inhibition of growth of M. leprae in mouse 

foot-pads (34). Initially the drugs were tested from the day of inoculation to test the 

ability of a drug to suppress the growth of the M. leprae inoculum (33). Later these tests 
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are extended to established infections in the mouse foot-pad (44). In 1967, Shepard 

developed a kinetic technique for detecting the bactericidal activity of a drug. In this 

approach mice were inoculated with 5000-10000 bacilli. The drug is given to mice from 

60 days to 150days after the inoculation of bacilli. Number of bacilli in the mouse foot 

pads was measured at regular intervals from 60 days to 150 days and also after 150 days. 

If the growth of M. leprae is less in drug treated mice compared to that of control 

untreated mice and this effect (limited growth in the drug treated mice) is restricted to the 

time of drug administration i.e. 150 days, then the drug is found to have bacteriostatic 

effect. When the growth of M. leprae continued to be less in the drug treated mice 

compared to that of control mice even after 150days, then the drug is found to have 

bactericidal effect (42). The other method developed by Colston et al, for leprosy drug 

testing in mouse foot-pads is 'proportional bactericidal test' (7). In this method mouse 

foot-pads are inoculated with 101, 102, 103 and 104 M. leprae bacilli, mice are treated 

with the drugs for the initial 60 days, then the foot-pads are harvested after one year and 

the number of bacilli is counted (11). Finally the percentage of the bacterial killing is 

analyzed by a Spearman and Karber method (43). However proportional bactericidal test 

method is not as popular as Shepard's Kinetic method. 

In the classical and continuous method for evaluating the anti-leprosy drugs in mouse 

foot-pads for the clinical samples homogenates of the biopsy specimens from leprosy 

patients are used as inoculum. Inocula containing 5000-10000 bacilli are injected into 

hind mouse foot-pads. Then all the drugs to be tested are given to the mice through diet 

from day zero until the harvest (6-12 months). Different concentration of each drug is 

tested in the mouse foot-pad assays. In general, dapsone is tested in three concentrations 
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(0.0001%, 0.001% and 0.01%/ per gm in diet), clofazimine in two concentrations 

(0.001% and 0.01% per gm in diet), rifampcin in two concentrations (0.003% and 0.03% 

per gm in diet) for drug susceptibility testing. The number of bacilli in the control and 

drug treated mice are measured and compared after harvesting the mouse foot-pads. A 

susceptible M. leprae isolate is one with a significant fold increase (105) of bacterial 

numbers in the control mice compared to that of drug treated mice whereas in a resistant 

M. leprae isolate, the bacterial numbers are significantly higher in the drug treated mice 

compared to that of control mice for a drug (22, 41). 

Molecular methods: As described in section 1.6.2.2, the mutations in the target genes like 

folpl, rpoB, gyrA and gyrB are tested for detection and monitoring of drug resistance for 

dapsone, rifampicin and oflaxicin respectively in the leprosy clinical isolates. 

Amplification of target region by PCR and sequencing of the PCR amplicon is most 

common and direct method of detecting mutations (15, 19, 24, 28, 49-51). Several 

alternative methods like single-strand confirmation polymorphism (SSCP), hybridization 

and microarray techniques were also developed for rapid detection of mutations in the 

target regions (drug resistance determining region, DRDR) from the clinical specimens 

(16, 17, 26, 36, 37). 

It was found that in most of the cases, drug resistance detected through the mouse 

foot-pad method correlates with the molecular method which shows a mutation in the 

DRDR for that drug (3). In dapsone, the degree of resistance is found to be variable. It 

was reported that all of the M. leprae isolates with high degree (0.01% of dapsone 

concentration) of dapsone resistance in the mouse foot-pad method had mutation in the 

DRDR whereas few isolates with intermediate degree of resistance had mutations, while 
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none of the low degree of resistance had any mutations in the DRDR offolpl gene (4, 27, 

38). Results of molecular method and in vivo drug testing (mouse foot-pads) for 

rifampicin and oflaxicin resistance were found to be mostly concordant with very few 

exceptions in case of rifampicin (27, 46). 

1.6.2.4 Rationale and Objective: 

Dapsone monotherapy during 1940-80s caused drug resistance within M. leprae. 

Even though MDT treatment is highly successful in controlling the disease, Linder et al. 

(23) questioned about the MDT duration, since all the patients irrespective of BI receives 

same treatment i.e., patients with BI 6.0 and 2.0 get the same MB MDT for 1 year, even 

though it was found that BI decreases with a rate of only 0.5-1 log-unit/year after starting 

treatment. Bacteriological index was found to be 1.0 in some patients even after release 

from treatment with an initial BI of 3.6 (23). In these scenarios there is a possibility of 

development of drug resistance within M. leprae and then relapse of the disease. Patients' 

irregular treatment can also be one of the contributing factors for drug resistance. These 

drug resistance M. leprae isolates from the relapse patients can infect healthy individuals. 

Excerpts from a WHO document regarding the drug resistance surveillance program (53): 

• It is assumed that a combination of three drugs, if taken regularly, will prevent the 

emergence of drug resistance. In addition, there is limited information on patient 

adherence with the unsupervised components of MDT. 

• Lack of priority and the absence of information on current magnitude of drug 

resistance in leprosy is not evidence of an absence in drug resistance. 
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• Although at this point in time the problem of drug resistance is not acute, it is 

important that data is collected systematically and trends monitored carefully so that 

effective measures to combat this problem can be developed for the future. The recent 

development of a more practical and quick DNA sequencing methods to detect drug 

resistance has greatly helped in establishing a sentinel surveillance net-work. 

• As a first step, WHO held an informal meeting in November 2006 in Agra, India to 

review the problem of drug resistance and recent advances in technology for testing 

drug resistance based on DNA sequencing. As a follow-up to this meeting, another 

meeting was held in Hanoi, Viet Nam in October 2008 to develop guidelines for 

sentinel surveillance. Based on the discussions and recommendations of these two 

meetings, a Guideline for Global Surveillance of Drug Resistance in Leprosy (SEA-

GLP-2009.2) was published (53). 

Hence, this study has been conducted with the following objective: 

• To monitor if drug resistance is a factor in the leprosy incidence in Philippines, 

we intent to study primary drug resistance from newly diagnosed leprosy patients 

from Cebu, Philippines by molecular approach. 

1.6.3 MATERIAL AND METHODS: 

The patients in this study were enrolled from those who consulted at the Cebu 

Skin Clinic (CSC), Leonard Wood Memorial Leprosy Research Centre, Philippines. Skin 

biopsies from 98 newly diagnosed leprosy patients were collected in 70% ethanol and 

were used this study. Detailed medical history including the leprosy condition and 
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treatment regimen, information about the patients' geographical area of residence 

(village, city and province), types /place(s) of employment and education, nature of 

dwelling, sources of drinking, cooking, and bathing water spanning a prior 20 year 

period, was captured with a standardized questionnaire at the time of recruitment since 

the study began. All the procedures involving biological sample collections were 

performed following the approval from the governing human research ethical committee 

and informed consent procedures as necessary. 

The Qiagen DNeasy Tissue kit (Qiagen, CA) was used to obtain total DNA from 

the skin biopsy. DNA was eluted in 100-200 ul elution buffer, and typically 1-2 ul of 

DNA was sufficient for one PCR. For the amplification of DRDRs within Xhsfolpl, 

rpoB, gyrA and gyrB genes, multiplex-PCR was performed using the Multiplex PCR kit 

(Qiagen). The sequence information for the primers is listed in Table 1.6.1. Two separate 

working stocks of both the forward and reverse primer mixes, were prepared and adjusted 

to 200 ul final volume with TE buffer, such that each primer was at a concentration of 2 

uM. 

Each PCR reaction (20 ul final volume) was assembled in a PCR cabinet at room 

temperature and comprised 10 ul of 2X Qiagen multiplex-PCR Master mix, 2 ul Q 

solution, 2 ul each of the forward and reverse primer working stocks, and 2 ul of DNA 

template; the final volume was adjusted with PCR grade water (2 ul). The final 

concentration of each primer was thus 0.2 uM. Following an activation step at 95°C for 

15 min, 40 cycles of PCR were run as follows: denaturation at 94°C for 30 sec, primer 

annealing at 60°C for 90 sec, and primer extension at 72°C for 90 sec. The PCR was 

terminated with a final extension at 72°C for 10 min. Armadillo derived M. leprae DNA 
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rpoB 

folPl 

gyrA 

gyrB 

Forward Primer sequence 

CAGGACGTCGAGGCGATCAC 

TTCGTTCTCAGATGGCGGAC 

CCG TAG CCA CGC TAA GTC A 

ACTGATCCTCGAAGTTCTGAACTG 

Reverse Primer sequence 

TCG TCA GCG GTC AAG TA 

GCCCACCAGACACATCGTTG 

CCG GCG AAC CGA AAT TGC C 

CAATGCCGTAATAATTTGCTTGAA 

Size (in bp) 

386 

281 

186 

158 

Table 1.6.1 Multiplex-PCR primers for amplification of M. leprae drug resistance 
determining regions (DRDR) within rpoB,folpl, gyrA and gyrB genes for detecting 
mutations of drug resistance for dapsone, rifampicin and ofloxicin. 
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(NHDP63) was used as a positive control (13, 20). The DNA products were resolved by 

agarose gel electrophoresis and detected by ethidium bromide staining. For DNA 

sequencing, the multiplex-PCR sample was either simply diluted 10 fold or ethanol 

precipitated and reconstituted; then 1-2 ul of this product was combined with 10 pmoles 

of the forward primer for the Big Dye cycle sequencing reaction at the Macromolecular 

Resource Facility (now called as Proteomics and Metabolomics Facility) at CSU. 

1.6.4 RESULTS AND DISCUSSION 

All the patients in this study were treated with WHO MDT, one year for MB and six 

months for PB leprosy. After examining the clinical details, it was found that the age of 

the patients ranged from 12 to 68 years, ten patients were found to have leprosy reactions 

before the treatment. The patients' average bacteriological index (BI) is 3.1. 

We have developed a multiplex-PCR approach for amplifying all the four DRDRs 

within the folpl, rpoB, gyrA and gyrB genes in a single PCR for detecting drug resistance 

mutations in the clinical isolates (Fig. 1.6.2). Multiplex-PCR was performed for ninety 

eight samples; however amplification could not be obtained for twenty one samples, 

which are from the patients with low BI (< 1.5). The multiplex-PCR amplicons from the 

remaining seventy seven samples were subjected to DNA sequencing with folpl and 

rpoB forward primers separately. Sequencing results from direct multiplex-PCR products 

(after diluting 10 fold) were sometimes unreadable due to mixed signals, and interference 

with dye bobs. These problems could be eliminated or reduced by ethanol precipitation of 

multiplex-PCR products, reconstitution of the DNA in TE and followed by sequencing. 
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Figure 1.6.2: Gel electrophoresis for detection of the amplification of M. leprae DRDRs 
within rpoB,folpl, gyrA and gyrB genes from the reference strain (NHDP63) and 6 Cebu 
clinical isolates (L20, L21, L22, L24, L25 and L26). Marker: 20-bp DNA marker (Bio-
rad); Neg: negative control (no template). 
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There were no mutations in the DRDRs of folpl and rpoB and specifically at 

codons 53 and 55 of folpl and at codons 407, 410, 420, 425 of rpoB in the seventy seven 

M. leprae isolates, indicating a low possibility of resistance to dapsone and rifampicin. 

During a sampling of newly diagnosed leprosy patients in Cebu mutations were not found 

in the fifteen M. leprae isolates tested, at codons 89 and 91 of the gyrA gene for 

quinolone resistance. 

The primary dapsone resistance in Cebu, Philippines was previously reported to 

be 3.6% in the period 1975-1978, 8.1% and in the period 1979-1982 by mouse foot-pad 

assays (8). In a recent study by Matsuoka et al. (27), mutations were found in the folpl 

DRDR in 2 out of 77 new cases tested i.e. 2.6% of primary dapsone resistance in Cebu, 

Philippines, but primary resistance was not seen in case of rifampicin and ofloxacin. 

However, in our findings we do not see any primary resistance to dapsone, rifampicin and 

oflaxacin based on the sampling of 77 patients from Cebu, Philippines during 2006-2007. 

It is not clear from our results if there is any change in the level of primary dapsone 

resistance due to the limitation in the sample size or improved compliance. Long- term 

follow up of the new cases and large sample sizes are required to monitor systematic 

surveillance. 
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Chapter 1.7 

Summary and Conclusions for Molecular epidemiology of leprosy in Cebu, 
Philippines 
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Even though leprosy is the oldest known human disease and its cause by an 

obligate intra cellular bacterium Mycobacterium leprae, has been known since 100 years 

(6), the exact mechanism of transmission is not yet clearly understood whether it is 

human to human, environmental and/or by other means (1,9-11, 13, 18). Tools to address 

these studies were also not available until genome sequencing of M. leprae was 

completed (2). Prior to this, all the isolates of M. leprae obtained from different sources 

were found to non-polymorphic in nature when assessed by a number of genetic 

techniques (3, 19, 20). Molecular markers such as short tandem repeats (STRs) and single 

nucleotide polymorphisms (SNPs) have since then been identified by genomic and 

comparative genomic analysis of M. leprae strains (4, 14, 21). 

In this regard, we have undertaken a molecular approach to study leprosy in 

endemic situations. Philippines is one of the study sites. Initially we developed methods 

and applied them in the field setting. In this regard we have developed a multiplex-PCR 

approach for rapid amplification of fifteen VNTR loci in four PCRs (combinations) 

compressing of 9 microsatellites and 6 minisatellites in order to reduce the consumption 

of DNA template. We also developed a high throughput fragment length analysis (FLA) 

method to determine the VNTR allele for each locus in the multiplex PCR combination. 

We validated and standardized the FLA using reference DNA (NHDP63), a human 

isolate of M. leprae propagated in armadillos. We then demonstrated the utility of these 

methods for rapid mapping of 15 VNTRs using the 30 stored clinical specimens initially. 

We also developed a PCR-RFLP method for rapid sub-typing of SNPs (type 1, 2, 3 and 

4). The SNP type 3 or 4 can be distinguished from type 1 or 2, by testing susceptibility of 

locus 3 (2935685, base pair position in M. leprae TN strain) to BstUI. SNP type 4 is 
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sensitive to Smll at locus 1 (14676), while SNP types 1, 2 and 3 are not. Similarly, SNP 

types 2, 3 and 4 are sensitive to CviKI-1 at locus 2 (1642875), while SNP type 1 is not. 

Skin biopsies and slit skin smear (SSS) samples were collected at Cebu skin clinic 

(CSC), Leonard Wood memorial (LWM) in Cebu, Philippines and sent to CSU for 

further analysis for the ongoing study (L samples). Stored skin biopsies were also 

obtained. DNA was extracted from the clinical samples and VNTR data for 15 VNTR 

loci was obtained from 207 samples by multiplex PCR and FLA methods. The allelic 

diversity for the VNTR loci ranged from 0.1 to 0.94, indicating that some markers highly 

stable (low discriminatory) while others are highly variable (high discriminatory) which 

is believed to be good scenario for strain typing. VNTR data from ten high BI patients' 

biopsies and SSS samples were found to be similar indicating the stability of VNTRs in 

different body compartments. Five groups emerged in the phylogenetic tree which were 

named as A, B, C, D and T, each with a distinct VNTR signature pattern. A total of 37 

SNP type 3 samples (17% of the study population) were detected. In the phylogentic tree 

which was based on VNTRs, all the SNP type 3 isolates clustered in Group C and the 

VNTR allele profiles for SNP type 3 were quite distinct from that of SNP type 1 isolates. 

Conserved VNTR profiles were observed within the multicase families (MCF) which 

validate the ability of the strain typing method in tracing sources of infection or 

identifying a transmission network. 

The overall population structure of M. leprae isolates from Cebu remained similar 

with stable clusters in the phylogentic tree, even with the addition of 70 samples. Another 

three MCFs were studies in this group. The VNTR profiles of M. leprae within the 

individual MCF were found to be stable enough during incubation indicating 
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transmission between the individuals. Multiplex PCR and FLA methods were found to be 

better compared to single PCR and conventional DNA sequencing methods. 

Since M. leprae could not be cultured in artificial media the hence the only 

method to test drug resistance is mouse footpad assay which is a time consuming (12 

months) and laborious method. So for these reasons molecular approach is the most 

common method to detect drug resistance in M. leprae isolates. To study primary drug 

resistance to leprosy drugs from newly diagnosed leprosy patients from Cebu (L samples) 

by molecular approach; a multiplex PCR was developed for amplifying four drug 

resistance determining regions (DRDR) within the folpl, rpoB, gyrA and gyrB genes in a 

single PCR for detecting drug resistance mutations. In the sample set of 77 samples we 

examined no DRDR mutations in rpoB and folPl (targets for rifampicin and dapsone). 

Mutations were also not observed in the gyrA (target for oflaxacin) DRDR from 15 

samples tested. 

Future directions 

Even though major clusters with distinct VNTR signatures were observed in the 

phylogenetic tree, relationships of M. leprae isolates within the clusters could not be 

defined, since the samples used for this study were from different time periods with 

few/no known epidemiological linkages. In the samples from the current study the patient 

coverage in the island of Cebu is only partial. The movement of patients from place to 

place and long incubation time of leprosy are the other hurdles in tracking transmission 

patterns. 
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So to address these issues a long term molecular epidemiology database with 

maximum coverage of patients in a geographical region is needed in monitoring 

genotypes/clusters and thus to uncover transmission patterns combined with 

epidemiological investigations. So with this long term approach we can identify the 

evolutionary scenario of M. leprae isolates in that region (i.e. microevolution). If the M. 

leprae strains circulating in Cebu, Philippines are same then the major clusters obtained 

through phylogenetic analysis will also remains the same. 

With the help of epidemiological information, we can also identify the known 

leprosy patient contacts of a new patient and obtain samples from them. We can obtain 

the VNTR data from both the leprosy patient contact and new patient and then compare 

the MLVA profiles. By this way a transmission network can be generated which is 

similar to that of clustered cases of tuberculosis (7). Incorporation of VNTR data from 

these epidemiological linked samples into the phlyogentic analysis helps in defining a 

cluster, if it is true or not. Global positioning system (GPS) information can also be 

incorporated into the epidemiological information database to track the leprosy endemic 

pockets within a geographical region. 

VNTR data from paucibaillary cases (1/10* of the study population) was missing; 

possibility of propagating the bacilli in the mouse foot pads is an alternative approach. 

Addition of new VNTR markers in the phlyogenetic analysis was recommended 

for enhancing accuracy of VNTR-based phylogenetic trees based on simulation study by 

Hall (5). It was also proposed that for addition of a single marker increases the accuracy 

of the phylogentics analysis by 2%. A hierarchical phylogenetic analysis could be 
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adopted similar to that of Bacillus anthracis (8), by initially resolving with SNPs, then by 

low mutation rate VNTR loci and finally with high mutation rate VNTR loci. 

Homoplasy is a condition in which two isolates share common character state (for 

eg. same VNTR profiles), these isolates might not necessarily originate from a common 

ancestor. But the common character state in the two isolates might be due to multiple 

independent events. It was hypothesized that homoplasy occurs mainly with the markers 

with high mutational rates like (AT)15, (AT) 17, (TA)18 and (TTQ21. Weighting of 

markers was found to minimize homoplasy (15). Since we utilized this weighting 

method in our phylogenetic analysis we might have minimized the effect of homoplasy. 

Even though several hybridization techniques were developed (12, 16, 17), other 

than the common sequencing method for rapid detection of mutations in the target 

regions (DRDR) from the clinical specimens, the sensitivity and specificity of these 

methods are low; so if a mutation is detected in a M. leprae isolate it needs to be 

reconfirmed by sequencing method and also new mutations cannot be identified by these 

methods. However, a rapid screening for detecting common drug resistance mutations 

can be done by these hybridization methods. 
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Chapter 2.1 

Essentiality and characterization of an arabinosyltransferase involved in the cell 
wall synthesis of mycobacteria. 
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2.1.1 ABSTRACT 

The cell envelope of mycobacteria are comprised of a core macromolecule 

known as mycolyl arabinogalactan (mAG) which is covalently attached to the 

peptidoglycan layer forming the mAGP complex and other macromolecules such as 

lipomannan and lipoarabinomannan. The mAGP complex is essential for survival of the 

bacteria and is a permeability barrier. The synthesis and assembly of this mAGP complex 

is still not fully understood. In this regard, through comparative genome approaches we 

identified Rv3805c as a putative glycosyltransferase located in the cell wall synthesis 

gene cluster. Rv3805c predicted to have ten transmembrane domains, contains a 

conserved glycosyltransferase and proline rich motif also present in Emb proteins which 

are involved in cell wall biosynthesis. In this study we identified that, Rv3805c encodes 

an arabinosyltransferase through an in vitro arabionosyltransferase assay. Furthermore, a 

knock out mutant of an ortholog gene NCgl2780 was generated in C. glutamicum. The 

structural analysis of AG of NCgl2780 mutant in C. glutamicum revealed the loss of 

P(l—>2) Ara/residues at the non-reducing ends. We also indentified that the ortholog 

MSMEG_6400 is essential for M. smegmatis, as we were unable to obtain a genetic knock 

out mutant in the absence of an additional functional copy of the gene. 

2.1.2 INTRODUCTION 

2.1.2.1 Cell wall of mycobacteria 

The cell envelope of mycobacterial sps are composed of plasma membrane and a 

unique cell wall which is specific to Family Mycobacteriaceae. The cell wall is mainly 

made up of peptidoglycan, complex polysaccharides like arabinogalactan (AG) and 
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unique lipids (mycolic acids). These complex molecules make the mycobacterial cell a 

tough cell envelope. Mycolic acids are long chain a-alkyl P-hydroxy fatty acids (C70-

C90) and are essential to mycobacteria (3, 29, 32). The mycolic acids are attached to the 

nonreducing ends of the arabinogalactan (42). Whereas the reducing ends of AG is 

covalently attached to the highly cross-linked peptidoglycan via a linker unit which is 

phosphoryl-A^-acetylglucosaminosyl-rhamnosyl(P-GlcNAc-Rha) (41). This massive 

structure, the mycolate-arabinogalactan-peptidoglycan-complex (mAGP), is the basis of 

many of the physiological and pathogenic features of M. tuberculosis and the site of 

susceptibility and resistance to many of the cell wall targeting anti-tuberculosis drugs like 

ethambutol, isoniazid, ethionamide (Fig. 2.1.1). Lipoarabinomannan (LAM) is another 

major macromolecule in the mycobacterial cell envelope, which modulates host immune 

response. It is mainly a heterogeneous mixture of lipoglycans. 

2.1.2.2 Peptidoglycan 

The peptidoglycan in mycobacterial sps consists of alternating units of N-acetyl-

a-D-glucosamine (GlcNAc) and N-glycolyl-muramic acid (MurNGlyc). The tetrapeptide 

chain (L-alaninyl-D-isoglutaminyl-meso-diaminopimelyl-D-alanine) is attached to the 

carboxylic acid group of MurNGlyc (40). Further two residues of diaminopimelic acid or 

diaminopimelic acid and D-alanine residue are cross linked between two chains of 

peptidoglycan (11, 40). 

2.1.2.3 Arabinogalacatan 

The structure of AG is shown in Fig. 2.1.2 (14). The biosynthesis of AG is 

initiated with the transfer of GlcNAc-1-P and Rha from their nucleotide sugar donors 
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(UDP-GlcNAc and dTDP-Rhamnose) on to the polyprenol phosphate acceptor with the 

help of two glycosyltansferases (WecA and WbbL), to form polyprenol-P-P-GlcNAc-Rha 

(46, 70). Then the initial two Gal/(galactofuranose) residues from UDP-Gal/are added 

on to polyprenol-P-P-GlcNAc-Rha to form polyprenol-P-P-GlcNAc-Rha-Gal-Gal by a 

galactosyltrasferase enzyme, GlfTl (Rv3782) (44) and later Gal/ residues are 

sequentially added with alternating P(l—»5) and P(l—>6) linkages by a bi-functional 

galactosyltrasferase enzyme, GlfT2 (Rv3808c) to form a polyprenol-P-P-GlcNAc-Rha-

Gal3o(6, 33, 48). Further, this polyprenol-P-P-GlcNAc-Rha-Gaboor its intermediates 

serve as an acceptor for arabinosylation from a decaprenyl-monophosphoryl- P D-

arabinose (DPA) donor (69). It was found that the arabinose in the DPA is obtained from 

5'-phosphoribosyl-1-phosphate (PRPP) which is produced in non-oxidative pentose 

phosphate shunt (61). The biosynthetic pathway of DPA from PRPP has also been 

elucidated (23, 45). Ethambutol (EMB), the frontline drug for anti-tuberculosis was found 

to inhibit the polymerization of arabinan in the cell wall in both AG and LAM (16, 47). 

When the EMB resistance region of the DNA from M. avium is cloned and expressed in 

M. smegmatis it was found that the minimal inhibitory concentration (MIC) is 10 fold 

higher than the vector control and this led to the identification of two genes (embA and 

embE) which are involved in the polymerization of arabinan in AG (5). Analysis of these 

emb deletion mutants in M. smegmatis revealed that the arabinan content of AG was 

decreased, and in both mutants, the non-reducing Ara6 motif, [Ara/P(l—*2)Ara/a(l—>5)] 

[Ara/|3(l—>2)Ara/a(l—»3)] Ara/a(l—>5) Ara/a(l—• which is a template for mycolylation 

was altered (20). It was shown in a recent study that AftA is the arabinosyltrasferase 

enzyme that catalyses the addition of the first key Ara/residue from DPA on to the 
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galactan domain of the cell wall, thus 'priming' the galactan for further elaboration by 

downstream arabinosyltransferases (2, 64). It was also found that the arabinans are added 

on to the Gal/residues at 8, 10 and 12 units of the galactan chain (1). The enzyme which 

is involved in the al—»5 linkage in Mycobacterium sps is still unknown. However in 

Corynebacterium glutamicum, which has only one emb gene and was involved in the 

arabinosylation of al—>5 and al—>3 linkages in AG (1). In a recent structural study of 

AG, it was reported that it contains three arabinan domains each containing of 31 Ara/ 

residues attached to the galactan chain (Ga^o) (10). The AG-lipid intermediate 

(polyprenol-P-P-GlcNAc-Rha-Gal3o-Ara93) is then at some point transglycosylated to PG 

and mycolylated or the non reducing end of AG is first mycolylated and then 

transglycoslylated on to PG. 

The biosynthesis of mycolic acids involves both type I and type II fatty acid synthases 

(FAS-I and FAS-II). It was found that FAS-I initiates the synthesis of mycolic acids 

precursors and then elongated by FAS-II system (65). Excellent reviews were published 

by Takayama et al. and several others on the biosynthesis of mycolic acids (3, 15, 65, 

67). 

2.1.2.4 Lipoglycans (PIMs, LM amd LAM) 

Another important structural component in the mycobacterial cell wall is 

lipoarabinomannan (LAM), which modulates host immune response (12, 53, 54). LAM is 

a heterogeneous mixture of molecules in terms of glycosylation and acylation. LAM can 

be mainly divided into three domains: phophatidylinositol (PI) anchor, arabinomannan 

and capping domains (Fig. 2.1.3) (8). The PI synthesis in mycobacteria was reported to 
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be a de novo synthesis, which involves a reaction between cytidinediphosphate -

diacylglycerol (CDP-DAG) with free inositol and is catalyzed by CDP-DAG:rayo 

inositol transferase, or PI synthase (pgsA, Rv2612c) (24, 58). A a-mannosyltransferase 

(PimA), catalyzes the reaction in which the Man/? residue from the GDP-Manp is 

transferred on to the C-2 position of myoinositol in the PI anchor to form PIMi (30). The 

mannose in PIMi is acylated by an acyltransferase Rv261 lc (31). Recently it was found 

that PimB' (MSMEG_4253), catalyzes the transfer of a Man/? residue to the C-6 position 

of the myoinositol of the PI (22, 35, 49) and the previously identified enzyme (PimB) 

(60) for this reaction was found to be involved in the biosynthesis of l,2-di-0-Ci6/C]8i-

(a-D-Man/?)-(l—>4)-(a-D-Glc/?-uronic acid)-(l—»3)-glycerol (ManGlcAGroAc2) which is 

a LM like molecule in Corynebacterium glutamicum and is now termed MgtA. Kremer et 

al. identified a mannosyltransferase PimC from M. tuberculosis CDC 1551 strain and 

showed that this glycosyltransferase mediates the transfer of Man/7 residue from GDP-

Man to AC3PIM2 to form AC3PIM3 (34), however homologues for this enzyme are absent 

in other mycobacterial sps, indicating for the presence of other compensatory genes. The 

enzyme involved in the conversion of AC3PIM3 to AC3PIM4 is yet to be identified. In 

formation of polar PIMs recently, a polyprenol monophosphomannose (PPM) dependent 

mannosyltransferase was shown to be involved in mediating the transfer of fifth a(l—>2) 

Manp residue on to the AC3PIM4 (50). Disruption of this gene in M. smegmatis led to the 

accumulation of the tetramannosyl PIM, (ACPIM4) and was defective in AcPEvl6 

synthesis (50). Then later with the help of an unidentified mannosyltransferase, AC3PIM5 

is converted to AC3PIM6, which is the end product of polar PIMs. So the common end 

point in the biosynthesis of polar PIMs, lipomannan (LM) and LAM is the formation of 
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AC3PIM4. The subsequent steps in the biosynthesis of LM from AC3PIM4 are not yet 

clearly known; however it was implicated that PPM dependent mannosyltransferase 

would be involved in the further steps (8, 51). Recently it was found that Rv2174, a 

mannosyltransferase is involved in the elongation step in the biosynthesis of LM in the 

later stages especially from 21-34 Man/? residues (26). Kaur et al also identified another 

enzyme (mannosyltransferase, Rv2181) which is responsible for the addition of a(l—>2) 

branches to the mannan core of LM (25). This mature branched LM subsequently 

undergoes arabinosylation to form LAM by a glycosyltransefrase, embC (72). The embC 

is found to essential in M. tuberculosis (21), whereas it is non-essential in M. smegmatis 

(20, 72). When a point mutation in one of the aspartic acid residues is changed to Alanine 

(D279A) by site directed mutagenesis in the glycosyltransferase superfamily C (GT-C) 

motif of EmbC, the enzyme activity is completely lost and arabinan synthesis in LAM is 

completely abrogated (9). Furthermore, point mutations in three amino acids of the 

proline motif (W627L, P635S, P641S) of EmbC resulted in marked reduction of arabinan 

synthesis in LAM and accumulation of an LM (9). Mannose capping (ManLAM) is found 

to be present in the slow growing mycobacteria like M. tuberculosis, M. leprae, M. bovis, 

M. bovis BCG and M. avium whereas phosphoinositide capping (PILAM) is seen in fast 

growing mycobacteria like M. smegmatis and M. fortuitum (53). In M. chelonae capping 

was found to be absent, such LAM is called as AraLAM. Dinadayala et al. indentified a 

mannosyltransferase (Rvl635c) which is involved in addition of the first mannose 

residue on the non-reducing arabinan end of LAM in the formation of ManLAM (18). 

Recently it was found that the branching enzyme Rv2181 also adds the 2nd and the 3rd 
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mannose residues with a a(l—»2) linkage of the mannose capping, hence found to have a 

dual function (27). 

2.1.2.5 Hypothesis and Objective 

Arabionogalactan and LAM biosynthesis involves several glycosyltransferases 

(GTFs), several have been discovered recently, but there are more that need to be 

identified. So in search for the GTFs, we identified one putative GTF (Rv3805c) in the 

cell wall synthesis gene cluster which was described by Belanger and Inamine (4, 68). 

Rv3805c has homology to ArnT (arabinosyltransferase) of Salmonella and Escherichia 

coli (66). Glycosyltransferases were mainly classified into four super families (GT-A, B, 

C and D) according to their sequence similarities, [CAZy database (Carbohydrate-Active 

enZYmes)]. Glycosyltransferases having multiple transmembrane domains and utilizing 

lipid carriers as sugar donors were grouped under super family C (GT-C). Rv3805c 

belongs to glycosyltransferases super family C (GT-C) and has a conserved DDX, 

glycosyltransferase motif. During the course of these studies the LAM genes and the GT-

C families of GTFs were discovered. A detailed review of these mycobacterial 

glycosyltransferases (GTF) was reported by Berg et al. (8). So the aim of project is 

• To examine if Rv3805c has a role in the cell wall biosynthesis using genetic and 

biochemical methods. 

2.1.3 MATERIALS AND METHODS 

2.1.3.1 Bacterial strains and growth conditions 
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The bacterial strain E. coli DH5a used in this study for cloning purpose was 

grown in Luria-Bertani broth (LB, Difco) at 37°C. M. smegmatis mc2155 was grown in 

LB broth containing 0.05% Tween80 or on LB agar at 37°C routinely, however based on 

the experimental requirements M. smegmatis was grown at 30° and 42°C. Similarly 

Corynebacterium glutamicum ATCC 13032 strain was normally grown at 30°C in LB 

broth or brain heart infusion media with sorbitol (BHIS) (19), and when required C. 

glutamicum was grown at 30° and 37°C. When required the antibiotics were added at the 

following concentrations: 50 |J.g/ml for hygromycin (Hyg) and kanamycin (Kan), 100 

ug/ml for ampicillin (Amp), 5 |xg/ml for gentamicin (Gen) and 25 (xg/ ml for 

streptomycin (Strep) for E. coli and M. smegmatis; 25 |ig/ml for Hyg and Kan for C. 

glutamicum. Sucrose was added at a final concentration of 10% and 2% to select for 

allelic exchange mutants in M. smegmatis and C. glutamicum respectively. 

2.1.3.2 Construction of over-expressing plasmids 

The full length Rv3805c gene was amplified by PCR using M. tuberculosis 

H37Rv DNA as a template. Two versions were generated by using a common forward 

primer but with different reverse primers (one reverse primer includes the stop codon of 

Rv3805c and the other does not). The primers contain Ndel and Hindlll nucleotide 

sequences on the forward and reverse primers respectively (Table 2.1.1). This enable us 

to obtain both 'N' and ' C terminal six-Histidine tag when cloned into the Ndel and 

Hindlll restriction sites of mycobacterial expression vectors, pVV2 and pVV16 

respectively (17). PCR products were initially subcloned into a pGEM T Easy vector 

(Promega) to obtain pGEMT3805N and pGEMT3805C. The inserts were then verified by 

sequencing, released by restriction digested with Ndel and Hindlll to obtain a 1.8kb 
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TABLE 2.1.1 Primers used in this study. 

Primer name Oligonucleotide sequence3 

Rv3805 Fwd-Ndel 

Rv3805N Rev-Hindlll 

Rv3805C Rev-Hindlll 

ML0096 Fwd-Ndel 

ML0096 Rev-Hindlll 

ML0096 Rev-Hindlll 

MSMEG_6400 Fwd-Ndel 

MSMEG_6400 Rev-Hindlll 

MSMEG_6400 Fwd 
Chromosomal 

MSMEG_6400 Rev 
Chromosomal 

MSMEG_6400 Fwd Probe 

MSMEG_6400 Rev Probe 

Kanr Fwd 

Kanr Rev 

NCgl2780 Fwd-Smal 

NCgl2780Rev-HindIII 

Hygr Fwd 

Hygr Rev 

GTCCATATjGGTCCGGGTCAGCTTGT 

GTAAAGC7TCTCCCGCGGTGGCGGGC 

CTCAAGC77GTGATCTTGCTGTCAGTA 

TATCArATGCGGCGCCGAATGGTGAGC 

AAGCTTTCATTCGGGCGGGGTAGCA 

AAGC7TATCGTCGCCGAGTGCTTCGG 

C47MGGTGGACATCGACGGGGGCAT 

AAGC7TCTACGGTCCCGTTGCCGGCAT 

GCAAGTCGCTGGAGAGTTACAC 

GAGTACACGTCGAGGTACTCGA 

ACTTTCCGTGCTGGTGCG 

GAGCAGCACCAGCAGCAC 

CATGGATGCTGATTTATATGGGTA 

GTTGATGAGAGCTTTGTTGTAGGT 

TATCCCGGGATGACGTTTAGCCCCCAGC 

GCGAAGC77TTACTGAGAGCTATATAAAGG 

rcrAGAGTAAACTTGGTCTGACAG 

AAGC77TCAGGCGCCGGGGGCGGT 

1 Nucleotides in a restriction site are underlined and italicized. 
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fragment which was then ligated into Ndel and Hindlll sites of pVV2 and pVV16. The 

resultant plasmids pVV2:3805N and pVV16:3805C were transferred by electroporation 

into M. smegmatis. The transformants selected on plates containing Kan and Hyg and 

will be hereafter known as TBI and TB2 respectively (Table 2.2). Similarly full length 

ML0096 gene was amplified by PCR from M. leprae genomic DNA (obtained from CSU 

Leprosy contract) using the primers listed in Table 2.1, cloned into pVV2 and pVV16 to 

obtain pVV2:ML0096N and pVV16:ML0096C and then transformed into M. smegmatis. 

The recombinant strains hereafter will be known as ML1 and ML2 respectively (Table 

2.1.2). 

2.1.3.3 Construction of M. smegmatis MSMEG_6400 conditional mutant 

MSMEG_6400, the M. smegmatis gene corresponding of Rv3805c was amplified 

by PCR with the primers listed in Table 2.1.1. The 2.076 kbp PCR fragment was 

subcloned into pGEM T Easy vector to obtain pGEMTMS6400 and then the cloned 

fragment was verified by sequencing. The plasmid pGEMTMS6400 was digested with 

Bglll and then ligated with a Kan resistance (Kan1) gene (1264 bp) which was excised 

from pUC4K by BamHI digestion to obtain pGEMTMS6400::Kanr. Then the 3.34 kb 

fragment of MS6400::Kanr was excised from pGEMTMS6400::Kanr plasmid with NotI 

and Spel, and inserted into the same sites of pPR27-xv/£ (conditional replication 

plasmid) (55), yielding pPR27-*ylE- MS6400::Kanr (pSRMl) (Table 2.1.2). Thus the 

plasmid pSRMl contains mycobacterial temperature sensitive origin of replication, 

gentamicin resistance (Gen1), levansucrase counter selectable marker (sacB), catechol-

dioxygenase reporter gene (xylE) and kanamycin resistance (Kan1) gene. 
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TABLE 2.1.2 Bacterial strains and plasmids used in this study. 

Plasmids /Strains 

Plasmids 
pGEM T EASY 

p W 2 

pVV16 

pW2:3805N 

pVV16:3805C 

pVV2:ML0096N 

pVV16:ML0096C 

pPR27-xylE 

pUC4k 

SRM1 
pET23b-Phsp60 

pCG76 

SRM2 
pSFKT2 

pPS160-10 (pALB2) 
pSFKT2-sacB 
pSRM3 

Strains 
E. coli DH5a 
M. smegmatis mc 
155 
C. glutamicum 13032 
TBI 
TB2 
ML1 
ML2 
AMSMEG_6400 
(RM1) 
WCgl2780(KM2) 

Characteristics 

Carries Ampr gene and used for cloning PCR product with a 'A' 
extension 
Is.co/j/mycobacterial shuttle plasmid originated from pMV61 with 
Kanr and Hygr genes, mycobacterial expression plasmid under hsp60 
promoter (Phsp60) and has N terminal six histidine tag. 
£.co///mycobacterial shuttle plasmid originated from pMV61 with 
Kanr and Hygr genes, mycobacterial expression plasmid under hsp60 
promoter (Phsp60) and has C terminal six histidine tag. 
p W 2 plasmid carrying Rv3805c with stop codon with an inframe N 
terminal six histidine fusion tag 
pVV16 plasmid carrying Rv3805c without stop codon and has C 
terminal six Histidine fusion tag 
pVV2 plasmid carrying ML0096 with stop codon with an inframe N 
terminal six Histidine tag 
pVV16 plasmid carrying ML0096 without stop codon and has C 
terminal six Histidine tag 
Carries E. coli origin of replication, thermosensitive mycobacterial 
origin of replication, has sacB and xylE genes, Genr gene 
Carries both Ampr and Kanr genes 

pPR27-jcy/£'carrying MSMEG_6400::Kanr 

Carries Ampr gene, hsp60 promoter (Phsp60) exercised from pVV16 
and cloned into Xbal and Ndel sites of pET23b 
Carries E. coli origin of replication, thermosensitive mycobacterial 
origin of replication, Strepr gene 
pCG76carrying MSMEG_6400 
Carries E. coli origin of replication, thermosensitive corynebacterial 
origin of replication 
Carries Ampr and sacB genes 
pSFKT2 carrying sacB gene 
pSFKT2-sacB carrying NCgl2780::Hygr 

Used for cloning and plasmid propagation 
Non-pathogenic mycobacterial sps 

Non-pathogenic corynebacterial sps 
M. smegmatis mc2 155 with pVV2:3805N 
M. smegmatis mc2 155 with pyV16:3805C 
M. smegmatis mc2 155 with pVV2:ML0096N 
M. smegmatis mc2 155 with pW16:ML0096C 
M. smegmatis mc2 155 which has undergone a second cross over event 
at locus MSMEG_6400 in the presence of pSRM3 
C. glutamicum 13032 which has undergone a second cross over 
deletion event at locus NCgI2780 

Sources/ 
reference 

Promega 

(7) 

(7) 

This study 

This study 

This study 

This study 

(55) 

Amersham 
biosciences 
This study 
(37-39) 

(55) 

This study 
(52) 

(62) 
This study 
This study 

Invitrogen 
ATCC 

ATCC 
This study 
This study 
This study 
This study 
This study 

This study 
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The plasmids pPR27-xylE (control) and pSRMl were electroporated into M. 

smegmatis, and transformants were selected on LB Kan and LB Kan + Gen agar plates at 

30°C respectively. Transformants obtained from the plasmids pPR27-x;y/£' and pSRMl 

were inoculated into LB Gen and LB Kan + Gen broth respectively and incubated at 

30°C, which is a permissive temperature for plasmid replication. Then the cells were 

plated on LB Gen and LB Kan + Gen agar plates and incubated at 42°C, a nonpermissive 

temperature for plasmid replication and at which the plasmid pSRMl should integrate at 

the MSMEG_6400 gene region of M. smegmatis genome to obtain a legitimate single 

crossover (SCO) recombinant event. Five putative SCO colonies were selected and 

analyzed by PCR and Southern blot analysis of chromosomal DNA. After conformation 

of SCO event, the SCOs were plated on LB Kan and 10% sucrose plates to select for 

mutants that undergo second homologous recombination event resulting in an allelic 

exchange of the MSMEG_6400 gene with the disrupted Kanr gene. 

For the construction of a rescue plasmid, pGEMTMS6400 was digested with Ndel 

and Hindlll to obtain the full length MSMEG_6400 gene, which was then ligated into the 

same sites of pET23b-Phsp60 to obtain pET23b-Phsp60-MS6400 (37-39). The plasmid 

pET23b-Phsp60-MS6400 was digested with Xbal and Hindlll to get a Phsp60-MS6400 

fragment and filled in by klenow enzyme (New England Biolabs). The plasmid pCG76, 

which has a mycobacterial thermosensitive origin of replication and Streptomycin 

resistance (Strep1) was digested with BamHI and also filled using klenow enzyme. The 

Phsp60-MS6400 fragment was ligated into the linear pCG76 to get a rescue plasmid 

[pCG76-Phsp60-MS6400 (pSRM2)] with a functional copy of MSMEG_6400 gene 

(Table 2.1.2). 
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The plasmids pCG76 (control) and pSRM2 were electroporated into SCOs and 

were selected on LB Strep and LB Kan + Strep agar plates respectively and incubated at 

30°C. Transformants carrying the plasmids pCG76 and pSRM2 were inoculated into LB 

Strep and LB Kan + Strep broth respectively and incubated at 30°C. Then the cells were 

plated on LB Strep and LB Kan + Strep agar plates containing 10% sucrose and 

incubated at 30°C. 

M. smegmatis genomic DNA was isolated as described before (37, 38). A 200bp 

region in the middle of MSMEG_6400 gene (lOObp on either side of Bglll, where the 

Kanr cassette was inserted) was amplified using the primers (Table 2.1.1) by PCR and 

was used as a DNA probe. The DNA probe was labeled with digoxigenin, and Southern 

blot analyses were performed as described for DIG High Prime DNA labeling and 

detection starter kit I (Roche). 

2.1.3.4 Genomic southern analysis 

The M. smegmatis wild type strain (WT), SCO and AMSMEG_6400 conditional 

mutants (double cross over, DCO) were inoculated in 20 ml LB broth (Lennox) 

containing 0.05% Tween 80 with appropriate antibiotics and incubated at both 30°C and 

42°C. The growth of cells (OD600 value) was measured at regular intervals. 

2.1.3.5 Construction of C. glutamicum NCgl2780 knock out mutant 

NCgl2780, the full length C. glutamicum gene was amplified by PCR with the 

primers listed in Table 2.1. The 2.061 Kbp PCR fragment was subcloned into pGEM T 

Easy vector to obtain pGEMTCG2780 and then the cloned fragment was verified by 

sequencing. The plasmid pGEMTCG2780 was digested with Kpnl and BamHI, a 350bp 
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fragment was discarded. The Hyg resistance (Hygr) gene (1300 bp) was amplified from 

pVV16 by using primers in Table 2.1. Then both the linear plasmid pGEMTCG2780 

obtained from Kpnl and BamHI digestion and the PCR product of Hygr gene was ligated 

to obtain pGEMTCG2780:: Hygr. 

The CorynebacteriumlE. coli shuttle plasmid, pSFKT2 contains corynebacterial 

thermosensitive origin of replication, thus it can replicate at 25°C but not >34°C and was 

a gift from Dr. Nakamura, Fermentation and Biotechnology Laboratories, Ajinomoto 

CO., Inc., Kanagawa, Japan (52). The plasmid pALB2 (62) (obtained from Dr. Herbert 

Schweizer, Dept. of Microbiology, Immunology and Pathology, CSU, Fort Collins, USA) 

was digested with Xbal and SphI to get a 2.6 Kbp fragment of sacB counter selectable 

marker. Over hangs were blunt-ended with klenow enzyme and then ligated in the StuI 

site of pSFKT2 to obtain pSFKT2sacB (Table 2.1.2). 

The 3.3 kb fragment of CG2780:: Hygr was excised from pGEMTCG2780:: Hygr 

plasmid with Smal and Hindlll, and inserted into the same sites of pSFKT2sacB to get 

pSFKT2sacB- CG2780:: Hygr (pSRM3) (55) (Table 2.1.2). Thus the plasmid pSRM3 

contains corynebacterial thermosensitive origin of replication, levansucrase counter 

selectable marker (sacB), Hygr and Kanr genes. Electrocompetent C. glutamicum cells 

were prepared from the protocol described (19). The plasmids pSFKT2sacB (empty 

vector) and pSRM3 were electroporated to C. glutamicum cells by setting the voltage of 

Gene Pulser (Bio-Rad) to 2.5 kV, capacity to 25 uF, and resistance to 200 Q. The cells 

were transferred immediately into 4 ml prewarmed BHIS medium and incubated for 5 

min at 46°C, then allowed to regenerate for 1 hr at 25°C and then selected on BHIS agar 

plate containing Kan and Kan + Hyg at 25 °C. Transformants obtained from the plasmids 
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pSFKT2sacB and pSRM3 were inoculated into BHIS medium with Kan and Kan + Hyg 

broth respectively and incubated at 35°C until midlog phage. Then the cells were plated 

on BHIS agar plates with or without 2% sucrose, and incubated at 35°C. The allelic 

replacement of NCgl2780 with the disrupted copy (NCgl2780::Hygr) in the chromosomal 

DNA of the DCOs was confirmed by PCR and Southern blot analysis. The full length 

NCgl2780 gene PCR product was used as a DNA probe for Southern hybridization. The 

DNA probe labeling and Southern blot analyses were performed as described above 

(Section 2.1.3.4). 

2.1.3.6 Arabinosyltransferase assay 

M. smegmatis WT and the other overexpression strains like TBI, TB2, ML1 and 

ML2 were grown in 2L LB broth to mid-log phase (OD 0.5-0.7). Cells were harvested by 

centrifugation, washed, and resuspended in buffer B containing 50 mM MOPS (pH 8.0), 

5 mM P-mercaptoethanol and 10 mM MgCh. Cells were disrupted in six cycles by 

French press at 1500 psi. The cell lysate was centrifuged at 27,000 x g for 60 min at 4°C. 

The supernatant of 27,000 x g was recentrifuged at 100,000 x g for 2 hr at 4°C. The 

100,000 x g supernatant was discarded and the pellet (membrane fraction) was 

resuspended in -300 ul of buffer B. The 27,000 x g pellet was suspended in 10 ml of 

buffer B and Percoll (Thermo Scientific Pierce) (~15ml) was added to achieve a 60% 

suspension. The suspension was mixed and centrifuged at 27,000 x g for 60 min at 4°C. 

The particulate upper white layer was collected and washed three times with buffer B at 

27,000 x g and finally resuspended in -500 (xl to of buffer B to obtain a cell wall enriched 
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fraction (P60) (28, 36). Protein concentration of the membrane and the P60 fraction were 

measured by bicinchoninic acid (BCA) assay (Thermo Scientific Pierce). 

The precursor C labeled donor of arabinofuranose (Ara/) i.e., phosphoribose 

pyrophosphate (p[14C]Rpp) was prepared by the procedure the described elsewhere (61). 

In the arabinosyltransferase assay reaction mixture contained: acceptor (0.3mM), ATP (1 

mM), p[14C]Rpp (500,000 dpm), membrane fraction (0.5 mg) and P60 fraction (0.3 mg) 

in a total volume of 200 ul. Different types of acceptors were used in the 

arabinosyltransferase assay. These acceptors and the p[14C]Rpp were obtained from Dr. 

Chatterjee (Dept. of Microbiology, Immunology and Pathology, CSU, Fort Collins, USA) 

(28, 71). The reaction mixtures were incubated at 37°C for 2 hr and then terminated by 

adding 200 ul of ethanol. The resulting mixture was centrifuged at 14,000 x g, and the 

supernatants were loaded onto prepacked strong anion exchange (SAX) columns 

(Burdick and Jackson). The columns were eluted sequentially with 1 ml of 50% ethanol 

and then 1 ml of water. The eluate was evaporated to dryness and partitioned between the 

two phases (1:1) of water saturated butanol and water. The butanol fractions were 

measured for radioactive incorporation by liquid scintillation counter. Equal volume of 

the radiolabeled material from the WT and other overexpression strains were subjected to 

thin layer chromatography (TLC) analysis using silica gel plates (Merck) developed in 

CHCl3:CH3OH:l M NH4OAc:NH4OH:H20 (180:140:9:9:23) solvent system (28, 71). 

Autoradiograms of the TLC plates were obtained by exposure to X-ray film. The original 

acceptor compound was visualized using a-naphthol spray reagent. 
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For sugar composition analysis of the radiolabeled product 5000 dpm of the butanol 

fraction was dried and hydrolyzed in 200 ul of 2 M trifluoroacetic acid (TFA) at 120°C 

for 2 hr. The TFA was removed by drying, and the hydrolysate was analyzed on a TLC 

plate developed in pyridine:ethyl acetate:acetic acid:water (5:5:1:3) solvent system 

followed by autoradiography. Radioactive spots were identified by visualizing against the 

standard sugars which were developed using a-naphthol spray. 

2.1.3.7 Whole cell radiolabeling 

For whole cell radiolabeling experiments of the MSMEG_6400 conditional 

mutant, several conditions were tested. Initially the conditional mutant and the M. 

smegmatis WT strains were grown at 30°C in LB Lennox medium with 0.05% Tween 80 

and Kan until midlog phase (ODgoo = 0.5). This is used as a starter culture. The midlog 

culture was inoculated (1/200) into two flasks containing fresh medium (100ml) and 14C-

glucose, one flask was placed at 30°C and the other at 42°C. Since no growth at 42°C 

culture, another experiment condition was designed, in which the midlog culture was 

inoculated into two flasks of fresh LB Lennox medium. Both the cultures were incubated 

at 30°C until the cell growth reached an OD600 value of 0.05 (~ 8 hr). Then one flask was 

transferred to 42°C, while the other remained at 30°C. 14C-glucose was added into each 

of the flasks at this point. Twenty milliliter from 30°C and 42°C cultures were collected at 

different time periods. Cells were harvested and washed with phosphate-buffered saline 

(PBS). Lipids were extracted sequential by using non-polar and polar solvent systems 

like CH3C1:CH30H (2:1), and CH3C1:CH30H:H20 (10:10:3). Later LAM and AG were 

extracted from the remaining pellet (24, 25, 30, 47, 72). The labeled and the unlabeled 
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lipids were resolved by TLC on different solvent systems. LAM was analyzed by SDS-

PAGE or on commercially available Tricine SDS-PAGE gels (Invitrogen) followed by 

periodic acid Schiff staining (57). The radiolabeled LAM was analyzed by SDS-PAGE, 

electropheretically transferred onto nitrocellulose membrane and then the nitrocellulose 

membrane was exposed to an X-ray film for autoradiography. 

2.1.3.8 Digestion with endoarabinanase 

The Cellulomonas endoarabinanase digestion pattern was found to be specific. 

The Ara6, Ara2 and cyclic GaU products were obtained from endoarabinanase digestion 

of AG, whereas Ara6, Ara4 and Ara2 products were obtained of LAM endoarabinanase 

digestion (43, 72). Radiolabeled products from the in vitro arabinosyltransferase assay 

was digested with endoarabinanase (43) and the digestion products were analyzed on 

TLC in pyridine:ethyl acetate:acetic acid:water (5:5:1:3) solvent system followed by 

autoradiography. The unlabeled AG from different strains was also digested with 

endoarabinanase and the digestion products were analyzed on high pH anion exchange 

chromatography (HPAEC, Dionex) as described previously (13, 72). 

2.1.4 RESULTS 

2.1.4.1 Identification of Rv3805c as a putative glycosyltransferase by bioinformatics 

Rv3805c was identified by insilico genome analysis of conserved cell wall 

synthesis gene cluster (Fig. 2.1.4) (4). Rv3805c is located between the gene Rv3806c 

which is involved in the synthesis of decaprenylphosphoryl-D-arabinose (DPA), (donor 

of arabinose in mycobacteria) (23, 69) and fbpA which is involved in addition with 
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mycolic acids on the terminal and penultimate arabinose residues of hexa-Ara (Arag) 

motif of arabinogalactan (AG) of mycobacteria (1, 7, 20). Based on the NCBI BLAST 

algorithm and conserved domain analysis, Rv3805c was found to have some similarity 

with the enzyme ArnT that catalyzes the transfer of arabinose from decaprenyl-

phosphoryl 4-amino 4-deoxy arabinose, in Kdo-lipid A synthesis in E. coli and S. 

typhimurium (66). With the homology searches Rv3805c was found to be conserved in 

mycobacteria and corynebacteria (Fig. 2.1.5). The predicted topology of Rv3805c has ten 

N terminal transmembrane segments followed by a C terminal hydrophilic domain as 

seen in EmbA, EmbB and EmbC proteins (Fig. 2.1.6A). Sequence alignments of Rv3805c 

with Emb proteins, and other bacterial proteins revealed presence of aspartic acid 

containing motif (DDX) in the first cytoplasmic loop which is a signature of GT-C 

superfamily of glycosyltransferases (8) and conserved prolines within a proline rich 

motif which was shown to be present in Emb proteins (Fig. 2.1.6B) (9). Taken together 

Rv3805c was identified as a putative arabionosyltransferase, involved in LAM and/or AG 

biosynthesis. 

2.1.4.2 in vitro arabinosyltransferase assay using recombinant over expression 

strains 

We attempted to express Rv3805c and ML009c using mycobacterial expression 

vectors pVV2 and pVV16 in M. smegmatis. We could only detect the recombinant 

Rv3805c from TBI and TB2 strains on a western dot blot analysis with anti-His 

monoclonal antibody, but not in the WT or M. smegmatis with pVV16 (data not shown). 

This is probably due to the highly hydrophobic nature of the protein and limited 

expression. However, we utilized these recombinant strains (TBI, TB2, ML1 and ML2) 
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Mycobacterium tuberculosis 

fbpO flip A 
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ApD ftpA 
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FIGURE 2.1.5 Genetic organization of Rv3805c orthologs in mycobacteria and 
corynebacteria 
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FIGURE 2.1.6 Membrane topology and multiple sequence alignment of Rv3805c protein 
and Emb proteins. A.Topology of Rv3805c as predicted by SOSUI software and the 
circle indicates the GT-C glycosyltransferase motif (DDX). B. Sequence alignment of 
Rv3805c and EMB proteins by Multialign software, indicates that the GT-C and the 
proline rich motif (shown in the red box) are shared characteristic feature. The amino 
acid positions were shown on the top of the dotted line. 
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and their vector controls (M. smegmatis WT with pVV2/pVV16) in a previously 

developed arabinosyltransferase assay (28, 36). We utilized four different acceptors 

namely a-D-Ara/-(l-*5)-a-D-Ara/-0-C8H,7 (Di-Ara-octyl), a-D-Ara/-(1^5)-a-D-Ara/-

O-C5H10 (Di-Ara-pentenyl), a-D-Ara/-(1^5)-a-D-Ara/'-(1^5)-a-D-Ara/-0-C5Hio (Tri-

Ara-pentenyl), a-D-Ara/-(l-^5)-a-D-Ara/-(1^5)-a-D-Ara/-(l-^5)-a-D-Ara/-O-C5H10 

(Tetra-Ara-pentenyl) and p[14C]Rpp as the Ara/donor (Fig. 2.1.7). In the butanol 

fractions the radiolabeled products were 2-3 fold higher with the overexpressed Rv3805c 

enzyme (TB2 strain), when compared to the control strain (Fig. 2.1.8A). Similar results 

were obtained using other overexpression strains like TBI, ML1 and ML2 (data not 

shown). When the butanol layer products were analyzed by thin layer chromatography 

(TLC), it was observed that radiolabeled products were not formed in the reactions with 

out synthetic acceptor (lanes 1 and 2 in Fig. 2.1.8B). TLC and autoradiography analysis 

of the radiolabeled products obtained from different acceptors indicate that only a single 

[14C]Ara residue was transferred to each acceptor based on the retention factor (R/) (Fig. 

2.1.8 C). Since membrane and cell wall fractions are used as enzyme source and 

p[ 14C]Rpp as the Ara/donor; endogenous products were also formed and eluted along 

with the acceptor dependent radiolabeled products, so some non-specific bands were also 

observed (Fig. 2.1.8 C). 

Acid hydrolysis followed by TLC against sugar standards established that the 

radiolabeled products (butanol fractions) contain [14C]Ara which originates from 

p[14C]Rpp as shown by (Fig. 2.1.9A). Endoarabinanase digestion of the radiolabeled 

products (equal volumes) followed by TLC analysis with Di-Ara-pentenyl acceptor and 

enzyme fractions from both control and TB2 strains resulted in two products. One of the 
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FIGURE 2.1.7 Schematic diagram showing the arabinosyltransferase assay with various 
synthetic arabinose acceptors. 
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autoradiography. 
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products (product 1) with equal intensities was comigrating with Ara2 standard. The 

product 2 is the original product formed from arabinosyltransferase assay which is 

resistant to endoarabinanase digestion. Product 2 was found to be higher in TBI2 

compared to that of control (pVV16) (Fig. 2.1.9B). It was known from the earlier studies 

that digestion pattern of endoarabinanase is specific and cuts the (1—»5) linear arabinan 

yielding to Ara2 units (43). Therefore the product 1 could be [14C]Ara-(l—>5)-Ara 

(similar R/of Ara2 standard) and the endoarabinanase resistant product 2 could be either 

[14C]Ara-(1^3)-Ara-(l->5)-Ara-OC5H,oor[14C]Ara-(1^2)-Ara-(1^5)-Ara-OC5Hio. 

Moreever from earlier studies by GC-MS analysis, it was found that an Ara3 [Ara-(1—>2)-

Ara-(1—»5)-Ara (major product) and Ara-(1—»5)-Ara-(l—»5)-Ara (minor product)] was 

formed from Di-Ara acceptors (36). Therefore from these results it can be concluded that 

Rv3805c is an arabinosyltransfearse with (1—>2) activity. 

2.1.4.3 Phenotypic analysis of MSMEG_6400 conditional mutant 

To determine the in vivo role of Rv3805c in AG and/or LAM biosynthesis, 

attempts to generate a genetic knock out mutant of MSMEG_6400 failed and it was 

concluded that MSMEG_6400 is essential to M. smegrnatis. Therefore it was necessary to 

construct a conditional mutant. The experimental approach includes a traditional two step 

homologous recombination procedure (55). In the first step, a conditional replication 

plasmid (pSRMl) was constructed. The plasmids pPR27-xy/£ (vector control) and 

pSRMl were electroporated into M. smegrnatis and then transformants selected at 30°C 

on Genr and Kanr + Genr respectively. When the transformants were grown on 42°C, 

colonies were not observed in the control plates. Hence, the Kanr + Genr and XylE 

positive colonies from the pSRMl plasmid selected at 42°C were candidates in which 
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single cross over (SCO) may have occurred. Southern blot analysis on the nine SCO 

candidates indicated that seven resulted from homologous recombination with gene 

arrangement from B event (data not shown), while the other two arose from illegitimate 

recombination. SCOs were grown in LB kan + Gen broth and then plated on LB Kan and 

10% sucrose plates to select for mutants that would undergo intrachromosomal allelic 

exchange. These should be able to grow on sucrose, Kan and appear as white colonies 

(xylE negative) when sprayed with catechol. However there were thousands of sucrose 

resistant colonies but none of them were white. All of them were yellow colonies (xylE 

positive) indicating sacB mutants, so this suggested that MSMEG_6400 gene is essential 

forM. smegmatis. 

In the second step, the vector control (pCG76) and the rescue plasmid (pSRM2) 

were transformed into M. smegmatis, transformants were selected at 30°C on the LB 

plates containing 10% sucrose with Strep and Kan + Strep respectively. All the colonies 

in the vector control plates were yellow (xylE positive) indicating there was no 

intrachromosomal allelic exchange. However, -60% of the colonies with the rescue 

plasmid on LB Kan + Strep + sucrose plates were white in color (xylE negative), thus are 

the candidates for DCO events. Southern blot analysis of chromosomal DNA showed that 

all the DCO candidates had undergone intrachromosomal allelic exchange (Fig. 2.1.10 A 

and B). Hence, allelic exchange was possible only in the presence of the rescue plasmid. 

The growth characteristics of the conditional mutant of MSMEG_6400 (RM1) and 

M. smegmatis WT were tested at 30° and 42°C (Fig. 2.1.11). As expected the RM1 

exhibited a reduced growth characteristics to that of M. smegmatis WT at 30°C; however 
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FIGURE 2.1.10 Schematic representation of homologous recombination method for construction of 
MSMEG_6400 conditional mutant. The expected restriction patterns and Southern blot analysis resulting 
from various plasmids and strains were also shown. Genr: gentamycin resistance, Kanr: kanamycin 
resistance, TS ori: temperature sensitive origin of replication, SacB: levansucrase gene (counter selectable 
marker), xylE: catechol dioxigenase gene (colored marker) A. Genetic organization, partial restriction 
map and expected hybridization profiles of MSMEG_6400 chromosomal region of M. smegmatis WT, 
single cross over (SCO) event and double cross over event. Probe used for the Southern blot (B) is 
indicated by a thick black line. B. Southern blot analysis of pSRMl, WT, WT+pSRMl, SCO and 
conditional mutants with the rescue plasmid pSRM2 (DCO). The lane assignments are indicated on the 
right. The expected fragment sizes for each of the strains and the plasmids are given in the table next to 
the blot. 
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•30CWT - & - - 3 0 C R M 1 • 42' C WT -425CRM1 

FIGURE 2.1.11 Growth characteristics of M. smegmatis WT (solid line) and RM1 
(dotted line) at 30° and 42°C. Shown are the growth curves of M. smegmatis WT at 30°C 
(•),M. smegmatis WT at 42°C (•), RM1 at 30°C (A) and RM1 at 42°C (4) cultivated in LB 
Lennox with Tween 80 and LB Lennox with Tween 80 + Kan respectively. 
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RM1 was unable to grow at 42°C while the M. smegmatis WT continued to grow 

exponentially. This further suggests that MSMEG_6400 is essential for M. smegmatis. 

Lipid, LAM and AG analysis of RM1 strain placed at 42°C for different times 

points with or without C label (whole cell labeling) experiments did not yield any 

significant results. The technical challenges were very few cells from 42°C culture or 14C 

labeling was not uniform since cells started to lyse. 

2.1.4.4 Construction of Coynebacterium glutamicum NCgl2780 mutant 

Since the question about the role of Rv3805c in AG and/or LAM biosynthesis 

was unattained, the ortholog in C. glutamicum (NCgl2780) was targeted, since C. 

glutamicum was shown to be able to survive even without AG and corynomycolic acids 

(2, 56). In C. glutamicum a LM like molecule with a single arabinose extension on the 

mannan has been described (19). In an attempt to obtain a deletion mutant of NCgl2780, 

a conditional replication plasmid pSRM3 was constructed which has corynebacterial 

temperature sensitive origin of replication, Kanr and sacB counters electable markers. The 

plasmids pSFKT2sacB (empty vector) and pSRM3 were introduced into C. glutamicum, 

and the transformants were selected on Kan and Kan + Hyg plates at 35°C respectively. 

Colonies obtained with the plasmid pSRM3 were possible candidates of single 

homologous recombination wherein the plasmid was integrated into the chromosome at 

NCgl2780 locus (SCO). SCOs were then selected on 2% sucrose plates to obtain the 

mutants that had undergone intrachromosomal allelic exchange (DCO). PCR and 

Southern blot analysis showed that all the DCOs had undergone intrachromosomal allelic 

exchange (Fig. 2.1.12 A, B and C). 
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FIGURE 2.1.12 Schematic of expected restriction pattern, PCR and southern blot analysis the C. 
glutamicum NCgl2780 mutant. A. Genetic organization, partial restriction map and expected 
hydridizatiom profiles of NCgl2780 chromosomal region of C. glutamicum WT and in case of 
allelic exchange event. The expected PCR fragments for the plasmid pSRM3 and strains (WT and 
DCO) are shown in red colored letters. B. PCR analysis of the chromosomal DNA obtained from 
C. glutamicum WT, single cross over mutant and double cross over mutant using NCgl2780 gene 
primers listed in Table 2.1.1. C. Southern blot analysis of pSRMl, WT, WT+pSRMl, SCO and 
conditional mutants with the rescue plasmid pSRM2 (DCO). PCR product of full length 
NCgl2780 gene was used as the probe for the southern blot which is indicated by a thick black 
lineintheFIG2.1.12A. 
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2.1.4.5 Analysis of arabinan motifs of AG from NCgl2780 mutant 

Endoarabinanase digestion of the AG from ANCgl2780 mutant (RM2) and 

analysis by HPAEC yielded a profile that was significantly different from that of AG 

from C. glutamicum WT (Fig. 2.1.13). There was almost complete loss of Ara6 and 

presence of a new peak from the AG of RM2. However the new peak matches with the 

profile obtained from Acceptor 1 in (71) (branched Penta-Ara acceptor) after 

endoarabinanase digestion and HPAEC analysis and thus indicated that the new peak 

might be a branched Ara4 ([a-D-Ara/]2-3,5-a-D-Ara/-(1^5)-a-D-Ara/) (Fig. 2.12). This 

also indirectly indicates that the terminal Ara residues were lost in the Ara6 motif of the 

RM2, which are linked (P(l—*2)). So these results indicate that NCgl2780 is involved in 

the transfer of (3(1—>2) Ara/'unit in the Ara<3 motif of AG. 

2.1.5 DISCUSSION 

Tuberculosis (TB) remains as a major concern of morbidity and mortality throughout the 

world with the emergence of the muiltidrug resistant TB (MDR-TB) and extremely drug 

resistant TB (XDR-TB), therefore is urgent to develop more new anti tuberculosis drugs. 

Mycobacterial sps have a distinct cell wall which is neither completely of Gram positive 

nor Gram negative types, due to the presence of two major unusual molecules, MAGP 

and LAM, so these are obviously potential drug targets. The most successful drugs 

isoniazid, ethionamide and ethambutol administered against tuberculosis are directed to 

the cell walls of M. tuberculosis. Earlier studies illustrated the importance of three 

proteins EmbA, EmbB and EmbC in arabinan synthesis and these data indicated that 
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FIGURE 2.1.13 Dionex-HPAEC profiles of the endoarabinanase digestion products of 
AG from C. glutamicumWT (A), ANCgl2780 (B) synthetic branched penta-arabinose 
acceptor (Acceptor 1) (68) (C) and ANCgl2780 + branched penta-arabinose acceptor (D). 
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embA and embB are involved in a(l—>3) branching in AG, while embC is required for 

extension of the lipomannan (LM) to lipoarabinomannan (LAM) (5, 20, 72). Initially, a 

gene cluster from M. avium comprising embA, embB and embC conferring a higher level 

of ethambutol resistance was identified and later found to be conserved in all the 

mycobacteria (5). Belanger et al, identified a putative cell wall synthesis cluster around 

these emb genes (4). Several genes in this cluster were uncharacterized at the time we 

bagan our studies, but were thought to be potential targets of genes in the cell wall 

biosynthesis. 

In the present study through our in vitro arabinosyltransferases assays, we provide 

evidence that Rv3805c could transfer a single Ara/residue on to different linear 

arabinose acceptors. Furthermore two products were formed from di-Ara-Pentenyl 

acceptor which was also supported by earlier studies (36) and also from unpublished data 

by Angala et al. The two products formed were a-D-Ara/-(l—•5)-a-D-Ara/-(l—>5)-a-D-

AraJ-OCs (minor product) and a-D-Ara/-(l—>2)-a-D-Ara/:(l—>5)-a-D-Ara/-OC5 (major 

product). Furhthermore, the radiolabeled product D-Ara/-(1—>2)-a-D-Ara/-(l-^5)-a-D-

Ara/-OC5 was found to be more in Rv3805c overexpression than compared to that of the 

control, suggesting Rv3805c is a P (1—»2) arabinosyltransefrase. 

The ortholog of Rv3805c in M. smegmatis (MSMEG_6400) is essential, since we 

were unable to generate a deletion mutant, a functional copy of this gene was needed for 

M. smegmatis survival before the chromosomal copy could be disrupted. This data is 

consistent with the results obtained by sassetti et al (59), who predicted that the Rv3805c 

could be an essential gene by their screen transposon of mutants in M. tuberculosis. In 

contrast the ortholog, NCgl2780 is not essential to C. glutamicum. Moreover, when the 
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endoarabinanase enzyme was used to digest AG of the ANCgl2780, branched Ara^ was 

obtained, the loss of terminal arabinose residues in non reducing ends of hexa arabinose 

motif (Ara6> of AG. 

During the period these studies were conducted in our laboratory, similar 

observations were obtained by Seidel et al. and published (63). These authors showed 

that Rv3805c (named as AftB) is involved in the P(l—>2) glycosylation of the terminal 

non reducing arabinose and is non essential in C. glutamicum. It was also observed from 

our results and the other study (63) that both the pAra/residues were lost in AaftB of C. 

glutamicum on the Ara6 motif of AG, indicating that the enzyme is involved in the 

glycosylation of both the terminal PAra/residues. In M. tuberculosis mycolic acids are 

attached to both the terminal pAra/and penultimate oc(l —>2)-Ara/residue of the Ara^ 

motif of AG. In C. glutamicum ANCgI2780, it was observed that even in the absence of 

terminal PAra/residues, mycolic acids are still bound to the penultimate oc(l —»2)-Araf 

residue of the Ara6 motif of AG (63). As indicated by Seidel et al. a same gene (Rv3805c 

I AftB) or two genes might be involved in the glycosylation of two terminal PAra/ residues 

of AG, where in which AftB is required to add one pAraf residue before a second new 

arabinosyltransferase adds on the second PAra/residue (63). Otherwise, it could be that 

the mycolylation first starts on the terminal PAra/ residues and then occurs on the 

penultimate oc(l -42) Ara/residue of the Ara6 motif of AG in mycobacteria, which may 

not be needed in the case of C. glutamicum. If that's the case then this AftB gene is 

essential in mycobacteria, because cells cannot survive without mycolic acids. It should 

be also noted that C. glutamicum can survive even without mycolic acids (56). 

Nevertheless, further analysis should be done to prove these hypotheses. However, since 
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Rv3805c is an essential gene in mycobacterial sps, it is a good target for mycobacterial 

drug development. 
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Chapter 2.2 

Summary and conclusion for essentiality and characterization of an 
arabinosyltransferase involved in the cell wall synthesis of mycobacteria 
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Mycobacterial cell wall is unique in its structure with macromolecules containing 

polysaccharides such as arabionogalactan (AG) and lipoarabinomannan (LAM) and lipids 

like mycolic acids. The biosynthetic process of these complex molecules is being 

elucidated in a day to day manner. Thus AG and LAM biosynthesis involves several 

glycosyltransferases (GTF). In search of these GTFs; we identified one putative GTF 

(Rv3805c) located in the cell wall synthesis gene cluster (2). It has a conserved 

glycosyltransferase amino acid motifand belongs to glycosyltransferases super family C 

(GT-C). Sequence alignments of Rv3805c with Emb proteins revealed presence a proline 

rich motif which was found to be present in previously characterized Emb proteins. 

Topology of Rv3805c has ten N terminal transmembrane segments followed by a C 

terminal hydrophilic domain. In in vitro arabinosyltransferase assays using Di-Ara, Tri-

Ara and Tetra-Ara synthetic acceptors, and pRpp as donor for arabinose we found that 

increased product was formed using cell free membrane and particulate fractions 

prepared from M. smegmatis overexpressing Rv3805c compared to vector control strains. 

We also identified that a single Ara/residue is added on the acceptors. Based on several 

lines of evidence we concluded that Rv3805c catalyzes P(l—+2). 

To confirm its biological role we attempted to generate a knock out mutant of this 

gene in M. smegmatis. Allelic exchange at locus MSMEG_6400 was only possible in the 

presence of the rescue plasmid and failure of the MSMEG_6400 conditional mutant to 

grow at 42°C which indicated that MSMEG_6400 is essential for M. smegmatis. 

We were able to obtain a mutant of NCgl2780 of C. glutamicum (ortholog of Rv3805c), 

and the analysis of arabinan motifs in the arabinogalactan of NCgl2780 mutant revealed 
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that it lacks P(l—>2) Ara/residues at the non-reducing ends. During the period of these 

studies similar observations were obtained by Seidel et al (9). 

However, few questions remain unanswered: 

Why Rv3805c is essential in M. smegmatis and not in C. glutamicum: Is this because of 

the loss of P capping or due to any indirect effect i.e. the affects on the mycolylation in 

the Ara6 motif of AG in mycobacteria ? The non-reducing Ara6 motif, 

[Ara/P(l-»2)Ara/a(l->5)] [Ara/p(l-+2)Ara/a(1^3)] Ara/a(1^5) Ara/a(l-> is a 

template for mycolylation in mycobacteria. If the bacteria lose ability of P capping on 

AG, the elongation of arabinan chain length may not be impeded, which is a loss of 

energy and precursors for the bacteria, and may also affect the mycolylation. 

It is also interesting to see if Rv3805c is involved in the addition of P(l—>2) Ara/residues 

at the non-reducing ends of lipoarabinomannan. 

Future directions 

To address the above questions the following experiments were proposed: 

• In the construction of conditional mutant of MSMEGJ540, we used a rescue plasmid 

with temperature sensitive origin of replication; the main technical challenge was 

very few cells were obtained at 42°C, since the cells started to lyse. Therefore we 

could not get any significant results from the structural analysis of AG and LAM. 

Alternatively a inducible rescue plasmid such as pVV16 with acetamide promoter, 

where we can regulate the level of expression of Rv3805c by slowly depleting the 
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acetamide concentration in the culture medium can be explored. By this approach we 

might solve various unanswered questions. 

• Mycobacterium ssp are not viable without AG and mycolic acids whereas C. 

glutamicum can survive even (1,6) without them. Even though the cell wall 

biosynthetic machinery is similar between mycobacterial and corynebacterial ssp, the 

cell wall dynamics are different. Seidel et al (9) hypothesized that mycolylation of the 

penultimate Ara/residue may occur before the 0(1—>2)-linked Ara/residues is 

attached, due to the fact that mycolic acids are still bound to the penultimate Ara/ 

residues at the non reducing ends of the Ara6 motif of AG of C. glutamicum 

NCgl2780 mutant. On the other hand, ethambutol (EMB), the frontline drug for anti

tuberculosis was found to inhibit the polymerization of arabinan in the cell wall in 

both AG and LAM (5). Two genes (embA and embB) were identified in the EMB 

resistance strains which were involved in the polymerization of arabinan in AG (3). 

Analysis of these emb deletion mutants in M. smegmatis revealed that the arabinan 

content of AG was decreased, and in both mutants, the non-reducing Ara6 motif was 

altered. The branching i.e. [PAra/(l—^-aAra/Q—•S)] in the Ara6 motif was lost in 

both the mutants. However, embA and embB mutants in M. smegmatis were still able 

to survive (4). So if Seidel et al. hypothesis was correct then MSMEG_6400 should 

not be essential for M. smegmatis since mycolylation can still occur on the 

penultimate Ara/residues of Ara6 motif. 

We have shown that MSMEG_6400 is essential for M. smegmatis, so we 

hypothesize that mycolylation first starts on the terminal PAra/residues and then 

occurs on the penultimate aAra/residue of the Ara6 motif of AG in mycobacteria. 
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This hypothesis can be tested by using an in vitro assay. Two synthetic acceptors will 

be generated, one with [a-D-Ara/]2-3,5-a-D-Ara/-(l->5)- a -D-Ara/-(l-»5)- oc-D-Ara/ 

with a pentenyl chain (Al) similar to that of acceptor 1 in Zhang et. al. 2007 (10) and 

the other acceptor with both the terminal PAraf residues i.e., [P-D-Ara/]2-[oc-D-

Ara/]2-3,5-a-D-Ara/-(l-*5)- a -D-Ara/-(l->5)- a -D-Ara/with a pentenyl chain (A2). 

Then both the acceptors will be biotinylated at the pentenyl portion of the acceptors. 

Wild type M. smegmatis and C. glutamicum strains will be grown in minimal 

media until early exponential phase and then 14C acetate will be added, to incorporate 

label into mycolic acids of both strains. Cells will be washed and sonicated. The 

crude extract will serve as the source of enzyme (for transfer of mycolic acids on to 

synthetic acceptors) and donor of radiolabeled mycolic acids. Both the acceptors will 

be incubated for different time points (for e.g. 0 and 1 hr) along with the crude 

extracts derived from both strains. 

After the incubation, the reaction mixture will be passed on a streptavidin column, 

so that only the biotinylated products will be bound to the column. Later, the 

streptavidin column-bound products will be eluted. In this manner, other non specific 

compounds and the unspent reagents will be separated from the products. 

Radiolabeled material should be seen in the eluted products in reactions which 

were incubated for 1 hr, but not in the reactions incubated for 0 hr (negative control) 

in both the strains. We should see activity with both the acceptors with C. glutamicum 

strain, since the penultimate a(l —>2)Ara/residue can also be mycolylated even in the 

absence of PAra/residue, as observed in case of AftB mutant in C. glutamicum (9). 
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With respect to M. smegmatis strain, we should see activity with only A2 acceptor. 

The eluted products will be subjected to GC-MS analysis by using the protocol 

published by Puech et al.(7). This experiment will indirectly prove if the terminal 

P Ara/residue is needed for mycolylation in M. smegmatis. 

• In an alternative approach we could adopt an assay described by Sanki et al. where 

they showed that antigen 85C (enzyme for mycolylation) could transfer acyl chains 

from synthetic acyl donors on to the fragments of arabinan (8). Several synthetic 

arabinose acceptors were tested in the in vitro assay. When P-D-Ara/-(l-»2)-methyl -

a-D-Ara/(arabinose acceptor 9) was used as an acceptor, /?-nitrophenyl-6-0-

octanonyl-P-D-Glc/? used as a donor of acyl chain in the in vitro assay; octanonyl 

chains were transferred from/?-nitrophenyl-6-0-octanonyl-p-D-Glc/? onto both Ara/ 

residues of the acceptor at 5th position mimicking mycolylation of the sugars in AG in 

the presence of antigen 85C enzyme. However it was not clear if this acyl transferase 

activity occurs simultaneously on both the sugars or sequentially i.e. first on the P-D-

Ara/and then oc-D-Ara/or first on oc-D-Ara/and then p-D-Ara/. So to find out this 

arabinose acceptor 9 can be modified by blocking C5 of P-D-Ara/with a methyl 

group. Then this modified acceptor can used in the assay (8) with antigen 85C 

enzyme from both M. tuberculosis and C. glutamicum wild type strains. We should 

not see any acyl transferase activity with M. tuberculosis antigen 85C if the terminal 

PAra/ residue is needed for mycolylation. 

• To check if Rv3805c is involved in the addition of P(l—»2) Ara/residues at the non-

reducing ends of lipoarabinomannan, an in vitro arabinosyltransferase assay will be 

developed. This includes an acceptor {[a-D-Ara/(l-»5)]6-(l->5)-a-D-Ara/[-a-D-
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Ara/-(l->3)]a-D-Ara/-(l-»5)- a -D-Ara/-(l->5)- a -D-Ara/with a pentenyl/octyl 

chain (resembles LAM non-reducing end)}, p[14C]Rpp as donor for arabinose and 

cell free membrane and particulate fractions prepared from Rv3805c overexpressing 

and vector control strains of M. smegmatis. The arabinosyltransferase activity of 

Rv3805c overexpressing strain will be compared with the vector control strain. 
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