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Abstract 

 

 

Mycobacterium tuberculosis (Mtb) remains one of the deadliest pathogens 

worldwide, despite being a preventable disease. Tuberculosis (TB) is treated with a 

combination of four first-line antitubercular drugs: rifampicin (RIF), isoniazid, 

pyrazinamide, and ethambutol, in drug-susceptible cases. Among these, RIF is one of 

the most potent agents for controlling the disease. However, resistance to RIF results 

in the emergence of rifampicin-resistant (RR-TB) or multidrug-resistant tuberculosis 

(MDR-TB) cases. The primary mechanism of resistance involves mutations in the rpoB 

gene, which accounts for approximately 95% of cases. Nevertheless, other molecular 

mechanisms and conditions that could contribute to the spread of RR-TB and MDR-

TB are still being identified. 

This doctoral research first focuses on a retrospective analysis of whole-genome 

sequences from clinical isolates of TB patients. Through bioinformatic analysis, 

heteroresistant populations to RIF were detected and experimentally confirmed in a 

pilot study by reactivating primary culture. Key assays such as the agar proportion 

method (APM), test endpoint minimum inhibitory concentration (TEMA MIC), and 

microscopic-observation drug-susceptibility (MODS) indirect assay were employed 

for strain characterization. Additionally, for each primary culture, colonies grown in 

the absence and presence of RIF were isolated, followed by MIC determination and 



 

 

rpoB gene sequencing. This approach confirmed that sequencing could successfully 

identify specific heteroresistant populations, underscoring the critical role of accurate 

diagnosis in ensuring effective treatment.  

In the second part of the thesis, an in silico and in vitro study was conducted on 

the wild-type and mutant forms of the PonA1 protein, hypothesized to be involved in 

RIF resistance mechanisms. Recombinant wild-type and mutant proteins were cloned, 

expressed in E. coli Rosetta, and biophysically characterized. The affinity between 

PonA1 and RIF was evaluated using saturation transfer difference by Nuclear Magnetic 

Resonance spectroscopy (STD-NMR). 

Moreover, a knockout of the MMAR_0069 gene, the ponA1 homolog, in M. 

marinum (Mmar), was generated using Oligo-mediated recombineering followed by 

BxB1 integrase targeting (ORBIT), with modifications in the payload plasmid. 

Complementation assays were performed by introducing the wild-type and mutant 

forms of Mtb ponA1 into the Knock-out (KO) strains. MIC determination, 

morphological changes (cell length, width, and cell envelope thickness), and cell 

viability upon RIF exposure were evaluated in these complemented strains. 

Lastly, this thesis presents a collaborative project undertaken during my stay at 

the Centre de Biochimie Structurale, where a bioinformatic tool called SecretoMyc was 

developed. This tool facilitates the prediction of secreted proteins in Mtb and provides 

homologous protein information for M. bovis, M. smegmatis, M. marinum, M. 

abscessus, and M. avium across three secretion systems: SEC, TAT, and T7SS. 



 

 

In conclusion, this thesis contributes novel genetic manipulation techniques for 

mycobacteria and provides tools for the study and control of TB. 

Key words: Tuberculosis, heteroresistance, ponA1, penicillin binding protein, 

rifampicin, ORBIT, genetic manipulation, secretome. 

 

 

  



 

 

 

 

Résumé 

 

Mycobacterium tuberculosis (Mtb) reste l'un des agents pathogènes les plus 

meurtriers au monde, malgré le fait qu'il s'agisse d'une maladie évitable. La tuberculose 

(TB) est traitée avec une combinaison de quatre médicaments antituberculeux de 

première ligne : la rifampicine (RIF), l'isoniazide, la pyrazinamide et l'éthambutol, dans 

les souches sensibles aux médicaments. Parmi ces médicaments, la RIF est l'un des 

agents les plus puissants pour contrôler la maladie. Cependant, la résistance à la RIF 

entraîne l'émergence de cas de tuberculose résistante à la rifampicine (RR-TB) ou 

multirésistante (MDR-TB). Le principal mécanisme de résistance implique des 

mutations dans le gène rpoB, responsable d'environ 95 % des cas. Néanmoins, d'autres 

mécanismes moléculaires et conditions pouvant contribuer à la propagation des 

populations RR-TB et MDR-TB sont encore en cours d'identification. 

Cette recherche doctorale se concentre d'abord sur une analyse rétrospective des 

séquences génomiques complètes d'isolats cliniques de patients atteints de TB. Grâce 

à une analyse bio-informatique, des populations hétérorésistantes à la RIF ont été 

détectées et confirmées expérimentalement dans une étude pilote par réactivation des 

cultures primaires. Des tests clés tels que la méthode de proportion sur gélose, le test 

de concentration minimale inhibitrice (CMI) et le test indirect de sensibilité aux 

médicaments par observation microscopique ont été utilisés pour la caractérisation des 



 

 

souches. En outre, pour chaque culture primaire, des colonies ont été isolées sur des 

milieux avec et sans RIF, suivies par la détermination de la CMI et le séquençage du 

gène rpoB. Cette approche a confirmé que le séquençage pouvait identifier avec succès 

des populations hétérorésistantes spécifiques, soulignant l'importance d'un diagnostic 

précis pour garantir un traitement efficace. 

Dans la deuxième partie de la thèse, une étude in silico et in vitro a été réalisée 

sur les formes sauvage et mutante de la protéine PonA1, a protéine de liaison à la 

pénicilline que dont on suppose qu’elle est impliquée dans les mécanismes de 

résistance à la RIF. Les protéines recombinantes sauvage et mutantes ont été clonées, 

exprimées dans E. coli Rosetta, puis caractérisées biophysiquement. L'affinité entre 

PonA1 et la RIF a été évaluée à l'aide de la différence de transfert de saturation par 

spectroscopie de résonance magnétique nucléaire (STD-NMR, pour son acronyme en 

anglais). 

De plus, un knockout du gène MMAR_0069, homologue de ponA1, chez 

Mycobacterium marinum (Mmar), a été réalisé à l'aide de la recombinaison médiée par 

oligos suivie du ciblage par intégrase BxB1 (ORBIT, pour son acronyme en anglais), 

avec des modifications dans le plasmide de charge utile. Des essais de 

complémentation ont été réalisés en introduisant les formes sauvage et mutante de 

ponA1 de Mtb dans les souches KO. La détermination de la CMI, les changements 

morphologiques (longueur, largeur cellulaire et épaisseur de l'enveloppe cellulaire) et 

la viabilité cellulaire après exposition à la RIF ont été évalués dans ces souches 

complémentées. 



 

 

Enfin, cette thèse présente un projet collaboratif réalisé lors de mon séjour au 

Centre de Biochimie Structurale, où un outil bio-informatique appelé SecretoMyc a été 

développé. Cet outil facilite la prédiction des protéines sécrétées chez Mtb et fournit 

des informations sur les protéines homologues chez M. bovis, M. smegmatis, Mmar, 

M. abscessus et M. avium dans trois systèmes de sécrétion : SEC, TAT et T7SS. 

En conclusion, cette thèse apporte des techniques novatrices de manipulation 

génétique des mycobactéries et fournit des outils pour l'étude et le contrôle de la 

tuberculose. 

Mots-clés : Tuberculose, hétéroresistance, ponA1, protéine de liaison à la pénicilline, 

rifampicine, ORBIT, manipulation génétique, sécrétome. 

 

 

  



 

 

 

 

Resumen 

 

 

Mycobacterium tuberculosis (Mtb) sigue siendo uno de los patógenos más 

mortales a nivel mundial, a pesar de ser una enfermedad prevenible. La tuberculosis 

(TB) se trata con una combinación de cuatro medicamentos antituberculosos de 

primera línea: rifampicina (RIF), isoniacida, pirazinamida y etambutol, para cepas 

sensibles a los medicamentos. Entre estos, la RIF es uno de los agentes más potentes 

para controlar la enfermedad. Sin embargo, la resistencia a la RIF conlleva la aparición 

de casos de TB resistente a la RIF (RR-TB) o multidrogo resistente (MDR-TB). El 

mecanismo principal de resistencia implica mutaciones en el gen rpoB, que es 

responsable de aproximadamente el 95% de los casos. No obstante, todavía se están 

identificando otros mecanismos moleculares y condiciones que podrían contribuir a la 

propagación de las poblaciones RR-TB y MDR-TB. 

Esta investigación doctoral se centra inicialmente en un análisis retrospectivo de 

secuencias genómicas completas de aislados clínicos de pacientes con TB. A través del 

análisis bioinformático, se detectaron poblaciones heterorresistentes a la RIF y se 

confirmaron experimentalmente en un estudio piloto mediante la reactivación de los 

cultivos primarios. Se utilizaron ensayos clave como el método de proporciones en 

agar, el ensayo de punto final para la determinación de la concentración mínima 

inhibitoria (CMI) y el ensayo indirecto de susceptibilidad a los medicamentos por 

observación microscópica para la caracterización de las cepas. Además, por cada 



 

 

cultivo primario, se aislaron colonias crecidas en ausencia y presencia de RIF, seguidas 

de la determinación del CMI y el secuenciamiento del gen rpoB. Este enfoque confirmó 

que el secuenciamiento podía identificar con éxito poblaciones heterorresistentes 

específicas, destacando el papel crucial de un diagnóstico preciso para garantizar un 

tratamiento eficaz. 

En la segunda parte de la tesis, se realizó un estudio in silico e in vitro sobre las 

formas nativa y mutante de la proteína PonA1, una proteína de unión a penicilina que 

se hipotetiza por estar involucrada en los mecanismos de resistencia a la RIF. Las 

proteínas recombinantes nativa y mutantes se clonaron, expresaron en E. coli Rosetta 

y se caracterizaron biofísicamente. La afinidad entre PonA1 y la RIF se evaluó 

utilizando espectroscopía de resonancia magnética nuclear por diferencia de 

transferencia de saturación (STD-NMR). 

Además, se generó un knockout del gen MMAR_0069, homólogo de ponA1 en 

Mmar, mediante recombinación mediada por oligos seguida del direccionamiento de 

la integrasa BxB1 (por sus siglas en inglés ORBIT), con modificaciones en el plásmido 

de carga. Se realizaron ensayos de complementación introduciendo las formas nativa y 

mutante de ponA1 de Mtb en las cepas KO. En estas cepas complementadas se 

evaluaron la determinación de la CMI, los cambios morfológicos (longitud celular, 

ancho y grosor de la envoltura celular) y la viabilidad celular tras la exposición a la 

RIF. 



 

 

Finalmente, esta tesis presenta un proyecto colaborativo realizado durante mi 

estancia en el Centre de Biochimie Structurale, donde se desarrolló una herramienta 

bioinformática llamada SecretoMyc. Esta herramienta facilita la predicción de 

proteínas secretadas en Mtb y proporciona información sobre proteínas homólogas en 

M. bovis, M. smegmatis, Mmar, M. abscessus y M. avium en tres sistemas de secreción: 

SEC, TAT y T7SS.  

En conclusión, esta tesis aporta nuevas técnicas de manipulación genética para 

micobacterias y ofrece herramientas para el estudio y control de la TB. 

Palabras clave: Tuberculosis, heterorresistencia, ponA1, proteína de unión a penicilina, 

rifampicina, ORBIT, manipulación genética, secretoma. 

  



 

 

  



 

 

Simplified thesis summary for the general public 

 

This doctoral thesis examines key aspects of Mycobacterium tuberculosis and its 

resistance to rifampicin (RIF), a critical first-line antibiotic against TB. Analysis of 

2,916 whole-genome sequences from Peru revealed that 0.79% of cases were RIF-

heteroresistant, harboring both drug-susceptible and drug-resistant cells. Failure to 

detect these populations can undermine treatment and spread drug-resistant TB. 

The research also explores the PonA1 protein’s role in RIF resistance 

mechanisms using Mycobacterium marinum as a model. PonA1 was found non-

essential in both organisms, and gene complementation assays showed specific PonA1 

mutations could contribute to antibiotic tolerance during the stationary phase. 

Finally, the thesis presents SecretoMyc, a bioinformatic tool predicting secreted 

proteins in Mtb and related species, offering the potential for identifying novel 

therapeutic targets in future TB drug development. 

 

 

 

 

  



 

 

Résumé de thèse vulgarisé pour le grand public  

 

 

Cette thèse doctorale examine les aspects clés de Mycobacterium tuberculosis et de sa 

résistance à la rifampicine (RIF), un antibiotique de première ligne crucial contre la 

tuberculose (TB). L'analyse de 2 916 séquences de génomes complets provenant du 

Pérou a révélé que 0,79 % des cas présentaient une hétérorésistance à la RIF, abritant 

à la fois des bacteries sensibles et résistantes aux médicaments. L'incapacité à détecter 

ces populations peut compromettre les traitements et favoriser la propagation de la 

tuberculose résistante aux médicaments. 

La recherche explore également le rôle de la protéine PonA1 dans les mécanismes de 

résistance à la RIF, en utilisant Mycobacterium marinum comme organisme modèle. Il 

a été démontré que PonA1 n'est pas essentielle dans les deux organismes, et les tests 

de complémentation génique ont montré que certaines mutations de PonA1 pourraient 

contribuer à la tolérance aux antibiotiques pendant la phase stationnaire. 

Enfin, la thèse présente SecretoMyc, un outil bioinformatique qui prédit les protéines 

sécrétées chez Mtb et les espèces apparentées, offrant un potentiel prometteur pour 

identifier de nouvelles cibles thérapeutiques dans le cadre du développement futur de 

médicaments contre la tuberculose. 

  



 

 

Resumen de tesis simplificado para el público en general 

 

Esta tesis doctoral examina aspectos clave de Mycobacterium tuberculosis y su 

resistencia a la rifampicina (RIF), un antibiótico de primera línea crucial contra la 

tuberculosis (TB). El análisis de 2,916 secuencias de genomas completos de Perú 

reveló que el 0.79% de los casos eran RIF-heterorresistentes, albergando tanto células 

susceptibles como resistentes a los medicamentos. La falta de detección de estas 

poblaciones puede comprometer el tratamiento y favorecer la propagación de la TB 

resistente a los medicamentos. 

La investigación también explora el papel de la proteína PonA1 en los mecanismos de 

resistencia a la RIF, utilizando Mycobacterium marinum como organismo modelo. Se 

encontró que PonA1 no es esencial en ambos organismos, y los ensayos de 

complementación genética mostraron que ciertas mutaciones en PonA1 podrían 

contribuir a la tolerancia a los antibióticos durante la fase estacionaria. 

Finalmente, la tesis presenta SecretoMyc, una herramienta bioinformática que predice 

proteínas secretadas en Mtb y especies relacionadas, con un gran potencial para 

identificar nuevos objetivos terapéuticos en el desarrollo futuro de medicamentos 

contra la TB. 
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I.1. Tuberculosis overview: Tuberculosis and rifampicin resistance 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is easily 

transmitted through the air when individuals with active TB cough, sneeze, or spit. 

Despite being preventable and curable, TB remains a major global health issue. In 

2022, approximately 10.6 million people contracted TB, leading to 1.3 million deaths. 

TB primarily affects vulnerable populations in low- and middle-income countries, with 

the highest incidence in the South-East Asian Region (46%), followed by the African 

Region (23%) and the Western Pacific (18%). Over 80% of TB cases and deaths occur 

in these regions (WHO, 2023b) 

The drug susceptibility profile of Mtb allows its classification as either drug-

susceptible, multidrug-resistant or rifampicin-resistant (MDR/RR-TB), or extremely 

drug-resistant (XDR-TB). Treatment for drug-susceptible strains typically involves a 

combination of first-line antibiotics—isoniazid (INH), rifampicin (RIF), pyrazinamide 

(PZA), ethambutol (EMB), and streptomycin (STM)—administered over a period of 6 

to 9 months. However, inappropriate use of these first-line drugs, due to factors such 

as incorrect prescription practices, substandard drug quality, or patient non-adherence 

to treatment protocols, can drive the emergence of drug-resistant strains (WHO, 2020b, 

2023b) MDR-TB develops as a consequence of resistance to INH and RIF, the most 

potent first-line therapies, while  RR-TB is often associated with resistance to other 

anti-TB drugs, further complicating treatment and contributing to MDR-TB. XDR-TB 

arises when mycobacteria, already classified as MDR-TB, acquire additional resistance 
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to second-line drugs, significantly constraining available treatment options (WHO, 

2023a). 

TB control faces global challenges such as early case detection, effective 

treatment of both drug-susceptible and drug-resistant TB, prevention of drug-resistant 

strains, and managing risk factors like HIV infection, diabetes, and smoking (WHO, 

2023b). 

In Peru, the estimated incidence of TB cases for 2022 was 52,000, equating to 

151 cases per 100,000 population, with MDR/RR-TB at 8.3 cases per 100,000. New 

MDR/RR-TB cases accounted for 4.9% of incidences, and 9.5% for previously treated 

cases. The treatment success rate for MDR/RR-TB, which involves second-line drugs, 

is 65% (WHO, 2020a, 2023b). These treatments last 9 to 20 months and are more 

expensive and toxic (Malenfant & Brewer, 2021). 

I.1.1 Mycobacterium tuberculosis 

Mtb is a small, rod-shaped, strictly aerobic, acid-fast bacillus, It is a slow-

growing bacterium with a doubling time of approximately 16 hours (M. Zhu & Dai, 

2018). This bacterium is metabolically flexible, having adapted to survive and persist 

in the human population due to its extraordinary stealth and adaptability throughout 

infection, making it a formidable and challenging pathogen to control  (Cook et al., 

2009).  

Mtb is part of the Mycobacterium tuberculosis complex (MTBC), which includes 

several closely related species: M. africanum, M. bovis, M. canettii, M. caprae, M. 
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microti, M. mungi, M. orygis, M. pinnipedii, and M. suricattae (Bespiatykh et al., 

2021). It is believed that mycobacteria evolved from a common ancestor of fast-

growing mycobacteria, with genetic changes leading to speciation and variations in 

pathogenicity (Bachmann et al., 2020). This genus shows no evidence of horizontal 

gene transfer (Bespiatykh et al., 2021). 

The genome size of Mtb H37Rv is 4.41million base pairs (Mbp) (Cole et al., 

1998) and its genome comprises approximately 4,000 genes with a guanine and 

cytosine content of 65% (Bishai, 1998). The genome sizes of MTBC members are 

relatively similar: M. africanum has 4.4 Mbp  (Bentley et al., 2012), M. bovis ranges 

from 4.34 to 4.37 Mbp (Garnier et al., 2003), M. canettii varies between 4.42 and 4.52 

Mbp  (Supply et al., 2013), M. caprae and M. microti both have a genome size of 4.4 

Mbp (Orgeur et al., 2021; Romano et al., 2022). In non-tuberculosis mycobacteria, 

genome sizes are larger than in the MTBC. For example, M. smegmatis has 6.98 Mbp 

(Cook et al., 2009) and M. marinum (Mmar) ranges from 6.4 to 6.6 Mbp (Stinear et al., 

2008; Yoshida et al., 2018). These species have retained genes enabling survival in 

various environmental conditions or preserving genes with functional redundancy. 

Despite their differences from MTBC, they are still valuable as model organisms for 

studying Mtb, albeit with certain limitations and technical advantages (Figure I.1) 

(Cook et al., 2009; Tobin & Ramakrishnan, 2008). 
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Figure I.1. The phylogenetic tree of Mycobacterium species. Based on the 

nucleotide alignment of 304 single-copy genes, it categorizes five distinct sub-genera 

and illustrates both slow and fast-growing species. Adapted from Bachmann et al. 

(2020). A black arrow indicates the position of M. tuberculosis, M. marinum, and M. 

smegmatis in the phylogenetic tree. 

 

I.1.2 Tuberculosis infection 

The infection process of TB involves a complex interaction between the human 

host and Mtb. TB primarily spreads through inhalation of respiratory droplets 

containing Mtb, released when an infected person with active TB coughs, sneezes, 

speaks, or sings (Figure I.2-a). Those in close contact with the infected individual are 

at the highest risk of exposure. Donald et al., (2018) reported the TB infectious dose to 

be as low as 1-2 bacilli in small droplets, underscoring Mtb's effectiveness. Once 

inhaled, the bacteria reach the alveoli of the lungs, where alveolar macrophages attempt 
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to engulf and destroy them. However, Mtb has evolved mechanisms to evade 

destruction and can survive within these macrophages (Chandra et al., 2022). If the 

immune response cannot completely clear the infection, the immune system recruits 

additional cells like dendritic cells, T cells, monocytes, and neutrophils to the infection 

site (Figure I.2- b) (Sia & Rengarajan, 2019). Infected macrophages present Mtb 

antigens, triggering a response that activates T and B lymphocytes. This phase may be 

asymptomatic or present mild symptoms (Sia & Rengarajan, 2019). 

The formation of granulomas, primarily organized by macrophages, T-

lymphocytes, and multinucleated giant cells, helps contain the infection and prevent 

bacterial spread  (Chandra et al., 2022). Depending on the immunological status, the 

immune response may control but not completely eliminate the bacteria, leading to 

latent TB infection. Mtb persistence is linked to its survival in granulomatous lung 

lesions, creating microenvironments with conditions like hypoxia, acidic pH, and the 

presence of nitric oxide and carbon monoxide. These conditions are associated with the 

expression of dormancy genes and a basal metabolism (Barry et al., 2009). The dormant 

bacillus can remain in the granuloma for the host's lifetime, capable of reactivating 

under immunosuppressive conditions (Figure I.2-d; Ahmad, 2011; Chandra et al., 

2022). 

Nkatha Micheni et al., (2022) described a key aspect of TB infection, 

demonstrating that patients can be infected with multiple Mtb strains simultaneously, 

either as mixed infections or clonal diversity, accounting for about 6.4% of cases. The 

outcome of TB infection can vary depending on the involved Mtb strains. 
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Figure I.2. Stages of M. tuberculosis infection. a. Exposure and entry of the bacillus. 

b. Innate-adaptive immune response. c. Control of latent infection. d. Granuloma 

formation and mycobacterial escape. Adapted from Chandra et al. (2022).  

I.1.3 Types of tuberculosis drug-resistance 

Drug-resistant TB presents a critical global health challenge, characterized by 

Mtb strains that exhibit resistance to standard anti-TB drugs. The WHO classifies drug-

resistant TB in several distinct categories based on the patterns of resistance, each with 
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important implications for treatment strategies. The classification of TB includes the 

following categories (WHO, 2023b): 

I.1.3.1.    Drug-Susceptible tuberculosis 

This involves TB bacteria susceptible to primary first-line anti-TB drugs: INH, 

RIF, PZA, and EMB. This form of TB is the most common and the least complicated 

to treat, provided that the patient follows the prescribed treatment regimen correctly.  

These drugs are typically administered over a 6-month regimen, divided in two phases: 

one intensive phase where a combination of all four drugs is given to rapidly reduce 

the bacterial load and minimize the risk of developing drug resistance. and a second 

phase where the INH and RIF are continued to eliminate any remaining bacteria and 

prevent relapse. 

I.1.3.2.    Mono-resistant tuberculosis 

Mono-resistance refers to the resistance of Mtb to a single first-line anti-TB drug, 

while remaining susceptible to the others. Mono-resistant strains may still respond to 

alternative first-line agents, making early detection and appropriate treatment 

adjustments essential. The most frequent case of mono-resistance is related to INH.  

I.1.3.3.    Multidrug-Resistant tuberculosis 

MDR-TB is a form of TB caused by Mtb strains resistant to at least INH and RIF, 

the two most potent first-line anti-TB drugs. Despite this resistance, MDR-TB strains 

may remain susceptible to other medications. Treatment for MDR-TB is significantly 
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more complex than for drug-susceptible TB, typically requiring second-line drugs such 

as fluoroquinolones (e.g., levofloxacin, moxifloxacin, or ofloxacin) and injectable 

agents like amikacin, kanamycin, or capreomycin. The treatment duration ranges from 

18-24 months, requiring close monitoring due to potential adverse effects. Recently, a 

change in the therapeutic scheme has been proposed, which includes a purely oral 

scheme for 6 months, this treatment includes bedaquiline, pretomanid, linezolid and 

moxifloxacin (WHO, 2020b) and it depend of the drug-resistant profile of each Mtb 

strain. 

I.1.3.4.    Pre-Extensively Drug-Resistant tuberculosis (Pre-XDR-TB) 

Pre-XDR-TB refers to disease caused by Mtb strains resistant to INH, RIF, and 

either a fluoroquinolone or an injectable second-line drug. Treatment is similar to 

XDR-TB and may offer a slightly better prognosis. It is crucial to base the treatment of 

drug-resistant TB (MDR-TB, XDR-TB, and Pre-XDR-TB) on drug susceptibility 

testing, patient history, and regional drug availability. These treatments are complex, 

requiring careful management and close patient monitoring to ensure success and 

minimize further complete drug resistance. 

I.1.3.5.    Extensively Drug-Resistant tuberculosis (XDR-TB) 

XDR-TB represents a more advanced and severe form of drug-resistant TB, 

caused by Mtb strains resistant to INH, RIF, at least one fluoroquinolone, and one 

injectable second-line drug. Treating XDR-TB is particularly challenging, often 

requiring the use of novel or less accessible drugs, with treatment durations typically 
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longer than those for MDR-TB. This leads to increased treatment costs and a 

significantly higher risk of treatment failure or relapse. 

I.1.4.    Rifampicin and mycobacteria 

I.1.4.1.    Rifampicin and mechanism of action 

RIF is a semi-synthetic drug 3-(4-metil-1- piperazinil-iminometil) rifamicina SV, 

with the chemical formula is C43H58N4O12 and a molecular weight of 822.9402 g/mol 

(Figure I.3), is highly liposoluble. It is derived from rifamycins, naturally produced by 

Amycolatopsis mediterranei (Lechevalier et al., 1986). Since its discovery in 1957, RIF 

has been a primary drug in the first-line treatment of TB (Sensi, 1983). 

 
Figure I.3. Structure of rifampicin. Pubchem CID 135398735. 

 

RIF is effective against a variety of bacteria, including Gram-positive bacteria 

such as Staphylococcus aureus and Staphylococcus epidermidis, mycobacteria like 

Mtb, M. bovis, M. leprae, M. kansasii and Mmar and certain Gram-negative bacteria, 
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including Brucella sp., Neisseria gonorrhoeae, N. meningitidis, and Legionella 

pneumophila. MICs generally range from 0.002 to 0.5 μg/mL for Gram-positive 

bacteria, 0.005 to 2 μg/mL for mycobacteria, and 1 to 10 μg/mL for Gram-negative 

bacteria (Merrell, 2023).  

In E. coli, the mechanism of action of RIF involves its specific binding to the β-

subunit of the bacterial DNA-dependent RNA polymerase (RpoB), which has an 

approximate molecular weight of 150 kDa. RIF forms a 1:1 enzyme-drug complex with 

a binding constant of 10⁻⁹ M at low concentrations (approximately 0.01 µg/mL, the 

50% effective dose) at 37°C (Wehrli, 1983). RIF can bind to either the free enzyme or 

the binary rpoB-DNA complex; however, the enzyme becomes resistant to inhibition 

once a ternary complex with RNA is formed (Schulz & Zillig, 1981). RIF exerts its 

inhibitory effect by sterically blocking elongation at the 5' end of nascent RNA or by 

reducing RpoB’s affinity for short RNA transcripts (Campbell et al., 2001; McClure & 

Cech, 1978). 

Kinetic studies indicate that the dissociation constant (KD) of the RIF-RpoB 

complex follows first-order kinetics, with a half-life of 12 hours at 0°C, decreasing to 

9 minutes at 37°C (Wehrli, 1983). The association constant (Ka) follows second-order 

kinetics, with a rate of 6 x 10⁴ M⁻¹s⁻¹ at 0°C, increasing to 1.2 x 10⁶ M⁻¹s⁻¹ at 37°C. 

The equilibrium constant (KD/Ka) is estimated at 3.5 x 10⁻¹⁰ M at 0°C and 10⁻⁹ M at 

37°C, explaining RIF’s effectiveness at low concentrations, as a single RIF molecule 

can inactivate RpoB. 
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Approximately 90% of drug resistance in E. coli is attributed to mutations in the 

rifampicin resistance-determining region (RRDR) of the β-subunit. This region is 

divided in three key areas based on amino acid location: region I (507-533), region II 

(563-572), and region III (687) (Goldstein, 2014). 

  
 

Figure I.4.  Interactions between M. tuberculosis RpoB and rifampicin. Crystal 

5UHB - adapted from Lin et al. (2017). 

 

Lin et al., (2017) resolved the crystal structure of Mtb RpoB at a resolution of 

3.8-4.4 Å, revealing interaction sites with RIF that closely resemble those observed in 

previous studies on Thermus aquaticus (Campbell et al., 2001), Thermus thermophilus 

(Artsimovitch et al., 2005), and E. coli (Molodtsov et al., 2013). In the Mtb RpoB-RIF 

interaction, residues H445 and S450 form direct contacts with RIF through hydrogen-

bonded bridges (Figure I.4), while D435 makes contact through van der Waals 

interactions (Lin et al., 2017). RIF inhibits Mtb transcription by sterically blocking the 

elongation of RNA, preventing the extension of 2- to 3-nucleotide products in longer 

RNA chains. 
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I.1.4.2.    Rifampicin resistance determining region in mycobacteria  

In the Mtb genome, a region equivalent to RRDR of E. coli, spanning codons 426 

to 452 (equivalent to 507 to 533 in the E coli), has been aligned (Andre et al., 2017 , 

Figure I.5), This analysis reveals that the majority of mutations occur in region I, 

predominantly at codons 435, Ser450Leu and His445Asp (Ohno et al., 1996; Pang et 

al., 2013a; Taniguchi et al., 1996; Yang, 1998), with one notable mutation in region II 

at Ile491Phe (Siu et al., 2011).  

 
 

Figure I.5. Representation of the RNA polymerase holoenzyme from E. coli and 

the rifampicin resistance-determining region (RRDR). Subunit β is highlighted in 

green, with circles indicating amino acids that directly interact with rifampicin. 

Residues frequently associated with rifampicin resistance in RR-TB isolates are 

marked in red. Amino acids involved in hydrogen bond-mediated interactions are 

shown in blue, those interacting via van der Waals forces are depicted in yellow, and 

residues in gray are not associated with rifampicin resistance but are located near the 

rifampicin binding pocket. Adapted from Koch et al. (2014). 
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Additionally, a mutation at the N-terminal end, corresponding to residue 170 of 

the β-subunit, has also been associated with RIF resistance (Taniguchi et al., 1996). 

Due to Mtb's slow replication and growth process (M. Zhu & Dai, 2018), disrupting 

protein synthesis significantly impacts its ability to maintain infection and replicate. 

Mutations in the RRDR, such as the prevalent Ser450Leu and His445Asp, exhibit high-

level drug resistance and a loss of fitness. Other frequent mutations, summarized in 

Figure I.6 (Shea et al., 2021; Xu et al., 2021) are used for predicting RIF resistance 

from sequencing data (https://tbdr.lshtm.ac.uk/). 

 

 
 

Figure I.6. Mutations in the rpoB gene and the rifampicin resistance-determining 

region in M. tuberculosis, using the E. coli rpoB nomenclature for numbering. 

Mutations with high correlation in RIF resistance are marked in orange. These 

mutations were acquired from the Tuberculosis Drug Resistance Mutation Database. 

Taken from Xu et al. (2021).  

 

 

 

 



15 

 

I.1.4.3.    Other mechanisms involved in mycobacterial rifampicin 

resistance  

RIF-resistant Mtb strains often show some in vitro fitness loss compared to native 

strains. However, strains with frequent mutations in RpoB (S450L) may not exhibit 

performance deficiencies, possibly due to compensatory mutations in the rpoA and 

rpoC genes (Comas et al., 2012). rpoB gene mutations outside of the RRDR have been 

described to confer RIF resistance, Ile491, described in 30% of MDR-TB isolates 

(Sanchez-Padilla et al., 2015). Additionally, other RIF resistance mechanisms, such as 

efflux pumps (Figure I.7), have been identified. These pumps can export RIF from 

cells, reducing intracellular drug concentration and accounting for about 5% of RIF 

resistance (Li et al., 2015; Pang et al., 2013b; Xu et al., 2021). In strains with mono-

resistance to RIF but without rpoB mutations, efflux pumps like Rv0783, Rv2936, and 

Rv0933 were identified at the transcriptional level as contributors to RIF-mono-

resistance (Louw et al., 2009; Pang et al., 2013). Another study showed that RIF 

exposure could induce overexpression of putative efflux pump genes: 

Rv2333, drrB, drrC, Rv0842, bacA, and efpA and they can have a contribution in the 

level of RIF resistance in addition to classical rpoB mutations (Li et al., 2015). 
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Figure I.7. Genes and mechanisms associated with rifampicin resistance. 

Taken  from Xu et al. (2021). 

 

Reprogramming of macrophage metabolism, potentially caused by the RpoB 

polymorphism (H445Y), confers drug resistance, and leads to the overexpression of 

cell wall lipids, such as phthiocerol dimycocerates (PDIMs). This alteration helps 

evade the interleukin-1 receptor signaling pathway and induces interferon β (Gleeson 

et al., 2016; Howard et al., 2018)..  

Sebastian et al. observed that Mtb strains grown in the presence of RIF develop 

a thicker outer coat compared to a control group (Sebastian & Swaminath, 2019), 

suggesting the existence of unknown mechanisms. Moreover, it's proposed that RpoB 

substitutions, specifically H445N and S450L, even in the absence of RIF, can affect 

the proteome and metabolome. These mutations lead to the up-regulation of 

polypeptide synthase (PKS) genes ppsA-ppsE and the drrA operon related to PDIM 

biosynthesis (Bisson et al., 2012). This evidence suggests that mutations in rpoB not 
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only confer RIF resistance but also induce compensatory transcriptional changes 

(Alifano et al., 2015; Bisson et al., 2012). 

Another mechanism contributing to RIF resistance involves heterogeneous 

populations with varied drug resistances, arising from errors in protein translation that 

enable mycobacteria to adapt to changing environments (Meyerovich et al., 2010). For 

instance, in M. smegmatis, different environmental conditions, with or without drug 

exposure, induce rpoB gene expression via distinct promoters. This leads to the 

emergence of phenotypically RIF-resistant bacteria due to translation errors (Zhu et al., 

2018).  

I.2. Identifying heteroresistant tuberculosis infection from whole genome 

analysis of peruvian isolates 

I.2.1.    Mixed infections and heteroresistance  

The management of TB has grown more complex with the emergence of 

drug-resistant strains, highlighting two challenges: mixed infections and 

heteroresistance. Mixed infection in TB means a single patient harbors multiple 

genetically distinct strains of Mtb (Mankiewicz & Liivak, 1975). This can lead 

to heteroresistance, where both drug-susceptible and drug-resistant 

subpopulations coexist in a single clinical sample (Hofmann-Thiel et al., 2008). 

Dickman et al., (2010), observed that patients with mixed infections 

showed similar proportions of Mtb smear-positive cultures after two and five 

months of treatment. Another study, showed about 22.9% of mixed infections 
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experienced treatment failures after 6 months, and 24% exhibited 

heteroresistance, indicating a significant link between treatment failure and 

heteroresistance (Kargarpour Kamakoli et al., 2017). Later, Tarashi et al., 

(2017) noted that mixed infection rates vary by geographic prevalence, ranging 

from 0.4% to 57% in areas of low and high TB dissemination, respectively. A 

2010-2020 systematic review by Nkatha Micheni et al. (2022)in the Sub-

Saharan region, a high TB prevalence area, found mixed infection rates between 

2.8% and 21.1%. To mitigate the global TB burden and limit the spread of drug 

resistance, accurately detecting strains within a mixed infection and identifying 

their specific resistance patterns are crucial. Various molecular typing methods, 

such as IS6110-restriction fragment length polymorphism (IS6110-RFLP), 

spoligotyping, and Mycobacterial Interspersed Repetitive Unit-Variable 

Number Tandem Repeat (MIRU-VNTR) genotyping, have provided insights in 

the presence of multiple Mtb strains in a single infection. However, these 

methods mainly reveal the strain lineages within a sample without pinpointing 

intra-lineage infections.  

In recent years, whole genome sequencing (WGS) has become more 

accessible, providing a comprehensive analysis of a sample's genetic 

composition. It is increasingly used to identify mixed infections, although 

certain limitations are being studied for improvement. Wang et al. (2023) 

analyzed WGS data of main L1-L4 Mtb lineages worldwide, finding that 1% of 

isolates were potential mixed infections, including RR-TB, isoniazid-resistant 

TB (HR-TB), and MDR-TB. Countries with more than 5% mixed infections 
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included Colombia, Malawi, Turkmenistan, Russia, Brazil, Algeria, and India 

(Wang et al., 2023, Figure I.8). These findings underscore the significance of 

understanding mixed infections in TB for both epidemiological research and 

treatment strategies. 

 

 
Figure I.8. Global map of reported heteroresistance proportions. Countries 

lacking data are shaded in light gray. Percentage of isolates with a multiple strain 

infection, ranging from purple (lower values) to yellow (higher values). Taken from 

Wang et al. (2023).  

 

I.2.2.    Heteroresistance 

Heteroresistance refers to the presence of a heterogeneous bacterial 

population where one or several subpopulations exhibit increased levels of 

antibiotic resistance compared to the main population. The presence of resistant 

subpopulations at a proportion of 1% or more is defined as heteroresistance in 

the context of mixed infections (Canetti et al., 1963) or may arise from an 

existing resistant clonal subpopulation (Ng et al., 2019). Heteroresistance is a 
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critical stage that can lead to the development of fully drug-resistant TB, 

representing challenges for treatment outcomes (Abakur et al., 2020). 

Key factors to consider in addressing heteroresistance include clonality, 

level of resistance, and the stability of heteroresistance (Andersson et al., 2019).  

a) In Mtb, polyclonal heteroresistance has been observed in cases of mixed 

infections, which may arise from successive infections with different 

resistance levels (Figure I.9.A).  

b) Some studies recommend establishing the level of resistance to clarify 

ambiguities at the borderline of the minimum inhibitory concentration 

(MIC), with resistance levels quantified as 2X, 4X, 8X, or higher compared 

to the major population. 

c)  Finally, the stability of heteroresistance influenced by exposure to 

antibiotics, concerns whether a strain maintains or loses its resistance 

profile in an antibiotic-free medium (Figure I.9.B). This aspect of 

heteroresistance has been documented in E. coli, K. pneumoniae, and S. 

enterica subsp. enterica serovar Typhimurium (Andersson et al., 2019; 

Manjunath et al., 2021). In Mtb it was registered the “unfixed resistance” 

and precedes full resistance because of increased selection for resistance 

under treatment (Folkvardsen et al., 2013). 
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Figure I.9. Mixed Infections and Heteroresistance. A. Heteroresistance 

arising from mixed tuberculosis infections. Adapted from Andersson et al. 

(2019). B. Stability of heteroresistance can vary: it may be stable (upper), where 

resistance is maintained even in the absence of antibiotics, or unstable (lower), 

where susceptibility is restored once the antibiotic is removed. Adapted from 

Manjunath et al. (2021). 

 

Risk factors for the development of heteroresistance in TB include: 

- Interactions between different Mtb strains within a host can elevate the 

risk for poor treatment outcomes. For instance, a new infection triggering the 

reactivation of a latent infection can lead to mixed-strain infections (Kargarpour 

Kamakoli et al., 2017; Shin et al., 2018).  
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- Microevolution: Heteroresistance can arise when a single drug-

susceptible Mtb strain evolves in a mix of susceptible and resistant organisms 

through microevolution (Sonnenkalb et al., 2021). This evolution within an 

infection can complicate treatment strategies (Shin et al., 2018). 

- High TB burden areas: In regions with high rates of TB infection, such 

as sub-Saharan Africa, mixed infections and drug resistance are more common, 

posing challenges for diagnosis and treatment. Delayed diagnosis of mixed 

infections and heteroresistance in these high-burden areas can increase the risk 

of treatment failure and transmission of resistant strains (Nkatha Micheni et al., 

2022). 

- Socioeconomic status: Lower socioeconomic status can increase the 

risk of repeated exposure to Mtb, leading to mixed-strain infections and poor 

treatment outcomes. This repeated exposure may contribute to the development 

of mixed infections with drug-resistant and drug-susceptible strains  (Shin et al., 

2018). 

- Diagnostic challenges: Detecting heteroresistance can be challenging 

using routine laboratory tests, such as GeneXpert Cepheid tests, which may 

have low sensitivity in detecting mixed infections and resistance patterns 

accurately. This diagnostic challenge can lead to missed detection of resistant 

strains and impact treatment outcomes (Chengalroyen et al., 2022; Nkatha 

Micheni et al., 2022). 
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I.2.3.    Tuberculosis diagnosis and drug susceptibility testing 

TB diagnosis involves detecting Mtb bacteria or their genes in a clinical 

specimen, typically sputum, though other biological exudates can be used. The drug 

susceptibility classification for TB treatment, based on drug susceptibility testing 

(DST), is crucial. DST, a key part of TB management, identifies effective drugs against 

the specific Mtb strain causing the infection. This classification is vital for tailoring 

treatment regimens to each individual, ensuring successful treatment, and preventing 

the development of drug-resistant TB. 

I.2.3.1.    Acid fast bacilli (AFB) (sputum smear) microscopy  

The technique is based on the direct observation of a stained sample under a 

microscope, commonly using the Ziehl-Neelsen stain. A positive result for TB is 

indicated by the presence of acid-fast bacilli. This practical, simple, and rapid method 

can be performed in most health services. It detects patients with high bacilli counts, 

who are likely to spread the infection in the community. AFB is widely used for 

confirming TB, monitoring the evolution of infectious cases, confirming cure in 

successfully treated cases, identifying treatment failures, and monitoring drug-resistant 

TB patients. It is a primary medical procedure for diagnosing TB, typically conducted 

when a patient shows symptoms of the disease (Beltrame S et al., 2014; Sardiñas et al., 

2016). 
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I.2.3.2.    Microbiological culture 

Mtb culture, a laboratory test for diagnosing TB, involves culturing a sample of 

body fluid or tissue on media like Löwenstein-Jensen or 7H10 supplemented with 10% 

OADC (oleic acid, albumin, dextrose, and catalase), and observing for bacterial growth 

for up to 6 weeks. It is the gold standard for sensitivity, specificity, species 

identification, DST, and genotyping. Additionally, it monitors patient response to 

treatment and is widely used for confirming TB, evaluating infectious case progression, 

confirming successful treatment, and identifying treatment failures, as well as 

monitoring patients with drug-resistant TB (Beltrame S et al., 2014; Oxford University 

Hospitals, 2024). A drawback of this method is the extended time required due to the 

slow growth rate of the mycobacterium. 

I.2.3.3.    Microscopic observation drug susceptibility (MODS) 

MODS assay is a rapid, cost-effective method for diagnosing TB and determining 

resistance to INH and RIF. It detects the growth of Mtb through cordon formation with 

a characteristic pattern described by Caviedes et al., (2000),  using an inverted 

microscope. Employed by Peru's National Network of Public Health Laboratories, 

MODS is effective for the rapid detection of TB and MDR-TB (Instituto Nacional de 

Salud [INS], 2011), which could be positive from the seventh or tenth day of culture 

(Caviedes et al., 2000). It is particularly valuable in resource-limited settings for 

diagnosing TB and identifying drug resistance. The assay has been standardized and is 

increasingly recognized as an important tool in the global effort to control TB. 
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I.2.3.4.    Minimal inhibitory concentration (MIC) 

MIC is the lowest concentration of an antibiotic that completely inhibits bacterial 

growth. It guides the selection of optimal antibiotics for treating mycobacterial 

infections, significantly impacting therapeutic strategy and treatment efficacy. MIC 

determination involves preparing a dilution series of antibiotics, adding agar or broth, 

inoculating with mycobacteria, and incubating at a suitable temperature (Kowalska-

Krochmal & Dudek-Wicher, 2021). On solid Middlebrook medium, methods like the 

agar proportion, absolute concentration, and resistance ratio require 21 days of 

incubation at 37°C (Sirgel et al., 2009). Additionally, another important technique, the 

Direct Tetrazolium Microplate Assay (TEMA) is a rapid, cost-effective colorimetric 

method. After 5-15 days of incubation, the growth of Mtb is indicated by a color change 

in the tetrazolium solution, resulting from the formation of formazan as a consequence 

of the of the tetrazolium salts reduction, allowing determination of MICs for each tested 

antibiotic (Berridge et al., 2005; Caviedes et al., 2002; Wan Nor Amilah et al., 2016).  

I.2.3.5.    Molecular methods 

In high TB burden countries, efficient and scalable approaches are essential for 

rapid detection. Molecular techniques offer a viable alternative, delivering results in 

just 2 to 5 hours, compared to the 21 to 30 days required for culture-based methods. 

Depending on the technology, these methods can also identify drug resistance types, 

thus accelerating diagnosis, guiding the most effective therapeutic scheme for the 

patient, and preventing exposure to ineffective toxic drugs (Table I.1) Global 

Tuberculosis Programme [GTB], 2021, MacLean et al., 2020). This methodology has 
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been proposed to replace smear microscopy, especially when bacterial load is low or 

paucibacillary, making detection challenging (GTB, 2022). 

Finally, WGS is another valuable and increasingly affordable molecular tool for 

studying TB. It enables the identification of genetic markers associated with treatment 

outcomes, infection prognosis, and bacterial microevolution (Nurwidya et al., 2018). 

However, in developing countries, the cost of WGS remains a significant barrier, 

highlighting the need to enhance national TB management strategies.



27 

 

Table I.1. WHO-recommended molecular diagnostic tests for tuberculosis and drug susceptibility. 

 
RIF, rifampicin; INH, isoniazid; FLQ, fluoroquinolone, AMK, amikacin, KAN, Kanamycin, CAP, capreomycin, ETH, ethambutol, ETO, 

ethionamide; PZA, pyrazinamide; LVX, levofloxacin LAMP, loop-mediated isothermal amplification; NAAT, nucleic acid amplification test; RT-

PCR, reverse transcriptase PCR; WHO, World Health Organization.  

 

Technology 
Method 
principle 

Resistance 
detected 

Description 
Sensitivity 

(%) 
Specificity 

(%) 
Reference 

Initial TB diagnosis 

FluoroType MTB 
PCR, 

hybridization 
None 

Automated 
NAAT 

92 (MTB 
detection) 

94 (MTB detection) 
Dippenaar et al., 

2021. 

Loopamp MTBC assay 
Loop-mediated 

isothermal 
amplification 

None 
Manual or 
automated 

NAAT 
78 (pooled) 98 (MTB detection) WHO, 2016 

Truenat MTB plus Micro RT-PCR 
MTB 

diagnosis 
Automated 

NAAT 
80 (pooled) 96 (MTB detection) 

GTB, 2021; 
MacLean et al., 

2020; Nurwidya et 
al., 2018. 

Initial TB diagnosis with drug-resistance detection 

Xpert MTB/RIF qPCR RIF 
Automated 

NAAT 

85 (pooled), 
96 (RIF 

resistance) 

99 (MTB detection) 98 
(RIF resistance) 

GTB, 2021, 2022. 

Xpert MTB/RIF ultra 
qPCR/melting 
temperature 

analysis 
RIF 

Automated 
NAAT 

90 (pooled), 
94 (RIF) 

96 (MTB detection), 98 
(RIF) 

GTB, 2021, 2022; 
MacLean et al., 

2020. 

Truenat MTB-RIF Dx Micro RT-PCR RIF 
Automated 

NAAT 
84 (RIF) 97 (RIF) 

GTB, 2021, 2022; 
MacLean et al., 

2020. 

FluoroType MTBDR 
PCR, 

hybridization 

MTB 
diagnosis 

and INH-RIF 
resistance 
detection 

Automated 
NAAT 

90 98 
Dippenaar et al., 

2021. 
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Table I.1. (... continuation). WHO-recommended molecular diagnostic tests for tuberculosis and drug susceptibility. 

 
RIF, rifampicin; INH, isoniazid; FLQ, fluoroquinolone, AMK, amikacin, KAN, Kanamycin, CAP, capreomycin, ETH, ethambutol, ETO, 

ethionamide; PZA, pyrazinamide; LVX, levofloxacin LAMP, loop-mediated isothermal amplification; NAAT, nucleic acid amplification test; RT-

PCR, reverse transcriptase PCR; WHO, World Health Organization. 

Technology Method 
principle 

Resistance 
detected 

Description Sensitivity 
(%) 

Specificity 
(%) 

Reference 

Follow-on diagnostic test for drug -resistance detection 

Second-line probe 
assays (e.g., GenoType 

MTBDRsl) 

PCR, 
hybridization 

Diagnosis of 
FLQ and 

KAN, CAP, 
AMK, ETH 
resistance 

Manual reverse 
hybridization 

assay 

87 (FLQ), 77 
(KAN), 80 
(CAP), 100 
(AMK), 57 

(ETH) 

96 (FLQ), 100 (KAN), 98 
(CAP), 100 (AMK), 92 

(ETH) 

GTB, 2021; 
Nurwidya et al., 

2018. 

Xpert MTB/XDR 
qPCR/melting 
temperature 

analysis 

INH, RIF, 
FQ, AMK, 
KAN, CAP 

Automated 
NAAT 

98.3-98.9 
(RIF), 94.2 
(INH), 93.3 
(FLQ), 98 

(ETO), 86,1 
(AMK) 

22.5-100 (RIF), 98.5 
(INH), 98 (FLQ), 99,7 

(ETO), 98.9 (AMK) 
Pillay et al., 2022. 

GenoTypeMTBDRplus 
PCR, 

hybridization 
RIF, INH, 

ETO 

Manual reverse 
hybridization 

assay 

91 (INH), 96 
(RIF) 

99 (INH), 98 (RIF) 
GTB, 2021, 2022; 
Nurwidya et al., 

2018. 

Genoscholar 
NTM+MDRTB detection 

kit 

PCR, 
hybridization 

RIF-INH 
Manual reverse 

hybridization 
assay 

98.9 (RIF), 
90,6 (INH), 
89,7 (PZA), 

93 (LVX) 

97.3 (RIF), 100 (INH), 
96 (PZA), 100 (LVX) 

Mitarai et al., 2012. 
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I.2.4.    Detection of  mixed infections and heteroresistance 

Currently, the WHO does not mandate the detection of mixed TB 

infections as part of routine TB diagnosis. However, mixed infections can 

complicate TB treatment and impact disease transmission, making their 

detection relevant for comprehensive management, especially in research and 

clinical trials. Below is a brief description of some methods used to detect mixed 

infections and heteroresistance. These techniques have been applied in research 

settings and for generating epidemiological data, contributing to the 

understanding of TB transmission dynamics and resistance development until 

now. 

I.2.4.1.    Agar proportion test 

It is a phenotypic method used for testing the susceptibility of MTBC to 

antimicrobial drugs. This test has been considered the gold standard for drug 

susceptibility testing in the U.S. and Europe. The agar proportion method 

involves inoculating a drug-containing quadrant of an agar plate with a diluted 

inoculum of the test specimen and comparing the growth in this quadrant to a 

drug-free control quadrant. The interpretation of the test is based on the 

proportion of mutant colonies resistant to a drug, with a threshold of greater than 

1% resistance indicating resistance. The agar proportion test typically takes 

about three weeks to determine susceptibility, although resistance may be 

detected earlier (Canetti et al., 1963).  
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I.2.4.2.    Genotyping methods 

Various genotyping methods and molecular approaches require a primary 

culture of mycobacteria to be employed effectively for the detection of mixed 

infections. 

- MIRU-VNTR (Mycobacterial Interspersed Repetitive Units-Variable 

Number Tandem Repeats) is a molecular typing technique that analyzes the 

number and arrangement of genetic elements named MIRU in the Mtb genome. 

Unlike IS6110 RFLP, this technique can obtain fingerprints directly from 

clinical specimens (Mazars et al., 2001). It requires a low DNA concentration 

to perform PCR with specific primers for MIRU-VNTR loci. The resulting 

fragments are analyzed by electrophoresis, and their sizes determined to 

generate fingerprints for each isolate, which are then compared with reference 

strains (Mazars et al., 2001; Scott et al., 2005). Mixed infections are identified 

by the presence of varying MIRU-VNTR patterns at two or more loci in the 

same clinical sample, while clonal heterogeneity refers to variations at a single 

locus (Cohen et al., 2011; Tarashi et al., 2017). 

- Xpert MTB/RIF assay is an automated test that performs DNA 

extraction and real-time PCR to simultaneously detect Mtb and resistance to 

RIF (Cepheid, 2020) in less than two hours. It is recommended for populations 

where the prevalence of RIF resistance exceeds 2% (Vallejo et al., 2015). The 

Xpert assay has a sensitivity of 98% in smear positive samples (Boehme et al., 

2011) for detecting RIF resistance. However, its sensitivity drops to 72.5 %- 

77% in smear negative samples and 80.0% in patients with mixed MTBC 
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infections (Zetola et al., 2014). It detects mutation S450L only in mixtures with 

at least 20-40% resistant bacilli, mutation H445D need to be present in the 

sample around 40-60% and mutation D435V with at least 70-80% mutant bacilli 

(Ng et al., 2018). 

- Xpert MTB/ultra, is the most updated version of Xpert MTB/RIF, 

which is more sensitive in smear-negative TB or paucibacillary cases; as well 

as in HIV patients (Cepheid, 2024; Dorman et al., 2018). It has also been 

reported to be better able to discriminate the presence of mixed infections and 

RIF heteroresistance through “mixed patterns” denotation (Ng et al., 2018). Ng 

et al, reported for mutation S450L a minimum of 20 to 30% resistant bacilli 

needs to be present in the population, 40 to 50% for D435V, 40 to 60% for 

H445D and 60-70% for H445Y.  

- The line probe assay (LPA), utilizes DNA strip technologies for the 

rapid detection of drug-resistant Mtb (GTB), 2022). DNA can be extracted from 

cultures, direct smear-positive, and smear-negative sputum specimens and the 

process involves PCR amplification of target genes, followed by reverse 

hybridization with specific probes on a strip. Mutations are identified by the 

binding of amplicons to probes or by the absence of hybridization to wild-type 

probes, revealing specific patterns post-hybridization (WHO, 2022). In a study 

by Ng et al. (2018), the techniques GenoType MTBDRplus v2.0 and 

Genoscholar NTM+MDR TB II were shown to detect RIF heteroresistance in 

populations containing 1-10% resistant bacilli, with sensitivity varying 

depending on the mutation evaluated. 
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- Deeplex-MycTB, is directly applicable to clinical samples and predicts 

resistance to 15 anti-TB drugs through multiplex PCR and targeted deep 

sequencing. It provides information about sublineages and offers quantitative 

results, enabling the detection of heteroresistance in a range between 1-3% 

(GenoSreen, 2023) and up to 5% as reported by Ng et al. (2018). 

I.2.4.3.    Whole genome sequencing 

WGS has become a crucial tool for detecting mixed infections, offering high 

sensitivity and discriminatory power. This technique enables the simultaneous 

identification of different Mtb strains, providing comprehensive insights in the 

genetic makeup of mixed infections (Sobkowiak et al., 2018). Furthermore, it 

has been reported that WGS's capability can be enhanced by incorporating 

statistical models to accurately determine the sub-lineage and assign drug 

profiles for each strain, significantly improving diagnostic precision and 

treatment strategies (Wang et al., 2023). WGS can be useful to follow 

transmission chains and it was reported as well to distinguish relapses from 

exogenous reinfections, based on the single nucleotide variation (Fernandez Do 

Porto et al., 2021).   
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I.3. PonA1 of M. tuberculosis: In vitro study and genomic integration in 

M. marinum, insights in rifampicin resistance. 

I.3.1.    Mycobacterium cell envelope 

Mtb cell wall has a complex architecture comprising three main components: 

long-chain mycolic acids, highly branched arabinogalactans polysaccharides, and 

cross-linked peptidoglycan (PG). 

In most bacteria, PG consists of repeated disaccharide units of N-acetylmuramic 

acid and N-acetylglucosamine type β-(1,4) bonds. However, in Mtb, muramic acid 

molecules are N-glycolylated and not N-acetylated (Raymond et al., 2005). 

Consequently, Mtb’s PG is constituted by a skeleton of N-acetylglucosamine (GlcNAc) 

and N-glycolylmuramic acid (MurNGlyc). PG in Mtb has side chains of L-alanyl-D-

isoglutaminyl-meso-diaminopimelic-D-alanyl-D-alanyl-D-alanine pentapeptides, 

forming a mesh-like structure. This structure emerges from bonds between meso-

diaminopimelic acid (m-DAP) and D-alanine (4 →3) across adjacent glycan chains, 

catalyzed by D, D -transpeptidases of penicillin-binding proteins (PBPs) during the 

exponential growth phase. Additionally, bonds between m-DAP and m-DAP (3→3) 

are formed by the activity of L,D-transpeptidases throughout all growth (P. Kumar et 

al., 2012; Lavollay et al., 2008). PG formation in Mtb is a complex process involving 

several enzymes, including ligases, flippases, transglycosidases and transpeptidases 

(Figure I.10).  MurA (Rv1315) is an enoylpyruvyl transferase activity that adds 

phosphoenol pyruvate to UDP-GlcNAc to form UDP-eneylpyruvyl-GlcNAc (Kim et 
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al., 1996), MurB (Rv 0482) reduces the product generated by MurA using NADPH to 

form UDP-MurNAc (Benson et al., 1996). NamH (Rv3808) forms UDP-MurNGlyc by 

hydroxylation of UDP-MurNAc, thereby generating two types of UDP-MurNAc/Glyc 

substrate (Raymond et al., 2005). The action of MurC (Rv 2151c) (Mahapatra et al., 

2000), MurD (Rv2155c), MurE (Rv2158c) (Basavannacharya et al., 2010), MurF 

(Rv2157c) ligate L-alanine, D-isoglutamate, m-DAP and D-alanyl-D-alanine, 

respectively, to form the muramyl pentapeptide (Jankute et al., 2015). MurX (Rv2156c) 

catalyzes the transfer of muramyl pentapeptide to decaprenyl phosphate, creating the 

first lipid intermediate (Lipid I) in PG formation (Bouhss et al., 1999). MurG (Rv2153c) 

then binds GlcNAc to Lipid I, forming Lipid II, via a β 1→4 linkage between GlcNAc 

and MurNAc/Glyc (Trunkfield et al., 2010). Lipid II is translocated across the plasma 

membrane by a flippase, possibly MurJ (Rv3910) (Ruiz, 2008) or FtsW (Rv2154c) 

(Mohammadi et al., 2011). 

The bifunctional proteins PonA1 (Rv0050) and PonA2 (Rv3682) transglycosylate 

lipid II monomers by binding GlcNAc and the muramyl group of the growing chain 

(Hett et al., 2010). Likewise, PonA1 and PonA2 proteins have transpeptidase activity, 

forming 4→3 bonds between m-DAP and D-ala (Chang et al., 1990). 
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Figure I.10. Biosynthesis of peptidoglycan in M. tuberculosis  

Taken from Jankute et al. (2015). 

 

 

I.3.2.    Cell wall biosynthesis and M. tuberculosis drug resistance 

mechanisms 

The cell wall in Mtb contributes to RIF resistance by affecting the permeability 

barrier to the antibiotic. Studies indicate that Mtb cells exposed to continuous 

bactericidal concentrations of RIF develop a negatively charged, thickened capsular 

outer layer, which limits antibiotic permeability (Sebastian et al., 2020). Furthermore, 

inhibitors targeting cell wall biosynthesis, such as MmpL3, Pks13, EMB, and even INH 

at concentrations above the MIC, have been shown to enhance RIF accumulation in 

Mtb, underscoring the cell wall's role in the antibiotic's effectiveness (McNeil et al., 

2019). 
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In a genomic study, Farhat et al. (2013) identified 39 genes or intergenic regions 

associated with drug resistance in Mtb, including 11 previously known drug resistance 

genes and 5 new ones involved in cell wall biogenesis or remodeling (Figure I.11). The 

genes ppsA, pks12 and pks3 are related to the biosynthesis and translocation of PDIM, 

while murD and ponA1 are associated with PG biosynthesis and homeostasis. 

 
 

Figure I.11. PonA1 as a candidate gene under selection for antibiotic resistance 

in M.tuberculosis. Previously identified drug resistance genes are highlighted in red, 

while four independent mutation targets are displayed in black. Taken from Farhat et 

al. (2013). 

 

I.3.3.    Penicillin binding protein, structure and function 

PBPs are membrane-associated proteins crucial in PG biosynthesis, the main 

component of bacterial cell wall. Functionally, they are categorized in three classes 

based on their molecular weight, Class I, II and III (Sauvage et al., 2008). Class I, the 

High Molecular Weight PBPs, includes Class A PBPs, which are bifunctional for 

transglycosylation and transpeptidation, and Class B PBPs with only transpeptidation 
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functions (Shaku et al., 2020). Class II and III, includes low molecular weight PBPs 

related with transpeptidation, carboxypeptidation and endopeptidation involved in the 

biosynthesis of PG to ensure the proper formation and maintenance of the bacterial cell 

wall (Shaku et al., 2020).  

The diversity of PBPs is linked to various processes in cell wall formation and 

composition. It's important to note the differences in cell wall composition between 

Gram-positive and Gram-negative bacteria, particularly in the amount of PG. For 

instance, Gram-negative bacteria like E. coli have a thin PG layer covering the outer 

membrane, while Gram-positive bacteria possess a much thicker or multilayered PG 

layer (Figure I.12; Shaku et al., 2020). 

E. coli has three Class A PBPs (PBP1a, PBP1b and PBP1c) and two class B PBPs 

(PBP2 and PB3/FtsI), among other 36 enzymes involved in PG synthesis ((Shaku et 

al., 2020). The adaptation of E. coli to different environmental conditions, including 

pH changes, is partly due to PBPs activity, with PBP1a and PBP1b maintaining 

viability under alkaline or acidic conditions, respectively (Mueller et al., 2019).  

 

Figure I.12. Peptidoglycan disposition in the cell wall of Gram-positives and 

Gram-negatives bacterias. Taken from Shaku et al. (2020). 



38 

 

The cell wall structure of mycobacteria is comparable to that of Gram-positive 

bacteria. Mtb has two PBP functional proteins, PonA1 and PonA2. Although they have 

similar functions, they are not redundant (Kieser, Baranowski, et al., 2015). PonA1 is 

involved in PG synthesis at the poles and septum. While Mtb with a deleted (∆) ponA1 

can grow in culture, its replication is less robust during infection  (Kieser, Boutte, et 

al., 2015). In contrast, M. smegmatis, has three bifunctional PBPs: PonA1, PonA2 and 

PonA3 (Patru & Pavelka, 2010). It is shown that ponA1 is essential in M. smegmatis, 

and ∆ponA1 affects cell proliferation and shape (Kieser, Boutte, et al., 2015). 

I.3.4.    PonA1 and rifampicin resistance 

In vitro assays showed the deletion in the ponA1 gene led to higher survival rates 

in the presence of RIF. Mutations in this gene, specifically G1095T (non-synonymous 

change Q365H) conferred a 4 to 6-fold survival advantage in the presence of the drug 

(Figure I.13). This mutation, situated near the catalytic site of the transpeptidase 

domain, suggests that the single nucleotide polymorphism (SNP) might inactivate 

PonA1’s enzymatic activity (Farhat et al., 2013). 

. 

 

Figure I.13. Survival of M. tuberculosis PonA1 mutant at various rifampicin 

concentrations. Taken from Farhat et al. (2013). 



39 

 

In a study performed by Rabanal (2020), 914 genomes were analyzed and their 

drug resistance profiles were associated, identifying specific SNPs in the ponA1 gene, 

such as A516T and P631S, as potential contributors to alterations in RIF resistance 

susceptibility. The presence of at least one SNP in ponA1, particularly P631S, appears 

to act as a protective factor against RIF resistance. In contrast, the A516T SNP has 

been linked to an increased risk of RIF resistance, underscoring the complex role of 

ponA1 variants in influencing drug susceptibility. 

Additionally, the P631S mutation is located in a proline-rich region at the C-

terminal end, which has been reported to mediate the interaction between PonA1 and 

RipA (Hett et al., 2010). The effects of this mutation in M. smegmatis have been 

described as altering cell morphology, leading to deregulation in cell size and resulting 

in a more dispersed population (Gao et al., 2019).  

I.3.5.    PonA1 structure 

In Mtb, the ponA1 gene, located at the Rv0050 locus, encodes a Class A PBP 

with a molecular weight of 71 kDa (Sauvage et al., 2008). The PBP domain spans 

residues 420 to 820, and the protein includes a signal peptide at its N-terminal end and 

a transmembrane helix between positions 139 and 159. The transglycosylase (TG) 

domain (EC: 2.4.1.129) is positioned between residues 180 and 360, with its active site 

at position 213, where it functions as a proton donor. Additionally, the DD-

transpeptidase (TP) domain (EC: 3.4.16.4) is located between residues 453 and 743, 

with the active site at position 487 acting as an acyl-ester intermediate (Accession 
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number: YP_177687.1). These structural elements are essential for the protein's role in 

PG synthesis (Figure I.14.A). 

Filippova et al. (2016) resolved the crystal structure of the transpeptidase (TP) 

domain of Mtb, spanning residues 234-818 in the full protein (corresponding to 92-676 

in the crystal structure 5CRF). This domain consists of two distinct subdomains, 

separated by a cleft that houses the active site serine. The first subdomain includes α1 

(428-444), β1 (449-458), β2 (463-468), β1(483-485), β5′ (615-617), β6′ (645-647), α8 

(662-667), β3 (679-687), β4 (692-702), β5 (705-714), and α9 (732-747). The second 

subdomain contains α2 (491-500), α3 (533-539), α4 (541-552), α5 (555-567), α6 (600-

613), α7 (649-661), β2′ (506-510), β3′ (513-515), β4′ (518-520), and a disulfide bridge 

between Cys528 and Cys531 (Figure I.14.B). 

 
 

Figure I.14. PonA1 structure and crystal representation from M. tuberculosis 

H37Rv. A. Schematic representation of PonA1 domains. B. Crystal structure of the TP 

domain resolved by X-ray diffraction at 1.80Å resolution (PDB: 5CXW, Filippova et 

al., 2016). SP= Signal Peptide, TG= Transglycosylase domain, TP= Transpeptidase 

domain, PBP= Penicillin Binding Protein domain. 
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The PBP domain, conserved across different species, comprises two subdomains. 

In the first subdomain, the serine active site is located at the start of the α2 helix, 

followed by a lysine in the SxxK motif (Ser487, Ser488, Phe489, Lys490) located at 

the N-terminal end of α2. Another motif, SxN (Ser540, Leu541, Asn542) is positioned 

in a loop-like region between helices α3 and α4. The third motif, KTG(T/S), involves 

residues Lys681, Thr682 and Gly683 located in the β3-sheet (Filippova et al., 2016; 

Sauvage et al., 2008). This domain can interact with penicillin V (Filippova et al., 2016) 

and has been shown to interact with a RipA, an endopeptidase, in the terminal region 

(561-820 aa), playing a role in PG hydrolysis regulation (Hett et al., 2010).  

I.3.6.    D-D transpeptidase mechanism of action 

The TP domain cross-links the nascent chains produced by the -cis-TG domain, 

however studies in M. smegmatis show that the activities of these domains are 

independent (Kieser, Boutte, et al., 2015) with TP functioning without active -cis-TG. 

This cross-linking performed by TP is crucial for maintaining normal cell length in 

Mtb, as its absence can reduce cell length by 6 to 11 %, indicating the role of TP in 

proper cell length maintenance (Kieser, Boutte, et al., 2015). This process adds rigidity 

to the bacterial cell wall by replacing one amide bond with another, thus forming the 

cell wall.  

The transpeptidation of PonA1 involves three steps: first, the rapid and reversible 

formation of a non-covalent Henri-Michaelis complex between the enzyme and the 

muramyl pentapeptide (donor strand). This is followed by the acylation of the active 

site serine by the PG and the release of the D-ala from the C-terminus. The final step 
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is diacylation, where the crosslink is formed with a second peptide from the PG arm, 

known as the acceptor strand (Lee et al., 2003; Sauvage et al., 2008- Figure I.15). 

 
 

Figure I.15. Mechanism of cell wall cross-linking by DD-transpeptidases. Taken 

from Lee et al. (2003). 

 

I.3.7.    β-lactams, PBPs and their utility in structural studies 

An important point to develop this part of the study was the information related 

with the PBP-like domain in the C-terminal of PonA1. Tipper & Strominger (1965) 

proposed that the structure of β-lactams could mimic the acyl-D-Ala-D-Ala portion of 

the PG structure (Figure I.16). The β-lactams act as suicide substrates of TP, in contrast 

to PG which acylates the active site and allows the terminal D-ala to serve as the leaving 

group, acylation of the active site by β-lactams results in opening of the β-lactam ring 
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and leaves the leaving group covalently bound to the enzyme-acylated species. Thus, 

the enzyme is irreversibly inactivated by β-lactam ring strain (Edoo et al., 2017).  

 
 

Figure I.16. Chemical structure of D-alanyl-D-alanine and penicillin. Taken from 

Fishovitz et al. (2014). 

 

Under in vitro conditions, this domain can be exploited to evaluate the interaction 

between PBPs and molecules presenting synthetic β -lactam rings, such as Bocillin-FL 

(Golemi-Kotra et al., 2003; Zhao et al., 1999). It is a fluorescent analog of penicillin V 

(Figure I.17), which covalently interacts with the active serine site in the TP domain 

(Figure II.4; Kieser, Boutte, et al., 2015). If a protein does not bind Bocillin-FL, it 

indicates that the PBP domain is either absent or non-functional. Kieser et al. (2015) 

demonstrated that M. smegmatis PonA1 isoforms lacking the transpeptidase TP domain 

were unable to bind Bocillin-FL, a fluorescent analog of penicillin V.  

 

 
 

Figure I.17. PBP -Bocillin FL interaction. Taken from Levine & Beatty 2021). 
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I.4.    Objectives and thesis organization  

RIF resistance is a critical issue in TB treatment, as it often indicates resistance 

to other drugs. The mechanism of resistance to RIF at the molecular level is explained 

by mutations that can occur in the rpoB gene, which is responsible for protein 

translation. It has been demonstrated that rpoB’s mutations can alter the cellular fitness 

of mycobacteria to varying degrees, contributing to a diverse cellular response. In this 

study, we have explored additional mechanisms that may influence the maintenance of 

RR-TB populations. Additionally, we explored the use of a new methodology for 

studying genes that may be related to RR-TB, employing ORBIT technique in the 

Mmar model.  

Chapter I provides a comprehensive overview of TB, beginning with a 

description of the state-of-the-art of TB in the world, the techniques for detecting the 

disease and categorizing the different types of TB based on drug resistance profiles. It 

discusses the general biology of Mtb and the complex host-pathogen interactions that 

lead to infection and disease progression, detailing the background of each topic 

covered in the thesis. A significant focus is placed on the molecular mechanisms of 

resistance to RIF, a key antibiotic in TB treatment, highlighting the specific genetic 

mutations and cellular adaptations that enable the bacterium to survive antibiotic 

exposure. In addition to these established resistance mechanisms, the chapter explores 

lesser-known pathways that may represent novel therapeutic targets, providing insights 

in new strategies for managing resistant strains.  
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Chapter II provides a detailed analysis of WGS of clinical isolates from TB 

patients, focusing on the main antibiotic resistance genes, with particular emphasis on 

the rpoB gene. The chapter also delves deeper in isolates identified as heteroresistant. 

Through in vitro evaluation of some of these isolates, it was possible to compare the 

data obtained from WGS with the presence of rpoB SNPs in isolated subpopulations 

of Mtb and their susceptibility profile to RIF. Finally, this study highlights the role of 

mixed bacterial populations in TB diagnosis and treatment selection, focusing on RIF 

susceptibility. 

Chapter III addresses the PonA1 protein characterization, the effect of the most 

frequent mutations found in clinical strains on the morphology of the mycobacterium 

and investigates the potential role of the ponA1 gene in RIF resistance. Current 

evidence suggests statistically significant correlations between PonA1 mutations and 

RIF resistance, indicating these mutations, related to PG maintenance and regeneration, 

may enhance bacterial survival against the antibiotic. On another hand, in this chapter 

we used Mmar as a model organism to study RIF resistance, offering a closer 

phylogenetic relationship with lower-risk genetic manipulation capabilities. 

Chapter IV introduces a web tool aggregating genetic and protein information from 

six mycobacterial species. This tool facilitates data retrieval and comparison of 

identity, homology, and protein structure prediction, linking hypothetical proteins to 

various secretion systems crucial in mycobacterial pathogenesis. 

Chapter V, an integrated discussion is presented, synthesizing all the topics explored 

throughout the study. This section offers a cohesive analysis that connects the 

molecular mechanisms of RIF resistance, the role of rpoB and ponA1 mutations, and 
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the importance of secreted proteins in Mtb pathogenesis. It also addresses the 

application of novel methodologies, such as the modified ORBIT technique, and the 

use of Mmar as a model organism. Furthermore, the discussion emphasizes how these 

findings contribute to the broader understanding of TB biology, resistance 

mechanisms, and the potential for identifying new therapeutic targets, providing a 

comprehensive conclusion to the research. 

Finally, chapter V provides an overview of the study through an integrated discussion, 

limitations and perspectives based on the findings obtained as a result of this research.  
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Abstract 

Introduction: This study underscores the critical role of identifying heteroresistant 

infections of Mycobacterium tuberculosis (Mtb) in enhancing the diagnostics of 

tuberculosis (TB). These conditions complicate diagnostics and treatment, underlining 

the need for advanced techniques to detect and characterize resistant populations 

effectively. 

Hypothesis/ Gap statement: Current diagnostics may fail to identify heteroresistance 

and mixed infections, limiting the understanding of their impact on treatment 

outcomes. 

Aim: This pilot study aimed to phenotypically and genotypically characterize 

rifampicin-heteroresistant clinical isolates and assess their genetic diversity and 

resistance patterns. 

Methodology: A retrospective analysis of 2,917 Mtb genomes from Peru (1999-2020) 

was conducted using MTBseq and TBprofiler. Techniques included microscopic-

observation drug-susceptibility indirect (MODS indirect), minimum inhibitory 

concentration (MIC) determination via tetrazolium microplate assay (TEMA), agar 

proportion method (APM) and sequencing. From each clinical isolate, three colonies 

were isolated from both RIF-supplemented (1 µg/mL) and drug-free media for 

subsequent phenotypic and genotypic characterization, including rpoB sequencing. 

Results: Of the 2,917 genomes analyzed, 14.6% were classified as mixed infections, 

3.8% exhibited heteroresistance to at least one drug between 21 antibiotics analyzed, 

and 0.79% were rifampicin-heteroresistant. Colonies from rifampicin-supplemented 

media displayed high resistance (MIC >1 µg/mL) with mutations such as S450L in the 

rpoB gene. In contrast, those from drug-free media exhibited sensitivity to rifampicin 

(MIC<1 µg/mL), harboring other rpoB mutations including D435Y, L452P, and 

L430P. Notably, some colonies retained wild-type rpoB sequences, suggesting a 

diversity of subpopulations within isolates.  

Conclusion: WGS and phenotypic analysis confirmed the coexistence of rifampicin-

susceptible and rifampicin-resistant Mtb populations within single clinical isolates. 

Subculturing in drug-free media favored the selection of sensitive strains, emphasizing 

the critical need for advanced diagnostic tools to accurately detect and characterize 

heteroresistant and mixed infections. These findings pave the way for more targeted 

treatment strategies to combat antimicrobial resistance in TB.  

 Keywords: Rifampicin, heteroresistance, mixed populations, tuberculosis, WGS. 

  



50 

 

II.1.    Introduction 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains a 

leading global health challenge and a significant contributor to antimicrobial resistance 

[1]. Efforts to control the disease are further complicated by the presence of mixed 

infections and heteroresistance, phenomena that reflect the pathogen’s genetic diversity 

and adaptative capabilities [2]. 

Mixed infections, defined as the simultaneous presence of multiple distinct Mtb 

strains within a single patient, represent a significant obstacle in TB management. 

These infections may arise through simultaneous transmission of multiple strains 

during a single infection event, sequential infections over time, or within-host 

diversification after a single infection [3–5] 

Microbiological heterogeneity within a single patient has become an important 

item to study, due to its relationship with drug tolerance or drug resistance [3]. Mixed 

infections often lead to heteroresistance—a condition characterized by the coexistence 

of drug-susceptible and drug-resistant Mtb populations within the same clinical sample 

[6].This phenomenon complicates treatment, as resistant strains can thrive and 

proliferate under selective pressure while susceptible strains are suppressed [7,8]. The 

global presence of such complex infections represents a critical barrier to eradicating 

TB [9]. 

The clinical implications of mixed infections are profound. Patients with multiple 

Mtb strains are at a higher risk of poor treatment outcomes. Dickman et al. [10] 

reported that patients with multiple Mtb strains showed similar proportions of Mtb 
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smear-positive cultures after two and five months of treatment. Approximately 22.9% 

of patients with mixed infections experienced treatment failures after six months, and 

24% demonstrated heteroresistance, suggesting a strong link between these phenomena 

and treatment failure [11]. These findings emphasize the need for advanced diagnostic 

tools capable of detecting mixed infections and profiling their resistance patterns. 

Whole genome sequencing (WGS) has emerged as a transformative tool in TB 

research, enabling detailed genetic analysis to identify mixed infections and provides 

comprehensive resistance profiles. Recent studies have revealed that mixed infections, 

including those resistant to rifampicin (RIF) and isoniazid (INH), constitute 

approximately 1% of  isolates globally, with rates exceeding 5% in certain countries 

[12]. This variability underscores the need for region-specific strategies to address the 

challenges posed by mixed infections. 

In Peru, the incidence of multidrug-resistant TB (MDR-TB) increased markedly 

between 1999 and 2020, rising from 50 to 200-300 cases per 100,000 population [13]. 

This alarming trend underscores the urgent need for improved diagnostic and treatment 

strategies. Moreover, Peru’s high MDR/RR-TB burden highlights the critical 

importance of addressing mixed infections and heteroresistance. 

This study aims to deepen the understanding of the genotypic and phenotypic 

diversity in Mtb within individual patients, focusing on primary cultures identified as 

heteroresistant to RIF based on their WGS and drug susceptibility tests (DST). By 

characterizing these diversities, we can enhance diagnostic accuracy and tailor 

treatment strategies more effectively, ultimately improving treatment outcomes and 

reducing the transmission of resistant TB strains. 
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II.2.    Methodology 

II.2.1.    M. tuberculosis genome data analysis, mixed infections and in-

silico RIF heteroresistance determination 

WGS data from 2945 Mtb clinical isolates processed by the Peruvian 

Tuberculosis group were assembled and analyzed using the reference strain H37Rv 

(NC_000962.3) with the MTBseq [14] and TBprofiler pipelines 

(https://tbdr.lshtm.ac.uk/) [15]. These isolates were sequenced as part of previous 

studies conducted by the Peruvian Tuberculosis Group, and sequencing data have been 

made publicly available in the European Nucleotide Archive (ENA) under the project 

accessions PRJEB5280, PRJEB32234, PRJEB23245, and PRJEB39837, with detailed 

accession numbers listed in the supplementary material. 

The genomes were filtered based on the percentage of mapped reads (using a 

cutoff of 90%), and an average depth greater than 40X. The genotypic profiles derived 

from MTBseq and TBprofiler analyses were compared to gain comprehensive insights 

into drug resistance. A single nucleotide polymorphisms (SNPs) database was also 

compiled and cross-referenced with the MODS test, which provided phenotypic 

information from our databases and health centers to determine the RIF susceptibility 

profile.  

For lineage classification, TBprofiler uses the SNP database consistent with the 

gold-standard regions of difference classification system proposed by Coll et al. [16] 

and the SNP barcode refined by Napier et al. [17] which consider 90 SNP in the 

analysis. 

https://tbdr.lshtm.ac.uk/
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Heteroresistance analysis was performed by the TB-profiler pipeline [15] in its 

command-line version 4.4.2 with default settings. This software used variant calling on 

candidate antibiotic resistance genes in TB using its built-in database, TBDB [18]. We 

required a minimum depth of 10 reads for identifying polymorphisms and set the 

minimum allele frequency for calling a variant at 0.1. Reads cleanup was conducted 

using Trimmomatic version 0.39, mapping with Burrows-Wheeler Aligner (BWA) 

version 0.7.17, and variant calling with FreeBayes version 1.3.5. 

II.2.2.    Reactivation of primary cultures of M. tuberculosis for drug 

susceptibility testing. 

Two groups of four primary cultures, previously characterized by WGS and drug 

susceptibility profiles determined by microscopic-observation drug-susceptibility 

(MODS), were processed: one classified as rifampicin-heteroresistant and the other 

classified as susceptible to RIF. These isolates were randomly selected. 

The rifampicin-heteroresistant group includes different drug susceptibility 

profiles determined by MODS in the sputum sample: one isolate was reported as 

susceptible (1R), one as RR-TB (4R) and two as MDR-TB (2R-3R). The second group 

included susceptible strains identified through genomic analysis and MODS 

(codification name CA-1012 (1S), CA0957 (2S), 28832_3#219 (3S), 28889_1#17 

(4S)). These samples were requested from the Peruvian Tuberculosis group as they are 

part of the collection for the period 1999-2020. 

For the re-activation, an aliquot of the glycerol stock was cultured in 2 mL of 

Middlebrook 7H9 (DB Difco, USA) liquid medium, supplemented with 10% OADC 
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(oleic acid, albumin, dextrose, catalase) and 0.5% glycerol (7H9-OADC), they were 

incubated for 7-10 days at 37°C. Subsequently, 100 µL of this culture was transferred 

to Middlebrook 7H10 (DB Difco, USA) solid medium, also supplemented with 10% 

OADC and 0.5% glycerol (7H10-OADC), and then incubated for 21-30 days at 37°C, 

these isolates are henceforth referred to as secondary cultures. Mtb H37Rv (pan-

susceptible) and DM97 (MDR clinical isolate) were used as control strains. 

For each isolate the susceptibility was determined by MODS indirect, MIC 

determination by Tetrazolium Microplate Assay (TEMA) and Agar Proportion Method 

(APM). All procedures were performed at a P3 security level facility. A graphical 

summary for all procedures is shown in Figure II.1. 

 
1 WGS analyzed in this study.  
2 Starting point of cultivations after RIF heteroresistant strains selection 

 

Figure II.1. Graphical summary of methodology in the analysis of M. tuberculosis 

heteroresistant/susceptible isolates. 



55 

 

II.2.3.    Microscopic-observation drug-susceptibility indirect (MODS 

indirect) 

The protocol developed by Caviedes et al. [19] was adapted for use with clinical 

isolates. Briefly, from a 21-day Mtb secondary culture, a suspension equivalent to the 

McFarland 1 scale was prepared by resuspending approximately two loops of the 

culture in a mix solution (200 µL tween 80 10% into 50 mL of sterile distilled water). 

Then, 5 µL of this suspension was inoculated into a total volume of 5 mL of 7H9-

OADC. 900 µL of this dilution was placed into each well of a 24-well plate containing 

100 µL of 7H9-OADC, 7H9-OADC with 1µg/mL RIF and 7H9-OADC with 0.4 

µg/mL INH. The plates were incubated at 37°C, with the first examination under an 

inverted microscope on day 6, followed by monitoring until 21 days.  

II.2.4.    Minimal inhibitory concentration determined by tetrazolium 

microplate assay (TEMA) 

To determine the MIC for RIF, TEMA test, which uses 3-(4,5-dimethylthiazol-

2-yl)-2,5 diphenyl-tetrazolium bromide was performed following the previous protocol 

standardized by our group [20].  

Briefly, 96-well plates (Corning REF 3599) were prepared with final antibiotic 

concentrations as follows: 32 µg/mL for INH, 16 µg/mL for RIF, 32 µg/mL for 

streptomycin (SM), 128 µg/mL for ethambutol (EMB), 8 µg/mL for capreomycin 

(CAP) and 16 µg/mL for ciprofloxacin (CIP) [21] and put them in column 2. Serial 

dilutions were performed in 100 µL Middlebrook 7H9 - OADC from column 3 to 10. 

Column 11 was used as a control well without antibiotics. 
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From a 21 to 30 day Mtb culture, a suspension equivalent to McFarland 1 scale 

was prepared by resuspending approximately two loops of the culture in a mix solution 

(200 µL tween 80 10% into 50 mL of sterile distilled water). A 1:25 dilution was made 

in 7H9-OADC. Then, 100 µL of this dilution was inoculated onto the plate, which was 

incubated at 37°C. 

On the day 5 of incubation, 50 µL of a fresh mixture of 0.1% tetrazolium diluted 

in absolute ethanol and 10% tween 80 (1:1) was added to the control well and incubated 

at 37°C for 24 h. If the well remains yellow, the incubation was extended for another 

24 h at 37°C. If the well remains yellow, the plate is further incubated for up to 20 days. 

However, if the well-turned purple due to formazan formation, the tetrazolium-tween 

80 was added to all the wells and the color was assessed after 24 hours.  

II.2.5.    Determination of the percentage of rifampicin-resistant M. 

tuberculosis population by agar proportion method (APM) 

APM determines the proportion of mutants within a mycobacterial population 

that are resistant to a specific drug. After 21 days of secondary culture on 7H10-OADC, 

strains were grown in 7H9-OADC to reach log phase, in the absence of antibiotics. 

Cultures were then adjusted to a 0.5 McFarland standard using physiological saline 

solution and serially diluted (10^-2 and 10^-4). Approximately 100 µL from each 

dilution was inoculated in triplicated on 7H10-OADC, across quadrants with varying 

conditions: (1) drug-free, (2) 1 µg/mL INH, (3) 0.2 µg/mL INH and (4) 1 µg/mL RIF. 

Cultures were incubated at 37°C for 3 weeks and the colony-forming units (CFUs) 

were counted. Resistance proportion was calculated by comparing colony numbers in 
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antibiotic-supplemented media quadrants to those in the drug-free media quadrant. 

Clinical isolates were deemed resistant if this percentage was over 1% [22,23], 

according to CLSI guidelines. Clinical isolates previously registered as susceptible to 

INH and RIF were evaluated under the same conditions. Mtb H37Rv (pan-susceptible) 

and DM97 (MDR clinical isolate) were used as a control. 

II.2.6.    Colonies isolation from the secondary culture  

It was performed on six colonies per isolate: three from the drug-free quadrant 

and three from the RIF-exposed (1 µg/mL) quadrant, corresponding the inoculum with 

10^-4 dilution (Figure II.2). They were replicated on 7H10-OADC and incubated for 

21-42 days at 37°C and a subculture to obtain a full plate was performed under the 

same conditions. DNA extraction for rpoB gene sequencing and MIC determination by 

TEMA were performed for each colony.  

 
 

Figure II.2. Agar proportion method for M. tuberculosis strain. Arrows indicate 

isolated colonies. 

II.2.7.    DNA genomic extraction 

Mtb DNA was extracted using the proteinase K digestion method. Briefly, Mtb 

culture was resuspended in 500 µL TE buffer and inactivated at 100°C for 30 minutes. 
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50 µL of lysozyme (Sigma, USA) (10 mg/mL) was added to the inactivated bacteria 

and incubated overnight at 37°C. Subsequently, 75 µL of 10 % SDS (J.T.Baker, USA) 

and 20 µL of proteinase K (Ambion, Life Technologies, USA) (20 mg/mL) were added, 

followed by incubation at 65°C for 3 hours with homogenization every 20 minutes for 

20 seconds. After incubation, 100 µL of 5M NaCl (Merck, USA) and 100 µL of pre-

heated CTAB/NaCl at 65°C were added, mixed and incubated at 65°C for 10 minutes. 

Then, 750 µL of phenol-chloroform-isoamyl alcohol (EMD Millipore, USA) (25:24:1) 

was added, mixed, and centrifuged for 5 minutes at 10,000 rpm. The supernatant was 

recovered in a new tube. To this, 750 µL of chloroform-isoamyl alcohol (24:1) was 

added, homogenized, and centrifuged for 5 minutes at 10,000 rpm, with the supernatant 

again transferred to a new tube. DNA was precipitated using 1 mL of cold (-20°C) 

absolute ethanol (EMD Millipore, USA) and washed with 1 mL of cold (-20°C) 70% 

ethanol. The supernatant was discarded, the pellet dried and DNA resuspended in 50 

µL of the elution buffer, then incubated at 55°C for 15 minutes to dissolve the pellet. 

DNA quantification was performed using a spectrophotometer (Nanodrop 2000c).  

II.2.8.    rpoB gene amplification and sequencing 

The PCR mixture included 100 ng of genomic DNA, 2X Phusion Flash High 

Fidelity PCR Master Mix (Thermo Scientific), and 0.5 µM of each primer F-ext-rpoB 

(5’-GACAAAATTATCGCGGCGAACG-3’) and R-ext-rpoB 

(5’TCGCCATAGGACCATTGCCTGA-3’). The cycling conditions were set at 98°C 

for 30 seconds for initial denaturation, followed by 30 cycles of 98°C for 10 seconds, 

68°C for 30 seconds, and 72°C for 2 minutes (Biorad).  
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The amplicons were purified with a DNA clean and concentrator kit following 

the manufacturer’s instructions (Zymo research). DNA quantification was measured 

by spectrophotometer (Nanodrop 2000c) and quality by Qubit® dsDNA HS Assay Kit 

(Thermo Fisher Scientific, Waltham, MA, USA). Then, it was normalized at a final 

concentration of 50 ng for each sample. 

Samples were prepared for sequencing in the Laboratorio de Bioinformatica y 

Biologia Molecular - LID-UPCH-Peru, following the manufacturer instructions for 

Oxford nanopore technologies. Then, R10.4.1 flow cells were utilized for sequencing 

on a GridION (ONT, Oxford, UK) for a duration of 72 hours. Finally, an analysis for 

variant calling was performed with the pipeline EPI2ME/wf-amplicon Bioinformatics 

resources from Oxford Nanopore Technologies Plc (https://github.com/epi2me-

labs/wf-amplicon). 

II.3. Results 

II.3.1.    M. tuberculosis genome data analysis, mixed infections and in-

silico RIF heteroresistance determination 

RIF susceptibility analysis classified 76.35% for MTBseq and 76.24% for 

TBprofiler as sensitive strains, indicating similar prediction accuracies by both 

pipelines. 20.05% and 20.26% strains were classified as genetically and phenotypically 

RR-TB isolates with MTBseq and TBprofiler, respectively (agreement percentage 96.4 

and 96.5%; Coefficient Kappa 0.895 and 0.899, respectively) (Table II.1).  
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The discordance rate between genotypic resistance (presence of SNPs associated 

with RR-TB) and phenotypic susceptibility (susceptible to RIF in negative MODS ) for 

both pipelines was 2.57 - 2.67%. Discordance for strains lacking SNPs (related to RIF 

susceptible) but testing as RIF resistance in MODS ranged between 1.03 and 0.82% 

(Table II.1). 

Table II.1. Percentage concordance between phenotypic susceptibility determined 

by MODS and genotypic susceptibility from WGS for rifampicin, analyzed by 

MTBseq and TBprofiler.  

 

The results showed that the frequency of some SNPs in rpoB did not represent 

100%, so this information opens the possibility that other SNPs are present in lower 

abundance. To evaluate this, 2945 genomes were evaluated and quality filtering was 

applied. After the quality filtering, 2917 isolates were analyzed by TBprofiler and 

various subpopulations were categorized as follows: isolates resistant to at least one 

drug (39.5%), MDR (18.8%), mixed infections (14.6%), heteroresistant to at least one 

drug (3.8%), and specifically rifampicin-heteroresistant (0.79%). Additionally, 9,5% of 

the isolates were identified as heteroresistant and MDR at the same time (Figure II.3). 

N=2917 MTBseq TBprofiler 

MODS Resistant (%) Sensitive (%) Resistant (%) Sensitive (%) 

Resistant (%) 20.05 1.03 20.26 0.82 

Sensitive (%) 2.57 76.35 2.67 76.24 

Agreement ( %) 96.4 96.5 

Coef. Kappa 0.895 0.898 
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Figure II.3. Genotypic resistance profile of 2917 Mtb clinical isolates from Peru 

collected between 1999-2020. Strains were filtered with over 90% of reads mapped 

and an average depth exceeding 40X. MDR= Multi drug-resistant, RIF= rifampicin 

23 isolates were detected as rifampicin-heteroresistant, and it is noteworthy that 

these isolates have between one to three SNPs in the rpoB gene and the SNP frequency 

varies from 11 to 85%, as detailed in Table II.2. It is important to note that in this 

analysis, some isolates contain a single sublineage, while others have up to two 

Mycobacterial sublineages per isolate. 
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II.3.2.    Microscopic-observation drug-susceptibility indirect (MODS 

indirect) 

In the rifampicin-heteroresistant group, resistance to RIF was observed in 2 out 

of 4 samples by day 6, increasing to 3 out of 4 by day 14 post-inoculation (Appendix 

II.2). One of them, the isolate 3R exhibited slower growth compared to other isolates 

by day 14, while isolate 1R showed growth by day 21 (data not shown).  

In the susceptible isolates group, all were sensitive in the same period. Our 

H37Rv pan-sensitive control strain showed no growth in the well containing RIF until 

day 14, while the MDR control strain demonstrated growth by day 6 in the presence of 

RIF. Results for INH (0.4 µg/mL) are also shown in Appendix II.2, thus we determined 

the MDR-TB phenotype for clinical isolates 1R, 2R, and 3R; while clinical isolate 4R 

is RR-TB. 

II.3.3.    Minimal inhibitory concentration determined by tetrazolium 

microplate assay (TEMA) 

TEMA assay was performed in our study and strains with a discrepant phenotype 

in the Rifampicin-heteroresistant group were found as shown in appendix II.3. In the 

rifampicin-heteroresistant group, isolate 1R maintained a susceptibility profile, isolate 

2R was reported as RR-TB (MIC >16 µg/mL), while isolates 3R and 4R, discrepant to 

the primary culture, were reported as susceptible (MIC =0.063 µg/mL). 

None of the susceptible strains were reported as RR-TB, consistent with their 

initial profile. Pan-sensitive H37Rv and clinical MDR DM97 maintained their profile. 
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II.3.4.    Determination of the percentage of rifampicin-resistant M. 

tuberculosis population by agar proportion method (APM) 

The genotypically rifampicin-heteroresistant group had a resistant proportion 

from 2.5 to 85%. All susceptible clinical isolates keep the susceptible profile 

(Appendix II.4). The pan-sensitive H37Rv strain grew only in the drug-free quadrant, 

while the DM97 MDR strain exhibited consistent growth in quadrants containing RIF 

(1 µg/mL) and INH (0.2 µg/mL and 1 µg/mL).
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Table II.2. Genotypic characteristics of clinical isolates characterized as rifampicin-heteroresistant by genomic analysis by 

TB profiler and MTBseq. 

*MODS: Susceptibility profile as determined by MODS for the Peruvian tuberculosis group or primary health centers, Sus= susceptible; RR= Rifampicin 
resistant, MDR= multidrug resistant, Pre-XDR= Pre-extensively drug resistant. **Isolates randomly selected for experimental analysis are codified as 1R, 2R, 

3R and 4R and they are shown in bold type. *** Lineage 1= Indo-Oceanic, Lineage 2= East-Asian, Lineage 4= Euro-american. 

 
 

Clinical isolate ID** 

 
 

MODS* 

MTBseq TB PROFILER 

RIF_rpoB 
  allele proportion 

RIF_rpoB 
  allele proportion 

Main 
lineage*** 

Sub 
lineage 

Number of 
sub lineages 

DR type 

LI2174109 RR S450L (0.8) S450L (0.80) 4 4.3.3 1 MDR 

PLE-0891 RR S450L (1.0) T400A (0.18), S450L (1.00) 4 4.3.2 1 MDR 

PMFR-0719 RR M434I (0.84), D435G (0.83), P454L (0.88) M434I (0.84), D435G (0.85) 4 4.9; 4.3.4.1 2 MDR 
PMFR-0732 MDR D435Y (1.0), V695L (0.99) D435Y (1.00),   A451V (0.20) 4 4 1 MDR 
PMFR-0737 

4R 
RR -- L430P (0.11), H445D (0.64), L452P (0.17) 2 2.2.1 1 RR 

PMOP-0526 MDR 
 

S450L (0.85) 
S450L (0.85) 4 4.3.3 1 MDR 

PMOP-0618 MDR S450L (1.0) 
S450L (1.00), 
  I480V (0.41) 

4 4.1.2.1 1 Pre-XDR 

PSLM-0811 MDR S450A (0.75), S450L (1.0), V695L (1.0) S450V (0.74) 4 4 1 Pre-XDR 
PSLM-0843 MDR S450L (0.78) S450L (0.79) 4 4.3.3 1 MDR 

PTAN-0241 MDR S450L (1.0) 
S450L (1.00), 
E761D (0.69) 

4 4.3.4.1 1 MDR 

28832_3#257 MDR -- S450L (0.71) 4 4.3.3; 4.3.2 2 MDR 
CA-0116 

1R 
Sus D435Y (0.8) D435Y(0.79), L452P (0.16) 1 1.2.1.2.1 1 MDR 

28832_4#246 Sus V695L (0.76) S450L (0.32) 4 4.3.4.2 1 MDR 

28832_4#250 MDR -- S450L (0.70) 4 4.3.4.2 1 MDR 

28832_4#318 Sus D435V (0.84) D435V (0.82) 4 4.4.1.1; 4.3.3 2 MDR 
28889_1#38 MDR S450L (1.0), I480V (0.8) S450L (1.00), I480V (0.77), R552C (0.17) 4 4.1.1 1 MDR 
28889_1#95 MDR D435Y (1.0), V695L (1.0) D435Y (1.00), L452Q (0.25) 4 4 1 MDR 
29544_1#13 

3R 
MDR -- S450L (0.24) 4 4.3.4.2; 4.1.2.1 2 MDR 

29544_1#232 
2R 

MDR S450L (0.81) S450F (0.83) 4 4.1.2.1; 4.1.1 2 Pre-XDR 

29544_1#316 Sus -- D435V (0.42) 4 4.3.3; 4.3.2 2 MDR 
29544_1#337 MDR -- D435V (0.45) 4 4.3.3; 4.3.2 2 MDR 
29544_1#6 MDR -- D435V (0.26) 4 4.3.3; 4.1.2.1 2 MDR 
28832_3#91 RR S441L (0.81) S441L (0.82), L452P (0.18) 4 4.8 1 RR-TB 
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Table II.3. Minimum inhibitory concentration determined by TEMA in selected M. tuberculosis clinical isolates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Isolates 1R, 2R, 3R, and 4R were randomly chosen from Table 2, while isolates 1S, 2S, 3S, and 4S were selected from those classified as susceptible 

by TBprofiler and MODS. ** Among the isolates classified by TBprofiler as heteroresistant to RIF based on genomic analysis, one susceptible isolate, 

one RR-TB, and two MDR-TB isolates—determined by MODS from sputum samples—were randomly selected for evaluation. Sus= susceptible; Res= 

resistant. 

Strain 

ID* 

Mtb clinical isolates** Colonies 

DR 

Genotypic status 
MIC TEMA 

RIF (µg/mL) 
Colony ID 

Free-drug quadrant 

MIC TEMA 

RIF (µg/mL) 

Phenotypic 

status 

Colony ID 

RIF 
quadrant 

MIC 

TEMA 
RIF 

(µg/mL) 

Phenoty

pic status 

1R RIF-
heteroresistant 

0.125 1 <0.063 Sus 1 0.125 Sus 

2 <0.063 Sus 2 0.125 Sus 

3 <0.063 Sus 3 0.125 Sus 

R RIF-
heteroresistant 

>16 1 >16 Res 1 >16 Res 

2 >16 Res 2 >16 Res 

3 >16 Res 3 >16 Res 

3R RIF-
heteroresistant 

0.063 1 0.063 Sus 1 >16 Res 

2 0.063 Sus 2 >16 Res 

3 0.063 Sus 3 >16 Res 

4R RIF-
heteroresistant 

0.063 1 0.125 Sus 1 >16 Res 

2 0.125 Sus 2 >16 Res 

3 0.125 Sus 3 >16 Res 

1S Susceptible 0.063 1 0.125 Sus - -  

2 0.063 Sus - -  

3 0.063 Sus - -  

2S Susceptible 0.063 1 0.125 Sus - -  

2 0.063 Sus - -  

3 0.063 Sus - -  

3S Susceptible 0.25 1 0.125 Sus - -  

2 0.125 Sus - -  

3 0.125 Sus - -  

4S Susceptible 0.063 1 0.063 Sus - -  

2 0.063 Sus - -  

3 0.063 Sus - -  

H37Rv pan-susceptible 0.063 1 <0.063 Sus - -  

2 <0.063 Sus - -  

3 <0.063 Sus - -  
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II.3.5.    Drug susceptibility test for colonies isolates from the secondary 

culture 

Upon colony isolation, it was observed that 50% exhibited strong phenotype 

differences between colonies from the antibiotic-free quadrant and those from the RIF-

exposed (1 µg/mL) quadrant (Table II.3). In the isolates, 3R and 4R, colonies from the 

drug-free quadrant were susceptible (MIC < 1 µg/mL), whereas colonies from the RIF-

exposed quadrant showed resistance (MIC >16 µg/mL). Colonies from both quadrants of 

isolate 2R displayed identical resistance patterns to RIF (MIC >16 µg/mL). In contrast, 

isolated 1R showed varied RIF susceptibility profiles, but with a slight difference between 

colonies isolated from the drug-free quadrant (MIC< 0.063 µg/mL) and those isolated 

from the RIF-exposed quadrant (MIC=0.125 µg/mL). Susceptible strains keep the same 

drug profile including the pan-sensitive H37Rv. 

II.3.6.    DNA extraction, rpoB amplification, and sequencing 

DNA concentrations ranged from 50 to 200 ng/μL with purity ratios of 260/280 and 

260/230 both between 1.8 to 2.0. For PCR, concentrations between 10 to 100 ng of DNA 

per sample were used, amplifying a 3728 bp product covering a full-length rpoB gene. 

Synonymous rpoB mutations, including A1075A (T3225C), A36A (T108C), D103D 

(C309T), and P483P (T1449C), are not shown. Table II.4 summarizes all the analyses 

performed for this study, where considering the initial DST for the primary culture, the 

genomic analysis based on WGS with two softwares: MTBseq and TBprofiler, this table 

included as well the phenotypic analysis for secondary culture after cryopreservation 
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considering MODS indirect, DST determined by TEMA and the APM. Finally, a 

characterization phenotypically for RIF susceptibility by TEMA and rpoB sequencing was 

performed for colonies obtained from the isolates belonging to secondary cultures of Mtb 

clinical strains. 

Isolate 1R, initially in the sputum sample it was identified as susceptible by MODS, 

was classified as resistant by MTBseq due to the D435Y mutation at 80% and 

heteroresistant by TBprofiler with the same mutation at 79% and L452P at 16 %. WGS 

analysis identified this isolate as belonging to the Indo-Oceanic lineage and  the sublinage 

1.2.1.2.1. In the secondary culture,  both APM and MODS indirect tests identified it as 

RR-TB, while the TEMA showed a susceptible profile. APM analysis indicated that a 

small portion of the population (2.5%) was resistant and notably, this isolate exhibited 

slower growth in MODS indirect testing compared to other isolates. Colonies from the 

drug-free quadrant harbored both WT and D435Y rpoB mutations with a RIF-susceptible 

phenotype, and colonies from the RIF quadrant also maintained a RIF-susceptible 

phenotype with the D435Y mutation.  

Isolate 2R analyzed by MTBseq and TBprofiler showed the S450L and S450F rpoB 

mutations, respectively, both with abundances over 80%. Two sublineages, 4.1.2.1 and 

4.1.1, were predicted to harbor in this isolate. Experimentally, the evaluation of this isolate 

showed consistency as RR-TB across all tests. Colonies from both quadrants, drug-free, 

and RIF-supplemented, maintained the RR-TB profile with the S450F mutation in the 

rpoB. This mutation appears to be fixed within the population, as only bacilli carrying this 
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mutation could be recovered from the colonies, regardless of drug exposure at the time of 

isolation. 

Isolate 3R revealed the S450L mutation at 24% via TBprofiler, with no mutations 

detected by MTBseq, and two sublineages were found in the sample sublineage 4.3.4.2 

and sublineage 4.1.2.1. TEMA classified this isolate as RIF susceptible but colonies from 

RIF quadrants harbored the S450L mutation and exhibited a RR-TB phenotype, while 

those from drug-free quadrants showed RIF susceptibility. 

4R was identified to harbor a single lineage 2.2.1 analyzed by TBprofiler, which 

showed L430P, H445D, and L452P mutations, undetected by MTBseq. In secondary 

culture, MODS indirect, and APM indicated RR-TB, yet TEMA showed susceptibility to 

RIF. Drug-free quadrant colonies had L452P and L430P mutations and were susceptible 

to RIF by TEMA, while RIF-exposed colonies with the S450L mutation showed 

resistance. Clinical isolates identified as RIF-susceptible in primary culture remained 

susceptible in subsequent DST, with no colonies obtained in the APM. No mutations 

related to RIF resistance were reported for these strains. The pan-sensitive H37Rv strain 

maintained a RIF-susceptible profile throughout all tests performed, similar to the clinical 

isolates.
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Table II.4. Genotype and phenotype comparison involved primary culture, secondary culture and colonies from 

selected clinical isolates. 
Sus= susceptible, Res= resistant; RIF cut off : 1µg/mL; Heterores= Heteroresistant. L430P, D435Y, H445D and L452P substitutions in RpoB are considered borderline mutations that confer low-level RIF resistance 

WHO (2021).

Isolate 

ID 

Analysis from primary cultures RIF susceptibility from secondary 

cultures 

Colony isolation from secondary cultures 

 

MODS 

RIF 

rpoB MTBseq 

(%) 

rpoB 

TBprofiler 

(%) 

Genotypic 

status 

TBprofiler 

 

MODS 

reverse 

TEMA APM 

(% Resistance) 

Drug-free quadrant RIF quadrant 

Colony 

ID 

TEMA rpoB 

sequence 

Colony 

ID 

TEMA rpoB 

sequence 

1R  

Sus 

D435Y (80) 

WT (20) 

D435Y (79), 

L452P (16) 
WT (5) 

RIF 

heterores 

Res Sus Res (2.5) 1 Sus D435Y 1 Sus D435Y 

2 Sus WT 2 Sus D435Y 

3 Sus WT 3 Sus D435Y 

2R  

Res 

S450L (81) 

WT (19) 

S450F (83) 

WT (17) 

RIF 

heterores 

Res Res Res (85) 1 Res S450F 1 Res S450F 

2 Res S450F 2 Res S450F 

3 Res S450F 3 Res S450F 

3R  

Res 

- S450L (24) 

WT(76) 

RIF 

heterores 

Res Sus Res (1.8) 1 Sus WT 1 Res S450L 

2 Sus WT 2 Res S450L 

3 Sus WT 3 Res S450L 

4R  

Res 

- L430P (11), 

H445D (64), 

L452P (17) 
WT (8) 

RIF 

heterores 

Res Sus Res (53) 1 Sus L452P 1 Res S450L 

2 Sus L430P 2 Res S450L 

3 Sus L452P 3 Res S450L 

1S  

Sus 

- - Sus Sus Sus Sus 1 Sus WT - - - 

2 Sus WT - - - 

3 Sus WT - - - 

2S  

Sus 

- - Sus Sus Sus Sus 1 Sus WT - - - 

2 Sus WT - - - 

3 Sus WT - - - 

3S  

Sus 

- - Sus Sus Sus Sus 1 Sus WT - - - 

2 Sus WT - - - 

3 Sus WT - - - 

4S  

Sus 

- - Sus Sus Sus Sus 1 Sus V695L - - - 

2 Sus V695L - - - 

3 Sus V695L - - - 

H37Rv  

Sus 

- - pan-S Sus Sus Sus 1 Sus WT - - - 

2 Sus WT - - - 

3 Sus WT - - - 
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II.4.    Discussion  

Globally, although the proportion of MDR/RR-TB cases has declined, our 

findings highlight the persistent and escalating challenge in regions like Peru, where 

RR-TB cases have increased significantly by 80.7% from 2021 to 2022 according to 

the latest statistics [24]. Our comprehensive study underscores the significant 

prevalence and complexity of heteroresistance in TB, particularly in RIF resistance. 

For RIF, a potent anti-TB drug, resistance is primarily due to mutations in the 

rpoB gene's RIF resistance determining region, with frequencies ranging from 85.2 to 

90% [25,26], in our study, this accounted for 96.1% of the RR-TB population. 

Conversely, Zheng et al. [27] found that 3.8% of RR-TB clinical isolates had no 

mutations in the rpoB gene, similarly to our study, which identified 3.9% of such 

strains. In the RIF-susceptible population, Su et al. [25] reported that 9% of TB strains 

had rpoB mutations, compared to 3.4% in our study when analyzed with the MODS 

test. In addition, Aung et al. [28] found a rpoB mutation rate of 10.1% in clinical 

isolates prior to RIF treatment, indicating the complexity of the genetic landscape.  

This genetic complexity is also evident in mixed infections, which cannot always 

be detected by traditional clinical diagnostic methodologies. For example, in Peruvian 

samples, where the percentage of mixed infections was 1.4%, determined by 

spoligotyping and 15-locus MIRU-VNTR analysis, however, 23.5% of the MDR 

isolates analyzed in that study could not be assigned to a lineage [29]. The prevalence 

of mixed infections varies greatly by geographic location, ranging from as low as 0.4% 

to as high as 57%, with higher rates generally observed in regions with intensive TB 
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transmission [30,31], being more important in regions where prevalence is high and 

especially when related to heteroresistance. Sobkowiak et al. [32] used WGS to identify 

mixed infections in silico when the minor strain exceeded 10%, finding a frequency of 

approximately 10% for this population. In our study, using the same threshold, 14.6% 

were involved in mixed infections and 3.8% of the Peruvian clinical isolates analyzed 

displayed heteroresistance to at least one drug between 21 drugs evaluated, 

underscoring the complexity of TB infections and the need for advanced bioinformatic 

tools to identify these variations. Moreover, 23 isolates (23/2917= 0.79%) were 

identified as rifampicin-heteroresistant by TBprofiler; of these, 91,3% (21/23 isolates) 

belonged to Lineage 4 (Euro-American), while 4.35% (1/23) belonged to Lineages 1 

(Indo-Oceanic) and 2 (East-Asian) each. Among the Lineage 4 isolates, 65.2% had a 

single sublineage and 34.8% had two sublineages. This is particularly critical given the 

geographic and lineage-specific variability in drug resistance and transmissibility of 

Mtb strains, with certain lineages such as Lineage 2 and Lineage 4 showing higher risks 

of drug resistance and widespread distribution, respectively [33-36]. Our results are 

consistent with Hofmann-Thiel S et al. [6], who proposed two mechanisms for 

heteroresistance: superinfection by two different lineages or diversification of a single 

lineage into susceptible and resistant strains, the latter being more likely to relapse. 

Additionally, our results reflect the most prevalent tuberculosis lineages 

circulating in Perú, as reported by Barletta et al., [29] and Grandjean et al., [37]. 

Lineage 4 accounts for 58.5 to 68% of cases, while lineage 2, the second most common, 

represents 9 to 16.4% of cases. These lineages also dominate among isolates with 

extensively drug-resistant profiles [38].  
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Among the isolates analyzed we have the isolate 1R, it belongs to sublineage 

1.2.1.2.2.1, which is associated with Southeast Asia [39] and has low prevalence in 

Peru. It is important to remark because in secondary culture for MODS indirect, this 

isolate exhibited delayed growth by day 21, unlike other isolates. In the APM, isolate 

1R showed a ratio of 2.5%, while isolate 3R, which also had a low proportion (1.8%), 

grew in MODS indirect by day 14. This indicates that isolate 1R contains slow-growing 

strains and possesses rpoB mutations categorized as borderline [26], complicating the 

accurate identification of its resistance profile due to partial resistance to RIF. 

Mutations in the rpoB gene may affect the growth rate and vary the relative fitness 

[40,41], these mutations can also be influenced by the genetic background and affect 

the potential transmission [42]. However, the reason why some strains grow later than 

others remain unclear.  

In the analysis of colonies from isolate 3R, two distinct populations were 

identified: one with wild-type rpoB exhibiting a susceptible RIF phenotype, and the 

other with the S450L mutation displaying RR-TB. This mutation was present at 24% 

in the WGS analysis from the primary culture and dropped to 1.8% in secondary culture 

when quantified by the APM, indicating a significant decrease in the population 

harboring the mutation. This phenomenon of predominant populations outgrowing 

minority ones in culture, which may obscure mixed infections, was also noted by 

Martin et al. [43] in conventional liquid cultures and by Metcalfe et al. [44] in 

subcultures carried out in the absence of drugs. It is expected that changes in population 

ratios can be influenced by in vitro sample processing [45]. Additionally, Metcalfe et 

al. [44] categorized heteroresistant samples into macroheteroresistance (5-95% of the 
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total population) and microheteroresistance (less than 5% of the total population), 

noting that the diversity of heteroresistant subpopulations decreases with serial 

cultures, especially when it is less than 1%.  

In the case of isolate 4R, the genomic analysis performed by TBprofiler identified 

three mutations in the rpoB: L430P, H445D, and L452P, with proportions of 11%, 

64%, and 17%, respectively. In secondary culture, 53% of the population displayed 

heteroresistance to RIF determined by APM. Subsequent analysis of colonies identified 

mutations S450L, L452P, L430P, and H445D (data not shown). The L452P and L430P 

mutation, isolated from colonies grown in a drug-free medium, showed a susceptible 

RIF phenotype, while the other mutations, isolated from a drug-supplemented medium, 

showed a RIF resistant phenotype. This diversity aligns with characteristics attributed 

to lineage 2, which is known for higher mutation rates [46-48]. Jamieson et al. [49] also 

found the L430P mutation to be susceptible to RIF, as well as the H445L, H445N, and 

D435G-S441L mutations with the same phenotype. Meanwhile, Salaam-Dreyer et al. 

[50] found this mutation, L430P, in 13.9% of RR-TB isolates compared to 1.1% in 

MDR isolates, indicating it confers low-level resistance. In the same study, in 10 

clinical isolates with the L430P mutation, 7 were phenotypically susceptible at a critical 

concentration of 0.5 μg/mL. 

Moreover, Hofmann-Thiel et al. [6] later corroborated by Nimmo et al. [48] 

evaluated the nucleotide diversity in patients who completed treatment without mixed 

infections in a longitudinal study. They observed the emergence of heteroresistant 

populations that either became fixed or persisted over time. In the same study, they 

noted the presence of two resistant subpopulations, whose frequencies fluctuated 
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during treatment. Significant SNPs identified included D435V, S450L, L430P, H445Y, 

H445D, L452P, and H445R, which coexisted for weeks or months within the same 

patient. Despite this, no association was found between mixed infections and 

unfavorable outcomes, but opposite findings were found by Shin et al. [51] and Cohen 

et al. [52]. The mutations S450L, L430P, H445D, and L452P were also identified in 

our isolates, suggesting their implications in the generation of heteroresistant 

populations. 

Remarkably, the MIC for colonies with the D435Y mutation ranged from <0.063 

to 0.125 µg/mL in our study, compared to Jeon et al. [53], who reported a range of 0.5 

to 16 µg/mL. For the L452P mutation, we observed an MIC of 0.125 µg/mL, while 

Jeon et al. found it varied from 1 to 16 µg/mL. These mutations are categorized as 

borderline by WHO (2023) [26] due to their phenotypic variability, depending on the 

MIC test applied. 

Additionally, our study identified a nonsynonymous T187P mutation in the 

RpoA and several mutations in the RpoC protein, including H525Q, G594E, R741S, 

H767P, I832V, E1033K, P1040A, and T1230I (see supplementary data 1 for details). 

The H525Q and P1040A mutations, previously associated with the transmission of RR-

TB isolates, are believed to mitigate minor fitness defects caused by the primary S450L 

mutation in the RpoB [54,55]. However, the WHO's 2023 catalog of “mutations in 

MTBC and their association with drug resistance” did not find an association with RR-

TB for some RpoA and RpoC mutations, including G594E found in this study. 

Furthermore, the impact of other previously proposed compensatory mutations in the 
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rpoA or rpoC genes remains to be clarified [54,56,57], leaving their effects on RIF 

resistance and their role in transmission uncertain. 

Ultimately, the persistence and tolerance of bacterial populations, as shown in 

our study, suggest that some mutations may confer a survival advantage without 

altering MICs, complicating the eradication of these populations [58], which 

emphasizes the importance of considering growth rate differences between strains and 

proportions, which may contribute to the establishment of drug-tolerant populations 

[3,59-63]. These observations underline the critical importance of early diagnosis to 

prevent the development of drug-resistant strains [64,65]. Genotyping in clinical 

samples is recommended to reveal the clonal complexity of Mtb infection as was 

performed by Aung et al. [28], who detected 5% heteroresistance to RIF in sputum 

using droplet digital PCR. The proportion of mutant strains showing rpoB gene 

heteroresistance ranged from 20 to 80%, while nearly all strains in RR-TB populations 

were 85 to 100% mutant and almost completely resistant to RIF. 

Our analysis confirms the complex interplay between genetic mutations and 

phenotypic expression. It underscores the necessity for enhanced diagnostic techniques 

that can accurately detect and characterize heteroresistant and mixed infections. Future 

research should focus on integrating detailed genomic data with clinical outcomes to 

develop targeted treatment strategies that address both dominant and minor resistant 

populations, thereby improving patient outcomes and contributing to the global effort 

to control and eliminate TB. 

 



76 

 

II.5.    Conclusion  

WGS revealed the presence of multiple Mtb strains in the sputum samples, which 

was further validated through colony isolation. During the isolation process, we 

identified colonies harboring mutations in the rpoB gene with high levels of RIF 

resistance. These colonies were isolated from RIF-supplemented media, highlighting 

that subculturing in drug-free media may preferentially select for drug-sensitive strains 

over resistant ones. 

These findings emphasize the critical need for advanced techniques capable of 

accurately detecting and characterizing heteroresistant and mixed infections. Such 

tools are essential to improve treatment outcomes and combat the challenges posed by 

antimicrobial resistance in TB. 
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Abstract 

 

PonA1 is a penicillin binding protein (PBP), and it is a promising candidate for 

antibiotic development due to its essential role in maintaining cell wall integrity in 

Mycobacterium tuberculosis (Mtb) through peptidoglycan synthesis. In the first part of 

this chapter, we investigated the functional and structural implications of PonA1 

mutations, specifically Q365H and P631S, using in silico modeling and in vitro 

experiments. The AlphaFold and ESMFold algorithms were employed to model the 

complete protein, and the transpeptidase crystal structure was used as part of the model 

validation process. Structurally, these mutations did not induce significant changes in 

the PBP domain. Molecular docking analyses using the DiffDock algorithm, combined 

with NMR spectroscopy, revealed a reduced binding affinity between rifampicin (RIF) 

and both wild-type and mutant PonA1, suggesting a non-specific, transient interaction. 

In the second part of this chapter, we evaluated the phenotypic effects of deleting the 

ponA1 homologue, MMAR_0069, in Mycobacterium marinum (Mmar), as well as 

integrating ponA1 from Mtb H37Rv into its genome. While the deletion did not 

significantly affect cell growth, it resulted in notable morphological changes in vitro 

and increased resistance to RIF at subinhibitory concentrations of 0.5 µg/mL. 

Furthermore, Mmar strains complemented with wild-type Mtb ponA1 and the T34D 

mutation exhibited enhanced resistance during the logarithmic phase at the same level. 

While, during the stationary phase, the A516T, and P631S mutations provided a 

survival advantage during RIF exposure, coinciding with cellular morphological 

changes, particularly for A516T and P631S, further demonstrating the contribution of 

PonA1 in drug resistance mechanisms. 

This study also highlights the successful application of the modified ORBIT technique 

for simultaneous gene knockout and complementation, offering a rapid and efficient 

method for evaluating promoter libraries and gene function in mycobacterial genomes.  

Key words: PonA1, penicillin binding protein, AlphaFold, ESMfold, Diffdock, 

ORBIT, rifampicin, tuberculosis.  



86 

 

III.1. Introduction  

The PonA1 protein is involved in cell wall synthesis and regeneration through its 

role in peptidoglycan (PG) synthesis in many bacterial species (Dörr et al., 2014; 

Kieser, Baranowski, et al., 2015; McPherson & Popham, 2003; Paradis-Bleau et al., 

2010; Valbuena et al., 2007). It contains two functional domains: a transglycosylase 

(TG) domain and a transpeptidase (TP) domain, as well as a PBP domain located in the 

TP domain. The PBP domain enables PonA1 to interact with β-lactam antibiotics, 

which mimic the acyl-D-Ala-D-Ala structure of the PG, thereby inhibiting cell wall 

synthesis (Tipper & Strominger, 1965). 

This protein has attracted attention for its potential role in conferring a growth 

advantage in the presence of rifampicin (RIF). Notably, both the knockout (KO) of the 

ponA1 gene and the Q365H substitution have been shown to influence antibiotic 

tolerance to RIF (Farhat et al., 2013). In addition, the P631S mutation in PonA1, 

located in a proline-rich region, mediates its interaction with RipA, a peptidoglycan 

endopeptidase involved in regulating the cell cycle through cell elongation and division 

(Hett et al., 2010). Gao et al. (2019) further demonstrated that reducing the number of 

prolines in this region enhances the interaction between PonA1 and RipA, leading to 

cell length deregulation. The P631S mutation was found to be statistically associated 

with RIF resistance, alongside the A516T mutation (Rabanal et al., 2020). The A516T 

mutation was primarily associated with resistant strains, while the P631S mutation was 

more commonly found in susceptible strains, based on an analysis of 914 Mtb complete 

genomes from Peru.  
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Given the association of ponA1 mutations with RIF resistance and the structural 

differences between RIF and penicillin, this study aims to evaluate the potential 

molecular interactions between PonA1 and RIF, and to assess the impact of ponA1 

mutations on RIF resistance. This chapter explores these interactions using a 

combination of in silico and in vitro analyses. Additionally, Mmar was employed to 

assess the effects of both wild-type and mutated ponA1 through gene KO and 

complementation with the ponA1 gene from Mtb H37Rv. 

In this sense, the chapter is divided in two parts. The first part focuses on in silico 

and in vitro analyses of PonA1-RIF interactions. Structurally, we predicted the 

complete PonA1 protein using AlphaFold and ESMFold, comparing these models with 

the crystal structure of PonA1 residues 391-785 (Filippova et al., 2016). Molecular 

docking was then performed to assess the interaction between RIF and both wild-type 

and mutant PonA1 proteins. Subsequently, molecular dynamics simulations were 

conducted to evaluate the temporal evolution and stability of these interactions. In vitro 

analysis involved the recombinant production of PonA1 proteins (residues 234-820) 

from wild-type Mtb H37Rv, as well as the Q365H and P631S mutants. These mutations 

were selected based on their reported association with resistance and susceptibility to 

RIF, respectively (Farhat et al., 2013; B. Gao et al., 2019; Rabanal J, 2020). The 

recombinant proteins were subsequently subjected to biophysical and conformational 

studies to assess their structural and functional properties. The interactions between 

these recombinant proteins and RIF were analyzed using 1D nuclear magnetic 
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resonance (NMR) spectroscopy and affinity was calculated using saturation transfer 

difference-nuclear magnetic resonance (STD-NMR). 

The second part of this study examines the effects of ponA1 mutations from Mtb 

in Mmar, aiming to understand the impact of these mutations on bacterial behavior, 

cell wall morphology, and RIF resistance, and to draw parallels between the responses 

of Mmar and Mtb.  

Mmar is a slow-growing, photochromogenic mycobacterium that causes skin and 

soft tissue infections in humans, as well as TB-like infections in fish, known as 

mycobacteriosis. It has a doubling time of about 8–9 hours and is phylogenetically 

close to Mtb (Biet et al., 2005). Due to its phylogenetic position and pathogenic 

similarities to Mtb, Mmar is commonly used as a model system in studies related to 

Mtb, its ease of manipulation further supports its use in research, helping to study TB 

pathogenesis in its natural host species (Aubry et al., 2017; Broussard & Ennis, 2007; 

Clay et al., 2007; Das et al., 2018; Davis et al., 2002; Gao & Manoranjan, 2006; 

Hashish et al., 2018; Swaim et al., 2006; Volkman et al., 2004). 

Mmar infections can be effectively treated with anti-TB agents such as RIF, 

EMB, clarithromycin, doxycycline, and quinolones (Aubry et al., 2000; Stinear et al., 

2008). The organisms share virulence determinants, with Mtb virulence genes able to 

complement orthologous Mmar genes with mutations (Cosma et al., 2006; Gao et al., 

2004; Tobin & Ramakrishnan, 2008; Volkman et al., 2004). 

Optimal growth of Mmar occurs between 30- 35°C in Middlebrook 7H9 broth, 

and it grows poorly at 37°C (Clark & Shepard, 1963; Gao & Manoranjan, 2006). Like 
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Mtb, it is a facultative anaerobe however, unlike Mtb, it cannot reduce nitrate and 

produces bright yellow carotenoid pigments when exposed to light, which protect it 

from UV damage (Stinear et al., 2008; Tsukamura, 1983). The Mmar genome includes 

a 6,636,827-bp circular chromosome with a G/C content of 65.73%, 5424 coding 

sequences (CDS), 10 prophages, and a 23-kb mercury-resistance plasmid (Stinear et 

al., 2008). Genome comparisons with Mtb reveal a close genetic relationship, sharing 

3000 orthologs with an average amino acid identity of 85% (Table III.1). 

The annotated ponA1 sequence from Mtb H37Rv shares 82.82% nucleotide 

identity with the homologous MMAR_0069 gene from Mmar, and 91% protein 

homology (Appendix III.1-2), Additionally, MMAR_0069 has a 79.62% identity to the 

ponA1 gene and an 84.39 % protein homology based on the -426 transcription start site 

proposed by Kieser et al. (2015) (Appendix III.3–4). For the KO of the MMAR_0069 

gene, we employed oligonucleotide-mediated recombineering followed by Bxb1 

integrase targeting (ORBIT), a method previously used in Mtb and M. smegmatis 

(Murphy et al., 2018) and recently used in Mmar (Saelens et al., 2022). 

Given Mmar's closer phylogenetic relationship to Mtb, its slower growth rate, 

and more manageable handling requirements, developing ORBIT in Mmar presents 

significant potential for advancing Mtb research. Additionally, we initiated exploratory 

studies on promoter analysis using ORBIT to enable simultaneous knockout and gene 

complementation in one step. 
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Table III.1. Chromosome features of M. marinum strain M compared with M. 

tuberculosis. Adapted from Stinear et al. (2008). 

 

Feature M. marinum M M. tuberculosis 

H37Rv 

Chromosome size (bp) 6,636,827 4,411,532 

GC content % 65.73 65.61 

Base Pairs per gene 1223 1110 

Average CDS length 1101 1009 

Protein-coding sequences 5424 3974 

Conserved with assigned 

function 

3987 (74%) 3049 (77%) 

Conserved with unknown 

function 

1254 (23%) 907 (22.5%) 

Pseudogenes 65 17 

rRNA 1 1 

tRNA 46 45 

 

Objective 

The primary objective of this study was to investigate the association between 

mutations in the PonA1 protein and resistance to RIF. Specifically, it aimed to 

characterize the effect of these mutations on PonA1's affinity for RIF, both in silico 

and in vitro. In addition, a MMAR_0069 gene KO (∆MMAR0069) strain of Mmar was 

generated, this KO strain was then complemented with various mutated ponA1 genes 
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from the reference strain Mtb H37Rv. The phenotypic traits and RIF susceptibility of 

these modified strains were subsequently assessed.   

III.2. Experimental section 

III.2.1.     In silico interaction between the PonA1 and rifampicin 

This section was developed at the Laboratorio de Bioinformatica y Biologia 

Molecular,  UPCH, Lima- Peru, with the collaboration of Gustavo Olivos, Diego 

Taquiri and Omar Romero. 

III.2.1.1.    PonA1 full-length structural modeling compared to the 

PonA1  transpeptidase crystal structure 

The complete structural model of PonA1 was constructed by two 

methodologies: AlphaFold v.2 (Jumper et al., 2021) and Evolutionary Scale Modeling 

(ESMFold) (Lin et al., 2023). 

We used the full-length sequence of PonA1 (Uniprot ID: P71707) alongside 

the crystal structure of PonA1 complexed with its ligand penicillin, available in the 

Protein Data Bank (PDB ID 5CXW), featuring a single chain. The nomenclature of the 

residues studied in the crystal structure—Q365, A516, and P631—was used 

consistently for both in silico and in vitro analyses. These correspond to residues Q507, 

A658, and P773, respectively, in models generated based on the full-length proteins, 

depending on the assay performed. 

For the modeling of the PonA1 protein, the structure with ID AF-P71707-F1 

from the AlphaFold database was utilized. For mutants modeling, we modified single 
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amino acids in the AlphaFold model and used the AlphaFold algorithm locally to 

predict the structures of the mutated proteins. The parameters set for our modeling 

included the use of the MonomerPTM model preset. This approach allowed us to 

investigate both the wild-type structure of PonA1 and its mutations. Specifically, the 

mutations modeled in the PonA1 protein using AlphaFold were Q365H and P631S. A 

structural alignment was then performed to assess deviations between the mutant 

models and the wild-type PonA1 (PonA1_WT_AF). 

Furthermore, for the structural prediction of PonA1 -wild type and mutants, 

we also employed ESMfold v1, a deep learning-based model. This was operated locally 

with a chunk size of 128, appropriate for the protein's length. 

III.2.1.2.    Molecular docking between variants of PonA1 and RIF 

To assess the impact of mutations on RIF binding affinity, blind molecular 

docking assays were performed. For these assays, we utilized both the available PDB 

structure of the PonA1 protein (PDB ID: 5CXW) and the full-length model predicted 

by ESMFold. The PDB structure comprises only 394 residues, corresponding to 

positions 390-785 of the protein, whereas the ESMFold models represent the complete 

sequence, spanning residues 0-820. This allowed for a comprehensive comparison 

between the truncated crystal structure and the full-length predicted model. 

To model ligand binding, we employed RIF with the PubChem CID 

135398735 (https://doi.org/10.1093/nar/gkac956), and penicillin V in its 

open form, as seen in the crystal structure, with the PubChem CID 137348124.  

https://doi.org/10.1093/nar/gkac956
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For the molecular docking studies, we employed two software tools: GNINA 

and DiffDock. GNINA (McNutt et al., 2021) utilized an automatic selection based on 

the penicillin.pdb file, with most parameters set to default. Specifically, an additional 

4 Å was added to all six sides of the automatically generated binding box (--

autobox_add +4). The exhaustiveness level was set to 64 (--exhaustiveness 64) to 

ensure comprehensive sampling of potential binding modes. By default, GNINA 

generates up to 9 binding poses (--num_modes 9) and applies a root mean square 

deviation (RMSD) filter of 1 Å (--min_rmsd_filter 1) to eliminate redundant poses. The 

default convolutional neural network (CNN) scoring function is set to rescore the poses 

(--cnn_scoring 1), with a grid resolution of 0.5 Å (--cnn_resolution 0.5), which 

enhances the accuracy and detail in modeling molecular interactions. 

DiffDock (Corso et al., 2022) was utilized with a default box size covering the 

entire input protein and was executed with standard parameters. The inference process 

involved 20 steps (--inference_steps 20) and processed 40 samples per complex (--

samples_per_complex 40), with a batch size of 6 (--batch_size 6). This approach 

enabled a detailed exploration of the binding interactions between the ligands and 

PonA1, providing comprehensive insights into the potential docking poses and 

molecular interactions. 

The best docking modes were ranked based on the most favorable interaction 

energies, considering the ΔG (kcal/mol) for GNINA and the top DiffDock confidence 

score (DCS). The optimal binding poses for each model, including both PonA1 wild-

type and its mutants, were further analyzed using the Protein-Ligand Interaction 
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Profiler (PLIP, (Salentin et al., 2015) to identify key molecular interactions. These 

selected poses were subsequently used for molecular dynamics simulations to further 

evaluate the stability and dynamics of the protein-ligand interactions. 

III.2.1.3. Molecular dynamics evaluation of PonA1-RIF complex stability 

We conducted molecular dynamics simulation using GROMACS 2023.3 to 

assess the stability of the interaction between RIF and PonA1 wild-type and its mutants. 

The simulations were initiated with the docked structures of PonA1_WT_ESM, 

PonA1_Q365H_ESM, and PonA1_P631S_ESM, each selected based on the highest 

DiffDock scores from the models predicted by ESMfold.  Prior to the simulations, the 

topologies of both the protein and ligand were separately generated using Antechamber 

(Wang et al., 2000; https://ambermd.org/antechamber/ac.html), after which they were 

combined to form the protein-ligand complex. Given the size of the protein (820 

residues), the complex was placed in a cubic simulation box with 1.5 Å of padding on 

each side to ensure sufficient space for interactions. The system was solvated using the 

SPC216 water model, and NaCl was added to achieve an ionic concentration of 0.154 

mM for Na⁺ and 20 mM for Cl⁻ to maintain electrostatic balance. Following solvation 

and ionization, the system underwent energy minimization using the steepest descent 

algorithm (Meza, 2010) for 5000 steps to eliminate steric clashes and ensure system 

stability before proceeding with molecular dynamics. 

For the equilibration phase, restrictions were applied specifically to the ligand 

and the backbone of the protein. Both temperature and pressure were equilibrated over 

a period of 100 ns to achieve a steady state for the subsequent molecular dynamic 

simulations.  We used the NVT (300 K) and NPT (1 bar) ensemble, respectively. The 

https://ambermd.org/antechamber/ac.html
https://ambermd.org/antechamber/ac.html
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molecular dynamics simulation was then carried out for 100 ns, using the LINCS 

algorithm (Hess et al., 1997) to restrict all joint particles; while the Ewald Mesh 

algorithm (PME) (Petersen, 1995) was used to approximate the long-range interactions. 

Drug stability in the protein active site was analyzed by Root Mean Square Deviation 

(RMSD) and Root Mean Square Fluctuation (RMSF) of the molecules. Additionally, 

the trajectory data were visualized using VMD (Visual Molecular Dynamics) software 

(https://www.ks.uiuc.edu/Research/vmd/), and protein-ligand interaction analysis was 

performed with the PLIP package (Salentin et al., 2015),  to identify key interactions 

occurring with a frequency greater than 2% of the simulation time. 

III.2.2.    Cloning, expression and purification of recombinant PonA1 

variants and RpoB 

This part of the experiment was developed in the Centre de Biologie 

Structurale (CBS) -Montpellier-France, with the support of PhD. Martin Cohen-

Gonsaud and Angelique De-Visch. 

The PonA1234-820 design was performed taking the sequence used by Filippova 

et al. covering residues 234-820 (NCBI accession number NC_000962.3 - 

YP_177687.1). This sequence was cloned in the plasmid pET28a-TEV (Genscript), 

which includes a His-tag and contains a TEV protein cleavage site at the N-terminal 

(Appendix III.5-7). RpoB was cloned as a full-length sequence (NCBI accession 

number NC_000962.3) with a His-tag at the N terminal (Appendix III.8). 

https://www.ks.uiuc.edu/Research/vmd/
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The plasmids were transformed in E. coli Rosetta cells using heat shock, grown 

on Luria Bertani (LB) agar with 40 μg/mL Kanamycin (KAN) at 37°C for 24 hours. A 

single colony was then cultured in 10 mL of LB broth with KAN at 37°C overnight at 

250 rpm. The next day, 10 mL was added to 500 mL of ZYM-5052 media (Appendix 

III.9), incubated at 37°C for 4 hours then at 25°C overnight. Cells were harvested by 

centrifugation at 6000 rpm for 25 min at 4°C, resuspended in buffer containing 50 mM 

Tris pH 8, 150 mM NaCl, 2 mM dithiothreitol (DTT) and 0.08% N-Dodecyl-beta-

Maltoside (DDM) with 1 µl/mL of lysozyme (1 mg/mL) and stored at -40°C. After 

thawing, sonication (parameters were 50 amplitude for 5 minutes at 2 pulse) and 

centrifugation (18000 rpm at 8°C for 25 minutes) was performed.  

For PonA1234-820_WT and its mutants, the pellet was resuspended in buffer 

containing 8M urea, 50 mM Tris pH 8, 150 mM NaCl and 2 mM DTT, centrifugation 

at 20000 rpm, 20°C for 20 minutes was performed and the supernatant was recovered.  

All PonA1’s recombinant proteins were purified by affinity chromatography, 

using imidazole gradients between 10 mM to 500 mM, in 50 mM Tris-HCl buffer, 

150mM NaCl, pH 8 urea 8M. Then, dialysis was performed in buffer 50 mM Tris-

HCl pH 8, 150 mM NaCl, 2 mM DTT without urea at 4°C overnight. An additional 

step was performed, size exclusion chromatography by gel filtration in 50 mM Tris-

HCl pH 8, 150 mM NaCl and 2 mM DTT in a Superdex 200 26/60 column.   

For RpoB protein, one colony was subcultured in 10 mL of LB media with 

KAN, it was incubated at 37°C overnight at 250 rpm. The next day, 10 mL of the 

culture was added to 500 mL of ZYM 50-52 media cultured at 37°C for 4 hours and 

25°C overnight at 250 rpm. A step of centrifugation to collect the pellet at 6000 rpm at 
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25 min 4°C, the supernatant was discarded and buffer containing 50 mM Tris-HCl pH 

8, 150 mM NaCl, 2 mM DTT was used to resuspend the pellet cellular, 1 µl of lysozyme 

per mL (1 mg/mL) was added. The suspension was stored at -40°C and warmed at room 

temperature for 20 minutes. Sonication parameters were 50 amplitude for 5 minutes at 

2 pulses, centrifugation step at 18000 rpm at 8°C for 25 minutes was performed. The 

supernatant after centrifugation was collected. Buffer 50 mM Tris pH 8, 150 mM NaCl 

and 2 mM DTT was used for affinity purification using imidazole gradients between 

10 mM to 500 mM, in 20 mM Tris-HCl buffer, 300mM NaCl, pH 8. Dialysis was 

performed in buffer 50 mM Tris pH 8, 150 mM NaCl, 2 mM DTT at 4°C overnight 

and gel filtration was performed in Superdex 200 26/60 column in the same buffer. 

The purity of the proteins was confirmed by SDS-PAGE and Coomassie blue 

staining. Concentrations were performed with centrifugal filter (Amicon ® ultra 10K 

– Merck Millipore) and quantified by UV spectroscopy at 280 nm with parameters 

obtained from Expasy ProtParam tool (https://web.expasy.org/cgi-

bin/protparam/protparam). PonA1 (ε=66810 M-1 cm-1, MW= 63 222 Da), RpoB 

(ε=85260 M-1 cm-1, MW= 129 349 Da). 

III.2.3.   Biophysical characterization of PonA1234-820 variants, and RpoB  

Stability and protein folding of purified recombinant proteins were evaluated 

using Tycho NT.6 (Breitsprecher et al., 2018; Mohamadi M, 2017), circular dichroism 

(CD), and molecular exclusion chromatography coupled with multiple angle light 

scattering (SEC-MALS) (Some et al., 2019). For each evaluation, the protocols 

described by the manufacturer were followed. 

https://web.expasy.org/cgi-bin/protparam/protparam
https://web.expasy.org/cgi-bin/protparam/protparam
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The thermal stability of PonA1234-820_ WT and its mutant proteins was evaluated 

using a protein thermal shift assay with Tycho NT.6 (Nanotemper), capillaries (TY-

C001) were used and 10 µL of each protein (1 mg/mL) per capillary to prevent sample 

loss due to excessive brightness.  All proteins were maintained in a buffer consisting 

of 50 mM Tris-HCl, 150 mM NaCl, and 2 mM DTT; tryptophan fluorescence was 

followed during a ramp of temperature of 35-95°C.  

To evaluate the effect of RIF addition on protein stability, it was performed 

protein buffer exchange with 20 mM potassium phosphate pH 6.8, 100 mM NaCl, 0.5 

mM DTT (Zeba Spin Desalting Columns, 7K MWCO, 2mL). Each protein, at a 

concentration of 40 µM, was analyzed under three conditions: alone, with the addition 

of dimethyl sulfoxide (DMSO) at final concentration of 20%, and with 2 mM RIF 

dissolved in DMSO. 

SEC-MALS analysis was performed after purification from the insoluble 

fraction for PonA1 and the soluble fraction for RpoB, using 100 µL of native PonA1, 

refolded PonA1, and RpoB protein. All proteins were evaluated following the 

manufacturer’s instructions (Wyatt technology), column SuperdexTM 200 increase 

10/300 GL with Agilent 1260 Infinity II. All the proteins were evaluated in Tris-HCl 

50 mM, NaCl 150 mM, and 2 mM DTT. The MiliQ water, buffers and 20% ethanol 

were filtered 0,2 µm and equilibrated. The sample was incorporated through the 

exclusion column connected to the MALS detector and UV detector. After the sample 

was eluted from the column, SEC-MALS data collection commenced. The data were 

analyzed using ASTRA software (Wyatt Technology), which allows for the 
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determination of molecular weight and other relevant biophysical properties of the 

protein samples. 

For CD, 40 µL of each protein was placed in the chamber, following the 

manufacturer’s protocol (Chirascan- Applied photophysics), in precision cells 106-QS 

0,1 mm light path (Hellma Analytics).  

III.2.4.    Transpeptidase enzyme activity of PonA1 

The C-terminal TP domain of PonA1 contains the PBP domain, which has 

active sites that recognize the β-lactam ring of antibiotics such as penicillin, which 

mimic the acyl-D-Ala-D-Ala portion of the PG . Upon interaction between the PBP 

and penicillin, an irreversible covalent bond is formed with a serine residue in the active 

site. This interaction was exploited using a fluorescent analog of penicillin V, Bocillin-

FL, to confirm the enzymatic activity of the protein and to assess whether mutations in 

PonA1 preserve this activity.  

PonA1234-820 _WT and its mutants (20-480 ng) were incubated in a total volume 

reaction of 10 µL containing 20 mM potassium phosphate buffer pH 6,8, 0.1 M NaCl 

and 0.5 mM DTT with 10 µM of Bocillin-FL (Lee et al., 2003), and was incubated for 

30 min at 25°C. The samples were prepared with loading buffer without bromophenol 

blue (1.25 mL Tris pH 6.8 1M, 2mL SDS 20%, 4 ml glycerol 50%, 2 ml DTT 1 M up 

to 10 mL final volume). The marker and the samples were resolved by SDS-PAGE on 

a 10% gel (Kieser, Boutte, et al., 2015; Zhao et al., 1999). The gel was rinsed with 

water, the marker in the first lane was cut, and to visualize the labeled PBPs, the gels 
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were scanned using a TyphoonFLA 9500 with excitation at 504 nm and emission at 

511 nm. 

III.2.5.    PonA1234-820-RIF interaction measured by Nuclear Magnetic 

Resonance (NMR) spectroscopy 

To experimentally detect the affinity between PonA1 and RIF, NMR 

experiments were performed with the support of Dr. Phillippe Barthe at CBS-

Montpellier-France. 

The following protein-ligand complexes were evaluated: RpoB_WT + RIF, 

PonA1234-820_WT + RIF, PonA1234-820 _Q365H + RIF, PonA1234-820_P631S + RIF, and 

Rv1813c Mtb H37Rv+RIF. The RpoB protein was used as a positive binding control 

and the Rv1813c protein, generously provided by Dr. Cohen-Gonsaud, was used as a 

negative binding control. 

III.2.5.1.    Sample preparation  

All experiments were performed using 3 mm New Era NMR tubes. RpoB and 

PonA1234-820’s proteins were expressed as described in section III.2.2. Rv1813c 

protein, supplied by PhD. Cohen-Gonsaud of the CBS, was evaluated as a negative 

control. 

Protein buffer exchange was carried out using 20 mM potassium phosphate 

pH 6.8, 100 mM NaCl, 0.5 mM DTT (Zeba Spin Desalting Columns, cat # 89890, 7K 

MWCO, 2mL). RIF was resuspended in DMSO-d6 (Sigma-Aldrich), and all reagents 

were purchased from Sigma – Aldrich. 
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Protein-ligand gradient samples were prepared by placing homogeneous 

solutions of buffer, protein, and RIF at the bottom of the NMR tube, spinning the 

solution down on a Hettich 1011 hand-wound centrifuge to ensure removal of any 

residual protein from the tube walls.  

For 1D NMR analysis, to perform binding specificity assays, a concentration 

of 40 µM was used for all proteins (PonA1234-820_WT, PonA1234-820_Q365H, PonA1234-

820_P631S) and 2 mM for RIF. RpoB was used as a positive control, and Rv1813c as 

negative control for binding. 

For the STD-NMR analysis, the same conditions used for 1D-NMR sample 

preparation were followed, and five serial dilutions of RIF concentrations were 

performed.  

III.2.5.2. NMR analysis to measure PonA1 and RIF affinity 

All NMR spectroscopy experiments were performed on a Bruker Avance III 800 

MHz spectrometer equipped with a cryoprobe at a temperature of 293 K. The data 

acquisition parameters were as follows: spectral width of 20 ppm, 32K points in the 

time domain (16K real, 16K complex), resolution of 0.98 Hz. Each measurement began 

by calibrating the frequency of the transmitted pulse O1 on resonance with the water 

protons (4.697 ppm), and optimizing the 90° proton pulse P1, calibrated at 7 μs.  

 - 1D 1H NMR: the classical 1D proton sequence (zgesgp) uses gradient excitation 

sculpting as a water suppression technique. 
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- STD-NMR: The STD-NMR sequence employs a 30° pulse to maximize 

saturation transfer efficiency, and a water suppression using excitation sculpting with 

gradients. A pseudo-2D version of the STD-NMR sequence (stddiffesgp.2) was used 

for the interleaved acquisition of on- and off-resonance spectra. The on-resonance 

frequency was adjusted to 8.9 ppm whereas the off-resonance frequency was 40 ppm. 

The experiments were based on the methodology described by Angulo & Nieto, 2011. 

Saturation times to obtain the STD buildup curves were 0.5, 0.75, 1, 1.5, 2, 2.5, 3 and 

4 s, and the number of scans was 64. The total duration of each experiment was 6 s, 

following the protocols of Angulo & Nieto (2011) and Walpole et al. (2019). 

III.2.6.   MMAR_0069 gene knockout in M. marinum by ORBIT 

The experiments were carried out at CBS-Montpellier-France, for the 

experiments with Mmar strain M, the BSL-2 security area was required.  

To perform the ∆MMAR0069, the steps described by Murphy et al. (2018) 

were followed to use the Oligo-mediated recombineering followed by BxB1 Integrase 

Targeting (ORBIT). In brief, this system utilizes three main components: a plasmid 

that expresses Che9c RecT and Bxb1 integrase, an oligonucleotide, and a payload 

plasmid, also referred to as the ORBIT plasmid. The Che9c RecT annealase protects 

single-stranded DNA (ssDNA) and promotes its annealing to a complementary ssDNA 

target within the cell. Its expression is essential for recombineering with an ssDNA 

oligo substrate, and it is controlled by the inducible Ptet promoter. The Bxb1 integrase 

is one of the most efficient enzymes for DNA recombination, surpassing many other 

integrases in its recombination efficiency (Wang et al., 2017). The oligonucleotide 
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provides recognition of the target sequence, flanked by 70 bp upstream and 70 bp 

downstream, with an attP site located in the middle. The payload or ORBIT plasmid 

carries the attB site (Figure III.1.A), allowing site-specific integration. Depending on 

the desired genetic manipulation, the plasmid design can vary. Upon integration, the 

entire plasmid is incorporated into the genome at the lagging strand, with the system 

additionally incorporating an antibiotic resistance marker into the modified cells. This 

approach enhances the efficiency and precision of genetic modifications (Armianinova 

et al., 2022). 

Two rounds of electroporation were performed, the first one to insert pKM444 

plasmid, this plasmid express Che9c phage, RecT and Bxb1 phage integrase under PTet 

promoter control inducible with anhydrotetracycline (ATc). The second 

electroporation, to do the gene KO through the insertion of the payload ORBIT plasmid 

mediated by the oligonucleotide (Figure III.1.B), it was constructed based on pKM464 

ORBIT plasmid.  

 

Figure III.1. Oligo-mediated recombineering followed by BxB1 Integrase 

Targeting (ORBIT) elements and scheme. A Phage λ recombination mediated by 

attP and attB site (Taken from Ghosh et al., 2003). B. ORBIT mechanism overview 

(Taken from Murphy et al., 2018).  
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III.2.6.1.    Oligonucleotide design 

For the oligonucleotides design, the protocol described by Murphy et al (2018) 

was followed, using the CP000854.1 Mmar strain M chromosome as a template. The 

targeted genome region for removal spanned from 68,539-71,016.  

Oligonucleotide was designed with 70 bp towards the upstream end (68,469-

68,538) and 70 bp towards the downstream end (71,017- 71,086) of MMAR_0069 gene 

(Figure III.2), comprising the attP site between both sequences, highlighted in bold. 

ssDNA-BOTTOM-INV_5-3_Mmarinum_ORBIT (oligonucleotide), had the 

sequence: 5’ 

GGTTCGGGCGAGGTGGCGCAACGTGGTGTCCGTGCGTCCGTCACGGTGGC

GGATTGTCGGCGGGTGGCGCGGTTTGTACCGTACACCACTGAGACCGC

GGTGGTTGACCAGACAAACCCGGCTGGTGGTGGCGCCCTTCGTTACTCA

CTGGCAGTGCGGGCTCCATTGCGCGCCGTGCGCTTGCCACC 3’. 

This oligonucleotide was ordered as ultramer from IDT (Integrated DNA 

technologies). The stock concentration was 100 µM, and the working solution was 

diluted to 10 µM in the Tris-EDTA buffer (pH 8.0). The concentration was quantified 

by spectrophotometry at 260 nm with 1 µg used for each transformation. 
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Figure III.2. Scheme for the design of oligonucleotide targeting the MMAR_0069 

gene knockout in M. marinum.  

 

III.2.6.2.    ORBIT payload plasmid modification for MMAR_0069 gene 

knockout  

The aim was to use the ORBIT plasmid to perform the gene KO while 

simultaneously inserting a reporter system with the EGFP gene to evaluate the activity 

of two promoters: ponA1 promotor (ponA1p) from Mtb H37Rv and rpsT promotor 

from Mmar (rpsTp). ponA1p has been proposed by Kiesser but has not been previously 

evaluated experimentally (Kieser et al, 2015). rpsTp from Mmar evaluated by DaSilva 

A, DeVish A and Cohen-Gonsaud M 2022 (direct communication) had a good 

performance for the green fluorescent protein (GFP) expression after integration of 

pMV361 in M. smegmatis genome (Appendix III.10). 

A.    pKM464-ponA1p-EGFP construction 

Plasmid pKM464-ponA1p-ponA1 (constructed in this study, appendix III.11-

12), served as a template for constructing pKM464-ponA1p-EGFP. The plasmid was 

linearized using primers: F-EGFP-pKM464 5’- 

TGGACGAGCTGTACAAGTAACCGGCGCGCTGTCCCAAAGC-3’ and R-EGFP-

pKM464 5’- TCCTCGCCCTTCGACACCATTGGCCGTGCGGGCCCCGTTG-3’. 
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The reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 

10 ng of pKM464-ponA1p-ponA1 as a template. PCR conditions included an initial 

denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 

70°C for 20 seconds, and 72°C for 2 minutes with 24 seconds, with a final extension at 

72°C for 2 minutes and a hold at 12°C. Gel purification was performed (Monarch DNA 

Gel Extraction kit-NEB).  

EGFP was amplified with the primers F-EGFP 5’- 

ATGGTGTCGAAGGGCGAGGAG-3’ and R-EGFP 5’- 

TTACTTGTACAGCTCGTCCATGC-3’ (Appendix III.13). The reaction employed 

Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng of pKM468 

(Addgene-plasmid #108434) as the template. PCR conditions included an initial 

denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 

62°C for 20 seconds, and 72°C for 24 seconds, with a final extension at 72°C for 2 

minutes and a hold at 12°C.  

B.    pKM464-rpsTp-EGFP construction 

rpsTp locus_tag MMRN_39890 (GenBank: AP018496.1) (Appendix III.15-16), 

which was evaluated for regulation of GFP expression in M. smegmatis by Cohen-

Gonsaud (personal communication). It was amplified with primers: F-pKM464-rpsT 

5’- CCAGCAGGCCGGTCAGCCTCACGTCTTTTGGGTGAAAACG-3’ and R-

EGFP-rpsT 5’- CTCCTCGCCCTTCGACACCATGCTGTTGGTGCGGTTGCGCT-

3’. The reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, 

and 10 ng of synthetic rpsTp as a template. PCR conditions included an initial 
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denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 

62°C for 20 seconds, and 72°C for 6 seconds, with a final extension at 72°C for 2 

minutes and a hold at 12°C. 

pKM464 plasmid was opened with F-EGFP-pKM464 5’- 

TGGACGAGCTGTACAAGTAACCGGCGCGCTGTCCCAAAGC-3’ and R-

pKM464 5’- GAGGCTGACCGGCCTGCTGG-3’. The reaction employed Q5 High-

Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng of pKM464 as a template. 

PCR conditions included an initial denaturation at 98°C for 30 seconds, followed by 

thirty cycles of 98°C for 10 seconds, 68°C for 20 seconds, and 72°C for 1 minute with 

36 seconds, with a final extension at 72°C for 2 minutes and a hold at 12°C. Gel 

purification was performed (Monarch DNA Gel Extraction kit-NEB).  

EGFP was amplified following the same steps described in the construction of 

pKM464-ponA1p-EGFP in section III.2.6.2.A. in silico representation is provided in 

Appendix III.14. 

III.2.6.3.    Cloning and transformation in E. coli 

For all cloning procedures Gibson assembly (GA) was performed (Protocol 

standardized by the Synthetic biology group-CBS-Montpellier-France), DH5α cells 

were employed for heat-shock transformation (Appendix III.17 and 18). Clone 

selection was verified by sequencing with F-pKM464-int and R-pKM464-int primers 

(Appendix III.34). Sequencing service was performed by Eurofins 

(https://eurofinsgenomics.eu/). All plasmids were propagated in E. coli DH5α cells, 

https://eurofinsgenomics.eu/
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and plasmid extraction was performed using the Monarch® Plasmid Miniprep Kit, 

following the manufacturer's instructions. 

III.2.6.4.    M. marinum strains and media 

This technique was developed at the BLS-2 facilities of CBS-Montpellier-

France using the Mmar strain M, generously provided by A. Blanc-Potard, LPHI. The 

logistics and protocols were implemented with this thesis for its application.  

Mmar (wild type) was cultured at 30-32°C in darkness, for liquid culture 

Middlebrook 7H9 broth supplemented with 5% OADC (comprising 5 g/L albumin, 2 

g/L dextrose, 3 g/L catalase, oleic acid), 0,2% glycerol and 0.05% tween80 (7H9). 

Solid cultures were grown on Middlebrook 7H10 medium, similarly supplemented 

with 5% OADC and 0.5% glycerol (7H10). The growth and purity of these strains were 

monitored under an inverted microscope (Invitrogen TM EVOS TM FL). 

III.2.6.5.    MMAR_0069 gene knockout in M. marinum by ORBIT 

To achieve the gene KO, the first requirement was to obtain cells that have 

already incorporated a plasmid capable of expressing the Che9c phage, RecT and Bxb1 

phage integrase under the control of the PTet promoter, which is inducible with ATc. 

To achieve this, the initial step was to prepare competent cells from the Mmar wild-

type, briefly described in sections A-B, below. Once the cells containing the plasmid 

were obtained, they were cultivated to prepare a new batch of competent cells, into 

which the ORBIT plasmid was introduced for integration mediated by the 

oligonucleotide, as described in sections C-D. 
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A.    Electro-competent cells preparation for pKM444 insertion 

A wild-type Mmar colony was cultured in 5 mL of 7H9 for 2-3 days at 30°C. 

Subsequently, 0.5 mL of this culture was transferred to 50 mL of 7H9, achieving a 

1:100 dilution, and grown for 3-4 days until an OD600 of 0.8-1 was reached. At this 

point, 5 mL of 2M glycine was added, and the culture was incubated for 16-24 hours. 

The culture was then centrifuged at 3500 rpm for 10 minutes at 17°C. The resulting 

pellet was washed three times with 20, 10, and 5 mL of sterile 10% glycerol containing 

0.05% Tween 80, preheated to 30-32°C. Finally, the pellet was resuspended in 1 mL 

of 10% glycerol-Tween 80 (0.05%) and divided into 400 µL aliquots for immediate 

use. 

B.    First electroporation of M. marinum 

Between 0.5-1 µg (less than 5 µL) of the pKM444 plasmid (Addgene Plasmid 

#108319) was mixed with 400 µL of competent cells and transferred to an 

electroporation cuvette with a 0.2 cm electrode gap. Electroporation was conducted at 

2.5 kV, 25 µF, with a pulse-controller resistor at 1000Ω. The cuvette was then subjected 

to a single pulse, and if the time constant was outside the optimal range, the procedure 

was repeated, targeting pulse times between 15 and 25 ms. Immediately after 

electroporation, the cell suspension was transferred to 5 mL of 7H9 medium (without 

antibiotics) and incubated at 32°C for 3-4 hours to allow cell recovery. The culture was 

then homogenized by pipetting, and 100 µL of the suspension was plated onto 7H10 

agar plates containing 20 µg/mL KAN. The remaining cell suspension was 
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concentrated and plated on a second agar plate. The plates were covered with aluminum 

foil and incubated at 30-32°C until colonies formed, typically within 7-14 days. 

 C.    Preparation of electro-competent cells and electroporation for 

gene knockout by ORBIT 

Once the strains had acquired the pKM444 plasmid, competent cells were 

prepared for the insertion of the payload plasmid (pKM464, Addgene Plasmid 

#108322) and the oligonucleotide. The addition of ATc induced the expression of 

RecT, facilitating the plasmid insertion, which was mediated by the oligonucleotide. 

Mmar containing the pKM444 plasmid was cultured in 5 mL of 7H9 

supplemented with  20 µg/mL KAN for 2-3 days at 30°C. Following this, 0.5 mL of 

the culture was transferred to 50 mL of 7H9 with 20 µg/mL KAN, grown for 3-4 days 

until reaching an OD600 of 0.8-1. At this point, ATc was added to a final concentration 

of 500 ng/mL, and the culture was incubated for 8 hours at 30-32°C to induce RecT 

expression. Subsequently, 5 mL of 2M glycine was added, and the culture was 

incubated for 16-24 hours. After incubation, the culture was centrifuged at 3500 rpm 

for 10 minutes at 17°C, and the pellet was washed three times with pre-heated 10% 

glycerol-Tween 80 (0.05%), then resuspended in 1 mL of the same solution.  

For electroporation, 1 µg of oligonucleotide and 200 ng of either pKM464-

ponA1p-EGFP /pKM464-rpsTp-EGFP plasmid (total volume of 5 µL) were mixed 

with 400 µL of competent cells. The mixture was placed in an electroporation cuvette 

with a 0.2 cm electrode gap and subjected to electroporation at 2.5 kV, 25 μF, with a 
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pulse-controller resistor set to 1000Ω. Transformation controls without the 

oligonucleotide and negative controls without the plasmid were also included for 

comparison. 

The cell suspension was immediately transferred to 5 mL of enriched 7H9 

(without antibiotic) and incubated at 30-32°C for 16-24 hours to allow cell recovery. 

Subsequently, 500 µL of the cell suspension was plated on 7H10 containing 50 µg/mL 

hygromycin (HYG) and 20 µg/mL KAN and incubated at 30-32°C until colonies 

appeared, usually within 10-14 days.  

D.    Colonies selection and verification of integration of the payload 

ORBIT plasmid 

For colony selection, 1 mL of 7H9 was distributed in 24 plate-well, with one 

colony cultivated per well at 30°C in darkness for 7 days. Verification of contamination 

was controlled after 24 hours of incubation. After 7 days, 20 µL of each culture was 

transferred to screw cap tubes containing 20 µL of TE buffer and inactivated at 80°C 

for 30 minutes.  PCR was conducted to verify plasmid insertion, using primers F-

Mmar-Rv0050-orbit 5’- CGCACCTGCAGTTGGAATCACCTG-3’ and R-Mmar-

Rv0050-orbit 5’- CGATCAGCGCGTGGCGG-3’. The PCR mix included One Taq 2x 

polymerase (New Englands Biolabs), 10 µM of each primer, and between 2 - 4 µL of 

supernatant containing Mmar DNAg as the template. The PCR cycle consisted of an 

initial denaturation at 94°C for 5 minutes, followed by thirty cycles of 94°C for 30 

seconds, 64°C for 30 seconds, and 68°C for 3 minutes 30 seconds, with a final 
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extension at 68°C for 5 minutes and storage at 12°C. Electrophoresis in agarose gel at 

0.8 - 1% was performed to visualize the results, run in buffer TAE 1X. 

 

 

 
 

Figure III.3.  MMAR_0069 gene knockout in the M. marinum genome. A. Locus of 

the MMAR_0069 gene. B. Disposition of the plasmid pKM464 after gene knockout on 

the lagging strand using an oligonucleotide. 

 

 

E.    Sequencing and cryopreservation 

The PCR product was purified using a gel extraction kit (Monarch Gel extraction 

kit-NEB), and quantified by nanodrop.  Eurofins (https://eurofinsgenomics.eu) 

performed the sequencing with the same primers used for the amplification. The 

sequence analysis was performed with SnapGene ® 6.1.2. 

A 

B 
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To confirm that the plasmid was correctly integrated into the chromosomal DNA, 

long-read sequencing was conducted at the Laboratorio de Bioinformática y Biología 

Molecular, UPCH, Peru. DNA extraction was performed using the ZymoBIOMICS™ 

DNA Miniprep kit, following the manufacturer's instructions. Genomic DNA was 

quantified using fluorescence with a Qubit 1x dsDNA kit. For sequencing, the 

manufacturer's protocol was followed: library preparation was carried out using a rapid 

kit and loaded onto a GridION flow cell R9 (Oxford Nanopore Technologies). For the 

bioinformatic analysis, we mapped the assembled contigs against the constructed 

reference genome of Mmar, which included the plasmid inserts, using Minimap2 (Li, 

2018). The origin of replication was set to the DNA A1 gene. The alignment was 

visualized using the Integrative Genomics Viewer (IGV). Annotation was performed 

with Bakta to confirm that the plasmid sequence mapped accurately to the intended 

location and to verify that the upstream and downstream genes were positioned as 

expected.  

For cryopreservation, 50 µL of the verified clone was cultured in 7H10 and 

incubated at 30°C for 5-7 days in darkness. The solid culture was collected with a loop, 

resuspended in 1200 µL of 7H9 mixed with 300 µL of 50% glycerol, and stored at -

70°C.  

III.2.6.6.    Assessment of promoter function via EGFP reporter 

expression in M. marinum 

Cells in the logarithmic phase were adjusted to a McFarland scale of 1 and 

diluted 1:25 in 7H9. They were placed in 96-well plates (Costar 96 clear bottom black 
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side with lid) and monitored every 12 hours for OD600 and fluorescence, with excitation 

at 485 nm and emission at 528 nm, and a gain setting of 100 read from the bottom. The 

experiment was conducted at a constant temperature of 30°C for 122 h. 

III.2.7.    ponA1 gene complementation in M. marinum MMAR_0069 gene 

knockout strains 

Two techniques were tested for ponA1 gene complementation: the first involved 

cloning the rpsTp and the ponA1 gene from Mtb H37Rv into the ORBIT payload 

plasmid, enabling both gene knockout and complementation mediated by ORBIT. The 

second method utilized L5-phage site integration in strains with the ∆MMAR0069, 

where the plasmid pMV361, containing ponA1 cloned under hsp60 regulation, was 

integrated into the genome. 

III.2.7.1.    MMAR_0069 gene knockout and ponA1 gene 

complementation in one step mediated by ORBIT 

The ORBIT technique enabled the KO of the MMAR_0069 gene through the 

insertion of the pKM464 plasmid (Murphy, 2018), as described in section III.2.6.5. Our 

objective was to further modify this plasmid by incorporating a promoter (rpsTp) and 

a gene of interest (ponA1 from Mtb H37Rv). If successful, this modified plasmid could 

facilitate both gene KO and gene complementation simultaneously in a single step. 
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A.  ORBIT payload plasmid modification for one-step gene knockout 

and complementation and transformation in E. coli 

Based on the evaluation performed in section III.2.6 the ponA1 gene was cloned 

under the control of the rpsTp and the process is detailed below: 

For the construction of pKM464-rpsTp-ponA1 plasmid (Appendix III.19), 

primers:  F-pKM464-rpsT 5’- 

CCAGCAGGCCGGTCAGCCTCACGTCTTTTGGGTGAAAACG-3’ and R-ponA1-

rpsT 5’- GTGACGCCCGTCGCTATTCACGCTGTTGGTGCGGTTGCGCT-3’ were 

used to amplify the rpsTp. The reaction employed Q5 High-Fidelity 2X Master Mix, 

10 µM of each primer, and 10 ng of rpsT synthetic promoter as a template. PCR 

conditions included an initial denaturation at 98°C for 30 seconds, followed by thirty 

cycles of 98°C for 10 seconds, 62°C for 20 seconds, and 72°C for 6 seconds, with a 

final extension at 72°C for 2 minutes and a hold at 12°C. 

For amplification of the pKM464-ponA1g, primers F-ponA1-gene-H37Rv 5’-

GTGAATAGCGACGGGCGTCAC-3’ and R-pKM464 5’- 

GAGGCTGACCGGCCTGCTGG-3’ were used. The reaction employed Q5 High-

Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng of pKM464-ponA1p-

ponA1g plasmid as a template. PCR conditions included an initial denaturation at 98°C 

for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 67,7°C for 20 

seconds, and 72°C for 2 minutes 45 seconds, with a final extension at 72°C for 2 

minutes and a hold at 12°C. Gel purification was performed (Monarch DNA Gel 

Extraction kit-NEB). For assembling the PCR fragments, GA was utilized. 
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Transformations in E. coli DH5α were conducted as previously described in Section 

III.2.6.3. Colony PCR and sequencing were carried out using appropriate primers. 

B.   ORBIT for MMAR_0069 gene knockout and ponA1 gene 

complementation in one step 

Mmar harboring pKM444 plasmid was reactivated in 5 mL of 7H9 for 2-3 days 

at 30 °C. 0.5 mL culture was transferred to 50 mL 7H9 (1:100 dilution). For this 

procedure, the same steps were followed as in section III.2.6.5.C, electroporated with 

the modified pKM464-rpsTp-ponA1 plasmid. 500 µL cells were plated on 7H10 plates 

containing 50 µg/mL HYG plus 20 µg/mL KAN. The plates were incubated at 32°C 

until the colonies appeared (around 7-10 days). Colonies screening and verification was 

performed (Section III.2.6.5.D-E). Long read sequencing was performed to evaluate 

gene KO and verification of site-specific integration, described in section III.2.6.5.E.  

III.2.7.2. ponA1 gene complementation mediated by pMV361 

integration via L5 phage site in M. marinum 

Mmar strains carrying the ∆MMAR0069::rpsTp-EGFP construct (hereafter 

referred to as ∆MMAR0069) were cultivated and subjected to electroporation for 

gene complementation via pMV361 integration at the L5 phage site. The resulting 

strain, in which MMAR_0069 gene was reintroduced is referred to as the isogenic 

wild-type strain. This approach allow as for the evaluation of whether the mutant 

phenotype can be restored to a wild type gene add-back cell line is meant to assess 

that the mutant phenotype can be reverted to a ‘wild-type’ status due to the 

introduced transgene as was previously used by Kieser et al. (2015). 
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The steps followed for this process are described below. 

A.    ponA1 cloning in pMV361 

ponA1 gene from Mtb H37Rv (NCBI Reference Sequence:WP_031651598), 

spanning residue 53237-55699 and containing 820 residues, was cloned in the pMV361 

vector under the control of the  hsp60 promoter. The gene was amplified using primers 

F-pMV361-ponA1-H37Rv 5’- 

GATCCAGCTGCAGAATTCGAGTGAATAGCGACGGGCGTCA-3’ and R-

pMV361-ponA1-H37Rv 5’- 

CTACGTCGACATCGATAAGCTTCACGGCGGCGGCGTGGGAG-3’ (Appendix 

III.20). The reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each 

primer, and 10 ng pKM464-ponA1p-ponA1g (generated in this study, for details see 

Appendix III.12) as a template. PCR conditions included an initial denaturation at 98°C 

for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, and 72°C for 2 

minutes 10 seconds, with a final extension at 72°C for 2 minutes and a hold at 12°C. 

pMV361 plasmid was linearized with F-pMV361 5’- 

AGCTTATCGATGTCGACGTAG-3’ and R-pMV361 5’- 

TCGAATTCTGCAGCTGGATC-3’. The reaction employed Q5 High-Fidelity 2X 

Master Mix, 10 µM of each primer, and 10 ng pMV361 plasmid as a template. PCR 

conditions included an initial denaturation at 98°C for 30 seconds, followed by thirty 

cycles of 98°C for 10 seconds, 60 °C for 20 seconds and 72°C for 2 minutes 30 seconds, 

with a final extension at 72°C for 2 minutes and a hold at 12°C. 
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B.   Antibiotic cassette replacement in pMV361-ponA1 

The goal of this section was to modify the antibiotic resistance cassette of 

pMV361-ponA1 to create pMV361zeo-ponA1 with Zeocin (ZEO) resistance as a 

selection marker. This modification was necessary because the pMV361 plasmid 

contains a KAN resistance marker, the same as the pKM444 plasmid, which was 

introduced during the first electroporation to achieve the gene KO. To do this, the 

BleoR gene was introduced in the integrative plasmid pMV361 for replacing the KAN 

resistance cassette. The EM7 promoter and BleoR gene (Appendix III.21.A-B) were 

amplified using primers F-EM7promoter-BleoR 5'- GCCCGTCATCGTCAACGCCT-

3' and R-BleoR 5'- TTCGCAACGTTCAAATCCGC-3' from plasmid pKM496 

(Addgene Plasmid #109301). The reaction employed Q5 High-Fidelity 2X Master Mix, 

10 µM of each primer, and 10-20 ng of template DNA. PCR conditions included an 

initial denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 

seconds, 68°C for 20 seconds, and 72°C for 21 seconds, with a final extension at 72°C 

for 2 minutes and a hold at 12°C. 

For amplifying pMV361-ponA1, primers F-BleoR-pMV361 5’- 

GCGGATTTGAACGTTGCGAACCAACCGTGGCTCCCTCACT-3’ and R-

EM7promoter-pMV361 5’- 

CAGGCGTTGACGATGACGGGCAGGTGGCTAGCTGATCACCG-3’ were used. 

The reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 

10-20 ng of template DNA. PCR conditions included an initial denaturation at 98°C 

for 30 seconds, followed by thirty cycles of 98°C for 10 seconds and 72°C for 3 minutes 

10 seconds, with a final extension at 72°C for 2 minutes and a hold at 12°C. This 



119 

 

approach was integral to generating pMV361zeo-ponA1, as detailed in appendix 

III.21.C. 

C.  Cloning and transformation in E. coli 

The same protocol described in section III.2.6.3 was followed. 

D.   ponA1 gene complementation mediated by pMV361 via L5-site: 

electroporation in M. marinum 

The ∆MMAR0069  strain was re-activated in 5 mL of 7H9 for 2-3 days at 30 °C. 

A 0.5 mL culture was diluted 1:100 in 50 mL 7H9. Following the protocol outlined in 

section III.2.6.5.B, this culture was electroporated with the modified pMV361zeo-

ponA1 plasmid. Subsequently, 100 µL cells were plated on 7H10 plates containing 30 

µg/mL ZEO and incubated at 32°C until the colonies developed, typically within 7-10 

days. 

III.2.7.3.    Cloning of ponA1 mutants in pMV361zeo in E. coli 

Mutations in the ponA1 gene, including T34A (A376G), T34D (A376G, 

C377A), Q365H (G1521T), A516T (G1546A), and P631S (C2317T) from Mtb 

H37Rv, were introduced by PCR. The nucleotide point mutations are based on the -

426 transcription start site for ponA1.  The reaction employed Q5 High-Fidelity 2X 

Master Mix, 10 µM of each primer, and 10 ng pKM464-rpsTp-ponA1 plasmid as a 

template for the generation of ponA1 mutants. For this purpose, two pairs of primers 

were used to introduce the mutation, designed according to the specific mutation being 

targeted. The generation of ponA1 mutants typically involves an initial denaturation 

step at 98°C for 30 seconds, followed by thirty cycles under specific conditions 

outlined in Table III.2. This is then followed by a final extension at 72°c for 2 minutes 



120 

 

and a hold at 1C. The in silico representation of primer localization for all mutants is 

detailed in Appendix III.22 to 26. Additionally, the procedure for subcloning these 

mutated genes in the pMV361ZEO plasmid is also included. 

 

Table III.2. Primers used for site directed mutagenesis in ponA1 of M. tuberculosis. 

PonA1 

mutants 
Description 

Primers 

for cloning 

in 

pKM464 

Primers sequence 
PCR conditions 

(Thirty cycles) 

T34A 

Fragment I 

F-T34-

ponA1 
5’- GCGATCCTCCCGCCGGTGAC-3’ 98°C for 10 seconds 

R-

H37Rv_po

nA1_prom

oter 

5’- AGATGTTGCTGCTTTGGGACAG-

3’ 

69°C for 20 seconds 

72°C for 1 minute 20 

seconds 

Fragment II 

R-T34A-

ponA1 

5’- 

GTCACCGGCGGGAGGATCGCGGcC

AGTCTGTCGTCGGGTG-3’ 
98°C for 10 seconds 

F_pKM46

4-ponA1 

5’-

GTCCCAAAGCAGCAACATCTTGCG

GCCGCTAGCGGTACCAG-3’ 

72°C for 2 minutes 10 

seconds 

T34D 

Fragment I 

F-T34-

ponA1 
5’- GCGATCCTCCCGCCGGTGAC-3’ 

98°C for 10 

seconds, 

 

R-

H37Rv_po

nA1_prom

oter 

5’- AGATGTTGCTGCTTTGGGACAG-

3’ 

69°C for 20 seconds 

72°C for 1 minute 20 

seconds 

Fragment II 

R-T34D-

ponA1 

5’- 

GTCACCGGCGGGAGGATCGCGtcCA

GTCTGTCGTCGGGTG-3’ 
98°C for 10 seconds 

F_pKM46

4-ponA1 

5’- 

GTCCCAAAGCAGCAACATCTTGCG

GCCGCTAGCGGTACCAG-3’ 
72°C for 2 minutes 
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Table III.2 (…continuation). Primers used for site directed mutagenesis in ponA1 of 

M. tuberculosis. 

PonA1 

mutants 
Description 

PRIMERS 

for cloning 

in 

pKM464 

Sequence 
PCR conditions 

(Thirty cycles) 

Q365H 

Fragment I 

F-

H37Rv_po

nA1_prom

oter 

5’-CCAGCAGGCCGGTCAGCCTC-3’ 
98°C for 10 seconds 

 

R-Q365H-

ponA1 

5’-

GTCAACGGAGAGCTGTCTACaTGGT

AGCCCAGGCCGATCC-3’ 

69°C for 20 seconds 

72°C for 50 seconds 

Fragment II 

F-Q365H-

ponA1 
5’- GTAGACAGCTCTCCGTTGAC-3’ 

98°C for 10 seconds, 

and 

R_pKM46

4-ponA1 

5’- 

GAGGCTGACCGGCCTGCTGGactagtg

catgctctagactc-3’ 

66°C for 20 seconds 

72°C for 2 minutes 3 

seconds 

A516T 

Fragment I 

F-A516T-

ponA1 
5’- GCGATGGAGCCGATCGCAGG-3’ 

98°C for 10 seconds, 

and 

R_pKM46

4-ponA1 

5’- 

GAGGCTGACCGGCCTGCTGGACTA

GTGCATGCTCTAGACTC-3’. 

72°C for 2 minutes 10 

seconds 

Fragment II 

F-

H37Rv_po

nA1_prom

oter 

5’- CCAGCAGGCCGGTCAGCCTC-3’ 98°C for 10 seconds 

R-A516T-

ponA1 

5’- 

CCTGCGATCGGCTCCATCGCCGtAG

TCACGTTGTCGGCTA-3’ 

72°C for 1 minute 30 

seconds 

P631S 

Fragment I 

F-

H37Rv_po

nA1_prom

oter 

5’- CCAGCAGGCCGGTCAGCCTC-3’ 98°C for 10 seconds, 

R-P631S-

ponA1 

5’- 

GTCTCCGAAGGTGGTACCTCCGaCG

GCGGCGGCGGCGGCGGCACACC -3’ 

69°C for 20 seconds 

72°C for 1 minute 18 

seconds 

Fragment II 

F-P630-

P631-

ponA1 

5’- GAGGTACCACCTTCGGAGAC-3’ 98°C for 10 seconds 

R_pKM46

4-ponA1 

5’- 

GAGGCTGACCGGCCTGCTGGACTA

GTGCATGCTCTAGACTC-3’ 

69°C for 20 seconds 

72°C for 1 minute 40 

seconds 
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The generated ponA1 genes were verified by sequencing and subsequently 

subcloned in the pMV361 plasmid. For this purpose, ponA1 with any mutation was 

amplified with primers F-pMV361-ponA1-H37Rv 5’- 

GATCCAGCTGCAGAATTCGAGTGAATAGCGACGGGCGTCA-3’ and R-

pMV361-ponA1-H37Rv 5’- 

CTACGTCGACATCGATAAGCTTCACGGCGGCGGCGTGGGAG-3’. The 

reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng 

pKM464-rpsTp-ponA1-mut plasmid as a template. PCR conditions included an initial 

denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 

and 72°C for 2 minutes 10 seconds, with a final extension at 72°C for 2 minutes and a 

hold at 12°C. 

For all mutations, the plasmid pMV361zeo, was linearized to create an opening 

for the insertion of mutated genes. Primers F-pMV361 5’- 

AGCTTATCGATGTCGACGTAG-3’ and R-pMV361 5’- 

TCGAATTCTGCAGCTGGATC-3’ were used. The reaction employed Q5 High-

Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng pMV361zeo-ponA1 plasmid 

as a template. PCR conditions included an initial denaturation at 98°C for 30 seconds, 

followed by thirty cycles of 98°C for 10 seconds, 60°C for 20 seconds and 72°C for 2 

minutes 30 seconds, with a final extension at 72°C for 2 minutes and a hold at 12°C 

(Appendix III.27-31). 
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III.2.7.4.    MMAR_0069 gene cloning in pMV361 

To construct the isogenic wild-type strain, the MMAR_0069 gene, which had 

been previously knocked out, was amplified and cloned to enable gene 

complementation, allowing the strain to serve as a control. 

A.    Cloning of MMAR_0069 gene in pKM44 under rpsTp regulation 

The MMAR_0069 gene was amplified with primers F-MrcB-Mmar 5’- 

GTGAGTAACGAAGGGCGCCA-3’ and R-MrcB-Mmar 5’- 

TCACGGTGGCGGATTGTCGG-3’. The reaction employed Q5 High-Fidelity 2X 

Master Mix (New England Biolabs), 10 µM of each primer, and 10 ng genomic DNA 

from Mmar as a template. PCR conditions included an initial denaturation at 98°C for 

30 seconds, followed by thirty cycles of 98°C for 10 seconds, 71°C for 20 seconds and 

72°C for 1 minute 20 seconds, with a final extension at 72°C for 2 minutes and a hold 

at 12°C. 

The plasmid was amplified with primers F-MrcB-pKM464 5’- 

CCGACAATCCGCCACCGTGACCGGCGCGCTGTCCCAAAGC-3’ and R-MrcB-

rpsT-Mmar 5’-TGGCGCCCTTCGTTACTCACGCTGTTGGTGCGGTTGCGCT-3’ 

were used. The reaction employed Q5 High-Fidelity 2X Master Mix, 10  µM of each 

primer, and 10 ng pKM464-rpsTp-ponA1 as a template. PCR conditions included an 

initial denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 

seconds, and 72°C for 1 minute 39 seconds, with a final extension at 72°C for 2 minutes 

and a hold at 12°C (Appendix III.32). 
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B.    MMAR_0069 gene subcloning in pMV361zeo  

pMV36ZEO was amplified with primers F-pMV361-MMAR0069 5’-

GATCCAGCTGCAGAATTCGAGTGAGTAACGAAGGGCGCCAC-3’ and R-

pMV361-Mmar0069 5’- 

TACGTCGACATCGATAAGCTTCACGGTGGCGGATTGTCGG-3’. The reaction 

employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng 

pKM464-rpsTp-MMAR0069 as a template. PCR conditions included an initial 

denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 

and 72°C for 2 minutes 55 seconds, with a final extension at 72°C for 2 minutes and a 

hold at 12°C. 

Primers F-MrcB-Mmar 5’-GTGAGTAACGAAGGGCGCCA-3’ R-MrcB-

Mmar 5’-TCACGGTGGCGGATTGTCGG-3’ were used to amplify the MMAR_0069 

gene. The reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, 

and 10 ng pKM464-rpsTp-MMAR0069 as a template. PCR conditions described 

previously (Appendix III.33). 

C.    Cloning, transformation in E. coli and verification 

The same protocol described in Section III.2.6.3 was followed. Sequencing was 

performed by Eurofins (https://eurofinsgenomics.eu/). Primers for sequencing are 

described in appendix III.34, Verif_GgPMV_Rv and Verif_Gg_PMV_Fw. All 

plasmids were propagated in E. coli DH5α cells, and plasmid extraction was performed 

using the Monarch® Plasmid Miniprep Kit, following the manufacturer's instructions. 

 

https://eurofinsgenomics.eu/
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D. ponA1-mutants gene complementation mediated by pMV361 

plasmid for integration in M. marinum genome 

The ∆MMAR0069 strain was reactivated in 5 mL of 7H9 for 2-3 days at 30 °C. 

A 0.5 ml culture was diluted 1:100 in 50 mL 7H9. Following the protocol outlined in 

section III.2.6.5.B, this culture was electroporated with the modified pMV361zeo-

ponA1-mutants plasmid. Subsequently, 100 µL cells were plated on 7H10 plates 

containing 30 µg/mL ZEO and incubated at 32°C until the colonies developed, 

typically within 7-10 days. 

E. PCR colony, verification of plasmid integration, sequencing and 

cryopreservation 

Protocols described in III.2.6.5.D and III.2.6.5.E sections were followed. Primers 

for verification of integration were Verif_Gg_PMV_Fw 5’-

GACCATTTACGGGTCTTGTTGT-3’ and Verif_GgPMV_Rv 5’- 

TGGCAGTCGATCGTACGCTA-3’. The PCR mix included One Taq 2x polymerase, 

10 µM of each primer, and between 2 - 4 µL of Mmar genomic DNA as the template. 

The PCR cycle consisted of an initial denaturation at 94°C for 5 minutes, followed by 

thirty cycles of 94°C for 30 seconds, 51°C for 30 seconds, and 68°C for 2 minutes 45 

seconds, with a final extension at 68°C for 5 minutes and storage at 12°C. 

Electrophoresis in agarose gel at 1% was performed to visualize the results, run in 

buffer TAE 1X. 
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III.2.8.    Drugs susceptibility test by TEMA 

The Tetrazolium Microplate Assay (TEMA), using 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyl-tetrazolium bromide, was performed as described by Caviedes et al. (2002). 

The methodology is briefly outlined below. 

For plate preparation, 96-well plates (Corning REF 3599) were set up with a final RIF 

concentration of 16 µg/mL in column 2. Serial dilutions were made in 100 µL of 7H9 

medium from column 3 to 10. Column 11 served as the control well, containing no 

antibiotics. 

The inoculum was prepared from a 10 to 14-day-old Mmar solid culture. A suspension 

equivalent to McFarland standard 1 was made by resuspending approximately two 

loops of culture in a mixture of 200 µL of 10% Tween 80 in 50 mL of sterile distilled 

water. A 1:25 dilution was then prepared in 7H9 medium without Tween 80, and 100 

µL of this dilution was inoculated into each well. The plate was incubated at 30°C. 

On day 5, 50 µL of a freshly prepared solution of 0.1% tetrazolium in absolute ethanol 

and 10% Tween 80 (1:1) was added to the control well and incubated at 30°C for 24 

hours. If the control well remained yellow, the incubation was extended for another 24 

hours. If the well remained yellow after 48 hours, the plate was incubated for up to 15 

days. If the well-turned purple due to formazan formation, the tetrazolium solution was 

added to all wells, and color development was assessed after 24 hours. Formazan is 

produced as a result of the reduction of tetrazolium salts by the activity of 

dehydrogenase enzymes in viable cells (Berridge et al., 2005). 
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III.2.9.    Morphology by light microscopy  

Selected strains were grown in 7H9 at 30-32°C to log phase, then homogenized 

by vortexing and centrifuged at 3000 xg for 10 minutes. Within a biological safety 

cabinet level 2, 10 μL of each culture was placed on a polysine-treated microscope 

slide (VWR Cat No 631-0107) and incubated at room temperature for 5 minutes. Then, 

5 μL of PBS 1x was added. A coverslip was applied, avoiding bubble formation, and 

the edges were sealed with transparent enamel.     

Images were acquired using the Invitrogen EVOS FL system equipped with a 

60X oil immersion objective (PLAPON60XOSC2, EVOS Floid Imaging System, 

Thermo Scientific) and a 10X ocular, providing a total magnification of 600X. This 

setup allowed for high-resolution imaging necessary for detailed cellular analysis.  

100 cell-length and cell-width measurements were carried out using ImageJ2 

software (Rueden et al., 2017), individual cell lengths were measured manually by 

tracking along the cell, from cell pole to the opposite cell pole. To evaluate the cell size 

heterogeneity of Mmar strains, values of mean, standard deviation (SD), and 

coefficient of variation were employed. 

III.2.10.    Cell wall thickness measurements by cryoEM microscopy 

This technique was performed in collaboration with PhD. Josephine Lai Kee 

Him and Aurelie Ancelin from CryoEM- CBS-Montpellier- France. 

Selected strains were grown in 7H9 and tween 80 0,05%, at 32 °C to achieve 

log phase, and then 1 mL of each culture was passed through a 5 mL syringe and 26G 
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needle 5 times, then centrifuged at 1500 rpm for 10 minutes, resuspended in 1 mL of 

1X PBS, centrifuged again for 40 minutes at 800xg. The supernatant was discarded and 

resuspended in 25-100 µL of 1X PBS to reach an OD between 5-6. 

For the preparation of the sample, the copper grids with a carbon filament 

perforated at regular intervals (quantifoil) were used; they were ionized by a Glow 

discharge before use. 1-2 µL of the sample concentrated was put on the grid and the 

freezing was performed on a cryo plunger (Leica). The samples were evaluated in the 

Jeol 1400 fs with 120kV HT, a Lab 6 filament with a direct detection camera. Cell wall 

thickness was measured manually by tracking along the cell wall, using 

InteredgeDistance_v1.4_ImageJMacro in the ImageJ2 software (Rueden et al., 2017).  

III.2.11.    Effect of rifampicin exposure on the viability of M. marinum 

harboring the ponA1 gene from M. tuberculosis H37Rv 

From a logarithmic-phase Mmar culture, a suspension equivalent to McFarland 

1 scale was prepared by resuspending the culture in a mix solution (200 µL of 10% 

Tween 80 in 50 mL of sterile distilled water). This suspension was diluted 1:25 in 7H9 

medium, and 100 µL of the dilution was inoculated into a 96-well plate (Costar 3599, 

Corning Incorporated). Plates were prepared with 100 µL of 7H9 medium with and 

without RIF, achieving a final concentration of 0.5 µg/mL RIF. OD600 was measured 

at 48 and 72 hours, the values from the RIF wells were normalized with the untreated 

control wells (Kieser, Boutte, et al., 2015). 
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After 6 days of incubation, when the cells had reached the stationary phase, 

samples were collected for analysis to assess cell viability on 7H10 plates without RIF, 

and CFU/mL was counted in triplicate. The experiment was conducted in duplicate, 

with CFU/mL values transformed to log scale. 

III.2.12.    Membrane fluidity test 

From 10 to 14 day different Mmar cultures, 50 µL was inoculated in 5 mL of 

7H9 and allowed to incubate until reach an OD600 of 0.25, each culture was processed 

for the evaluation of membrane fluidity (kit Ab189819), following the manufacturer's 

instructions. Briefly, 0.5 mL of the culture was centrifuged at 3000xg for 10 minutes, 

50µL of labelling solution was added, incubated at 25 °C at 220 rpm for one hour in 

the darkness. Cells were washed with 1X PBS and centrifuged 3000xg 10 minutes at 

room temperature. Washing was repeated once more and then the supernatant was 

discarded. 50 µL of 7H9 was added and read on the Fluoreader with excitation at 350 

nm and emission at 400 nm and 450 nm. 

The ratio of the maximum emission from the excimer (450 nm) to that of the 

monomer (400 nm) was calculated to quantify relative membrane fluidity. This method 

relies on the behavior of pyrene within the membrane, where it can exist either as a 

monomer (single pyrene molecule) or as an excimer (formed when two pyrene 

molecules come into close proximity). The balance between these two states reflects 

the fluidity of the membrane, with a higher excimer-to-monomer ratio indicating 

increased membrane fluidity (Galla & Hartmann, 1980). 
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III.2.13.    Statistical analysis 

Prism 6.0 software (GraphPad Software, La Jolla, CA) was used to analyze and 

graph numerical data. Statistical tests in the Prism software were used to calculate 

mean, SD, CV, normality test, ANOVA, Kruskal-Wallis test and multiple comparisons 

depending on the analysis required for each experiment. 

Additionally, for the analysis of cell envelope thickness, means were compared 

using linear regression after confirming the normality of the data with the Shapiro-Wilk 

test. An indicator variable was employed as a predictor to account for the specific 

groups being compared, and the inverse of the standard deviation was used as an 

analytical weight to adjust for variability across groups. The analysis was conducted 

using Stata 14 software, with a significance level set at 5%. 
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III.3. Results 

III.3.1.    In silico interaction between PonA1 and rifampicin 

III.3.1.1.     PonA1 full-length structural modeling compared to the 

PonA1  transpeptidase crystal structure 

We predicted the full-length structure, including the significant TG domain, 

using the AlphaFold (PonA1_WT_AF) and ESMFold (PonA1_WT_ESM) approaches. 

We first verified the models' accuracy for the well-characterized TP domain. The 

results were promising, showing RMSDs of 0.471 Å for AlphaFold and 1.874 Å for 

ESMFold  (Figure III.4). Our computational analysis provided Local Distance 

Difference Test (lDDT) scores for all 820 residues. Both, AlphaFold and ESMFold 

models closely matched the experimental structure of the transpeptidase domain, with 

lDDT scores of 91 and 94, respectively; thereby validating their accuracy.  
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Figure III.4. Comparison of M. tuberculosis H37Rv PonA1 models and crystal structure. A. PonA1-WT-ESM 

model, B. PonA1_WT_AF model, and transpeptidase domain crystal structure (PDB 5CXW). C. The primary amino 

acid sequence of PonA1 is shown.
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Further evaluation of the TG domain, for which no crystal structure exists, also 

indicated robust predictive performance from both models. While there was a slight 

discrepancy in accuracy compared to the experimentally determined domain, both 

ESMFold and AlphaFold offered credible structural predictions with minimal differences 

between them, as illustrated in Figure III.5. Importantly, regions marked as disordered by 

Uniprot were predicted with low lDDT scores by both models. 

 

Figure III.5. Comparative analysis of AlphaFold and ESMFold predictions for 

PonA1 protein structure. Prediction of Local Distance Difference Test (LDDT) per 

position of PonA1 protein.  

 

A.     Modeling of AlphaFold mutations 

Using the AlphaFold model, we extended our modeling to include two mutations, 

Q365H and P631S, in the PonA1_WT_AF protein.  

The atomic positions in the full-length models of both the WT and Q365H 

(PonA1_Q365H_AF) vary primarily in regions surrounded by loops. This variation is 

reflected by a high RMSD value of 20.168 Å, attributed to the high flexibility of these 
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regions (Figure III.6.A). Another scenario is observed when comparing the 

PonA1_WT_crystal (5CXW) with the PonA1_Q365H_AF mutation, the tertiary 

structures appear identical (RMSD 0.477Å, Figure III.6.B), suggesting that this mutation 

does not significantly alter the protein's tertiary structure. Additionally, the comparison 

shows no changes in the PBP pocket (Figure III.6.D). 

Similarly, the atomic positions in both the PonA1 WT and P631S 

(PonA1_P631S_AF) mutant models, as shown in Figure III.7.A (RMSD 15.094 Å), differ 

primarily due to the spatial displacement of the loops. However, the comparison between 

5CXW and PonA1_P631S_AF shows no changes in the pocket (RMSD 0.460Å), 

indicating that the P631S mutation, as modeled by AlphaFold, does not significantly alter 

the structure of the PBP pocket where the substrate binds. This suggests the mutation has 

a minimal functional impact (Figure III.7.B-D). 
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Figure III.6. Structural comparison of PonA1 wild type and Q365H modeled by 

AlphaFold. A. PonA1_WT_AF (pink) versus PonA1_Q365H_AF (blue). B. 

PonA1_Q365H_AF compared to PonA1 crystal 5CXW (cyan). C. Residues Q365H (pink) 

and H507 (blue) are visualized in the model. D. Detailed view of the transpeptidase catalytic 

center showing the Q365H localization; mutation Q365H in the crystal corresponds to 

Q570H in the model. An arrow indicates the region displaced by loops in the models. 
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Figure III.7. Structural comparison of PonA1 wild type and P631S modeled by 

AlphaFold. A. PonA1_WT_AF (pink) versus PonA1_P631S_AF (green). B. 

PonA1_P631S_AF compared to PonA1 crystal 5CXW (cyan). C. Residues P631 (pink) and 

S631 (green) visualized in the model. D. Close-up of the transpeptidase catalytic center 

highlighting P631S localization; P631S corresponds to P773S in the model. 
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B.    Modeling of ESMFold mutations 

An alignment of the three-dimensional structures was performed using ESMFold to 

measure structural deviations between the WT protein, the mutated protein, and the 

partially crystallized structure of PonA1. The analysis revealed subtle variations for the 

protein with PonA1_Q365H_ESM mutation when it is compared with the 

PonA1_WT_ESM (RMSD 1.953 Å, Figure III.8.A), and the model is even more similar 

when it is compared with the crystal (RMSD 0.815 Å, Figure III.8.B). In this case, no 

variations in the spatial arrangement of the loops were observed.  

Conversely, a significant modification was observed in the loop region (alpha helix) 

of PonA1_P631S_ESM protein, which exhibited a rotational displacement when it is 

compared with PonA1_WT_ESM (RMSD 4.151Å, Figure III.9.A). Besides, to compare 

against a ground truth, PonA1_P631S_ESM was aligned against the partial crystallized 

structure for PonA1 (5CXW), but no major variations were observed at least in the folded 

region (RMSD= 1.998 Å) (Figure III.9.B). 

Based on the smaller variations in RMSD, it was decided to proceed with the 

following tests using the model generated by ESMFold, both for the wild-type protein 

and the mutants.  
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Figure III.8. Structural comparison between PonA1 wild type and Q365H modeled 

by ESMFold. A. PonA1_WT_ESM (pink) versus PonA1_Q365H_ESM (green). B. 

PonA1_Q365H_ESM compared to PonA1 crystal 5CXW (cyan); mutation Q365H in the 

crystal corresponds to Q570H in the model. 
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Figure III.9 Structural comparison between PonA1 wild type and P631S modeled by 

ESMFold. A. Comparison of PonA1_WT_ESM (pink) with PonA1_P631S_ESM 

(purple). B. Comparison of PonA1_P631S_ESM with PonA1 Crystal 5CXW (cyan); 

P631S in the crystal corresponds to P773S in the model. 
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III.3.1.2.    Molecular docking between variants of PonA1 and RIF 

A.    Docking crystal structure of PonA1 against penicillin 

In our study, we initially employed GNINA for molecular docking, using the crystal 

structure of PonA1 (5CXW) against its known ligand, penicillin V, in its open form. This 

approach served as a benchmark to measure successful docking in our system, with the 

advantage of having the crystal structure data of PonA1 and penicillin V bound together. 

In addition, it provides us with a referential binding energy or confidence scores to 

compare with the mutant structures. 

Using GNINA, we set up a docking scenario with a docking box representing the 

penicillin’s binding pockets. GNINA aimed to identify the correct pose of penicillin V, 

yielding RMSDs of 3.6 Å and 4.3 Å, and the top nine poses were under 10 Å RMSD. The 

highest affinity achieved was -8.58 kcal/mol (Figure III.10.A; Appendix III.35). 

Subsequently, we tested the same scenario with DiffDock, which operates without a 

specific docking box in a blind dock scenario, considering the entire protein as the docking 

area. DiffDock showed superior results, with the top two poses having RMSDs under 2 Å 

and the remaining top nine poses under 3.1 Å RMSD, achieving a DCS between 0.13 to -

0.4 (Figure III.10.B). These results suggested a successful docking pose, even without a 

specified docking box (Appendix III.37). It is important to note that DSC values above 0 

indicate high confidence, values ranging between -1.5 and 0 suggest moderate confidence 

in the predicted models, while more negative values suggest lower confidence in the model 

predictions (https://github.com/gcorso/DiffDock?tab=readme-ov-file#inference).  
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Figure III.10. Molecular docking of PonA1 crystal with penicillin V was performed 

using GNINA and DiffDock. A. Docking results from GNINA showed the highest 

RMSD of 3.6 Å and energy of interaction of -8.58 kcal/mol. B. Docking results from 

DiffDock, highest RMSD of  2 Å with DSC 0.13. In the figure, penicillin V co- crystallized 

with PonA1 is shown in gray, while the penicillin V docked by both algorithms is 

displayed in green.  

 

B.    Docking full-length PonA_WT modeled against penicillin 

PonA_WT_ESM was docked with penicillin V using the DiffDock algorithm, given 

the already known pocket of the penicillin in the PBP pocket, we evaluated how many of 

the poses docked in the same pocket or in another.  Here, the ligand binds to 3 main 

domains: 1) TP, 2) TG, and 3) transmembrane (TM) domains (Figure III.11-A).  

From 40 penicillin binding modes generated 33 docked to the ground truth pocket 

in the TP domain (Figure III.11-B, Appendix III.38), where the highest DCS was -0.28 
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generating interactions that involves residue Q596 establishing hydrophobic interactions, 

while S487, N542, T682, T684, G730, and S731 form hydrogen bonds. Additionally, 

K681 forms a salt bridge with penicillin V (Figure III.11-C).  In the TG domain, 6 out of 

40 binding modes docked, the best DCS was -1.86 while in the TM domain 1 out of 40 

binding modes was observed with DCS= -3.19.  

 
 

Figure III.11. Molecular docking between PonA1 wild type and penicillin V by 

DiffDock. A. PonA1_WT modeled with ESMFold (pink) showing docking sites with 

penicillin V (blue). B. DiffDock confidence score rankings and localization of penicillin 

V binding sites. C. Interactions between PonA1 and penicillin V. This figure was created 

using PLIP. Abbreviations: TP = transpeptidase domain, TG = transglycosylase domain, 

TM = transmembrane domain.
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C.    Docking full-length PonA_WT modeled against rifampicin 

The DiffDock algorithm identified potential interaction sites between the PonA1 

protein (WT modeled by ESMFold) and RIF through blind docking, performing 40 

dockings and identifying three possible interaction sites (Figure III.12.A-B). The 

interactions with the highest DCS between the full-length PonA1 and RIF were 

selected for each analysis. 

In the TP domain, we observed a convergence of 31 out of 40 docking (DCS = -

1.78 for the top score, mean DSC was -3.32, Appendix III.38 detailed DSC for the top 

9 poses) involving residues V523, E524, Y666, T682, T684, Q686 and Y729 through 

hydrophobic interactions, and V523, N542, R668, T684 through hydrogen bonds, plus  

K490 forming a pi-Cation interaction with RIF (Figure  III.12.C). While in the TG 

domain, there were 7 out of 40 docking (DCS= -2.5), featuring hydrophobic 

interactions with residues L241, I297, Y298, P336, and hydrogen bonds with G243 and 

K253 (Figure  III.12.D). Moreover,  in the TM domain, there were 2 out of 40 docking 

were observed (DCS=-1.92), here the RIF interacts with residues P148, T151, F228, 

W264 through hydrophobic interactions, and  P148 and F152 through hydrogen bonds 

(Figure  III.12.E). 
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Figure III.12. Molecular docking between PonA1 wild type and rifampicin using DiffDock. A.PonA1_WT_ESM model 

displaying three potential rifampicin (green) interaction sites . B. Diffdock score ranking and localization of rifampicin 

interaction sites.  C. Interaction of rifampicin with the transpeptidase domain. D. Interaction within the transglycosylase 

domain. E. Interaction within the transmembrane domain. This figure was generated using PLIP. Abbreviations: TP = 

transpeptidase domain, TG = transglycosylase domain, TM = transmembrane domain.
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D.    Docking full-length PonA_mutants modeled against rifampicin 

For the PonA1_Q365H_ESM mutation, the DCS ranged from -2.36 to -4.34. In 

the TP domain, there were a convergence of 25 out of 40 binding modes with the most 

probable interactions (DCS = -2.43) involving hydrophobic interactions with residues 

V523, E524, L594, T684 and Y729, and hydrogen bonds with residues S487, K490, 

S540, N542, T684, Q686, N693 and Y729 with RIF (Figure  III.13.C). While in the 

TG domain, there were 13 out of 40 docking (DCS = -2.39), featuring hydrophobic 

interactions with residues K253 and hydrogen bonds with residues N235, G243 and 

K253 (Figure  III.13.D). Moreover, in the TM domain, only 2 out of 40 binding modes 

were observed, with a lower DCS of -2.95, where the RIF interacts with residues T151, 

W264, A271, and V275 through hydrophobic interactions, and  T151 through hydrogen 

bonds (Figure  III.13.E).   All these DSC for Q365H suggest that the predicted poses 

have low confidence, as the score is lower than that of the wild-type model when 

comparing the top scores. 

For the PonA1_P631S_ESM mutations, the DCS ranged from -2.08 to -4.45. In 

the TP domain, 28 out of 40 docking converged, showing the most probable 

interactions (DCS = -2.08) involving hydrophobic interactions with residues V523, 

E524, Y666, T682, T684, Q686 and Y729, and hydrogen bonds with T521, V523, 

T682, G683, T684 and G730, along with pi-cation interaction between K490, K681 

and RIF (Figure  III.14.C). In the TG domain, 10 out of 40 docking were observed 

almost in the same site, the highest DCS of the position was -2.11, featuring 

hydrophobic interactions with P336, hydrogen bonds with Y298 and Y304, and salt 
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bridges with E190 and R385  (Figure  III.14.D). Moreover,  in the TM domain, only 2 

out of 40 binding modes were observed (DCS =-2.99), where the ligand interacts with 

residues P148, F152, A155, W264, L267, M268, A271 through hydrophobic 

interactions and T151 hydrogen bonds (Figure  III.14.E). Similar to Q365H, the DSC 

are lower than that of the wild-type model when comparing the top scores.
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Figure III.13. Molecular docking of PonA1 Q365H and rifampicin using DiffDock. A. Full-length PonA1_Q365H_ESM 

protein showcasing three potential rifampicin (green) interaction sites. B. DiffDock score rankings and localization of 

rifampicin binding sites. C. Interaction of rifampicin with the transpeptidase domain. D. Transglycosylase domain 

interactions. E. Transmembrane domain interactions. This figure was generated using PLIP. Abbreviations: TP = 

transpeptidase domain, TG = transglycosylase domain, TM = transmembrane domain. 
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Figure III.14. Molecular docking of PonA1 P631S and rifampicin using DiffDock. A. Full-length PonA1_P631S_ESM 

displaying three potential rifampicin (green) interaction sites. B. DiffDock score rankings and rifampicin binding site 

localization. C. Interaction of rifampicin with the transpeptidase domain. D. Transglycosylase domain interactions. E. 

Transmembrane domain interactions. This figure was created using PLIP. Abbreviations: TP = transpeptidase domain, TG 

= transglycosylase domain, TM = transmembrane domain. 
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Table III.3. Summary of interactions between PonA1_WT, PonA1_Q365H, 

PonA1_P631S and rifampicin. 

 

 

 

 

 

 

 

 

 

*Residues in bold are related to conserved sites in the PBP domain (Kieser 

et al, 2015). 

 

Table III.3 displays the residues interacting with the TP domain, which were 

selected due to the majority of simulations (albeit with low confidence) suggesting that 

RIF could bind to this region in the WT, Q365H, and P631S variants. Specifically, over 

70% of the simulations indicated binding within the PBP domain for both PonA1-WT 

and the P631S mutant. In contrast, for the PonA1 Q365H mutant, the percentage of 

simulations showing binding in this domain was 62.5%. Among the residues identified 

in the potential interaction between PonA1 and RIF, S487 and K490 belong to the 

conserved SXXK motif, S540 and N542 to the SXN motif, and K681, T682, G683, and 

Residue* Interaction Type PonA1_ 

SER 487 Hydrogen bridge Q365H 

LYS 490 Hydrogen bridge, pi-Cation WT, Q365H, P631S 

THR 521 Hydrogen bridge P631S 

VAL 523 Hydrophobic, Hydrogen bridge WT, Q365H, P631S 

GLU 524 Hydrophobic WT, Q365H, P631S 

SER 540 Hydrogen bridge Q365H 

ASN 542 Hydrogen bridge WT, Q365H 

LEU 594 Hydrophobic Q365H 

TYR 666 Hydrophobic WT, P631S 

ARG 668 Hydrogen bridge WT 

LYS 681 pi-Cation P631S 

THR 682 Hydrophobic, Hydrogen bridge WT, P631S 

GLY 683 Hydrogen bridge P631S 

THR 684 Hydrophobic, Hydrogen bridge WT, Q365H, P631S 

GLN 686 Hydrophobic, Hydrogen bridge WT, Q365H, P631S 

ASN 693 Hydrogen bridge Q365H 

TYR 729 Hydrophobic, Hydrogen bridge WT, Q365H, P631S 

Gly 730 Hydrogen bridge P631S 
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T684 to the KTG(T/S) motif. All these residues are part of the conserved domain of 

PBP, which is also integral to the TP domain. 

It is noteworthy that among the residues interacting with RIF, some are common 

across all three proteins, while others are shared between two or unique to one type. 

This indicates variations in protein conformation, potentially due to mutations, which 

could affect RIF interactions. To assess the temporal evolution and stability of the 

interaction, molecular dynamics simulations were performed using the top poses with 

the highest DSC from each interaction. 

III.3.1.3.    Molecular dynamics evaluation of PonA1-RIF complex 

stability 

In the molecular dynamics (MD) timeline of the three complexes—

PonA1_WT_ESM, PonA1_Q365H_ESM, and PonA1_P631S_ESM —the ligand 

(RIF) remains bound at the interaction site throughout the simulation. Notably, in 

PonA1_WT, the binding pocket shows slight closure between 75 and 100 ns of the 

simulation, a behavior that is not observed in the Q365H and P631S mutants. This 

suggests that the wild-type form of PonA1 exhibits a dynamic conformational 

adjustment that stabilizes RIF binding, whereas the mutant proteins lack this pocket 

closure, potentially influencing the overall binding stability and affinity (Figure III-15-

A). 

 The RMSD values stabilize after approximately 10 nanoseconds (ns) (Figure 

III-15-B-D), a typical pattern as the protein structure adjusts from its initial 

configuration to a more energetically favorable conformation. For PonA1_WT, the 
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RMSD stabilizes between 1.2 nm and 1.6 nm after an initial increase, while 

PonA1_P631S shows similar fluctuations between 1.2 nm and 1.5 nm. In contrast, 

PonA1_Q365H exhibits greater variability, with RMSD fluctuating between 1.5 nm 

and 1.7 nm. Notably, after 50 nanoseconds, PonA1_Q365H demonstrates regions of 

enhanced stability, where the RMSD remains more consistent, indicating structural 

convergence. Despite these differences, the RMSD fluctuations for PonA1_WT and 

PonA1_P631S are comparable on average, whereas PonA1_Q365H shows deviations 

of approximately 2 Å, suggesting a less stable conformational adjustment. 

In addition, the RMSF analysis highlighted key regions of flexibility 

throughout the proteins, as summarized in Figure III.15-E. Notably, both the N-

terminal (residues 1 to 150) and C-terminal (residues 750 to 820) regions exhibited 

significant fluctuations, indicating areas of high flexibility in both the wild-type and 

mutant structures. These fluctuations suggest that these terminal regions, which are 

distant from the active site, may contribute to the overall structural dynamics and 

stability of the PonA1 protein complexes. 

The PonA1_Q365H and PonA1_P631S fluctuations show N-terminal more 

compact than PonA1_WT, while in the C-terminal, PonA1_P631S  becomes more  

flexible,  and PonA1_Q365H more compact in the same region.  In addition, in the 

most structured regions (with lower RMSF values), slight variations have been seen in 

the TP region compared to the TG region; thus, it could be inferred that these mutations 

could have an effect on the stability of the protein. However, mutations have not been 

shown to make the drug less stable in the complex. 
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The dynamics interactions predominantly occur through hydrophobic 

interactions and hydrogen bonds, as demonstrated by residue interaction analysis 

(Figure III.16). For PonA1_WT, we identified 11 hydrophobic interactions involving 

residues V523, Q526, M539, L541, L594, Y666, T684, Q686, T691, Y729, and A814; 

besides, 7 hydrogen bonds with residues S487, V523, S540, N542, T684, and N693. 

Meanwhile, the PonA1_Q365H protein forms 7 hydrophobic interactions with residues 

T521, V523, E524, Q686, T691, Y729, T815, and P816; and 5 hydrogen bonds with 

residues T521, E524, T691, Y729, and T815. PonA1-P631S forms 6 hydrophobic 

interactions with residues V523, E524, N542, Y666, Q686, and T691; and 6 hydrogen 

bonds with residues V523, M539, S540, T684, N693, and Y729 (Figure III.16).  

It should be noted that important residues (hotspots) for the interaction 

fluctuate slightly between the mutated structures. Residues V523, Q686, T691, and 

Y729 interact with RIF in all three proteins (PonA1_WT, PonA1_Q365H, and 

PonA1_P631S) through hydrophobic contacts. In addition, we found hydrogen bond 

interactions shared exclusively between PonA1_WT and PonA1_Q365H: T521, E524, 

T691, Y729, and T815; while hydrogen bond interactions shared exclusively between 

PonA1_WT and PonA1_P631S: V523, S540, T684, and N693. 
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Figure III.15. Molecular dynamic simulations between PonA1 from M. 

tuberculosis H37Rv (both wild-type and mutant forms) and rifampicin. 

A.Timeline of molecular dynamics for PonA1_WT, Q365H and P631S at 1, 25, 50, 75 

and 100 ns. B. RMSD values for PonA1_WT_ESM. C. RMSD for 

PonA1_Q365H_ESM. D. RMSD for PonA1_P631S_ESM. alone (red), in complex 

with rifampicin (purple), and rifampicin alone (blue) E. RMSF values for all protein 

variants in interaction with rifampicin, evaluated over 100 ns.  
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Figure III.16. Interaction fraction analysis between PonA1 proteins and 

rifampicin. A. Residue interactions of PonA1_WT with rifampicin. B. Residue 

interactions of PonA1_Q365H with rifampicin. C. Residue interactions of 

PonA1_P631S with rifampicin (Analysis generated using PLIP).  
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III.3.2.    Cloning, expression and purification of recombinant PonA1 

variants and RpoB 

To assess in silico predictions, PonA1234-820_WT, PonA1234-820_Q365H, 

PonA1234-820_P631S, were expressed in E. coli Rosetta. All of them were expressed as 

an insoluble protein and refolded slowly by dialysis. RpoB was expressed as a soluble 

protein and used as a control in the interaction studies, serving as a reference for binding 

and interaction assays. Protein molecular weight and purity were evaluated by SDS-

PAGE and Coomassie blue staining (Figure III.17), obtaining approximately 90% purity.  

The pattern of migration showed us bands corresponding to molecular weight of 

63 KDa for PonA1234-820_WT and mutants and 129 KDa for RpoB (marker PageRuler 

prestained Thermo Scientific #26616). The proteins were concentrated up to 1 -2 mL 

and, a concentration around 3-7 mg/mL for PonA1234-820 and 4-9 mg/mL for RpoB were 

obtained, respectively. They were aliquoted in fractions of 100 or 200 µL and stored at 

-20°C until their use. 

 

Figure III.17. SDS-PAGE of PonA1 and RpoB proteins from M. tuberculosis 

H37Rv expressed in E. coli purified and concentrated.  Line 1: Marker PageRuler 

prestained, Line 2: PonA 234-820 _WT, Line 3: PonA1234-820 _Q365H, Line 4: PonA1234-

820 _P631S and Line 5: RpoB. Acrylamide gel 15%, 200A-25 min. 
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III.3.3.    Biophysical characterization of PonA1234-820 variants, and RpoB 

The purified recombinant proteins were evaluated for stability, homogeneity, 

purity, and proper folding. To achieve this, thermal stability, size-exclusion 

chromatography coupled with multi-angle light scattering (SEC-MALS), and circular 

dichroism (CD) techniques were employed. 

III.3.3.1.    Thermal stability 

The thermal stability of the proteins was assessed by monitoring the exposure of 

hydrophobic regions during protein unfolding under a thermal gradient. The analysis 

was performed on PonA1234-820_WT and mutant variants (Figure III.18), as well as 

RpoB (Figure III.19).  

 

 

Figure III.18. Thermal stability characterization of PonA1 wild type and mutant 

variants from M. tuberculosis H37Rv using Tycho NT.6.  PonA1234-820_WT (pink), 

PonA1234-820_Q365H (green) and PonA1234-820_P631S (brown). 
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The inflexion temperature (Ti) was 47,8 +/- 0.12 for PonA1234-820_WT, 45,9 +/- 

0,1 for PonA1234-820_Q365H and  47,7 +/- 0,3 °C for PonA1234-820_P631S, all measured 

at a protein concentration of 1 mg/mL (Figure III.18). There are no differences in the 

inflection point values between the proteins, PonA1234-820_WT and PonA1234-

820_P631S, suggesting that this mutation does not significantly alter the thermal 

stability of the protein. The PonA1234-820_Q365H shows the lower Ti, suggesting that 

the mutation leads to a slight reduction in thermal stability. In the case of the RpoB 

protein of Mtb H37Rv, the most significant Ti is 49 +/- 0,45 °C, among three observed 

points (Figure III.19). 

 

 

 

Figure III.19. Thermal stability characterization of RpoB full-lenght from M. 

tuberculosis H37Rv using Tycho NT.6.   

 

Since RIF was to be evaluated for its interaction with PonA1, the impact of 

DMSO, the solvent used for RIF, on the thermal stability of the recombinant proteins 

was assessed (Figure III.20). The thermal stability analysis of PonA1234-820_WT 

revealed a shift in the Ti upon the addition of DMSO, decreasing from Ti PonA1234-820 
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at 47.7°C to Ti PonA1234-820-DMSO at 44.3°C. However, the addition of RIF resulted in a 

Ti change, from Ti PonA1234-820 at 47.7°C to Ti  PonA1234-820-DMSO-RIF at 48.5°C. 

 

 
 

Figure III.20. Thermal stability characterization of PonA1234-820_WT from M. 

tuberculosis H37Rv with and without DMSO using Tycho NT.6.  PonA1234-820_WT 

(pink), PonA1234-820 with DMSO (blue) and PonA1234-820 with DMSO and RIF (green). 

 

For PonA1234-820_Q365H, the addition of DMSO resulted in a significant 

decrease in the Ti, from 45.8°C to 42.3°C. Prior to the addition of RIF, the Ti could 

not be accurately determined. However, based on the analysis of the graph, the Ti 

after RIF addition appears to be comparable to that of the protein alone, albeit with a 

different 350/330 nm ratio (Figure III.21). 

 

 

Figure III.21. Thermal stability characterization of PonA1234-820_Q365H with and 

without DMSO using Tycho NT.6.  PonA1234-820_Q365H (blue), PonA1234-

820_Q365H with DMSO (green) and PonA1234-820_Q365H with DMSO and RIF 

(brown). 
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Figure III.22. Thermal stability characterization of  PonA1234-820_ P631S with and 

without DMSO using Tycho NT.6.  PonA1234-820_P631S (pink), PonA1234-820_P631S 

with DMSO (blue) and PonA1234-820_P631S with DMSO and RIF (green). 

 

In figure III.22, the thermal stability of PonA1234-820_P631S showed a change in 

the Ti with DMSO addition, from 47.5°C for PonA1234-820 to 43.9°C for PonA1234-820-

DMSO . The addition of RIF altered the Ti from 47.5°C for PonA1234-820 to 48.3°C for 

PonA1234-820-DMSO-RIF. RIF notably impacted the profile of the protein unfolding curve.  

The information is summarized in Table III.4. The Ti is similar between 

PonA1234-820_WT and PonA1234-820_P631S but differs from PonA1234-820_Q365H. The 

addition of DMSO to the solution decreased the Ti by an average of 3.5°C for all 

evaluated proteins, while the addition of RIF caused an approximate increase of 0.8°C 

in the Ti of both PonA1234-820_WT and PonA1234-820_P631S compared to the protein 

alone. For PonA1234-820_Q365H, the Ti could not be accurately determined. There are 

not notable changes in the thermal stability of the proteins after the RIF addition.  
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Table III. 4. Inflection temperature for PonA1234-820 recombinant proteins 

evaluated in this study. 

 

Sample WT (Ti °C) Q365H (Ti °C) P631S (Ti °C) 

PonA1234-820_ 47.7 45.8 47.5 

PonA1234-820-DMSO 44.3 42.3 43.9 

PonA1234-820-DMSO-RIF 48.5 ~45 48.3 

 

 

III.3.3.2.    Molecular exclusion chromatography and multiple angle 

light scattering (SEC MALS) 

In our study, the molar mass and size in solution were determined using SEC 

MALS. PonA1234-820 was evaluated under two conditions: native, after purification 

from the insoluble fraction, and after refolding. In the native sample, three different 

peaks were observed at 82.1, 120.3, and 160.2 kDa, suggesting the presence of protein 

mixtures or with missfolding, with only a small fraction likely corresponding to our 

target protein (Figure III.23.A). In contrast, after slow refolding, a single peak at 64.34 

KDa was observed (Figure III.23.B), which closely matches the predicted molar mass 

of 63.57 KDa from1 in silico analysis. This suggests that the refolding sample is 

homogeneous, monomeric, and pure. 
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Figure III.23. SEC MALS analysis of PonA1234-820_WT recombinant protein from 

M. tuberculosis H37Rv expressed in E. coli. A. native and B. refolded protein from 

the insoluble fraction.  
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RpoB was expressed as soluble protein, and the SEC-MALS analysis shows a 

peak corresponding to 111.9 KDa (Figure III.24). Similarly, the predicted molecular 

weight based on the in silico linear amino acid sequence is 129.35KDa. This result 

indicates that the protein is monomeric, homogeneous and of high purity. 

 
 

Figure III.24. SEC MALS analysis of RpoB recombinant protein from M. 

tuberculosis H37Rv expressed in E. coli. 

 

III.3.3.3.    Circular dichroism (CD) 

From the CD spectra of PonA1234-820 (Figure III.25) and RpoB (Figure III.26), 

we can infer that both proteins are properly folded and suitable for use in subsequent 

assays. This assessment was particularly crucial for PonA1234-820, which underwent a 

refolding process after affinity purification.  
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Negative bands were observed around 208 nm and 222 nm and a positive band 

around 190 nm indicating the predominant presence of α-helices, no negative band 

spectra are observed near 195 nm, so there is no indication of disordered or spun 

structures for both proteins. 

 

 

 
 

Figure III.25. Circular dichroism analysis of PonA1234-820 from M. tuberculosis 

H37Rv. The protein was resuspended in buffer Tris-HCl 50 mM, NaCl 150 mM, and 

2 mM DTT with DDM 0.08%. 
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Figure III.26. Circular dichroism analysis of RpoB from M. tuberculosis H37Rv. 

The protein was resuspended in buffer Tris-HCl 50 mM, NaCl 150 mM, and 2 mM 

DTT. 

 

 

III.3.4.    Transpeptidase enzyme activity of PonA1 

 

PBPs are inactivated by covalent modification at a catalytic serine by β-lactam 

antibiotics, such as Bocillin-FL, a fluorescent analog of penicillin V. Figure III.27 

illustrates the interaction between PonA1234-820_WT and Bocillin-FL through twin gels. 

Panel A shows the gel under UV exposure at 500 V, while Panel B is stained with 

Coomassie Blue, displaying the experiment with 0.1 µM PonA1234-820_WT across a 

range of Bocillin-FL concentrations (40, 20, 10, 5, 2.5, 1.25, 0.625, 0.3125, 0.156 µM). 

The experiment’s goal was to determine the Bocillin-FL concentration needed to 

adequately detect the protein signal. Notably, the signal intensity was consistent from 

40 µM to 10 µM Bocillin-FL with 0.1 µM of protein.  
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Figure III.27. Transpeptidase enzyme activity evaluation between PonA1 

recombinant protein and different concentrations of Bocillin-FL. PonA1234-

820_WT and different Bocillin-FL concentrations (40, 20, 10, 5, 2.5, 1.25, 0.63, 0.31, 

0.16 µM) - twin gels. A. Cuan exposition 500 V. B. Coomasie blue stain. Marker 

PageRuler prestained. Acrylamide gel 15%, 200A-25 min. 

 

The following different protein concentrations under saturating Bocillin-FL 

conditions were assessed and observed that complex formations were proportional to 

the added protein concentration in the reaction (Figure III.28).  

 

 



166 

 

 

 
 

Figure III.28. Transpeptidase enzyme activity evaluation between different 

concentrations of between PonA1234-820 recombinant protein and Bocillin-FL. 

Twin gels were run with PonA1234-820_WT at different concentrations, in the presence 

of 10 µM Bocillin-FL. A. Cuan exposition 500 V. B. Coomassie blue stain. Marker 

PageRuler prestained, Acrylamide gel 15%, 200A-25 min. 
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Figure III.29. Transpeptidase enzyme activity evaluation between PonA1234-

820_Q365H and Bocillin-FL. A. Cyan exposition 500V. B. Coomasie blue stain. 

Different protein concentrations were tested with 10 µM Bocillin-FL. Marker 

PageRuler prestained, Acrylamide gel 15%, 200A-25 min. 

 

 

Figure III.30. Transpeptidase enzyme activity evaluation between PonA1234-

820_P631S and Bocillin-FL interaction. A. Cyan exposition 500V. B. Coomasie blue 

stain. Different protein concentrations were evaluated with 10 µM Bocillin- FL. Marker 

PageRuler prestained, Acrylamide gel 15%, 200A-25 min. 
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PonA1234-820_WT, PonA1234-820_Q365H, PonA1234-820_P631S were able to form 

complexes with Bocillin-FL in concentrations greater than 0.06 µM in a similar way. 

Based on the results obtained, we suggest that enzymatic activity remains intact for 

both the wild-type protein and the proteins with Q365H and P631S mutations. This 

suggests that these mutations do not impair enzymatic activity (Figure III.29-30). 

III.3.5.     PonA1- RIF interaction measured by nuclear magnetic 

resonance (STD-NMR) spectroscopy 

Each reaction has 2 mM RIF as a ligand with 40 µM of each protein in 20 mM 

potassium phosphate pH 6.8, 100 mM NaCl, 0.5 mM DTT. The on-resonance pulse 

was calibrated based on RIF at 8.9 ppm to obtain a flat difference spectrum (Figure 

III.31.A). In the presence of RpoB protein, the natural ligand for RIF, peaks appear in 

the difference spectrum between 8 to -0.5 ppm indicating the protons involved in the 

interaction (Figure III.31.B).  
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Figure III.31. 1D NMR spectra of rifampicin and RpoB protein. (A) 1D NMR 

spectra of 2 mM rifampicin. (B) 1D NMR spectra of rifampicin with 40 µM RpoB in 

20 mM potassium phosphate pH 6,8; 100 mM NaCl, 0.5 mM DTT; 293 K, 800 MHz, 

3 min.  Off resonance spectrum (blue), on resonance spectrum (red) and STD spectrum 

(green).   
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The second step was to check the interaction of RIF with other proteins. To do 

this, we performed 1D NMR spectra of RIF alone, to which we added small quantities 

of the PonA1234-820_WT protein, PonA1234-820 mutants, and RpoB (as a positive control 

for interaction with RIF). In addition, the Rv1813c protein, supplied by Dr. Cohen-

Gonsaud of the CBS, was used as a negative control for the interaction. The interaction 

of RIF with a large protein should result in a modification of the 1D NMR spectrum, 

either by chemical shifts or by variations in peak intensity, as the fraction of free RIF 

decreases. 

The RIF spectra (Figure III.32.A), in the range of about 0.9 to -0.5 ppm, are 

arbitrarily shifted relative to each other for clarity, as no variation in the chemical shift 

of the peaks is observed. Figure III.32. B-C shows decrease in intensity with the 

addition of PonA1234-820 proteins (WT and mutants), as well as RpoB, whereas the 

intensity of the RIF peaks does not decrease with the addition of Rv1813c.  It should 

be noted that RIF peak intensities were greatly reduced with the addition of the 

PonA1234-820_Q365H mutant. 

Based on the observed spectral changes, we investigated the impact of time on 

these changes, comparing the evolution of the spectra over time (Figure III.33.A-B). 

After 8 hours, we noted a significant decrease in the intensity of the peaks with the 

PonA1234-820_Q365H protein, which prompted us to ask whether this shift resulted from 

a change in the affinity of the protein for RIF or a change in the viscosity of the medium 

over time. 
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To assess behavior and identify differences in interaction magnitude between 

PonA1234-820_WT, PonA1234-820_Q365H and RIF we estimated the dissociation 

constant (KD).  

 

 
Figure III.32. 1D NMR spectra for rifampicin with or without addition of 

recombinant proteins. A. Total 1D-NMR spectra of rifampicin 2 mM in 20 mM 

potassium phosphate pH 6,8; 100 mM NaCl, 0.5 mM DTT (yellow), with PonA1234-

820_WT (purple), PonA1234-820_Q365H (red), PonA1234-820_P631S (green), Rv1813 

(mustard) and RpoB (blue) at 293 K, 800 MHz. The spectra are arbitrarily shifted for 

better clarity. B. Magnification of the 0.9 to -0.6 ppm spectra. C. Magnification of the 

0.9 to 0.3 ppm spectra.  

A 

B 

C 
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Figure III.33. Evolution of 1D NMR spectra of rifampicin and recombinant 

proteins varying at different times. 2 mM rifampicin in 20 mM potassium phosphate 

pH 6,8; 100 mM NaCl, 0.5 mM DTT (yellow), with PonA1234-820_WT (purple), PonA1 

TP_ Q365H(red), PonA1 TP_ P631S(green), Rv1813 (mustard), RpoB (blue) at 293 K, 

800 MHz, 3 min (A) and 8 hours after (B). 

 

The KD determination for PonA1234-820 -RIF complex involved titrations with RIF 

concentrations ranging from 1.2 and 0.075 mM and 38.3 µM of each protein, following 

protocols described (Angulo & Nieto, 2011; Walpole et al., 2019). The KD values for 

PonA1234-820_WT, PonA1234-820_Q365H and PonA1234-820_P631S were estimated at 1.8 

(Figure III.34), 2.1 mM (Figure III.35) and 6,41 mM (Figure III.36) respectively. Given 

A 

B 
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that all KD values are in the millimolar range, the binding between PonA1234-820 and 

RIF suggests low affinity and non-specific interaction regardless of whether the protein 

is in the form wild type or mutated.   

Tabulated data for the binding isotherms, including STD-NMR build-up curves 

at various depths of the tube corresponding to increasing ligand concentrations, are 

reported in the Appendix III.39-41.  

 

Figure III.34. Determination of KD between PonA1234-820_WT and rifampicin by 

STD-NMR. Using 20 mM potassium phosphate buffer (pH 6,8); 100 mM NaCl, 0.5 

mM DTT; 1.65 ppm. The assay was conducted with protein concentrations of 38 µM 

PonA1234-820_WT and rifampicin concentrations ranging from 1.2 mM, 0.6 mM, 0.3 

mM, 0.150 mM, 0.075 mM in deuterated DMSO. Data was collected at 1.65 ppm. 
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Figure III.35. Determination of KD between PonA1234-820_Q365H and rifampicin 

by STD-NMR. Using 20 mM potassium phosphate buffer (pH 6,8); 100 mM NaCl, 

0.5 mM DTT. The assay was conducted with protein concentrations of 40 µM 

PonA1234-820_Q365H and rifampicin concentrations ranging from 1.4 mM, 0.7 mM, 

0.35 mM, 0.175 mM, 0.088 mM, 0.044 mM in deuterated DMSO. Data was collected 

at 1.65 ppm. 
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Figure III.36. Determination of KD between PonA1234-820_P631S and rifampicin 

by STD-NMR. Using 20 mM potassium phosphate buffer (pH 6,8); 100 mM NaCl, 

0.5 mM DTT. The assay was conducted with protein concentrations of 40 µM 

PonA1234-820_P631S and rifampicin concentrations ranging from 2 mM, 1 mM, 0.5 

mM, 0.25 mM, 0.125 mM and 0.063 mM in deuterated DMSO. Data was collected at 

1.65 ppm. 
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III.3.6.     MMAR_0069 knockout in M. marinum by ORBIT 

MMAR_0069 is identified as the ponA1 gene homologue in Mmar. The KO of 

the MMAR_0069 gene was achieved by integrating one modified ORBIT plasmid: 

pKM464-ponA1p-EGFP or pKM464-rpsTp-EGFP; facilitated by one oligonucleotide 

as described in section III.2.6.1. The following sections provide a detailed description 

of the procedure. 

III.3.6.1.    pKM464-ponA1p-EGFP plasmid construction, 

transformation in E. coli and  MMAR_0069 knockout in M. 

marinum by ORBIT 

This process was completed in two stages: first, the construction, ligation, and 

transformation of the plasmids in E. coli were carried out, followed by verification 

through sequencing. In the second stage, the KO of the gene in Mmar was performed, 

with the final step involving confirmation by sequencing.  

A.    pKM464-ponA1p-EGFP plasmid construction and 

transformation in E. coli  

A fragment of pKM464 containing the ponA1p was amplified (Figure III.37.A), 

along with the EGFP gene at 717 bp (Figure III.37.B). Both fragments were verified 

by electrophoresis, and gel purification was performed. GA and  E. coli DH5α 

transformants exhibited growth after 24 hours (Figure III.37.C), with 105 CFU 

resulting from the assembly of the two fragments and 45 from recircularization. Three 

colonies were assessed by PCR colony  using primers F-pKM464-int and R-pKM464-
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int, producing a 2896 bp PCR product (Figure III.37.D), compared to pKM464 without 

any insert (Line 1- Figure III.37.D). Clone 1 was confirmed correct by sequencing. 

 

 

 
 

Figure III.37. Cloning of pKM464-ponA1p-EGFP and transformation in E. coli.  

A. Electrophoresis in agarose gel of pKM6464 plasmid and ponA1p obtained by PCR 

amplification. B. Electrophoresis in agarose gel of EGFP obtained by PCR 

amplification. C. LB agar plate with Chlo (25 µg/mL) for selection of transformants 

with both fragments assembled by GA (left). Negative control of auto assembling 

(right). D. Electrophoresis in agarose gel for PCR colony screening. Line 1: pKM464 

plasmid, line 2 to 4: E. coli clones screening. B Blank. M marker 1 kb GeneRuler. 

Agarose electrophoresis 0.8 %, TAE 1X. Chlo=chloramphenicol. 
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B.    ORBIT with pKM464-ponA1p-EGFP in M. marinum for 

MMAR_0069 knockout 

The first requirement for the ORBIT system was to obtain cells containing the 

pKM444 plasmid. For this, Mmar was electroporated with 1 µg of pKM444, followed 

by incubation at 30°C in darkness. Colonies began to appear on day 13, yielding 2,4x 

104 CFU/µg of pKM444.  

Therefore, in a second electroporation with the pKM464 plasmid containing a 

promoter regulating EGFP expression was evaluated. This approach enabled both gene 

KO and simultaneous tracking of EGFP expression in Mmar. 

ponA1p was evaluated, to do this a second electroporation was performed with 

the pKM464-ponA1p-EGFP plasmid (5426 bp) mediated by oligonucleotide designed 

in this study. After 12 days, it resulted in 100 CFU, while 2 CFU were obtained without 

the oligonucleotide (Figure III.38.A). PCR on 6 colonies with primers F-Mmar-

Rv0050-orbit and R-Mmar-Rv0050-orbit produced a 5761 bp product in three of them 

(Figure III.38.B). The insertion of the plasmid in the flanking region of the 

MMAR_0069 gene was verified by sequencing. At this stage, the results indicate that 

the viability of Mmar was not significantly impacted by the deletion of the 

MMAR_0069 gene. 
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Figure III.38. MMAR_0069 knockout using pKM464-ponA1p-EGFP payload 

plasmid integration in M. marinum genome by ORBIT. A. 7H10 plates with HYG 

(50 µg/mL) for selection of Mmar strains electroporated with pKM464-ponA1p-EGFP 

with (left)/without (right) oligonucleotide generating the strain Mmar 

∆MMAR0069::ponA1p_EGFP. B. Electrophoresis in agarose gel for PCR colony 

verification of ∆MMAR0069 and insertion of pKM464-ponA1p-EGFP. Lines 1-6: M. 

marinum transformants colonies evaluated. M marker 1 kb GeneRuler. Agarose 

electrophoresis 0.8 % TAE 1X. HYG= Hygromycin. 
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III.3.6.2.    pKM464-rpsTp-EGFP plasmid construction, transformation 

in E. coli and MMAR_0069 knockout in M. marinum by 

ORBIT 

A.    pKM464-rpsTp-EGFP plasmid construction and transformation 

in E. coli  

Three fragments were amplified for the construction of this plasmid, plasmid 

pKM464 linearized (Figure III.39.A), the EGFP gene (Figure III.39.B) and the Mmar 

rpsTp (Figure III.39.C), with 3152, 717 and 148 bp, respectively.  The GA and 

transformation process resulted in 46 colonies with the three assembled fragments and 

no colonies when only the fragment corresponding to the pKM464 plasmid was used 

(Figure III.39.D). Three colonies were selected for verification generating a 1470 bp 

fragment for the colonies with the rpsTp-EGFP assembled in pKM464 as opposed to 

148 bp corresponding to rpsTp alone (Figure III.39.E).  

Verification by sequencing was performed on the three colonies and all harbored 

the C79T mutation in the rpsTp, clone 1C1 was used for the next steps. 
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Figure III.39. Cloning of pKM464-rpsTp-EGFP and transformation in E. coli. A. 

Electrophoresis in agarose gel of pKM464 plasmid PCR amplification B. 

Electrophoresis in agarose gel of EGFP gene PCR amplification. C. Electrophoresis in 

agarose gel of rpsTp amplification D. LB agar plate with Chlo (25 µg/mL) for selection 

of E. coli DH5α transformants with all fragments assembled (left). Negative control of 

auto assembling (right). E. Electrophoresis in agarose gel for PCR colony screening. 

Line 1: pKM464 plasmid, line 2-4: E. coli DH5α clones evaluated. B Blank. M marker 

1 kb GeneRuler. Agarose electrophoresis 0.8 % TAE 1X. Chlo=chloramphenicol.  
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B.    ORBIT with pKM464-rpsTp-EGFP in M. marinum for 

MMAR_0069 knockout 

By applying ORBIT with pKM464-rpsTp-EGFP plasmid, we achieved the 

∆MMAR0069 and simultaneously track the expression of EGFP under the regulation 

of rpsTp of Mmar. The integration of pKM464-rpsTp-EGFP plasmid (4000 bp) 

mediated by oligonucleotide resulted in 103 CFU, while none CFU were obtained when 

the oligonucleotide was not present (Figure III.40.A). PCR was performed on 6 

colonies with primers F-Mmar-Rv0050-orbit and R-Mmar-Rv0050-orbit and a product 

of 4379 bp was obtained for all of them (Figure III.40.B). Long-read sequencing was 

performed using nanopore technology at the Laboratorio de Bioinformática y Biología 

Molecular, UPCH - Peru. The neighboring upstream and downstream genes of 

MMAR_0069 were identified, confirming the precise integration of the pKM464-

rpsTp-EGFP plasmid at the MMAR_0069 locus (Figure III.40.C). Similar to the 

observations in section III.6.1.b, the KO of the MMAR_0069 gene generated with the 

pKM464-rpsTp-EGFP plasmid did not have a lethal effect on the survival of the strain.  
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Figure III. 40. MMAR_0069 knockout using pKM464-rpsTp-EGFP payload 

plasmid integration in M. marinum genome by ORBIT. A. 7H10 plates with HYG 

(50 µg/mL) for selection of Mmar strains electroporated with pKM464-rpsTp-EGFP 

with (left)/without (right) oligonucleotide generating the strain  

∆MMAR0069::rpsTp_EGFP. B. Electrophoresis in agarose gel for PCR colony 

verification of ∆MMAR0069 and insertion of pKM464-rpsTp-EGFP. Lines 1-6: M. 

marinum transformants colonies evaluated. M marker 1 kb GeneRuler. Agarose 

electrophoresis 0.8 % TAE 1X. C. Long read sequencing in the strain 

∆MMAR0069::rpsTp_EGFP, shows the vicinity of genes upstream and downstream of 

MMAR_0069. HYG= Hygromycin.  
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III.3.6.3.    Assessment of promoter function via EGFP reporter 

expression in M. marinum 

The ∆MMAR0069 strains carrying EGFP reporter under the regulation of two 

promoters-ponA1p and rpsTp- were generated in a single step using the ORBIT system. 

This approach enabled the simultaneous assessment of the promoters’ capacity to 

regulate EGFP expression. Fluorescence levels were measured with an excitation 

wavelength of 485 nm and an emission wavelength of 528 nm, and the results were 

normalized based on OD600, the experiments were carried out in triplicate. The rpsT 

promoter effectively regulated EGFP expression, while no significant EGFP levels 

were observed under the regulation of the ponA1p (p<0.0001, Kruskal-Wallis Test; 

Dunn’s multiple comparison; Figure III.41.A). This demonstrates that, in this system, 

only rpsT was capable of driving EGFP expression. 

In addition, no significant differences in growth rate were observed between wild 

type and ∆MMAR0069 strains with the inserted promoters and EGFP (p>0.05, 

ANOVA Test - Figure III.41.B). The growth rate for Mmar was 0.0987 with a 

generation time of 7 hours, while for ∆MMAR0069::ponA1p-EGFP it was 0.072 with 

9.6 hours, and for ∆MMAR0069::rpsTp-EGFP it was 0.084 with 8.3 hours. 
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          A 

 

B 

 

Figure III.41. Evaluation of EGFP expression and growth in M. marinum wild 

type and M. marinum ∆MMAR0069. A. Evaluation of EGFP expression regulated 

by the ponA1p (M. tuberculosis H37Rv) and rpsTp (M. marinum) promoters, quantified 

by fluorescence/OD600. B. Growth curve analysis. Three independent experiments were 

performed.  
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III.3.7.    ponA1 gene complementation in M. marinum  

As described in the methodology section, two approaches were developed to 

achieve gene complementation. The first approach was based on the results presented 

in section III.6.3, where the rpsTp successfully regulated the expression of the EGFP 

reporter gene. The second approach utilized the integrative plasmid pMV361, which 

mediates integration through the L5 site of the mycobacterial genome. The results of 

each stage, along with the final outcomes in obtaining strains complemented with the 

genes of interest (ponA1 wild type or mutants, and MMAR_0069), are described below. 

III.3.7.1.    Payload plasmid’s ORBIT modification for knockout and 

gene complementation in one step 

A.    pKM464-rpsTp-ponA1 plasmid construction and transformation 

in E. coli  

Gene complementation with Mtb H37Rv ponA1 was performed using a modified 

ORBIT plasmid under the control of the rpsTp, previously evaluated in this study for 

its capacity to regulate EGFP expression. 

To do this, the pKM464-ponA1p-ponA1g plasmid was opened and a fragment of 

5595 bp was amplified (Figure III.42.A), in addition the rpsTp was amplified obtaining 

a fragment of 148 bp (Figure III.42.B). Both fragments were assembled, obtaining 344 

CFU positive and 37 CFU with auto circularization used as a control (Figure III.42.C). 

PCR colony  was performed on three clones obtaining a 3213 bp fragment and verified 

by sequencing. Clone 3 was cryopreserved. 
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Figure III.42. Cloning of pKM464-rpsTp-ponA1 and transformation in E. coli. A. 

Electrophoresis in agarose gel - Temperature gradient for the amplification of 

pKM464-ponA1g. Line 1-4: correspond to PCR amplification at 60.9, 62.8, 65.5 and 

67.7 °C, respectively. B. Electrophoresis in agarose gel of rpsTp PCR amplification. 

C.  LB agar plate with Chlo (25 µg/mL) for selection of transformants with all 

fragments assembled (left), control of auto assembling (right). D. Electrophoresis in 

agarose gel of PCR colony verification. Line 1 -3: E. coli DH5α colonies evaluated. B 

Blank. M Marker 1 kb GeneRuler. Agarose electrophoresis 0.8 % TAE 1X. 

Chlo=chloramphenicol. 
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B. ORBIT with pKM464-rpsTp-ponA1 in M. marinum for 

MMAR_0069 knockout and ponA1 gene complementation in one step 

Using ORBIT-mediated insertion, we aimed to create the ∆MMAR0069 mutant 

and simultaneously insert the Mtb H37Rv ponA1 gene under the control of the rpsTp. 

The pKM464-rpsTp-ponA1 plasmid (5743 bp) mediated by the oligonucleotide 

resulted in 12 CFU, while 1 CFU was obtained when the oligonucleotide was not 

present (Figure III.43.A). PCR was performed on 6 colonies with primers F-Mmar-

Rv0050-orbit and R-Mmar-Rv0050-orbit and a product of 6122 bp was obtained for 

all of them (Figure III.43.B). The insertion of the plasmid in the flanking region of the 

MMAR_0069 gene was verified by sequencing in two clones. In addition, long-read 

sequencing was performed on clone two to confirm the deletion of MMAR_0069 and 

insertion of rpsTp-ponA1 into pKM464 plasmid (Figure III.43.C), and the results were 

as expected. Simultaneously, through this sequencing, we verified the absence of gene 

duplication. 
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Figure III.43. MMAR_0069 knockout and ponA1 gene insertion from M. 

tuberculosis H37Rv in the M. marinum genome using ORBIT in one step. A. 7H10 

plates with HYG (50 µg/mL) and KAN (20 µg/mL) for Mmar strains electroporated 

with pKM464-rpsTp-ponA1 with (left)/without (right) oligonucleotide generating the 

strain ∆MMAR0069::rpsTp-ponA1. B. Electrophoresis in agarose gel for PCR colony 

verification of ∆MMAR0069 and insertion of pKM464-rpsTp-ponA1. Line 1:  M. 

marinum wild type. Lines 2-6: M. marinum transformants colonies evaluated. B Blank. 

M Marker 1 kb GeneRuler. Agarose electrophoresis 0.8 % TAE 1X. C. Long read 

sequencing on the clone two to confirm the ∆MMAR0069 and rpsTp-ponA1-

containing plasmid insertion between the MMAR_0068 and MMAR_0070 genes.  

HYG= Hygromycin, KAN= Kanamycin. 
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III.3.7.2.    ponA1 gene complementation mediated by pMV361 

integration via L5 phage site in M. marinum 

A.    pMV361- hsp60-ponA1 cloning and transformation in E. coli 

The ponA1 gene from Mtb H37Rv was cloned in the integrative plasmid pMV361 

under the control of the strong promoter hsp60, integrated in the plasmid. ponA1 and 

pMV361 were amplified, obtaining fragments of 2463 and 4446 bp, respectively 

(Figure III.44.A-B). Assembly was performed by GA and transformation in E. coli 

DH5α (Figure III.44.C), and PCR colony for the ponA1 gene was evaluated for 14 

samples, obtaining 4 positives, colonies 4,5,10 and 14 (Figure III.44.D). Colony 4 was 

verified for sequencing.  
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Figure III.44. Cloning of the ponA1 gene from Mtb H37Rv in pMV361 plasmid 

and transformation in E. coli. A. Electrophoresis in agarose gel of ponA1 gene PCR 

amplification. B. Electrophoresis in agarose gel of pMV361 plasmid PCR 

amplification. C. LB agar plate with KAN (50 µg/mL) for selection of E. coli DH5α  

with the pMV361-ponA1 ligated vía Gibson assembly. D. Electrophoresis in agarose 

gel of PCR colony screening. Lines 1-14 colonies evaluated.  M Marker 1 kb 

GeneRuler. Agarose electrophoresis 0.8 % TAE 1X. KAN= Kanamycin. 
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B.    Antibiotic cassette replacement in pMV361-ponA1 

The cells carrying the ∆MMAR0069 maintained the plasmid pKM444 with a 

KAN resistance cassette. Therefore, the plasmid pMV361, to be incorporated in the 

next step, was modified by replacing its KAN cassette with a ZEO resistance marker 

to facilitate the selection of transformed clones. 

The plasmid pMV361-ponA1 generated in the previous step was opened with the 

primers F-BleoR-pMV361 and R-EM7promoter-pMV361 obtaining a fragment of 

5815 bp (Figure III.45.A), and the BleoR gene coding for resistance to ZEO was 

amplified together with the EM7 promoter with F-EM7 promotor-BleoR and R-BleoR 

primers obtaining a product of 628 bp (Figure III.45.B). As a result of the 

transformation in E. coli DH5α cells, 22 candidate CFU were obtained (Figure III.45.C) 

and 11 colonies were evaluated by PCR colony to verify the insertion of the BleoR 

gene. Clone 1 was sequenced with the correct sequence inserted in pMV361.  
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Figure III.45. Zeocyn resistance cassette cloned in pMV361-ponA1. A. 

Electrophoresis in agarose gel for PCR amplification of pMV361-ponA1 plasmid 

without kanamycin cassette. B. Electrophoresis in agarose gel for BleoR gene PCR 

product. C. LB agar plate with ZEO (50 µg/mL) for selection of E. coli DH5α 

transformed with plasmid closed (left) and only plasmid opened (right). D. 

Electrophoresis in agarose gel for E. coli DH5α colonies screening. Line 1-11: E. coli 

DH5α colonies verification for BleoR gene insertion in plasmid. M Marker 1 kb 

GeneRuler. Agarose electrophoresis 0.8 % TAE 1X. ZEO= Zeocyn. 
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C.    pMV361zeo -ponA1 electroporation in M. marinum 

The Mmar ∆MMAR0069 was electroporated with pMV361ZEO-ponA1 plasmid; 

after 10 days the cells grew, obtaining a transformation efficiency of 8.6x103 CFU/µg. 

This contrasts with the results obtained from the one-step complementation described 

in Section III.3.7.1.B, where the efficiency was low but yielded similar outcomes. 

At this point, the cells present two plasmids inserted in their genome and their 

location would be as follows: the plasmid pKM464-rpsTp-EGFP is located at position 

68 582 - 72540 bp (Figure III.46.A), between genes MMAR_0068 and MMAR_0070. 

The plasmid pMV361ZEO-ponA1 is located between genes MMAR_3809 and 

MMAR_3010 as shown in Figure III.46.B. 

Therefore, colonies were isolated, inactivated, and genome integration was 

verified by PCR colony screening. Eight colonies were confirmed to harbor the 

pMV361ZEO-ponA1 plasmid in their genome through sequencing. For PCR, the 

pMV361ZEO-ponA1 plasmid was used as a positive control, while Mmar wild-type 

genomic DNA served as a negative control. Colony six was further verified by sanger 

sequencing. Additionally, long-read sequencing was performed on clone two to 

confirm the MMAR_0069 gene deletion and the insertion of the pMV361-ponA1-

containing plasmid between the MMAR_0068 and MMAR_0070 genes, and between 

MMAR_3809 and MMAR_3010, respectively. Simultaneously, this sequencing verified 

the absence of gene duplication (Figure III.46.E). 
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Figure III.46. ponA1 gene complementation in M. marinum ∆MMAR0069 mediated by L5-site integration. Scheme of 

two plasmid insertions for the strain generation. A. pKM464-rpsTp-EGFP integrated in MMAR_0069 locus. B. pMV361zeo-

ponA1 integrated between genes MMAR_3809 and MMAR_3010. C. 7H10 agar plate with HYG (50 µg/mL) and ZEO (30 

µg/mL) for selection of M. marinum. ∆MMAR0069::rpsTp-EGFP::L5-ponA1. D. Electrophoresis in agarose gel for PCR 

colony verification of pMV361zeo-ponA1 plasmid integration. Line 1-pMV361zeo-ponA1 plasmid, Line 2-8, colonies 

evaluated. Line 9- Mmar wild type. B Blank.
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III.3.7.3.    Cloning of ponA1 mutants in pMV361ZEO in E. coli 

Point mutations for ponA1 (T34A, T34D, Q365H, A516T, P631S) were 

introduced using primers carrying the specific mutations via GA, as described in the 

methodology section (Table III.2). The plasmid pKM464-rpsTp-ponA1 was used as the 

template, and the results are detailed below. 

A.    Site mutagenesis directed for ponA1 T34A  

Two PCR fragments with 3392 and 2391 bp were generated to introduce the 

T34A mutation in ponA1 gene (Figure III.47.A). 3x104 CFU transformants of E. coli 

DH5α grown and screening of 7 colonies were performed (Figure III.47.B-C). 

Verification with primers F-pKM464-int and R_pKM464-int showed that 4 out of 7 

colonies had the expected 3213 bp PCR product, whose amplification includes the 

rpsTp and the ponA1 T34A (Figure III.47.C). Colony number one was corroborated to 

harbor the T34A mutation in ponA1 by sequencing.  
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Figure III.47. Site directed mutagenesis for generation of ponA1 T34A via Gibson 

assembly in the pKM464-ponA1 plasmid and transformation in E. coli. A. 

Electrophoresis in agarose gel for two PCR fragments that introduce the T34A 

mutation in ponA1 gene. Line 1 PCR fragment with primers F-T34-ponA1 and R-

H37Rv_ponA1_promoter. Line 2 PCR fragment with primers R-T34A-ponA1 and 

F_pKM464-ponA1. B Blank, B. LB agar plate with Chlo (25 µg/mL) for selection of 

E. coli DH5α transformants with two fragments assembled (left) and one fragment auto 

assembled (right) used as a control. C. PCR colony for selection of E. coli recombinant 

colonies Lines 1-7. M Marker 1 Kb plus. Agarose electrophoresis 0.8 % TAE 1X. 

Chlo= chloramphenicol. 

 

B.    Site mutagenesis directed for ponA1 T34D  

Similar to the generation of the T34A mutation in ponA1, the T34D mutation was 

generated, with fragments of 3392 and 2391 bp (Figure III.48.A). 6x104 CFU 

transformants of E. coli NEB Turbo grown, and a screening of 6 colonies was 

performed, getting all the colonies with the PCR product expected (3213 bp) (Figure 

III.48.B-C). Colony number nine was verified by sequencing. 
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Figure III.48. Site directed mutagenesis for generation of ponA1 T34D via Gibson 

assembly in the pKM464-ponA1 plasmid and transformation in E. coli.  A. 

Electrophoresis in agarose gel for two PCR fragments that harbor T34D mutation. Line 

1: PCR fragments with primers F-T34-ponA1 and R-H37Rv_ponA1_promoter. Line 

2: PCR fragment with primers R-T34D-ponA1 and F_pKM464-ponA1. B. LB agar 

plate with Chlo (25 µg/mL) for selection of E. coli NEB turbo transformants with two 

fragments (left) and one fragment (right) assembled. C. PCR colony for selection of E. 

coli  recombinant strains.  Verification with primers F-pKM464-int and R_pKM464-

int. Marker 1 Kb plus. Agarose electrophoresis 0.8 % TAE 1X. Chlo= 

chloramphenicol. 

 

C.    Site mutagenesis directed for ponA1 Q365H  

Two fragments of 4074 and 1709 bp were amplified to introduce the Q365H 

mutation (Figure III.49.A), which were assembled by GA and transformed in E. coli 

DH5α competent cells (Figure III.49.B). 4.2x104 CFU transformants were obtained and 

six colonies were selected for the screening, PCR colony with F-pKM464-int and R-

pKM464-int primers was performed, obtaining a 3213 bp fragment indicating the 

presence of the complete ponA1 gene (Figure III.49.C). Clones 2 and 4 were verified 

for sequencing with primers F-H37Rv-ponA1-gen-2-2360, R-H37Rv-ponA1-gen-

2687, F-H37Rv-PonA1-gen-3-3460, R_pKM464-int and F-pKM464-int.  
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Figure III.49. Site directed mutagenesis for generation of ponA1 Q365H via 

Gibson assembly in the pKM464-ponA1 plasmid and transformation in E. 

coli. A. Electrophoresis in agarose gel for PCR fragments Line 1 PCR fragment 

with primers F-H37Rv_ponA1_promoter and R-Q365H-ponA1. Line 3 PCR 

fragment with primers F-Q365H-ponA1 and R_pKM464-ponA1. Line 2 and 4 

are blank for each reaction, respectively. B. LB agar plate with Chlo (25 µg/mL)  

for selection of E. coli transformants with two fragments (left) and one fragment 

(right) assembled. C. Electrophoresis in agarose gel of PCR colony for selection 

of E. coli  recombinant strains. Line 1-6. Clones screening. Primers F-pKM464-

int and R-pKM464-int were used for amplification. Marker 1 Kb plus. Agarose 

electrophoresis 0.8 % TAE 1X. Chlo= chloramphenicol. 

 

D.    Site mutagenesis directed for ponA1 A516T  

Two fragments of 3581 bp and 2162 bp were amplified to introduce the A516T 

mutation in the ponA1. Fifty CFU transformants were obtained when both fragments 

were successfully assembled, whereas no growth was observed in the negative control 

used to evaluate fragment recircularization (Figure III.50.A and B). Eleven colonies 

were evaluated, and nine displayed the desired 3213 bp amplification product (Figure 

III.50.C). Clones 4 and 6 were confirmed by sequencing. 

 



200 

 

 
 

Figure III.50. Site directed mutagenesis for generation of ponA1 A516T via 

Gibson assembly in the pKM464-ponA1 plasmid and transformation in E. coli. A. 

Electrophoresis in agarose gel for PCR fragments. Line 1 PCR fragment with primers 

F-A516T-ponA1 and R_pKM464-ponA1. Line 3 PCR fragment with primers F-

H37Rv_ponA1_promoter and R-A516T-ponA1. Lines 2-4 are blank for each reaction, 

respectively. B. LB agar plate with Chlo (25 µg/mL) for selection of E. coli 

transformants with two fragments (left) and one fragment (right) assembled. C. PCR 

colony for selection of E. coli recombinant strains. Line 1-11. Clones screening. 

Verification with primers F-pKM464-int and R-pKM464-int. Marker 1 Kb plus. 

Agarose electrophoresis 0.8 % TAE 1X. Chlo= chloramphenicol. 

 

E.    Site mutagenesis directed for ponA1 P631S  

 

Two fragments were amplified for the generation of the P631S mutation in the 

ponA1, with sizes of 3276 and 2507 bp (Figure III.51.A). Both were purified by gel 

extraction and assembled by GA (Figure III.51.B). Seven out of eight colonies were 

PCR-positive, and colony one was further verified by sequencing. 
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Figure III.51. Site directed mutagenesis for generation of ponA1 P631S via Gibson 

assembly in the pKM464-ponA1 plasmid and transformation in E. coli.  A. 

Electrophoresis in agarose gel for PCR fragments. Line 1 PCR fragment with primers 

F-H37Rv_ponA1_promoter and R-P631S-ponA1. Line 3 PCR fragment with primers 

F-P630-P631-ponA1 and R_pKM464-ponA1. Lines 2-4 are blank for each reaction, 

respectively. B. LB agar plate with Chlo (25 µg/mL) for selection of E. coli 

transformants with two fragments (left) and one fragment (right) assembled. C. 

Electrophoresis in agarose gel for PCR colony selection of E. coli recombinant strains. 

Line 1-8. Colonies screening. Verification with primers F-pKM464-int and R-

pKM464-int. M Marker 1 Kb plus. Agarose electrophoresis 0.8 % TAE 1X. Chlo= 

chloramphenicol. 

 

F.    ponA1 mutants amplification for subcloning in pMV361ZEO and 

transformation  

For the ponA1 gene complementation process in Mmar ∆MMAR0069, and to 

assess mutations in this gene, we subcloned the wild type and mutant ponA1 genes 

from plasmid pKM464 to pMV361ZEO, an integrative mycobacterial vector.  

ponA1 genes with the punctual mutations were amplified with primers F-

pMV361-ponA1-H37Rv and R-pMV361-ponA1-H37Rv and a fragment of 2504 bp 

was obtained (Figure III.52.A-B), all these fragments were purified by gel extraction 

and cloned in pMV361ZEO (4446 bp) (Figure III.52.B) by GA. E. coli transformants for 

all ponA1 mutants are shown in Figure III.52.C. Colonies were evaluated to harbor the 
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ponA1 gene (2463 bp) and different colonies were verified to harbor the ponA1 

mutation desired. Colony one and two were verified for ponA1-Q365H and T34D, 

colony two for T34A, A516T and P631S (Figure III.53). 

 

 
 

Figure III.52. Subcloning of ponA1 mutant genes from M. tuberculosis H37Rv in 

pMV361ZEO transformed in E. coli. A. Electrophoresis in agarose gel for PCR 

amplification with ponA1 mutants Q365H, A516T, P631S, T34A. B.  Electrophoresis 

in agarose gel for ponA1 T34D gene and pMV361ZEO plasmid amplification. C. LB 

agar plate with ZEO (50 µg/mL) for selection of E. coli transformants harboring 

plasmid pMV361ZEO-ponA1 mutants. M Marker 1 Kb plus. Agarose electrophoresis 

0.8 % TAE 1X. ZEO =Zeocin. 
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Figure III.53. PCR colony for selection of E. coli transformants harboring ponA1 

mutants cloned in pMV361ZEO. Electrophoresis in agarose gel for amplification of A. 

pMV361ZEO- ponA1-T34A. B.pMV361ZEO- ponA1-T34D. C. pMV361ZEO- ponA1-

Q365H. D. pMV361ZEO- ponA1-A516T. E. pMV361ZEO- ponA1-P631S. M Marker 1 

Kb plus. Agarose electrophoresis 0.8 % TAE 1X. 

 

 

III.3.7.4.    MMAR_0069 cloning  in pMV361 

 

A.    Cloning of MMAR_0069 in pKM464 under rpsTp regulation and 

transformation in E.coli 

 

MMAR_0069 gene was amplified from the gDNA of Mmar strain M obtaining a 

fragment of 2538 bp (Figure III.54.A) and was cloned in the plasmid pKM464-rpsTp 

(Figure III.54.B). GA was performed and E. coli transformants were obtained (Figure 

III.54.C). Twelve colonies were evaluated using F-MrcB-Mmar and R-MrcB-Mmar 
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primers, and a PCR fragment of 2528 bp was obtained in all colonies (Figure III.54.D). 

Clones 7 and 8 were confirmed by sequencing.  

 

 

 

 
 

Figure III.54. MMAR_0069 gene cloned in pKM464 plasmid and transformed in 

E. coli. A. Electrophoresis in agarose gel for MMAR_0069 gene. B. Electrophoresis in 

agarose gel for pKM464-rpsTp plasmid. C. LB agar plate with Chlo (25 µg/mL) for 

selection of E. coli transformants with two fragments (left) and one fragment (right) 

assembled. D. Electrophoresis in agarose gel for PCR colony selection of recombinant 

strains. Line 1-12. Clones screening. M Marker 1 Kb plus. Agarose electrophoresis 0.8 

% TAE 1X. 

 

B.    pMV361-MMAR0069 subcloning and transformation in E. coli 

To generate the isogenic wild type, the MMAR_0069 gene was subcloned in the 

plasmid pMV361ZEO, from the plasmid pKM464-MMAR0069, obtaining a fragment 

of 2538 bp. The fragments were assembled by GA  and the transformation was carried 

out in competent E. coli DH5α cells, few colonies grew in the plate, they were verified 

by PCR, from 7 colonies evaluated 5 had the expected product of 2875 bp (Figure 

III.55).  
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Figure III.55. MMAR_0069 gene from M. marinum subcloning in pMV361ZEO and 

transformation in E. coli. A. Electrophoresis in agarose gel for PCR fragments. Line 

1 MMAR_0069 gene PCR fragment. Line 2 blank, Line 3 pMV361zeo plasmid PCR 

fragment. B. LB agar plate with ZEO (50 µg/mL) for selection of E. coli transformants 

with two fragments (left) assembled. C. Electrophoresis in agarose gel for PCR colony 

selection of recombinant strains. Line 1-7. Colonies screening. Line 8 blank. Agarose 

electrophoresis 0.8 % TAE 1X. ZEO=Zeocin. 

 

C.    ponA1-mutants gene complementation using pMV361ZEO plasmid 

in M. marinum 

Cells with ∆MMAR0069 were complemented with ponA1 genes containing the 

mutations under study, being inserted between the MMAR_3809 and MMAR_3810 

genes, using the attP L5 site. Transformation efficiency was 3.5x103, 3.9x103, 6.3x103, 

5.1x103, 5.6x103, 6.6x103 CFU/µg of pMV361ZEO-ponA1 for each strain harboring the 

T34A, T34D, Q365H, A516T, P631S, ponA1’s mutation, and MMAR_0069 

complementation (Figure III.56.A), respectively. PCR colony was performed with 

Verif_Gg_PMV_Fw and Verif_GgPMV_Rv primers, for all constructs generated. A 

fragment size of 2875 bp was expected for ponA1 mutants and 2950 bp for 

MMAR_0069 gene complementation (Figure III.56.B). For the strains 

∆MMAR0069::L5-ponA1-T34A, ∆MMAR0069::L5-ponA1-Q365H, 
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∆MMAR0069::L5-ponA1-A516T, and ∆MMAR0069::L5-ponA1-P631S, clone one 

was verified by sequencing. For the ∆MMAR0069::L5-ponA1-T34D strains, 

sequencing of clones one and six confirmed the correct insertion. Finally, for the 

∆MMAR0069::L5-MMAR0069 strain (isogenic wild type), clone two was verified for 

the insertion. 

 
 

Figure III.56. ponA1’s wild type and mutants from M. tuberculosis integrated in 

M. marinum ∆MMAR0069 genome via L5-mycobacteriphage site. A. 7H10 agar 

plate with ZEO (50 µg/mL) and HYG (50 µg/mL) with M. marinum transformants 

harboring ponA1 mutations integrated via L5-site. B. Electrophoresis in agarose gel for 

PCR colony verification of pMV361ZEO-gene insertion in M. marinum ∆MMAR0069  

genome.  



207 

 

III.3.8.    Drugs susceptibility test by TEMA 

The MIC for RIF was evaluated for all strains: ∆MMAR0069, the strain 

complemented with ponA1 under the control of the rpsTp in a single step using the 

modified ORBIT system (∆MMAR0069::rpsTp-ponA1), and those complemented in 

two steps via the integrative plasmid pMV361ZEO, mediated by the L5 site. This group 

includes the isogenic wild-type strain (∆MMAR0069::L5-MMAR0069), as well as the 

ponA1 wild-type and mutant strains (∆MMAR0069::L5-ponA1). 

The Mmar wild-type strain had an MIC of 2 µg/mL, while the ∆MMAR0069 

strains generated in this study using ORBIT—either ∆MMAR0069::rpsTp-EGFP or 

∆MMAR0069::ponA1p-EGFP—exhibited increased sensitivity to RIF, with MICs of 

1 µg/mL and 0.5 µg/mL, respectively. This suggests that the absence of the 

MMAR_0069 gene in the Mmar genome increases the strains' susceptibility to RIF. 

On the other hand, both the Mmar wild-type strain and the isogenic wild-type 

strain exhibited an MIC of 2 µg/mL, restoring their RIF resistance phenotype. The same 

MIC of 2 µg/mL was observed in strains complemented with Mtb H37Rv ponA1, 

whether in its wild-type form or with mutations. This suggests that the 

complementation technique using the Mmar gene under the regulation of the hsp60 

promoter was effective in restoring RIF resistance. Furthermore, these results indicate 

that the ponA1 gene from Mtb H37Rv is capable of complementing and restoring the 

RIF resistance profile in the absence of MMAR_0069 in Mmar. Moreover, the ponA1 

mutations evaluated here, T34A, T34D, Q365H, A516T and P631S, did not alter the 

RIF susceptibility profile, as assessed using this technique. 
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Notably, the strains complemented with ponA1 inserted via the ORBIT plasmid 

under regulation of rpsTp (∆MMAR0069::rpsTp-ponA1) exhibited an MIC of 0.5 

µg/mL, which failed to restore the RIF resistance profile compared to the wild-type 

strain, instead increasing susceptibility to RIF by 4-fold and 2-fold relative to the 

∆MMAR0069 strain (Figure III.57). This could indicate that the rpsTp was not 

sufficiently strong to drive adequate ponA1 expression, or that the regulatory 

mechanism under this promoter was insufficient to restore the RIF resistance 

phenotype. Further characterization of this promoter is recommended to better 

understand its regulatory capacity in this context, or other promoters can be evaluated 

using this system. 

 

Figure III.57. Drug susceptibility test to determine the minimum inhibitory 

concentration of rifampicin for M. marinum strains generated in this study and 

M. marinum wild type strain M. Three independent MIC measures were performed 

for each strain. ∆MMAR0069 = knockout in the gene MMAR_0069 

∆MMAR0069::L5-ponA1= knockout in the gene MMAR_0069 and complemented 

with ponA1 gene wild type or mutant under regulation of  hsp60. . ∆MMAR0069::L5-

MMAR0069= knockout in the gene MMAR_0069 and complemented with 

MMAR_0069 under regulation of  hsp60, ∆MMAR0069::rpsTp-ponA1= knockout in 

the gene MMAR_0069 and  complemented with ponA1 gene wild type under regulation 

of rpsT promoter from M.marinum. 
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III.3.9.    Morphology by light microscopy  

 

Based on the primary function of PonA1 in PG synthesis and regulation, this 

study evaluated the effects of MMAR_0069 deletion and its complementation with 

wild-type ponA1 from Mtb H37Rv, along with the mutants evaluated in this study. 

To evaluate the cell-length, several fields were captured where the cells were 

isolated with a magnification of  600X (as shown in Figure III.58). One hundred 

measurements per strain were recorded.  

The cell-length of the ∆MMAR0069  was 2.807 ± 0.657 µm, showing an increase 

of 7.3% compared to wild type strain (p = 0.0497-Figure III.59.A). Among the strains 

complemented with ponA1, the one regulated by the rpsTp had a mean length of 2.676 

± 0.52 µm (p=0.3417 compared to isogenic wild type), while the one regulated under 

the hsp60 had a mean of 3.284 ± 0.792 µm, marking a 17.8 % increase in mean length 

(p<0.0001). In this assay, the presence of ponA1 from Mtb H37Rv significantly 

increased cell size in Mmar, with this enlargement consistently observed in strains 

carrying the Q365H (p = 0.0027), A516T (p < 0.0001), and T34D (p < 0.0001) 

mutations, representing increases of 14%, 17.7%, and 26.5%, respectively, compared 

to the isogenic wild-type strain.  

Among strains harboring the ponA1 gene, significant differences were observed 

between the wild-type strain and those carrying the P631S (p < 0.0001), T34A (p < 

0.0001), and T34D (p = 0.0189) mutations. The P631S and T34A mutations resulted 

in size reductions of 19.46% and 15.56%, respectively, while the T34D mutation 



210 

 

caused a 7.4% increase in size. These differences in length were determined using the 

Mann-Whitney test (Table III.5, Figure III.59.B). 

The mean cell width of ∆MMAR0069 was 0.4873 ± 0.1126 µm, showing a 

reduction of 14% compared to the wild type strain (p<0.0001, T-test and Welch 

correction). Among the strains complemented with ponA1, the one regulated by the 

rpsTp had a mean width of 0.5130 ± 0.1016 µm (p=0.0017, T-test and Welch 

correction, compared to isogenic wild type), marking a 9.7 % increase in mean width. 

No significant variations were found between isogenic wild type and  the ∆MMAR0069 

complemented with ponA1 from Mtb H37Rv (p=0.3127, Mann-Whitney test -Figure 

III.59.C). Significant differences were observed when ponA1 presented the Q365H (p 

= 0.0280, t-test with Welch's correction), A516T (p < 0.00019, Mann-Whitney test), 

P631S (p = 0.0144, t-test with Welch's correction), and T34A (p < 0.0001, t-test with 

Welch's correction) mutations, resulting in a 6.18% reduction and increases of 26.24%, 

7.3%, and 16.9%, respectively, compared to the isogenic wild-type strain. 

Among strains harboring the ponA1 gene, the wild-type strain significantly 

differed from those carrying the A516T (p < 0.0001), P631S (p = 0.0002), T34A (p < 

0.0001), and T34D (p = 0.0264) mutations, with observed increases in cell width of 

30%, 10.5%, 20.4%, and 6.47%, respectively (Mann-Whitney test was used to compare 

each mutated strain with the ponA1 wild-type strain, Table III.6, Figure III.59.D). In 

contrast, no significant differences were found for the Q365H mutation (p = 0.3168, 

Mann-Whitney test). 

Based on these results, it is important to highlight that the deletion of the ponA1 

homolog in Mmar, the MMAR_0069 gene, has a significant impact on the regulation 
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of both cell length and width. These changes were also observed when the 

MMAR_0069 KO strain was complemented with ponA1 from Mtb H37Rv, showing 

notable alterations in cell length. The magnitude of these changes varied depending on 

the specific ponA1 mutation integrated into the Mmar genome.
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Figure III.58. M. marinum strains generated in this study and M. marinum wild type strain M, morphology 

evaluated by light microscopy with polysine fixation (600X magnification). ∆MMAR0069 = knockout in the gene 

MMAR_0069 . ∆MMAR0069::L5-ponA1= knockout in the gene MMAR_0069 and complemented with ponA1 gene wild 

type or mutant under regulation of  hsp60. ∆MMAR0069::L5-MMAR0069= knockout in the gen MMAR_0069 and 

complemented with MMAR_0069 under regulation of  hsp60 promoter, ∆MMAR0069::rpsTp-ponA1= knockout in the 

gene MMAR_0069 and  complemented with ponA1 gene wild type under regulation of rpsT promoter from M.marinum. 
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Table III.5. Length measurements of wild type, MMAR_0069 knockout strain, and gene complemented with ponA1 

from M. tuberculosis H37Rv wild type and mutants integrated in M. marinum genome. 

 Mmar ∆MMAR0069 ∆MMAR0069:: 
rpsTp-ponA1 

∆MMAR0069
::L5-

MMAR0069 

∆MMAR006
9::L5-ponA1 

∆MMAR0069:: 
L5-ponA1- 

Q365H 

∆MMAR0069
:: 

L5-ponA1- 

A516T 

∆MMAR0069:
: 

L5-ponA1- 

P631S 

∆MMAR0069
:: 

L5-ponA1- 

T34A 

∆MMAR0069:
: 

L5-ponA1- 

T34D 

Number of 

values 
100 100 100 100 100 100 100 100 100 100 

Minimum 1,523 1,608 1,669 1,493 1,824 1,669 1,846 1,440 1,549 1,931 

Median 2,589 2,685 2,639 2,690 3,172 3,120 3,243 2,615 2,669 3,451 

Maximum 3,979 4,340 5,024 5,239 5,617 5,696 6,426 4,100 4,440 5,570 

Mean 2,616 2,807 2,676 2,787 3,284 3,177 3,281 2,645 2,773 3,526 

Std. 

Deviation 
0,506 0,657 0,52 0,709 0,792 0,907 0,732 0,595 0,624 0,776 

Std. Error 

of Mean 
0,051 0,066 0,052 0,071 0,079 0,091 0,073 0,059 0,062 0,078 

Coefficient 
of variation 

19,33% 23,41% 19,41% 25,43% 24,11% 28,53% 22,30% 22,49% 22,49% 22,02% 

p-value* REF 0.0497 - - - - - - - - 

p-value** - - 0.3417 REF <0.0001 0.0027 <0.0001 0.2630 0.9344 <0.0001 

p-value*** - - - - REF 0.2894 0.7787 <0.0001 <0.0001 0.0189 

* Comparison with wild type strain (Mann-Whitney test) . **comparison with ∆MMAR0069::L5-MMAR0069 (Mann-Whitney test). *** Comparison  

∆MMAR0069::L5-ponA1( Mann-Whitney test). REF= reference strain used for analysis. ∆MMAR0069 = strains with knockout in the gene MMAR_0069 

. ∆MMAR0069 = knockout in the gene MMAR_0069. ∆MMAR0069::L5-ponA1= knockout in the gene MMAR_0069 and complemented with ponA1 

gene wild type or mutant under regulation of  hsp60. ∆MMAR0069::L5-MMAR0069= knockout in the gen MMAR_0069 and complemented with 

MMAR_0069 under regulation of  hsp60 promoter , ∆MMAR0069::rpsTp-ponA1= knockout in the gene MMAR_0069 and  complemented with ponA1 

gene wild type under regulation of rpsT promoter from M.marinum. Significant values are marked in bold.
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Table III. 6. Width measurements of wild type, MMAR_0069 knockout strains, and gene complemented with ponA1 

from M. tuberculosis H37Rv wild type and mutants integrated in M. marinum genome. 

 Mmar ∆MMAR0069 

∆MMAR00

69::rpsTp-
ponA1 

∆MMAR006

9::L5-
MMAR0069 

∆MMAR006

9::L5-ponA1 

∆MMAR006

9::L5-ponA1 
Q365H 

∆MMAR0069

::L5-ponA1- 
A516T 

∆MMAR00
69::L5-

ponA1- 

P631S 

∆MMAR006
9::L5-

ponA1- 

T34A 

∆MMAR006

9::L5-ponA1- 
T34D 

Number of 

values 
100 

100 100 100 100 100 100 100 100 100 

Minimum 0,2980 0,1880 0,2660 0,2150 0,2820 0,2380 0,2660 0,1880 0,3040 0,3100 

Median 0,5650 0,4780 0,5180 0,4705 0,4465 0,4440 0,5680 0,5090 0,5295 0,4790 

Maximum 0,7990 0,8520 0,8520 0,7740 0,7720 0,7380 0,9660 0,7530 0,8380 0,8090 

Mean 0.5671 0,4873 0,5130 0,4676 0,4541 0,4387 0,5903 0,5016 0,5467 0,4835 

Std. 

Deviation 
0.1002 0,1126 0,1016 0,1003 0,08729 0,08334 0,1677 0,09413 0,1128 0,09460 

Std. Error 

of Mean 
0.01002 0,01126 0,01016 0,01003 0,008729 0,008334 0,01677 0,009413 0,01128 0,009460 

Coefficien

t of 

variation 
17.67% 23,11% 19,80% 21,46% 19,22% 19,00% 28,41% 18,77% 20,63% 19,57% 

p-value* REF <0.0001 - - - - - - - - 

p-value** - - 0.0017 REF 0.3127 0.0280 <0.0001 0.0144 <0.0001 0.2512 

p-value*** - - - - REF 0.3168 <0.0001 0.0002 <0.0001 0.0264 

*Comparison with wild type strain (T Test, two -tailed Welch’s correction). ** comparison with ∆MMAR0069::L5-MMAR0069 (T Test, two -tailed Welch’s 

correction/Mann-Whitney test). *** comparison with ∆MMAR0069::L5-ponA1 (Mann-Whitney test). REF= reference strain used for analysis. ∆MMAR0069 = 

knockout in the gene MMAR_0069. ∆MMAR0069::L5-ponA1= knockout in the gene MMAR_0069 and complemented with ponA1 gene wild type or mutant under 

regulation of  hsp60. ∆MMAR0069::L5-MMAR0069= knockout in the gene MMAR_0069 and complemented with MMAR_0069 under regulation of  hsp60, 

∆MMAR0069::rpsTp-ponA1= knockout in the gene MMAR_0069 and  complemented with ponA1 gene wild type under regulation of rpsT promoter from M.marinum. 

Significant values are marked in bold.



215 

 

 

Figure III.59. Length and width measurements of M. marinum strains, including 

MMAR_0069 knockout, and strains complemented with ponA1 from M. 

tuberculosis H37Rv integrated in their genome. Min to max values for A. Length 

comparison using wild type and isogenic wild type as controls. B. Length comparison 

using the ponA1 wild type from M. tuberculosis H37Rv as a control. C. Width 

comparison using wild type and isogenic wild type as controls. D. Width comparison 

using the ponA1 wild type from M. tuberculosis H37Rv as a control. ∆MMAR0069 = 

knockout in the gene MMAR_0069. ∆MMAR0069::L5-ponA1= knockout in the gene 

MMAR_0069 and complemented with ponA1 gene wild type or mutant under 

regulation of  hsp60 promoter. ∆MMAR0069::L5-MMAR0069= knockout in the gene 

MMAR_0069 and complemented with MMAR_0069 under regulation of  hsp60, 

∆MMAR0069::rpsTp-ponA1= knockout in the gene MMAR_0069 and  complemented 

with ponA1 gene wild type under regulation of rpsT promoter from M.marinum.
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III.3.10.    Cell envelope thickness measurements by cryoEM microscopy 

Given that the PG layer is a critical component of the cell wall, changes in PonA1 

function—such as those evaluated in this study (gene knockout and ponA1 

mutations)—may affect the cell’s ability to maintain a robust and well-regulated 

envelope. To assess this, the cell envelope thickness was measured. For each strain, a 

total of ten cells were analyzed at 30 000x magnification by CryoEM, with fifteen 

measurements taken per cell, resulting in a total of 150 measurements per strain (Figure 

III.60-A). Measurements were made considering the inner and outer edges of the cell 

envelope, providing detailed insights into structural variations across different groups 

(Figure III.60-B).  

Linear regression was applied for statistical analysis, using 1/SD as an analytic 

weight to account for variability. This approach was employed for pairwise 

comparisons between groups. Significant differences in cell wall thickness were 

observed between the wild-type strain and the ∆MMAR0069 mutant, with the mutant 

showing a 7.41% increase (p < 0.0001). Additionally, strains complemented with 

ponA1 from Mtb H37Rv under the regulation of the hsp60 promoter exhibited a 6.98% 

increase in thickness (p = 0.026), while regulation by the rpsTp resulted in a 5.7% 

increase (p = 0.031), both compared to the isogenic wild-type strain. Further significant 

differences were also found in strains carrying the P631S (p = 0.049) and T34A (p = 

0.044) mutations, with increases of 3.5% and 6.4% in thickness, respectively.  

Another important observation emerged when comparing strains carrying ponA1 

mutations with the wild-type strain. Notably, the T34D mutation resulted in a 

significant 7.9% reduction in cell wall thickness (p < 0.0001), distinguishing it from 
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the other ponA1 mutants, which exhibited increased thickness. These findings 

underscore the importance of species-specific variations in ponA1 and their impact on 

cell wall integrity and thickness regulation. 

 

 

Figure III.60. Cell envelope thickness measurements of M. marinum evaluated by 

CryoEM. A. Magnification 12000X. B. Magnification 30000X, inner and outer edges 

of the cell envelope are marked by arrows . ∆MMAR0069 = knockout in the gene 

MMAR_0069. ∆MMAR0069::L5-ponA1= knockout in the gene MMAR_0069 and 

complemented with ponA1 gene wild type or mutant under regulation of  hsp60. 

∆MMAR0069::L5-MMAR0069= knockout in the gene MMAR_0069 and 

complemented with MMAR_0069 under regulation of  hsp60, ∆MMAR0069::rpsTp-

ponA1= knockout in the gene MMAR_0069 and  complemented with ponA1 gene wild 

type under regulation of rpsT promoter from M.marinum.
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Table III.7. Cell envelope thickness measurements of M. marinum wild type, MMAR_0069 knockout strains, and gene 

complementation with ponA1 from M. tuberculosis H37Rv wild type and mutants evaluated by CryoEM. 

 Mmar ∆MMAR006
9 

∆MMAR006
9::rpsTp-

ponA1 

∆MMAR0
069::L5-

MMAR00
69 

∆MMAR006
9::L5-ponA1 

∆MMAR0069::
L5-ponA1-

Q365H 

∆MMAR0069::
L5-ponA1-

A516T 

∆MMAR0069::
L5-ponA1-

P631S 

∆MMAR0069::
L5-ponA1-

T34A 

∆MMAR0069::
L5-ponA1-

T34D 

Number of 

values 

150 150 150 150 150 150 150 150 150 150 

Minimum 77 78,20 78,70 71,40 80,40 77,50 72,90 76,20 79,70 74,70 

Maximum 86,60 92,40 92,60 91,30 91,90 112,8 95,80 92,50 93,70 84,40 

Range 9,6 14,20 13,90 19,90 11,50 35,30 22,90 16,30 14,00 9,700 

Mean 

(pixel units) 

81,21 87,23 86,19 81,54 87,25 86,75 85,10 84,41 86,72 80,37 

Std. Deviation 2,951 4,417 4,443 6,184 3,371 9,971 6,706 5,486 4,424 2,962 

Std. Error of 

Mean 

0,9333 1,397 1,405 1,955 1,066 3,153 2,121 1,735 1,399 0,9367 

Coefficient of 

variation 

3,634% 5,064% 5,154% 7,584% 3,863% 11,49% 7,880% 6,500% 5,101% 3,685% 

p-value REF 0.0025 - - - - - - - - 

p-value 1/SD REF 0.0001 - - - - - - - - 

p-value - - 0.0069 REF 0.0020 0.177 0.233 0.287 0.045 0.596 

p-value 1/SD   0.0031 REF 0.026 0.182 0.144 0.049 0.044 0.887 

p-value - - - - REF 0.882 0.377 0.180 0.767 0.0001 

p-value 1/SD - - - - REF 0.854 0.711 0.937 0.867 0.0001 
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Linear regression was applied for the statistical analysis, with an additional p-value determined using 1/SD 

as an analytic weight. This approach was employed for pairwise comparisons between the groups. REF= The 

reference strain used as a strain of comparison. 

∆MMAR0069 = knockout in the gene MMAR_0069. ∆MMAR0069::L5-ponA1= knockout in the gene 

MMAR_0069 and complemented with ponA1 gene wild type or mutant under regulation of  hsp60. 

∆MMAR0069::L5-MMAR0069= knockout in the gene MMAR_0069 and complemented with MMAR_0069 

under regulation of  hsp60, ∆MMAR0069::rpsTp-ponA1= knockout in the gene MMAR_0069 and  

complemented with ponA1 gene wild type under regulation of rpsT promoter from M.marinum. Significant 

values are marked in bold. 

 

 
 

Figure III.61. Cell envelope thickness measurements of M. marinum strains with 

MMAR_0069 gene knockout and complemented with ponA1 variants genes from 

M. tuberculosis H37Rv evaluated by CryoEM. Mean and standard deviation for the 

A. Comparison of cellular thickness using the wild-type and isogenic wild-type strains 

as control references. B. Comparison of ponA1 mutants and their control strains. 

∆MMAR0069 = knockout in the gene MMAR_0069. ∆MMAR0069::L5-ponA1= 

knockout in the gene MMAR_0069 and complemented with ponA1 gene wild type or 

mutant under regulation of  hsp60. ∆MMAR0069::L5-MMAR0069= knockout in the 

gene MMAR_0069 and complemented with MMAR_0069 under regulation of  hsp60, 

∆MMAR0069::rpsTp-ponA1= knockout in the gene MMAR_0069 and  complemented 

with ponA1 gene wild type under regulation of rpsT promoter from M. marinum.
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III.3.11.    Effect of ponA1 from M. tuberculosis H37Rv on M. marinum 

growth upon RIF exposure 

In this section, we evaluated the effect of RIF on the growth and viability of the 

different strains generated in this study during both the logarithmic and stationary 

phases of Mmar growth. The impact of RIF was assessed to determine whether genetic 

modifications, such as MMAR_0069 deletion and ponA1 Mtb H37Rv 

complementation, influence the strain’s response to antibiotic stress across different 

growth stages: logarithmic and stationary phases. 

Bacterial survival was evaluated at two points in the logarithmic phase, 48 and 

72 hours, by measuring OD600 in the presence of 0.5 μg/mL RIF, with values 

normalized to antibiotic-free controls.  

At 48 hours, a statistically significant difference was found between the 

∆MMAR0069 strain and the wild type strain (p=0.0089, t-test, two tailed, Welch’s 

test), exhibiting around 20% survival advantage after 48 hours (Figure III.62-A). This 

advantage becomes greater after 72 h, showing 54 % higher survival in the presence of 

RIF (p = 0.0058, T-test, Welch correction). 

At 48 hours, the strain complemented with ponA1 under the regulation of the rpsTp 

exhibited approximately 10% greater susceptibility compared to the isogenic wild-type 

strain (p = 0.0004, T-test, Welch correction). A similar trend was observed in the strain 

carrying the Q365H mutation, which also showed increased susceptibility (p = 0.0242, 

Mann-Whitney test). At 72 hours, a significant survival advantage was observed in the 
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strain complemented with Mtb H37Rv ponA1, showing a 54% increase compared to 

the isogenic wild-type strain (p = 0.0009, T-test, Welch correction). A similar 

advantage was noted for the ponA1-P631S mutant, with a 40% increase in survival (p 

= 0.0105, T-test, Welch correction), and the ponA1-T34D mutant, which demonstrated 

a 67% advantage (p = 0.0001, T-test, Welch correction), suggesting that this mutant 

behaves similarly to the wild-type Mtb ponA1 (Figure III.62-B). No significant 

differences were found between other ponA1 mutants and the wild-type strain. 
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Figure III.62. Survival of M. marinum strains with ponA1 knockout, carrying 

either wild-type or mutant ponA1 from M. tuberculosis H37Rv, after exposure to 

rifampicin. Mean and SD are shown for bacterial survival cultivated in the presence 

of 0.5 µg/mL RIF, OD600 values were quantified and data is expressed as the percent 

of treated  strains by untreated control. A-B. After 48 hours, C-D. After 72 hours of 

RIF exposure. ∆MMAR0069 = knockout in the gene MMAR_0069. 

∆MMAR0069::L5-ponA1= knockout in the gene MMAR_0069 and  complemented 

with ponA1 gene wild type or mutant under regulation of hsp60.  ∆MMAR0069::L5-

MMAR0069=isogenic wild type. Three independent assays were performed. 
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The same culture was maintained in the presence of RIF for up to 144 hours, 

allowing the cells to reach the stationary phase. After six days of incubation at 30°C 

and darkness, colony counting was performed in duplicate. In absence of RIF, no 

significant differences in the number of UFC/mL were observed between the wild-type 

and ∆MMAR0069 strains (p=0.3664, T-test, Welch correction). Similarly, no 

differences were found between the isogenic wild-type strain and those complemented 

with either wild type or mutant ponA1 from Mtb H37Rv (p>0.9999, Kruskal-Wallis 

test, Dunn’s test for multiple comparisons). 

In terms of survival in the presence of RIF, all strains exhibited significant effects 

from RIF exposure compared to their untreated controls (p < 0.0001, t-test or Mann-

Whitney test). The ∆MMAR0069  strain demonstrated higher resistance than the wild-

type strain (p < 0.0001, Mann-Whitney test), consistent with observations at 48 and 72 

hours as quantified by OD600 . Furthermore, ∆MMAR0069  complemented wit ponA1 

-wild type and mutant - showed a significant viability advantage compared to the 

isogenic wild-type strain: wild-type (p < 0.0001, T-test, Welch correction), Q365H (p 

= 0.0022, Mann-Whitney test), A516T (p = 0.0001, Mann-Whitney test), P631S (p < 

0.0001, T-test, Welch correction), T34A (p < 0.0001, T-test, Welch correction), and 

T34D (p = 0.0004, Mann-Whitney test). 

Moreover, when strains with the MMAR_0069 knockout carrying ponA1 mutants 

were compared to the ponA1 wild-type strain, the A516T mutation exhibited 

significantly increased resistance to RIF (p < 0.0001, Mann-Whitney test), as did the 
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P631S mutation (p = 0.0086, T-test, Welch correction). The other mutant strains 

showed similar responses to the ponA1 wild-type strain upon exposure to rifampicin 

 

Figure III.63. Viability assay of M. marinum strains and their response to 

rifampicin after 144 hours of exposure.      Mean and SD are shown for bacterial 

growth quantification on 7H10 medium, before (white box) and after rifampicin (0.5 

µg/mL) exposure over six days (red box). ∆MMAR0069 strains showed higher 

resistance than wild type (p<0.0001, T-test, Welch correction), All the strains with 

ponA1 MtbH37Rv were significantly different to isogenic wild type strain: wild type, 

Q365H, A516T, P631S, T34A, T34D ( p<0.0001, p=0.0022, p=0.0001,  p<0.0001, 

p<0.0001 and p=0.0004, respectively. T-test and Welch correction or Mann Withnney 

were performed for each pair). After rifampicin exposition mutations A516T 

(p<0.0001, Mann-Whitney test), and P631S (p=0.0086) were significantly different 

compared with ponA1 wild type. ∆MMAR0069 = knockout in the gene MMAR_0069. 

∆MMAR0069::L5-ponA1= knockout in MMAR_0069 and  complemented with ponA1 

wild type or mutant under regulation of  hsp60. ∆MMAR0069::L5-MMAR0069= 

knockout in MMAR_0069 and complemented with MMAR_0069 under regulation of  

hsp60. RIF=rifampicin. Duplicate assays independently were performed. All the strains 

grew up similarly without antibiotic (p>0.9999, Kruskal-Wallis test, Dunn’s test for 

multiple comparison). 



225 

 

 

Figure III.64. Cell viability assay of M. marinum strains carrying ponA1 from 

M.tuberculosis H37Rv  under two different promoter regulation: rpsTp and 

hsp60p, and their response to rifampicin after 144 hours of exposure. No 

differences in viability  were observed, between isogenic wild type and ponA1 

complemented strains, without drug exposure (p=0.4950, Mann-Whitney test). 

However, after rifampicin exposition, a significant increase in sensitivity was detected 

for the strain complemented with ponA1 under rpsTp regulation (p<0.0001, Mann-

Whitney test). ∆MMAR0069::L5-MMAR0069= isogenic wild type. 

∆MMAR0069::rpsT-ponA1= knockout in MMAR_0069 and  complemented with 

ponA1 gene wild type under regulation of rpsTp from M.marinum. ∆MMAR0069::L5-

MMAR0069= knockout in MMAR_0069 and complemented with MMAR_0069 under 

regulation of  hsp60. RIF=rifampicin. 

Strains complemented with ponA1 under the regulation of the rpsTp showed no 

significant differences in growth under normal conditions without antibiotic exposure 

(p = 0.587, Mann-Whitney test). However, in the presence of antibiotics, they exhibited 

significantly increased susceptibility compared to the isogenic wild-type strain (p < 

0.0001, Mann-Whitney test), with this effect being more pronounced during the 

stationary phase. This suggests that further characterization of rpsTp regulation during 

the stationary phase is necessary, as the regulation of ponA1 across different growth 
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phases may play a critical role under stress conditions, such as antibiotic exposure 

(Figure III.64). 

From these findings, we determined that MMAR_0069 KO conferred increased 

resistance to RIF during both the logarithmic and stationary phases.  

The presence of ponA1 from Mtb H37Rv confers a survival advantage to strains 

exposed to RIF, which progressively increases as the cells transition into the stationary 

phase, with the A516T and P631S mutations showing significant effects. Notably, the 

T34D mutation also became significant after 72 hours of RIF exposure, exhibiting a 

level of resistance comparable to that observed in the KO strain. 

Additionally, a notable observation was the response of cells expressing ponA1 

under the regulation of rpsTp. While these cells exhibited similar behavior during the 

logarithmic phase with and without RIF exposition (48 and 72 hours), their survival 

dropped severely after 144 hours, with no recovery from RIF exposure, suggesting that 

proper regulation of ponA1 is critical during stress conditions. Ultimately, the 

experiment demonstrated that, after six days of RIF exposure, the mycobacteria 

remained viable and capable of proliferation at 0.5 µg/mL RIF. 

III.3.12.    Membrane fluidity test 

With this assay, we aimed to explore whether alterations in ponA1, through either 

deletion or the insertion of mutated variants, could directly or indirectly influence 

membrane fluidity. This approach helps us assess the potential physiological 

consequences of these genetic modifications on the overall structure and behavior of 

the cell membrane.  
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Under the conditions analyzed in this study, no significant differences were found 

in the membrane fluidity between the Mmar wild type strain and the strain 

complemented with MMAR_0069 (One-way ANOVA, p=0.3061). Similarly, no 

significant differences in membrane fluidity were observed between strains with 

∆MMAR0069 or those ∆MMAR0069 complemented with ponA1 from H37Rv WT 

and its mutants (One-way ANOVA, p=0.3099) (Figure III.65). However, a trend is 

observed in the means of the wild-type and isogenic wild-type strains, which are quite 

similar, while those strains harboring the ponA1 gene from Mtb H37Rv display a 

different pattern. This experiment was conducted in duplicate. 

 
Figure III.65. Excimer/monomer fluorescence ratio (450nm/400 nm) in M. 

marinum strains with ∆MMAR0069 and ponA1 from M. tuberculosis H37Rv  wild 

type and mutated. ∆MMAR0069 = MMAR_0069 knockout. ∆MMAR0069::L5-

ponA1=  MMAR_0069 knockout and ponA1 complementation with  wild type or 

mutant under regulation of hsp60. ∆MMAR0069::L5-MMAR0069=  MMAR_0069 

knockout and complemented with MMAR_0069 under regulation of  hsp60, 

∆MMAR0069::rpsTp-ponA1= strain with knockout in the gene MMAR_0069 and  

complemented with ponA1 gene wild type under regulation of rpsTp from M. marinum. 

A table summarizing the main results of the work is presented below (Table III. 8-9). 
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Table III.8. Summary of morphological changes and rifampicin susceptibility profile in M. marinum strains with 

MMAR_0069 knockout and integration of the wild-type ponA1 gene from M. tuberculosis H37Rv. Comparison with 

wild type and isogenic wild type strains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L:length, W: width, T: thickness, Percent survival at 48 and 72 hours after RIF exposition compared with wild type or 

isogenic wild type. Viability at 144 hours post exposition of RIF compared with wild type or isogenic wild type. RES= 

resistant, ns= similar to isogenic wild type, SUS= susceptible compared to isogenic wild type. ns =non-significative change. 

  

Strains ∆MMAR0069 

MIC: 1 µg/mL 
∆MMAR0069:: 

rpsTp-ponA1 

MIC: 0.5 µg/mL 

∆MMAR0069::L5-ponA1 

MIC: 2 µg/mL 

Mmar 

MIC: 2 µg/mL 

 

L: ↑ 7.3% 

W:↓ 14 % 

T: ↑ 7.41% 

48h: 20% RES 

72h: 54 % RES 

144h: RES 

- - 

∆MMAR0069::L5-

MMAR0069 

MIC: 2 µg/mL 

- L: ns 

W: ↑9.7% 

T: ↑ 5.7% 

48h: 10 % SUS 

72h: 10% RES 

144h:SUS 

L: ↑ 17.8% 

W: ns 

T: ↑ 6.98% 

48h: ns 

72h: 54% RES 

144h: RES 



229 

 

Table III.9. Summary of morphological changes and rifampicin susceptibility profile in M. marinum strains with 

MMAR_0069 knockout and integration of the mutants in ponA1 gene from M. tuberculosis H37Rv. Comparison with 

wild type and isogenic wild type strains.  

 ∆MMAR0069:: 
L5-ponA1- 

Q365H 

MIC: 2 µg/mL 

∆MMAR0069:: 
L5-ponA1- 

A516T 

MIC: 2 µg/mL 

∆MMAR0069:: 
L5-ponA1- 

P631S 

∆MMAR0069:: 
L5-ponA1- 

T34A 

∆MMAR0069:: 
L5-ponA1- 

T34D 

∆MMAR0069::L5-

MMAR0069 

MIC: 2 µg/mL 

 

L: ↑14 % 

W:  ↓ 6.18% 

T: ns 

48h:10% SEN 

72h: ns 

144h: RES 

L: ↑17,7  % 

W:↑26.24 % 

T: ns 

48h: ns 

72h: ns 

144h:RES 

L: ns 

W:↑7.3 % 

T: ↑3.5  % 

48h: ns 

72h: 40% RES 

144h:RES 

L: ns 

W:↑16.9 % 

T: ↑  6.4% 

48h: ns 

72h: ns 

144h:RES 

L: 26.5↑ % 

W: ns 

T: ns 

48h: ns 

72h: 67% RES 

144h:RES 

∆MMAR0069::L5-ponA1 

MIC: 2 µg/mL 

 

L: ns 

W:ns 

T: ns 

48h: ns 

72h: ns 

144h:ns 

L: ns 

W:↑30 % 

T: ns 

48h: ns 

72h: ns 

144h:RES 

L: ↓ 19.5% 

W:↑10.5 % 

T: ns 

48h: ns 

72h:RES  

144h:RES 

L: ↓15.56 % 

W:↑20.4 % 

T: ns 

48h: ns 

72h: ns 

144h:ns 

L: ↑7.4 % 

W: ↑6.47%  
T: ↓7.9 % 

48h: ns 

72h: ns 

144h:ns 

 

L: length, W: width, T: thickness, Percent survival at 48 and 72 hours after RIF exposition compared with wild type or 

isogenic wild type. Viability at 144 hours post exposition of RIF compared with wild type or isogenic wild type. RES= 

resistant, ns= similar to isogenic wild type, SUS= susceptible compared to isogenic wild type. 
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III.4. Discussion 

PonA1 is a protein involved in the synthesis and regeneration of PG and has two 

critical domains: a transglycosylase (TG) domain and a transpeptidase (TP) domain, 

the latter of which includes the penicillin-binding protein (PBP) domain. PBP-type 

proteins are widely distributed among bacterial species, and in some cases, their 

function can be compensated by other genes (Kieser, Baranowski, et al., 2015; 

McPherson & Popham, 2003; Paradis-Bleau et al., 2010) and some of them are been 

related with antibiotic resistance.  

Previous studies in PonA1 from Mtb have demonstrated that the TP domain 

interacts with several β-lactam antibiotics, including penicillin V, carbenicillin, 

cefotaxime, and dicloxacillin (Bhakta & Basu, 2002; Filippova et al., 2016). 

Additionally, PonA1 has been implicated in contributing to RIF resistance, with 

mutations in this protein reported to be associated with reduced susceptibility to the 

drug (Farhat et al., 2013; Rabanal J, 2020). It is crucial to note that RIF resistance in 

Mtb is primarily (90-95%) driven by mutations in the rpoB gene, which encodes the 

RNA polymerase β subunit (Miotto et al., 2017). However, resistance mechanisms can 

be multifaceted, involving both direct and compensatory mutations in essential targets 

such as rpoB.  

In this chapter, we aimed to explore the functional and structural implications of 

PonA1 mutations through in silico modeling and in vitro experiments, contributing 

further to the understanding of its role in Mtb’s cell wall synthesis and potential 
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involvement in RIF resistance. In addittion, we evaluated the phenotypic effects of 

deleting the homologous ponA1 gene (MMAR_0069) and assessed the impact of the 

genomic integration of ponA1 from Mtb H37Rv, both the wild-type and its variants, in 

the Mmar model. 

In silico structural modelling of PonA1 WT and mutants 

The complete PonA1 protein—wild type, Q365H, and P631S—was modeled 

using two algorithms: AlphaFold (Jumper et al., 2021) and ESMFold (Lin et al., 2023). 

When comparing the AlphaFold models of the PonA1 mutant proteins to the wild 

type, larger RMSD deviations were observed, with most mutants exceeding 15 Å. This 

outcome is linked to AlphaFold's algorithm, which incorporates energy minimization 

to generate a single, energetically stable conformer. While this reliance on multiple 

sequence alignments (MSA) enhances structural accuracy, it also introduces flexibility 

that can lead to significant conformational changes in response to mutations, as seen in 

the PonA1 Q365H and P631S models. This flexibility is considered a limitation, as it 

can result in large conformational shifts that are not always reflective of protein 

stability (Pak et al., 2023). 

In contrast, PonA1 models generated by ESMFold displayed more stable RMSD 

values between the mutant and wild-type proteins, ranging from 0.8 Å for Q365H to 4 

Å for P631S. The differences in performance are attributed to the fact that ESMFold 

bypasses MSA and provides more consistent results for this specific analysis.  
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 Importantly, based on the comparison between models generated by AlphaFold 

and ESMFold for specific point mutations, the only significant change observed 

between the wild-type protein and the P631S mutant was a shift in the C-terminal 

region. Additionally, the crystallized structure of the TP domain (Filippova et al., 2016) 

was used for comparison with the generated models, revealing minimal structural 

differences in the TP active site, despite the mutations being located within this region. 

In silico and in vitro analysis of the interaction between rifampicin and PonA1 

Our molecular docking analysis, using the DiffDock algorithm (Corso et al., 

2022), provided key insights into the interaction between PonA1 protein and two 

ligands: penicillin V and RIF.  

For comparison, we used the crystallized TP domain of PonA1. Penicillin V (a 

confirmed ligand of PonA1 (Filippova et al., 2016), was used as control for the 

molecular docking, giving a  DiffDock-Confidence Score (DSC) of 0.13, which is 

considered of high confidence, suggesting a high affinity. However, for the full-length 

PonA1–Penicillin V interaction, the top DSC was -0.28, which is considered as 

moderate confidence. In addition, the mean DSC for the full-length PonA1–Penicillin 

V interaction was -1.33, indicating also a moderate confidence. It is important to note 

that DSC values ranging between -1.5 and 0 suggest moderate confidence in the 

predicted models, while more negative values suggest lower confidence in the model 

predictions (https://github.com/gcorso/DiffDock?tab=readme-ov-file#inference).  
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Our analysis of the interaction between PonA1 and RIF revealed a top DSC of -

1.78. The docking analysis for PonA1 mutants Q365H and P631S produced DSC 

values of -2.43 and -2.08 respectively. These scores are considered as of low 

confidence, suggesting that the predicted affinity between PonA1 (WT and its variants) 

and RIF are considered to be modest and marginal. Interestingly, the docking model 

shows RIF binding to the same interaction site as the corresponding Penicillin V to in 

the majority of simulations (77.5% for the wild type, 62.5% for Q365H, and 70% for 

P631S). 

Importantly, the interaction between RIF and PonA1 (WT and its mutated 

variants) determined by molecular docking, involves critical residues from the 

conserved motifs in the PBP domain, notably S487, K490, S540, N542, and others 

(Table III.4), previously identified by Filippova et al. (2015) in the interaction with 

penicillin V. Our analysis of structure/binding stability through MD simulations over 

100 ns supported these findings and showed that residues V523, Q686, and Y729 

consistently maintained hydrophobic interactions with RIF throughout the simulations 

in both WT and mutant PonA1 variants. Interestingly, the stability analysis confirmed 

that the catalytic-site residues (S540 and N542 (from the SxN motif) and T684 (from 

the KTG(T/S)) site, which is the region to where Penicillin V and RIF binds,  are 

structurally conserved in all the PonA1 variants.   

Although the in-silico binding analysis suggest a modest interaction between 

PonA1 and RIF, we decided to continue with further evaluations, first because we 

believed that RIF-PonA1 may contributed modestly to the RIF resistance mechanism, 
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where the major role is played by RpoB, acting as a modulator. And second, because 

previous studies (Farhat et al., 2013; Kieser, Baranowski, et al., 2015; Rabanal et al., 

2020) showed partial evidence of PonA1-RIF interactions as well.  

To further investigate PonA1’s affinity for RIF, we performed a binding assay 

using 1D NMR. The resulting spectrum demonstrated an interaction between RIF and 

PonA1, displaying a pattern similar to the spectrum observed for RIF/RpoB (Figure 

III.32), which was used as a control. Notably, the spectrum of PonA1-Q365H mutation 

shifted over time (Figure III.33), suggesting changes in the interaction dynamics with 

RIF. Based on the observed spectral changes, we investigated the impact of time on 

these changes, comparing the evolution of the spectra over time (Figure III.33.A-B). 

After 8 hours, we noted a significant decrease in the intensity of the peaks with the 

PonA1234-820_Q365H protein, which prompted us to ask whether this shift resulted from 

a change in the affinity of the protein for RIF or a change in the viscosity of the medium 

over time? Indeed, it appears that the concentration of free RIF in solution has 

significantly decreased. This could be explained by several factors: (i) There may be a 

time-dependent increase in the affinity of PonA1234-820_Q365H for RIF. This could 

occur through an allosteric mechanism that activates new interaction sites for RIF or 

through the aggregation of PonA1234-820_Q365H, which would provide additional 

binding sites. In both cases, the KD would be expected to decrease. (ii) An increase in 

the viscosity of the medium could also explain the broadening of the NMR peaks of 

RIF. In NMR, the width of the peaks is inversely proportional to the transverse 

relaxation time (T2). The higher the viscosity of the medium, the slower the molecular 
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motion, leading to faster transverse relaxation (reduction in T2) and, consequently, 

broader NMR peaks. 

To measure the T2 of RIF, it is necessary to conduct experiments using carbon-

13 resonance, which is naturally present in low abundance (approximately 1.1%). This 

results in very long acquisition times since more experiments need to be accumulated 

to obtain a sufficiently clear signal. An alternative would be to use carbon-13 enriched 

RIF, which would reduce the acquisition times required to obtain a quality signal but 

would incur significant additional costs, as carbon-13 enriched molecules are quite 

expensive. 

Consequently, STD-NMR experiments were conducted to determine the KD 

values, which were 1.8 mM for PonA1234-820_WT, 2.1 mM for PonA1234-820_Q365H, 

and 6.4 mM for PonA1234-820_P631S. These values indicate a modest binding affinity 

in the millimolar range. These values highlight that, while the mutations may further 

reduce the affinity for RIF, the overall interaction between PonA1 and RIF is relatively 

weak compared to the well-established RIF-RpoB interaction, which has a KD in the 

nanomolar range (2-4 nM) (Kurepina et al., 2022)(Kurepina et al., 2022). This stark 

contrast illustrates that RIF binds much more tightly to RpoB than to PonA1, further 

confirming that PonA1 is not a primary target of RIF. Despite the modest affinity 

between PonA1 and RIF,  we believe that it is still possible that RIF/PonA1 may 

contribute to a modulatory approach in RIF-resistance, in contrast to the strong effect 

of RIF/RpoB interaction. As Bagheri et al. (2020) explain, when KD values are in the 

mM range, higher ligand concentrations are necessary for binding, and the resulting 



236 

 

complexes tend to be transient and less stable. Interestingly, in other studies in silico, 

Maurya et al., (2023) identified that RIF could also interact with the ribonuclease 

VapC2 with a binding energy of approximately -8.8 kcal/mol, similar to the value we 

measured for the interaction between PonA1 and penicillin V (-8.58 kcal/mol). This 

suggests that RIF may not only have specificity for the β subunit of RNA polymerase 

but could also potentially target other proteins with varying affinities. Further 

experimental evaluation is necessary to confirm these interactions 

PonA1 recombinant protein expression and biophysical characterization 

While Filippova et al. (2015) expressed PonA1 in the pMCSG73 vector in 

BL21(DE3) Magic cells and observed protein degradation via SDS/PAGE, in our 

study, we cloned the same ponA1 gene sequence into the pET28A-TEV vector and 

expressed it in Rosetta cells. Initially, we encountered issues with insoluble protein 

formation, however, by employing a slow refolding process, we successfully obtained 

monomeric, homogeneous and of high purity proteins as confirmed by SEC-MALS, 

CD, and thermal stability analysis.  

For the evaluation of our proteins' functionality, we utilized the PBP domain of 

PonA1. We used Bocillin-FL, similar to the approach by Kieser et al. (2015), who 

successfully labeled PBPs, enabling the detection of TP activity in mycobacterial 

proteins. Our results showed that both wild-type and mutant PonA1234-820  proteins 

bound Bocillin-FL with a molar ratio of 1.6 molecules per protein, confirming 

functional PBP activity across all variants. 
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Interestingly, the characterization of the Q365H mutation revealed that, 

compared to the wild-type and P631S mutant, Q365H affects only a few aspects of the 

protein, such as long-term stability, as evidenced by a slight decrease in the inflection 

temperature of 1.8°C. However, it does not significantly impair the protein’s enzymatic 

activity, contrary to the previous hypothesis proposed by Farhat et al. (2013).   

MMAR_0069 essentiality in M. marinum  

The essentiality of ponA1 among the different mycobacterial species has been 

studied, revealing that for M.smegmatis it is essential for proliferation, and its depletion 

leads to severe growth defects and abnormal cell morphology (Hett et al., 2010; Kieser, 

Boutte, et al., 2015). In M. tuberculosis (Mtb), while ponA1 is not essential under in 

vitro conditions (Bosch et al., 2021), it plays a crucial role in replication and 

dissemination during and after infection in mice (Kieser, Boutte, et al., 2015; Zhang et 

al., 2013). Likewise, our results demonstrate that deleting the MMAR_0069 gene 

(which is the homologue of ponA1) in Mmar, does not result in significant changes in 

growth capacity.  Since MMAR_0069 is not essential in Mmar, this suggests that 

another gene, possibly MMAR_5171, which is the ponA2 homologue, may be 

compensating for the loss of ponA1 function, as has been observed in Mtb (Cole et al., 

1998; Kieser, Baranowski, et al., 2015). 

Evaluation of promoter activity by EGFP expression 

In our study, in addition to performing the ∆MMAR0069, we also evaluated the 

action of two promoters, ponA1p and rpsTp, from Mtb and Mmar, respectively, 
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inserted through the ORBIT plasmid to regulate the constitutive expression of the 

EGFP gene. No variation in cell viability or cell growth was observed.  

The native putative promoter of ponA1p proposed by (Kieser, Baranowski, et al., 

2015); which  includes the genes Rv0047c, Rv0048c, Rv0049 (51,663-53,236) in Mtb, 

failed to express EGFP under the integration conditions used here. In contrast, using 

the same conditions, this reporter gene was successfully expressed with Mmar's rpsTp, 

previously tested in the pMV361 expression system in M. smegmatis (Cohen-Gonsaud 

et al., direct communication). These findings present new opportunities to evaluate 

promoter libraries and reduce the steps required for genetic manipulation in 

mycobacteria, enhancing the study of mycobacterial gene regulation. 

Morphology 

In our study, the deletion of MMAR_0069 in Mmar resulted in an average 7.3% 

increase in cell length, along with a regulated reduction of approximately 14% in cell 

width, compared to the wild-type strain. In contrast, Kieser, Baranowski, et al. (2015) 

demonstrated that deletion of ponA1 in Mtb through whole-genome transposon 

mutagenesis led to cells that were 14% shorter compared to their isogenic wild-type 

counterparts. Notably, we also observed a statistically significant 7.4% increase in cell 

envelope thickness in the ∆MMAR0069 mutant, distinguishing it from the wild-type 

strain. Morphology variation has also been observed in other studies. In Mtb, deletion 

of ponA2 in vitro results increased cell width, whereas deletion of ldtB, a L,D-

transpeptidase, increases cell width and decreases length, highlighting the pivotal role 
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of these proteins in regulating cell morphology (Kieser et al., 2015a). Complementing 

the ∆MMAR0069 strains (Mmar) with ponA1 from Mtb H37Rv resulted in a 17.8% 

increase in cell length. This regulation has previously been described in Mtb and M. 

smegmatis for the ponA1 and ponA2 genes (Kieser et al., 2015), and is now 

corroborated in Mmar, where ponA1 also plays a role in length regulation. 

Additionally, among the ponA1 mutations studied, the P631S mutation resulted in 

shorter and wider cells, consistent with the findings of Gao et al. (2019). In that study, 

it was observed that a reduction in the number of prolines in the proline-rich region at 

the C-terminal end increases the interaction with RipA, endopeptidase, leading to 

greater variation in cell size. 

In addition, the ponA1 A516T mutant led to a 30% increase in cell width 

compared to the MMAR_0069 knockout strain complemented with wild-type ponA1. 

All these findings suggest that mutations in ponA1 affect both cell length and 

width, underscoring the critical role of this gene in cellular morphology. The A516T 

which was identified in Mtb strains from Peruvian clinical isolates, are reported here 

for the first time in relation to their impact on mycobacterial morphology. 

Phosphorylation-mediated regulatory site of PonA1  

While the NCBI lists PonA1 to comprise residues 234-820 (NC_000962.3), this 

designation has been recently modified by Kieser, Boutte, et al. (2015); Prisic et al. 

(2010) and Schubert et al. (2013), who proposed an adjustment, suggesting that the 

actual starting point of ponA1 should be residue -426 from the initial transcription site, 
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contrasting from the current annotation. In our study, for the ponA1 integration in the 

Mmar genome, we used the -426 start site relative to the annotated ponA1 in the Mtb 

H37Rv genome. T34 is identified as a regulatory residue potentially regulated through 

PknB-associated phosphorylation. 

In Mtb, Kieser, Boutte, et al. (2015) found that the T34A substitution resulted in 

a 5% increase in cell length. Similarly, in M. smegmatis a homologous T50A mutation 

led to an 11% increase in cell size compared to the wild type, further supporting this 

hypothesis. Conversely, in our study using the Mmar model (∆MMAR0069  with 

ponA1 from Mtb H37Rv), this mutation reduced cell length by approximately 15% and 

increased cell width by 20.4% compared to the wild-type ponA1. Additionally, the 

T34D mutation, which may mimic phosphorylation due to its physicochemical 

properties, resulted in a 7.4% increase in cell length and a 6.5% increase in cell width 

compared to the ∆MMAR0069 strain complemented with wild-type ponA1. These 

changes were smaller compared to those observed with the T34A mutation. 

Conversely, in Mtb, this mutation (T34D) generated cells that were 11% shorter than 

the isogenic wild-type strains, while in M. smegmatis, it resulted in a 9% reduction in 

cell length Kieser, Boutte, et al. (2015). These opposing effects caused by T34 

mutations on cell morphology may be attributable to the heterologous Mtb gene 

introduced into Mmar, suggesting that ponA1 regulation could also occur through 

phosphorylation. Overall, these significant changes indicate a regulatory role at this 

residue, potentially serving as a phosphorylation site in Mmar as well, making it critical 

for controlling the enzymatic activity of PonA1 and the rate of cell elongation. 
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Notably, the T34D mutation reduced the thickness of the cell envelope by 7.9% 

compared to the wild-type ponA1, but remained similar to the isogenic wild-type Mmar 

strain. These findings highlight the complexity of cellular responses to mutations 

across different mycobacterial species and underscore the need for further investigation 

into their regulatory mechanisms under stress conditions. 

PonA1 and RIF exposure 

Mmar, a model organism for TB studies, is susceptible to several antituberculosis 

drugs including RIF, a critical first-line drug for TB treatment. The RIF’s MIC for Mtb 

resistant strains, can change depending on the methodology used. Some studies suggest 

a more sensitive breakpoint of 0.5 μg/mL to detect borderline resistance, and the 

Clinical Laboratory Standards Institute (Clinical and Laboratory Standards Institute 

[CLSI], 2018) sets breakpoints for RIF resistance at greater than 1.0 μg/mL. 

RIF's MIC in Mmar typically ranges from 0.03 to 4 µg/mL, determined by the 

agar dilution method, though this can vary depending on the method used (Aubry et 

al., 2017; Getahun et al., 2022).  Our study found that deleting the MMAR_0069 gene 

halved the MIC compared to the wild-type strain, making it more sensitive to the RIF 

and suggesting a link in the resistance mechanism to RIF mediated by Mmar’s ponA1-

like gene. MIC values were restored upon complementation with MMAR_0069 gene or 

Mtb H37Rv ponA1, provided gene expression was regulated by the strong hsp60. 

Farhat et al. (2013) reported that a strain with the Q365H mutation in ponA1 exhibited 

a RIF MIC of 0.0025 µg/mL—twice that of its reference strain at 0.00125 µg/mL. This 
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contrasts with the results obtained in our study, in which the presence of Mtb H37Rv 

PonA1 mutations in the Mmar model did not significantly affect the MIC against RIF.  

Survival assays for exposure to RIF demonstrated that the ∆MMAR0069 strain 

exhibited approximately 20% greater cell survival after 48 hours and 67% after 72 

hours of RIF exposure compared to the wild-type strain. This assay was conducted at 

a concentration of 0.5 µg/mL, which is close to the MIC for RIF in Mmar strains. 

Similarly, Farhat et al., despite using a much lower concentration, observed comparable 

results, with approximately a 30% survival advantage for the  ∆ponA1 strain after 6 

days in Mtb and highlighted the role of ponA1 in cell growth at subinhibitory 

concentrations. 

At 72 hours under hsp60 promoter regulation, strains carrying the ponA1 gene 

from Mtb exhibited a greater survival advantage compared to the isogenic wild-type 

strain. This increase was significant for both the wild-type, P631S and T34D variants 

compared with isogenic wild type. Similarly, in Mtb, strains with the T34D allele 

showed a fourfold increase in tolerance to RIF (Kieser, Boutte, et al., 2015). This 

advantage persisted up to 144 hours, indicating that the cells were tolerant to 0.5 µg/mL 

of RIF and were capable of forming colonies post-exposure. In Mtb, this mutation at 

the phosphorylation site mimics threonine and likely facilitates interaction with PknB 

at the cytoplasmic level (Kieser, Boutte, et al., 2015) and based on the results obtained, 

it could have similar behavior as Mmar. 
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After 144 hours of exposure to 0.5 µg/mL of RIF, a subinhibitory concentration 

for most strains, altered their response. The ponA1 mutations A516T, and P631S 

conferred a slightly higher advantage in the Mmar viability compared to wild type 

ponA1 strain. These results suggest that mutations in ponA1 may contribute to RIF 

tolerance, as previously reported by Farhat et al. (2013), and support the hypotheses 

proposed by Rabanal et al. (2020) based on their analysis of Mtb genomes from 

Peruvian clinical strains. 

It is still unclear whether these variations in cell size generated by ponA1 

mutations contribute to RIF resistance. However, (Richardson et al., 2016) suggested 

that changes in cell length could influence susceptibility and tolerance to RIF in 

different mycobacterial subpopulations. They highlighted those factors like 

asymmetric cell division and the inheritance of cell length, along with mature growth 

poles contributing to increased cell size in the later stages of the cell cycle, contrast 

with those seen in earlier stages. This observation highlights the complex intrinsic 

mechanisms of RIF tolerance, which may be linked to the cell size differences observed 

in this study.  

On the other hand, during our essays, another important point was noted.  The 

gene complementation with ponA1 (H37Rv Mtb) under the regulation of the Mmar 

rpsTp, maintained cell viability, and no significant differences in cell length were 

observed compared to the isogenic wild-type strain. Similarly, after 48 or 72 hours of 

RIF exposure, the response mirrored that of the isogenic wild-type strain. However, 

after 6 days of exposure to 0.5 µg/mL RIF, a severe reduction in survival was observed, 
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indicating the impact of RIF at different bacterial growth stages. This is consistent with 

the MIC evaluation findings, where the ponA1-complemented strain regulated by the 

rpsTp failed to restore RIF resistance to the level observed in the isogenic wild-type 

strain. Its susceptibility was four times higher than the isogenic wild-type strain and 

two times higher than the KO strain, raising questions about the expression levels of 

ponA1 under the regulation of this promoter, particularly during the stationary phase. 

Dörr et al., (2014) demonstrated that Vibrio cholerae cells in the stationary phase 

show competitive disadvantages compared to those in the exponential phase when the 

PBP1a gene is deleted. In an in vivo assay, it was found that cells in the exponential 

phase could overcome the competitive defects observed in vitro. This suggests that the 

growth phase can significantly modulate infectivity. Based on this information, we 

hypothesize that the differential response in RIF susceptibility could be attributed to 

the relatively moderate activity of the rpsTp compared to the hsp60 promoter. It is 

important to mention that, rpsTp controls the expression of the S20 ribosomal protein 

and is constitutively active, its activity fluctuates with the cell’s growth phase (Burgos 

et al., 2017). In contrast, the hsp60 promoter is known for its robust induction of high 

levels of gene expression (Kumar et al., 1998; Stover et al., 1991) making it probably 

more potent than rpsTp. 

Finally, other studies in mycobacteria highlight the variability present in each 

cell division (Santi et al., 2013). Rego et al. (2017) found that deleting lamA, a gene 

involved in the cell division complex, reduces population heterogeneity. This reduction 

increases susceptibility to antibiotics, as more homogeneous populations are eliminated 
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more quickly when exposed to RIF and other cell wall-targeting drugs. Additionally, 

the ponA1 mutations identified in clinical strains evaluated in this study have caused 

morphological changes in the cells, either increasing or decreasing their length and 

width. These morphologic changes may align with the response to antibiotic exposure, 

suggesting that mutations in ponA1 could confer increased fitness under antibiotic 

pressure, as reported by (Gao et al., 2019). 

PonA1 putative promoter from H37Rv  

Notably, the ponA1 promoter (proposed by Kieser et al., 2015) evaluated in our 

studied, was unable to induce expression of the EGFP reporter gene, as previously 

mentioned. However, interestingly, the insertion of ponA1's putative promoter caused 

a change in the MIC of RIF. We hypothesize that this may be due to alterations in gene 

architecture, either related to the size of the inserted sequence or its 

composition/secondary-structure, as it includes three consensus (atttgcgac, atttgctca, 

and ctttgctcc) and three weaker (cttcgccac and gttcgcggt) EspR binding sites. EspR 

binding sites have been found clustered in different regions, not limited to promoters, 

suggesting that EspR protein also functions as a nucleoid-associated protein, playing 

architectural and regulatory roles that influence cell wall structure and pathogenesis 

(Blasco et al., 2012; Jin et al., 2019; Rosenberg et al., 2011; Santoshi et al., 2024). 

Hypothetically, the integration of more EspR binding sites in the Mmar genome could 

have generated new binding sites for the EspR protein, generating a change in the 

response to exposure to RIF. The Rv3849 gene in Mtb H37Rv encodes the EspR protein 

and its homolog in Mmar is MMAR_5399 (https://secretomyc.cbs.cnrs.fr/), located 
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towards position 6, 533 101 in the Mmar strain M genome. Additionally, this sequence 

was found in the MMAR_0068 gene, located near the KO MMAR_0069 gene. In this 

sense, future studies on EspR protein activity or EspR binding sites may provide 

insights in its potential contribution to the stress response induced by RIF exposure.
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III.5. Conclusion of the chapter 

In conclusion, this chapter highlights several key findings regarding the function and 

role of ponA1 in Mtb H37Rv and Mmar.  

In silico and in vitro analyses revealed a non-specific, transient interaction between 

RIF and PonA1 from Mtb H37Rv, showing low binding affinity (KD in the millimolar 

range).  

The ∆MMAR0069 gene in Mmar demonstrated that this gene is not essential for 

mycobacterial survival and conferred increased resistance to RIF at subinhibitory 

concentrations, highlighting its potential role in antibiotic resistance. We observed that 

this had a significant impact on cell morphology, which could be a potential mechanism 

through which ponA1 contributes to RIF resistance. 

The T34A mutation induced significant morphological changes compared to the T34D 

mutation, both relative to the strain complemented with wild-type ponA1, suggesting 

that this site may regulate cell morphology through phosphorylation in Mmar. 

Strains carrying the P631S and T34D mutations in ponA1 exhibited significantly higher 

viability compared to the isogenic wild-type strain 72 hours after exposure to RIF. 

Additionally, both the A516T and P631S mutations in ponA1 appeared to confer 

survival advantages during the stationary phase when exposed to RIF. 

Based on the methodologies used in this chapter, we can conclude that: 
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Recombinant PonA1 proteins from Mtb H37Rv, both wild-type and mutants, were 

successfully produced in their native form, with the Q365H and P631S mutations 

preserving the active site’s function, as indicated by their ability to bind to Bocillin-

FL, an analog fluorescent of penicillin.  

ponA1 gene from Mtb H37Rv under hsp60 regulation is capable of complementing and 

restoring the RIF resistance profile in the absence of MMAR_0069 in Mmar.  

Furthermore, the modified ORBIT approach enabled simultaneous gene KO and 

complementation in one step, showing the rpsTp successfully regulated EGFP 

expression in Mmar, in contrast to the non-functional ponA1 promoter. This method 

presents a promising tool for the evaluation of integrated promoter libraries within 

mycobacterial genomes. 

Our studies showed ORBIT as a potent tool for genetic manipulation, 83% of the strains 

showed successful plasmid integration, and long-fragment sequencing confirmed 

correct gene KO at the targeted genomic site. 
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SecretoMyc, a web-based database on mycobacteria secreted proteins and 

structure-based homology identification using bio-informatics tools 

 

This project was conducted in parallel with the development of the thesis, during the 

period that I was working at CBS, in collaboration with PhD. Jérôme Gracy and PhD. 

Martin Cohen-Gonsaud. The first part of this chapter includes a brief literature review 

on the types of secretion systems in Mtb. The second part of the chapter contains the 

submitted manuscript with minor changes. 

Abstract  

To better understand the interaction between the host and the Mycobacterium 

tuberculosis pathogen, it is critical to identify its potential secreted proteins. While 

various experimental methods have been successful in identifying proteins under 

specific culture conditions, they have not provided a comprehensive characterization of 

the secreted proteome. We utilized a combination of bioinformatics servers and in-

house software to identify all potentially secreted proteins from six mycobacterial 

genomes through the three secretion systems: SEC, TAT, and T7SS. The results are 

presented in a database that can be crossed referenced to selected proteomics and 

transcriptomics studies (https://secretomyc.cbs.cnrs.fr). In addition, thanks to the recent 

availability of Alphafold models, we developed a tool in order to identify the structural 

homologues among the mycobacterial genomes. 

Keywords: Secretion, Host-pathogen Mycobacteria Alphafold. 

 

 

 

 

https://secretomyc.cbs.cnrs.fr/
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IV.1. Secretion system in M. tuberculosis  

The secretion system in Mtb is composed by three secretion systems: general 

secretion (SEC), Twin-arginine translocation (TAT) and type seven secretion system 

(T7SS) known as ESX (Figure V.1, Roy et al., 2020; Sankey et al., 2023). This system 

is essential for the bacterium's survivability and pathogenesis, playing a crucial role in 

the export of proteins through the mycobacterial membrane, enabling interaction with 

the host, manipulating immune responses, and ensure survival within hostile 

environments such as macrophages (Pal et al., 2022). 

  

Figure IV.1. Secretion system types in M. tuberculosis. A, B. General 

secretion system featuring SecA1 and SecA2, respectively. C. Twin-arginine 

protein translocation system. D. Early Secretory Antigenic Target (ESAT) or 

Type VII Secretion System (Adapted from Goosens et al., 2014; Miller et al., 

2017; Roy et al., 2020). 
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IV.1.1. General secretion system (Sec) 

The Sec system, essential and conserved across all bacteria, is responsible for the 

export of most proteins, within this group, there are two secretion systems: SecA1, 

which is essential for Mtb viability and virulence, and SecA2, which, while not 

essential, transports a small group of proteins critical for Mtb virulence, latency, and 

immunomodulation.  

Proteins transported by the SecA1 system, whether remaining in the cell envelope 

or fully exported to the extracellular space. These proteins are synthesized as 

preproteins with a signal peptide at the N-terminal end. This signal peptide features a 

positively charged N-terminal, a hydrophobic central domain, and uncharged polar 

amino acids with a cleavage site at the C-terminal end (von Heijne, 1990).  

Proteins destined for the periplasm have a sequence that will be recognized by 

SecB, which will act as a chaperone to prevent the folding of the proteins, keeping them 

in an unfolded state, and then interact with the protein SecA, and pass through the 

SecYEG membrane channel (Randall & Hardy, 2002). SecA recognizes this signal 

peptide, which is removed by signal peptidases on the extracytoplasmic side of the 

membrane during export using ATP (Catipovic et al., 2019), facilitating the protein's 

folding process (Paetzel et al., 2002).  

The proteins exported by this system include those involved in cell wall synthesis 

during cell division and remodeling factors (Miller et al., 2017) such as PBPs that are 

crucial for PG synthesis, in Mtb are eight PBPs annotated and all were predicted to 

have Sec type export signals (Machowski et al., 2014). Other proteins that have been 

reported to be secreted by this pathway are the L,D-transpeptidases: LdtMt2, PBPA 
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and Rv1433 that together with PonA2 could be important during the dormancy stage  

due to their ability to regulate PG formation and transition from an active growth to a 

dormant state (Dutta et al., 2010; Patru & Pavelka, 2010). Another important group is 

composed of lipoproteins, which may contribute to Mtb virulence and have been 

evaluated in some cases in macrophages and mice as models of infection, determining 

that mutants of these lipoproteins generate attenuation despite not being essentials 

(Sander et al., 2004). Notably, lipoproteins exported by this pathway contain a lipobox 

motif at the C-terminal end of the signal peptide (Nakayama et al., 2012).  

SecA2-dependent proteins may either have a signal peptide at the N-terminal end 

or lack it. This system secretes various proteins, including solute-binding proteins 

(SBP) (Feltcher et al., 2015), superoxide dismutase (SodA), and catalase-peroxidase 

(KatG), which are important for their antioxidant activity in macrophages, as well as 

serine-threonine kinase PknG (van der Woude et al., 2014). All these proteins have 

been reported to lack a signal peptide (Braunstein et al., 2003; Cowley et al., 2004). 

Additionally, multiple DosR-regulated proteins have been found to be transported by 

SecA2 (Feltcher et al., 2015). 

IV.1.2. Twin-arginine translocation pathway 

Unlike the general secretion system, this system can transport folded proteins and 

those containing cofactors (Goosens et al., 2014). It utilizes a signal peptide containing 

twin-arginine residues, characterized by the motif S/T-RRxFLK. This hydrophobic 

region is larger but less hydrophobic than those of proteins transported by the Sec 

system (Cristobal, 1999; Robinson et al., 2011). The system includes TatC, the largest 
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protein, and TatA, which may also be identified as TatB or TatE. Proteins with the 

twin-arginine signal peptide interact with TatC and TatA-like proteins, with TatC 

inserting the proteins in the membrane. This docking complex recruits the pore-

forming TatA-like proteins, and translocation occurs through protonic force (Goosens 

et al., 2014). 

The proteins secreted by this system often have globular domains and a single 

transmembrane helix at either the N- or C-terminal end (Gallego-Parrilla et al., 2024). 

They also undergo a substrate quality control system before export, involving a 

chaperone-like recognition that monitors each protein's conformational state (Taw et 

al., 2022). In Mtb, this secretion system, composed of TatA, TatB, and TatC, is 

essential for survival (Posey et al., 2006; Saint-Joanis et al., 2006). Proteins such as 𝛽-

lactamase BlaC and phospholipase C PlcA and PlcB, which play significant roles in 

the pathogenesis of Mtb, are exported by this pathway (McDonough et al., 2005; 

Raynaud et al., 2002). 

IV.1.3. Type seven secretion system (T7SS) 

The proteins secreted by this system are involved in nutrient uptake for 

mycobacterial maintenance, as well as in interactions with the host and modulation of 

the immune system response (Famelis et al., 2023; Tufariello et al., 2016). There are 

five type VII or ESX pathways, known as early secretory antigenic target systems, 

where proteins secreted have homology with the ESAT6 protein. Five esx loci have 

been described named esx1 to esx-5, they contain genes encoding proteins with the 

WXG motif forming a helix-turn-helix structure (Renshaw et al., 2005) and genes for 
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transmembrane proteins of the FtsK-SpoIIIE ATPase family (Abdallah et al., 2007; 

Pallen, 2002), which lack Sec or Tat signal peptides. This system encodes its own 

components for membrane transporters and secretory substrates, along with other 

proteins specific to each secretory system, which are not functionally redundant (Gray 

et al., 2016).  

ESX-1, located at the RD1 loci (regions of difference 1), was deleted in M. bovis 

BCG to create the Mtb vaccination strain. This region is crucial for Mtb cell function 

and virulence, encoding the cellular antigens ESAT-6 and CFP-10 found in the 

supernatant (Pym et al., 2002). This secretion system also facilitates Mtb escape from 

phagosomes to the cytosol by producing pore-forming toxins that can disrupt the 

phagosome membrane, plasma membrane, and cellular organelles (Los et al., 2013). 

Additionally, the ESX-1 locus encodes mycosin 1, a serine protease like subtilisin, 

which regulates the ESX-1 secretion system and substrate processing (Ohol et al., 

2010). Granuloma formation, typically associated with host defense, may also be a 

pathogen-induced mechanism via the ESX-1 system; as these environments become 

replicating niches, defects in the espL gene at the ESX-1 loci were linked to reduced 

granuloma formation (Stoop et al., 2011). In the Mmar model, this system is linked to 

macrophage hemolysis and cytolysis through the secretion of the species-specific 

MMAR_2894 (Bosserman et al., 2019), which is not found in Mtb. 

ESX-3 is known for its role in regulating mycobactin-mediated iron homeostasis 

and zinc incorporation. This system secretes the EsxG-EsxH heterodimer, which not 

only regulates iron acquisition but also controls the secretion of the PE-PPE family of 

proteins (Ilghari et al., 2011). EsxH was identified to interacts with human hepatocyte 
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growth factor-regulated tyrosine kinase substrate, a component of the Endosomal 

Sorting Complex Required for transport, which cause the inhibition of phagosome 

maduration (Mehra et al., 2013). Additionally, EsxH strongly induce IFN𝛄 secretion in 

T cells from TB patients, as well as in CD4+ and CD8+ cells from Mtb-infected mice 

(Hervas-Stubbs et al., 2006; Majlessi et al., 2003). Tufariello et al. (2016) discovered 

that PE5-PPE4 are crucial for ESX-3 siderophore-mediated iron acquisition and that 

process is host genotype-dependent, underscoring the system’s significance in 

combating host defense mechanisms that limit iron availability.  The presence of ESX-

3 is critical for all mycobacteria, whether pathogenic or environmental (Roy et al., 

2020). 

ESX-5 is a crucial secretion system in the pathogenesis of mycobacteria, 

involved in the secretion of proteins containing Proline-Glutamic acid (PE) motifs, 

polymorphic GC-rich sequences (PGRS), and Pro-Pro-Glu (PPE) motifs. These motifs, 

located towards the N-terminal end, act as cell surface antigens associated with 

virulence (Abdallah et al., 2007; Bottai & Brosch, 2009). For instance, the PPE10 

protein, essential for capsule maintenance (Ates et al., 2016), can modulate the innate 

immune response. Additionally, point mutations in the eccC5 loci, found in clinical 

strains, have been linked to the development of resistance to ofloxacin (Eilertson et al., 

2016), which would imply that these systems may also participate in the resistance to 

different drugs. 

ESX-2 and ESX-5 are specific to slow-growing mycobacteria (Gröschel et al., 

2016; Roy et al., 2020), whereas ESX-4, found at the esx-4 locus, contains the fewest 

genes among the esx loci and is considered the ancestral origin of other ESX systems, 
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with orthologous systems identified in other species (Dumas et al., 2016). Gray et al. 

(2016) observed that ESX-1 mutations in a donor can hyperinduce a transcriptional 

response in the recipient of esx4, suggesting a correlation between ESX-1 and esx-4 in 

enhancing DNA transfer efficiency and promoting conjugation between mycobacteria. 

Additionally, ESX-4 has been linked to the export of the CpnT protein, whose 

carboxyl-terminal end carries the TB necrotizing toxin, a major cytotoxicity factor of 

Mtb in macrophages. Both ESX-2 and ESX-4 have been described as contributing to 

the permeabilization of the phagosomal membrane, similar to ESX-1 (Pajuelo et al., 

2021). 

IV.1.4.    Importance of the study of secretory proteins 

Upon entering the host and interacting with macrophages, Mtb has developed 

various strategies for evasion, virulence, and immunomodulation, utilizing its diverse 

secretion systems which target many proteins as key factors in these processes. While 

many of these secreted proteins have been well-described and studied, others remain 

uncharacterized experimentally. Comparative membrane proteome studies between 

Mtb H37Rv and M. bovis BCG have revealed the overexpression of ESX-3 genes in 

the virulent strain, suggesting their involvement in virulence-associated mechanisms 

(Gunawardena et al., 2013). Additionally, a quantitative proteomic analysis comparing 

sensitive and resistant Mtb strains identified downregulation of genes like eccA3, 

eccB3, and tatA in RIF-resistant and XDR strains; esxL and esxN in RIF-resistant and 

MDR strains; and espB, esxK, and espL in RIF-resistant, MDR, and XDR strains. 

Furthermore, esxA, esxB, PPE18, and PPE36 were downregulated between MDR and 
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XDR strains when compared to H37Rv (Ullah et al., 2021). This study also found that 

genes such as PPE58 and PPE59, which are not detected in resistant strains but are 

present in sensitive strains. 

Wang et al. (2022)  discovered that they could restore growth functions and 

virulence in strains lacking the ESX-3 system by overexpressing an ESX-3 paralog, 

which appears to compensate for the loss of other secretory proteins. More recently, 

Chen et al., (2024), found that proteins such as Rv3899c, CFP10, Mce1F, and DnaK 

interact with pathways related to the mitochondrial membrane, glycolysis, the 

respirasome, and translation in mitochondria-associated pathways. Additionally, 

proteins like ANXA1 and S100A11 may facilitate cell adhesion and interact with G-

protein complexes, while DnaK could enhance glucan metabolism in the host. These 

findings underscore the complex interactions between Mtb and host biological and 

metabolic processes and emphasize the importance of conducting studies on the 

different mycobacterial secretion systems. 
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IV.2.1.    Main text 

Mycobacterial infection relies on perturbation of multiple immune responses like 

phagosome maturation to cytokine secretion. These mycobacteria-driven modifications 

of the host-cell response can be mediated by either lipidic or protein effectors [1]. It is 

estimated that over 20% of bacterial proteins have functions outside the bacterial 

cytoplasm and are exported to their designated locations by protein export systems [2]. 
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The functions of the exported proteins are essential for physiological processes (i.e. the 

cell-wall maintenance) but also, in the case of pathogenic bacteria they are crucial for 

virulence. To comprehend the interplay between host and pathogens, it is essential to 

identify the putative secreted proteins. Biochemical, genetic and imaging tools have been 

developed to evaluate protein secretion [3]. While reporter-based assays [4] and 

functional screens [5] have been used, mass spectrometry has been the most commonly 

employed technique used to identify secreted or cell-wall associated proteins in various 

strains and under different culture conditions. These proteomics studies have 

demonstrated their ability to identify proteins in specific growth conditions [6–8]. 

Although these studies can uncover the secretion patterns in specific growth conditions, 

they are not designed to capture the complete bacterial secretome. For example, the 

secretion pattern will differ when bacteria are grown under anaerobic conditions 

compared to normoxic conditions or in a laboratory culture medium compared to an 

infection. As a consequence, it is unsurprising to observe variations in secretion patterns 

across different bacterial experiments. As a consequence, data from various proteomic 

studies on secreted mycobacterial proteins have shown a weak overlap for proteins 

identified as secreted. Furthermore, the host cell environment also plays an important 

role, as recently revealed by two studies focusing on the identification of secreted proteins 

during infection [4,9]. 

M. tuberculosis possesses three different secretion systems [10]. The general 

secretion (Sec) and the twin-arginine translocation (Tat) path- ways perform the bulk of 

protein export and are both essential. Proteins exported by the Sec pathway are 

distinguished by the presence of an N-terminal signal recognized by the SecA protein 
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before translocation [11]. The Tat pathway exports preproteins containing N-terminal 

signal peptides with a twin-arginine motif for binding to the TatC protein [12, 13]. M. 

tuberculosis has also specialized export pathways that transport specific subsets of 

proteins. Five specialized ESX export systems (ESX-1 to ESX-5) are present in M. 

tuberculosis with some of them essential for virulence [14]. Although the ESX systems 

were first discovered in 

M. tuberculosis, they also exist in a few other Gram-positive bacteria. The ESX 

systems are also referred to as Type VII secretion systems (T7SS). Proteins secreted by 

T7SS lack Sec or Tat signal peptides, instead secretion relies on a combination of 

sequence and structural motifs. Based on the identification of various T7SS secreted 

proteins, two secretion motifs (YxxxD/E and WxG) included in a flexible loop that 

participates in a helix-turn-helix structure [15,16] were identified. Two proteins, one 

containing the YxxxD/E motif and the other containing the WxG motif interact and are 

exported as dimers after binding to the cytosolic chaperone EspG [17]. 

Here we use and combine multiple bioinformatics servers and in- house tools in 

order to identify all the putative secreted mycobacterial proteins (Figure IV.2). We 

analysed the 3906 M. tuberculosis H37Rv sequences using an in-house pipelining tool 

for large-scale integrative bioinfor- matics [18] (PAT pipeline). First, known signal 

peptides and/or struc- tural features necessary for secretion were predicted using 

dedicated available software [19,20] (i.e. SignalP v4.1 and PredTAT). In addition, 

transmembrane segments were inferred using either Uniprot annota- tions or the 

TmHMM prediction software [21], then we also looked at the number of predicted 

transmembrane segments and the position of the last transmembrane segment to identify 
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signals potentially missed by the various servers and to avoid confusion with membrane 

proteins. For the T7SS, based on previous work we aim to identified the combination of 

sequence and structural motifs. We selected the M. tuberculosis pro- teins whose 

Alphafold models obtained from the EBI database (https://a lphafold.ebi.ac.uk/) had at 

least 70 residues in helical conformation in the 100 first positions, and whose sequences 

had a WxG motif between positions 30 and 79 or a YxxxD/E motif between positions 80 

and 99. This Alphafold-based selection method detected 108 putative T7SS proteins in 

M. tuberculosis (alignments available at https://secretomyc. cbs.cnrs.fr/myctu_H70-

99_PE0-19_Wxg30-79_or_YDE80-99.html). 

These data were crossed with various data from proteomics and transcriptomics 

studies and five additional mycobacterial genomes (M. marinum, M. bovis, M. abscessus, 

M. avium and M. smegmatis) un- derwent the same process to compare predictions 

between various mycobacterial species, specifically in regards to their ability to survive 

within infected cells. Thus, we identified 176 T7SS, 79 Tat, and 462 Sec M. tuberculosis 

proteins with characteristic secretion signals. The data are presented in web-page at this 

address: https://secretomyc.cbs.cnrs. fr. 

Next, we first applied the homology modeling procedure to identify distant 

homologues of the proteins, and the resulting information was used to exclude false 

positive proteins. For instance, some proteins belonging to the TerR cytoplasmic 

transcriptional regulator family possess sequence and structural features matching the 

T7SS secretion motif but are not secreted, and as consequence excluded from our 

secretome. We took advantages of the breakthrough brought by AlphaFold [22] to insert 

in our database the generated models. Those models can be used to detect structural 

https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://secretomyc.cbs.cnrs.fr/myctu_H70-99_PE0-19_Wxg30-79_or_YDE80-99.htm
https://secretomyc.cbs.cnrs.fr/myctu_H70-99_PE0-19_Wxg30-79_or_YDE80-99.htm
https://secretomyc.cbs.cnrs.fr/myctu_H70-99_PE0-19_Wxg30-79_or_YDE80-99.htm
https://secretomyc.cbs.cnrs.fr/
https://secretomyc.cbs.cnrs.fr/
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homologues and then correct and/or complement the current genomic annotations as well 

as it pro- vides information on domain delimitation. Here, we used the models to identify 

homologues within the genome. We first collected a structure database including all 

Alphafold models of the M. tuberculosis proteome in the EBI database 

(https://alphafold.ebi.ac.uk/) and a representative set of protein domain structures 

obtained from the SCOP classification database [23]. Structure pairs were structurally 

aligned using TMalign [24] and the pairs sharing a TM-score above 0.55 were then 

hierarchically aggregated yielding structural clusters which we called AlphaClans. When 

a M. tuberculosis Alphafold model belongs to an AlphaClan, its member structures are 

listed at the bottom of the corre- sponding M. tuberculosis report, with pairwise TM-

scores, RMSD, and sequence identity percentages. The secretion scores which are also 

listed for each AlphaClan member can help to better assess if the considered M. 

tuberculosis protein is secreted or not. 

The home page of the web server provides access to the SecretoMyc database 

through a global table where information on all M. tuberculosis proteins is synthetized: 

database cross-references, homology searches, secretion predictions, structural models, 

domain families and prote- omics experiments (Figure IV.3). The display of table 

columns can be customized using the left panel with toggle buttons. Column data can be 

sorted or searched using simple or advanced query form. 

Clicking on a table line opens a new window with a detailed report of all cross-

references, homologues, predictions, and classifications ob- tained on the corresponding 

protein (Figure IV.4). This report provides many important information for analyzing the 

https://alphafold.ebi.ac.uk/
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protein: alignment with orthologs from close  

genomes, synthetic table with transmembrane and secretion predictors, list of 

similar Pfam families, PDB structures or Alphafold models. 

In summary, the database provides a convenient way for users to determine whether 

a protein of interest may be secreted, and to identify homologues among six 

mycobacterial proteomes, as well as more distant structural homologues using the 

available Alphafold models and AlphaClan classification. Each individual page presents 

all the required information for evaluating the results. Furthermore, the database facil- 

itates the integration of data from proteomics and transcriptomics studies, allowing users 

to set thresholds for selecting putatively secreted proteins based on their corresponding 

RNA expression levels. While the database currently includes only a few selected studies, 

more can be incorporated upon request from users. 

IV.2.2.    Material and methods 

Six mycobacteria proteomes (M. tuberculosis, M. bovis, M. avium, M. marinum, M. 

smegmatis and M. abcessus) were retrieved using the “Proteome” server of the Uniprot 

database [25]. Secretion pathways, structural predictions, domain architectures, 

proteomics and transcriptomics data were predicted or collected for each of these 

proteins. The resulting information was summarized in individual entries describing each 

M. tuberculosis protein. The whole SecretoMyc database is accessible through an 

interactive web table whose columns can be customized, sorted and queried. 

For proteins associated with the General Secretion Pathway (SEC), the program 

SignalP version 4.1 [19] was utilized. The model used for prediction was trained on 
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Gram-positive bacteria and set with a D-cutoff of 0.45. Peptide signals indicative of the 

Twin-arginine Secretion Pathway (TAT) were predicted using the web server PRED-

TAT [20] available at http://www.compgen.org/tools/PRED-TAT. 

The proteins related to the Type VII Secretion Pathway (T7SS) were detected using 

a refined detection method based on iterated HMMER search. First, a sequence database 

was constructed using fragments of M. tuberculosis proteins. Each fragment consisted of 

the first 110 residues of the respective M. tuberculosis protein. To generate the identifier 

for each protein fragment, the Tuberculist identifier [26], the gene name, the first PFAM 

domain [27], the number of residues in helix conformations, and the starting positions of 

the identified motifs WxG and YxxxD/E (when present) were concatenated. The database 

of these protein fragments was searched using seven iterations of HMMER [28] with an 

E-value cutoff of 1 and a 50% query overlap cutoff. The input query for this search was 

the alignment of all ESX proteins known to belong to T7SS. The full sequences 

corresponding to the hits detected by HMMER were then aligned using MAFFT, 

resulting in 183 aligned T7S proteins with gene names, PFAM domains, helix counts, 

and PPE, WxG, YxxxD/E annotations. The multiple sequence alignment of these 183 

proteins is accessible from the home page (https://secretomyc.cbs.cnrs. 

fr/myctu_t7s_color_string.htm).  For  each aligned  protein  hit,  all interacting proteins 

were gathered if their combined score in the STRING database exceeded 800 [25]. These 

possible interactions are listed after the sequence of each hit in the above alignment. 

Transmembrane proteins were predicted using the TmHMM software. The 

transmembrane features were also retrieved from the Uniprot database [25]. The number 

of predicted or featured transmembrane segments  were  stored  in  the  SecretoMyc  

http://www.compgen.org/tools/PRED-TAT
https://secretomyc.cbs.cnrs.fr/myctu_t7s_color_string.htm
https://secretomyc.cbs.cnrs.fr/myctu_t7s_color_string.htm
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database  for  each M. tuberculosis protein. 

Alphafold 3D models computed for the whole M. tuberculosis proteome were 

obtained from the EBI web server (https://alphafold.ebi.ac. uk). A database of 3D 

structures was then built by merging these 3D 

M. tuberculosis models with a list of representative experimental domain structures 

obtained from the SCOP database filtered at 40% maximum sequence identity. All these 

3D structures were hierarchically aggregated according to a similarity score combining 

the BLOSUM62 substitution score [29] of their aligned sequences and the similarity of 

their secondary structure composition. This initial classification step resulted in a binary 

tree whose nodes were checked following a bottom-up tree scan. For each node, a protein 

pair representative of its 2 descending branches was selected and compared using the 

structural alignment program TM-align [24]. Each branch representative was the protein 

closest to the consensus sequence of the protein cluster under the considered node branch. 

If the structural TM score was above 0.55, the checked node was validated and its father 

node was further inspected. Otherwise, the leaf cluster under each branch of the non-

validated node was saved as an Alphafold clan of similar protein structures sharing Tm-

scores above 0.55. The tree traversal was then skipped to the next non checked tree-

bottom leaf. 

3D domains were obtained from the PFAM database and up to 3 domains were 

stored in our database for each M. tuberculosis protein. Furthermore, we added data 

proteomics research to enable the user to compare our findings with proteomics studies. 

M. tuberculosis culture filtrated protein identify after mass spectrometry analysis focused 

https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
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pI range 4.0–4.7 and the Mr range 6–20 kDa of the 2-DE pattern were added [30] (33 

proteins identified), as well two previous studies and more general characterisation after 

short and long culture from the same group that were previously available on MPIIB web-

page (138 and 33 proteins identified). Similar studies with different results were also 

added [6] (159 and 254 proteins identified). Data from a specific bioinformatics study 

focused on T7SS was also added [16] (92 proteins identified). 

In the context of the host pathogen interaction and immune response perturbation, 

it is also interesting for the user to be able to compare our data with transcriptomics data 

obtained during infection. We added two sets of data of genes expressed differentially as 

a consequence of intraphagosomal residence [31] (compared to broth culture) with or 

without activation at three time points (4, 24 and 48 h post infection) (Schnappinger2003) 

and transcription profile of genes expressed during the course of early tuberculosis in 

immune-competent (BALB/c) and severe combined immune-deficient (SCID) hosts in 

comparison with growth in medium at three time points (7, 14 and 21 days post infection). 

All this computed information was compiled in a global database called 

SecretoMyc. It is accessible through a web server (http://secretomyc.cbs.cnrs.fr) with a 

Javascript interface based on W2UI (htt ps://w2ui.com/web/). For easier use, the 

displayed columns of the global table shown in the server home page can be selected 

using the dedicated left panel. The protein entries can also be sorted according to each 

column and a searching form permits the construction of composite queries for selecting 

protein subsets. 

For each M. tuberculosis protein, an individual entry was stored in the SecretoMyc 

http://secretomyc.cbs.cnrs.fr/
http://secretomyc.cbs.cnrs.fr/
https://w2ui.com/web/
https://w2ui.com/web/
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database by compiling the following information: 

- Uniprot  identifier and accession number, gene name, species name, sequence 

length, amino acid sequence. 

- Links to complementary databases Uniprot (https://www.uniprot. org/), TBDB 

(http://tbdb.bu.edu/), Mycobrowser (https://mycobr owser.epfl.ch/), AlphaFold 

(https://alphafold.ebi.ac.uk/), GO (http://geneontology.org/), EggNog 

(http://eggnog5.embl.de/), 3Did (https://3did.irbbarcelona.org/), Domine 

(https://manticore. niehs.nih.gov/cgi-bin/Domine) and String (https://string-db.org/). 

- Orthologous proteins detected in the 5 close mycobacteria genomes (M. bovis, M. 

avium, M. marinum, M. smegmatis and M. abcessus). The ortholog groups were 

clustered using the Kclust program [32]. 

- Alignment of all orthologs built using the multiple sequence alignment program 

MAFFT [33]. 

- Secretion pathway and transmembrane annotations are summarized in global 

“Location” table listing all ortholog predictions. 

- Similar SCOP domains and Alphafold models detected for each protein as 

explained above. The detected pairwise 3D similarities are assessed using the various 

scores provided by the structural alignment program TM-align (TM-score, RMS 

deviation, Sequence identity percentage, Alignment length).

https://www.uniprot.org/
https://www.uniprot.org/
http://tbdb.bu.edu/
https://mycobrowser.epfl.ch/
https://mycobrowser.epfl.ch/
https://alphafold.ebi.ac.uk/
http://geneontology.org/
http://eggnog5.embl.de/
https://3did.irbbarcelona.org/
https://manticore.niehs.nih.gov/cgi-bin/Domine
https://manticore.niehs.nih.gov/cgi-bin/Domine
https://string-db.org/
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Figure IV.2. Flowchart of the workflow used to generate the SecretoMyc database.
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Figure IV.3. The home page of the web server that provides access to the SecretoMyc 

prediction database is an interactive analysis toolkit. The home page displays the all M. 

tuberculosis proteome with quick access to essentials information: Secretion prediction, 

taxonomy and domain identification, structural homolog using the AlphaClan tool and 

homologues within other mycobacterial genomes (M.Marinum, M.bovis, M.abscessus, 

M.avium, and M.smegmatis) as well as results from proteomics and transcriptomics studies. 

The columns are sortable, and the user can utilize an open search field to select a portion of 

the secretome based on one or multiple criteria from the available cross-referenced 

information. The categorization of secretion predictions is as follows: SEC = probable 

signal peptide predicted by SignalP4.1(score>50); sec = possible signal peptide predicted 

by SignalP4.1 (score>45); TAT = probable twin arginine signal predicted by PredTAT 

server (score>90); tat = possible twin arginine signal predicted by PredTAT server 

(score>0); T7S = probable T7S pathway, t7s = possible T7S pathway.
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Figure IV.4. Clicking on a corresponding line from the homepage will lead to a protein page that contains all available 

information about the protein, including a description and direct links to major protein databases, protein sequence, protein 

homolog identity matrix and alignments, secretion predictions for all homologues, and structural homology prediction 

using Alphaclan
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V.1. Discussion and conclusions  

Mtb remains a critical public health challenge, particularly in regions with high 

rates of drug-resistant TB such as Peru, where cases of RR-TB increased by 80.7% 

between 2021 and 2022 (CDC MINSA, 2023). Despite the global reduction in MDR-

TB, resistance to RIF —a cornerstone of TB treatment—remains alarmingly prevalent, 

with the rpoB gene mutations accounting for 96.1% of RR-TB cases in this study. This 

is notably higher than global estimates (Su et al., 2023; Walker et al., 2022) and 

highlights the need for a comprehensive understanding of both canonical and 

alternative mechanisms of resistance in order to refine treatment strategies. 

Genomic complexity of heteroresistance and mixed infections 

Our findings underscore the genomic complexity inherent in heteroresistance, 

where diverse subpopulations within a single host can exhibit varying levels of drug 

susceptibility. Heteroresistance complicates both the diagnosis and treatment of TB, as 

traditional phenotypic tests may fail to detect minor resistant subpopulations, especially 

in high-burden areas. In our study, we observed heteroresistance in 3.8% of isolates, 

consistent with global reports that range widely from 0.4% to 57% (Nkatha Micheni et 

al., 2022; Tarashi et al., 2017). This phenomenon was particularly prevalent in Lineage 

4 (Euro-American) strains, which represented 91.3% of RIF-heteroresistant cases. 

Given the high mutation rates observed in Lineage 2 (East Asian), these findings 

emphasize the need for a lineage-specific approach to TB management, where 

understanding the genetic and phenotypic nuances within Mtb lineages can help tailor 
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effective therapies (Merker et al., 2015; Phyu et al., 2022). 

Furthermore, mixed infections present additional challenges, as they may 

contribute to treatment failures when resistant subpopulations go undetected. Our study 

demonstrates that traditional diagnostic methods often fall short in identifying mixed 

infections, necessitating the use of advanced bioinformatic tools capable of 

deconvoluting these complex genomic landscapes (Barletta et al., 2015). Detecting 

heteroresistant strains and mixed infections with high precision is crucial for improving 

TB treatment outcomes and limiting the spread of drug resistance. 

For future studies, it would be important to consider the complexity of TB 

infections, which is further exacerbated by phenotypic variations within bacterial 

populations, such as persistence and tolerance. These phenomena can contribute to 

treatment failure and the emergence of drug resistance. While mixed infections involve 

genetically distinct subpopulations, phenotypic resistance mechanisms arise within 

clonal populations, allowing certain bacteria to survive antibiotic exposure without 

acquiring genetic mutations. These transient, non-heritable adaptations can prolong 

bacterial survival during treatment, complicating disease management. A 

comprehensive understanding of these mechanisms, alongside genetic resistance, is 

essential for optimizing TB treatment strategies. 

Standard methods for assessing Mtb antibiotic susceptibility, such as the MIC or 

the determination of the minimum duration required to eliminate 99% of the bacterial 

population, assume homogeneous bacterial populations. However, when heterogeneity 
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is present, these parameters may not accurately reflect bacterial growth and death 

dynamics, as subpopulations can respond differentially to antibiotics (Balaban et al., 

2019). Beyond heteroresistance, persistent and tolerant bacterial populations present 

additional challenges to TB treatment. These phenomena not only hinder complete 

bacterial clearance but may also drive the emergence of MDR strains through 

mechanisms similar to those of heteroresistance.  

Bacterial persistence is characterized by the presence of a subpopulation within 

a clonal culture that is not eliminated at the same rate as the majority of the cells due 

to a transiently increased tolerance to antibiotics (Boldrin et al., 2020). A key feature 

of persistent cells is that once they resume growth in the absence of antibiotics, their 

progeny exhibits susceptibility similar that of the original population. This contrasts 

with resistant cells, which continue to replicate in the presence of the drug (Balaban et 

al., 2019). Similarly, bacterial tolerance, which- like persistence-does not increase the 

MIC, depends on both genetic and environmental factors (Balaban et al., 2019; Brauner 

et al., 2016). The molecular mechanism underlying tolerance includes metabolic 

changes (Torrey et al., 2016) and processes that promote population heterogeneity 

(Ackermann, 2015).  

Furthermore, RIF exposure has been shown to induce RpoB expression in 

subpopulations, though this phenotype is transient and disappears after prolonged 

cultivation (16 hours or more) in the absence of the drug (Zhu et al., 2018).  Given 

these factors, it is crucial to recognize that heritable resistance, phenotypic resistance, 

and tolerance all contribute to RIF treatment failure. Understanding the interplay 
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between these mechanisms could inform the development of more effective therapeutic 

strategies, ultimately improving antibiotic efficacy and reducing treatment duration 

(Adams et al., 2021).  

Structural insights into ponA1 and the utility of M. marinum as a model system. 

PonA1, a bifunctional enzyme with TG and TP domains, plays an essential role 

in the synthesis of PG and is known to influence cell morphology in mycobacteria. The 

utility of Mmar as a model organism for studying Mtb pathogenesis is underscored by 

its phylogenetic proximity to Mtb, sharing approximately 3000 orthologous genes with 

an average amino acid identity of 85% (Stinear et al., 2008; Zhu & Dai, 2018). Mmar's 

slower growth rate and capacity to aggregate in vitro provide a viable alternative for 

investigating TB-related mechanisms without the need for biosafety level 3 

containment facilities (El-Etr et al., 2004; Tobin & Ramakrishnan, 2008). 

In our study, the structural and functional implications of wild-type PonA1 and 

its mutants were explored using Mmar. Notably, our findings reveal that PonA1 

mutants such as Q365H and P631S did not exhibit significant binding affinity to RIF, 

as demonstrated through molecular docking and dynamics studies with DiffDock 

(Corso et al., 2022). These results suggest that PonA1’s influence on RIF resistance is 

likely indirect, potentially altering cell wall properties or compensating for fitness 

losses associated with other resistance mechanisms (Filippova et al., 2016; Kurepina et 

al., 2022). 

Additionally, the deletion of the homologous MMAR_0069 gene in Mmar did not 
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significantly impair cell growth, suggesting functional redundancy where other PBPs, 

such as PonA2, might compensate for the loss of PonA1 (Kieser, Baranowski, et al., 

2015). The integration of Mtb H37Rv PonA1 into Mmar resulted in a marked increase 

in cell length, pointing to its role in regulating cell morphology and potential 

contributions to antibiotic tolerance under selective pressure (Hett et al., 2010). While 

PonA1 interactions with RIF appear weak, mutations in PonA1 may impact RIF 

tolerance, warranting further investigation into its role in heteroresistance and its 

regulatory mechanisms. 

The secretome of M. tuberculosis and host-pathogen interactions 

A comprehensive understanding of Mtb's secretome is essential for elucidating 

its pathogenicity, as secreted proteins are integral to host immune modulation and 

bacterial virulence. By leveraging bioinformatics tools, our study mapped Mtb’s 

secretome across three major secretion pathways (SEC, TAT, and T7SS), identifying 

176 T7SS, 79 TAT, and 462 SEC proteins that likely contribute to the bacterium's 

ability to evade host immune responses and sustain long-term infections. This 

secretome data is now available in the SecretoMyc database, which serves as a resource 

for linking genomic data with functional and structural protein predictions 

(https://secretomyc.cbs.cnrs.fr). 

The integration of AlphaFold models into our analysis enabled us to identify 

structural homologues among mycobacterial proteins, providing insights into how 

these proteins may contribute to Mtb's virulence. In particular, proteins secreted 

https://secretomyc.cbs.cnrs.fr/
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through the T7SS pathway are implicated in immune evasion and modulation of host 

cell responses, emphasizing their potential as targets for vaccine and drug development 

(Sauvage et al., 2008). These findings underscore the importance of structural biology 

in understanding the functional implications of Mtb’s secreted proteins, which are 

critical to the pathogen's survival and persistence within the host. 

Integrating findings across the thesis 

This thesis highlights the complex interplay between Mtb's genetic diversity, 

structural protein functionality, and its interactions with the host. The identification of 

heteroresistant subpopulations and their varying resistance mechanisms illustrate the 

adaptive resilience of Mtb to antibiotic pressure. Additionally, our work with PonA1 

highlights how structural mutations at the protein level can influence antibiotic 

interactions and bacterial morphology, while our exploration of Mtb’s secretome 

reveals the extensive network of secreted proteins involved in modulating host-

pathogen interactions. 

The insights gained from this integrated approach underscore the importance of 

addressing TB treatment from multiple angles, including genomic, structural, and 

functional perspectives. By combining these elements, we can better understand the 

pathways through which Mtb develops drug resistance and how it manipulates the host 

immune environment to enhance its survival. These findings not only provide valuable 

information for developing targeted therapies but also open new avenues for diagnostic 

and vaccine strategies that address the multifaceted challenges posed by this pathogen. 
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V.2. Limitations 

In Chapter Two, our study focused on detecting heteroresistant populations using 

the agar proportion method, which is recognized as the gold standard for identifying 

even 1% of a population with distinct drug susceptibility profiles. While WGS provides 

valuable data more quickly and across a broader range of antibiotics, it is limited by 

bioinformatic techniques that cannot reliably detect subpopulations constituting less 

than 10% of the total bacterial population. This limitation suggests that some primary 

isolates with lower abundance heteroresistant populations may go undetected, 

potentially leading to an underestimation of the actual percentage of heteroresistance. 

Additionally, the current approach excludes microheteroresistance populations, 

defined as those comprising less than 5% of the total population. Advancing 

bioinformatic pipelines to detect such low-abundance populations would be critical for 

improving diagnostic accuracy and, consequently, for optimizing treatment strategies 

and limiting the spread of multi-drug-resistant strains. 

In Chapter Three, the in silico analysis could be expanded by including additional 

replicates to capture a more diverse range of conformational states. This would enable 

a more thorough representation of the protein-ligand interaction dynamics, potentially 

yielding a more accurate consensus on binding affinities and conformational stability. 

Additionally, the Q365H mutation in ponA1 has been reported to confer RIF resistance 

at subinhibitory concentrations (0.00125 µg/mL), which are significantly lower than 

those employed in this study (0.5 µg/mL). Future experiments at varying drug 

concentrations could offer insight into whether ponA1 mutations confer resistance 
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differentially across a range of RIF levels, potentially elucidating threshold effects 

relevant to treatment efficacy. 

Further research into the differential expression of ponA1 across various growth 

stages is essential for understanding its possible relationship to antibiotic resistance, 

specifically RIF resistance. Analyzing ponA1 expression during different growth 

phases, such as the exponential and stationary phases, could identify periods of 

upregulated expression in response to subinhibitory RIF concentrations or other stress 

conditions. This analysis could determine whether ponA1 contributes to resistance 

mechanisms either through its role in cell wall synthesis or through indirect interactions 

with RIF. Additionally, it could reveal whether morphological changes, such as 

increases in cell length and thickness, correlate with elevated ponA1 expression levels 

in response to antibiotic exposure, as suggested by previous studies on mutations like 

A516T and P631S. Techniques such as RT-qPCR or RNA-Seq could be employed to 

quantify ponA1 transcription throughout the growth cycle and under various antibiotic 

stress conditions, offering a deeper understanding of its regulatory dynamics. 

Finally, while this thesis provides significant insights into the complex 

interactions between Mtb proteins and RIF, there are inherent limitations related to the 

choice of the Mmar model, which, although phylogenetically similar, may not fully 

replicate the pathophysiological conditions of Mtb infections in humans. Future studies 

could benefit from complementing Mmar data with studies on human-derived cell lines 

or in vivo models, allowing for a more comprehensive evaluation of PonA1’s role in 

RIF resistance. Furthermore, additional structural and biochemical analyses focusing 
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on other cell wall-associated proteins could provide a broader understanding of Mtb’s 

resistance mechanisms and the potential interplay between various PBPs. 

V.3.  Perspectives 

In Chapter Two, our whole-genome analysis of primary isolates from TB patients 

revealed the presence of heteroresistant populations to RIF, with variable proportions 

of rpoB SNPs identified in each sample. This discovery was further supported by a 

pilot study that isolated up to four distinct strains from a single sample, indicating that 

both resistant and sensitive populations can coexist within the same patient. This 

finding underscores the urgent need for diagnostic methods capable of detecting these 

heteroresistant populations directly from sputum samples or within a minimal 

timeframe to ensure precise diagnosis and effective treatment. Future research could 

explore the development of rapid, point-of-care diagnostic tools that detect such mixed 

infections in clinical samples, leveraging next-generation sequencing or single-cell 

technologies to enhance early detection. 

Chapter Three revealed that the deletion of MMAR_0069 in Mmar did not 

significantly affect cell growth under in vitro conditions, aligning with previous 

findings regarding ponA1 deletion in Mtb. However, it remains to be determined 

whether, similar to what has been observed in Mtb, this deletion might lead to 

attenuation in a murine infection model, as noted by Kieser et al. (2015). This opens 

up the potential for using Mmar as a model to study pathogenicity and host-pathogen 

interactions associated with cell wall modifications resulting from gene deletions, 
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offering a controlled and safer experimental environment. Further in vivo studies could 

help determine whether these cell wall alterations impact virulence, which could 

inform the development of new therapeutic targets aimed at disrupting cell wall 

synthesis in pathogenic mycobacteria. 

Additionally, with the rising incidence of MDR-TB, strains complemented with 

ponA1 from Mtb H37Rv could be used to evaluate β-lactam antibiotics in conjunction 

with BlaC inhibitors, potentially expanding the arsenal of effective drugs against TB, 

as suggested by Filippova et al. (2015). Moreover, the protocol established for 

recombinant PonA1 expression could be employed in in vitro assays to screen new 

antibiotic candidates, assessing their antimicrobial efficacy and binding energies 

through advanced biophysical techniques like Surface Plasmon Resonance (SPR) and 

Isothermal Titration Calorimetry (ITC). 

Our successful use of the ORBIT system for gene KO and complementation via 

the pMV361 plasmid at the L5 mycobacteriophage integration site illustrates a highly 

specific and efficient approach to generating mycobacterial mutants. This methodology 

significantly streamlines genetic studies in mycobacteria, allowing for rapid generation 

of KO strains and gene complementation. Future work could refine this process further, 

exploring the potential of multiplexed ORBIT systems to KO multiple genes 

simultaneously, facilitating comprehensive studies of gene interactions and 

compensatory mechanisms in mycobacterial pathogenesis. 

Expanding upon this, future research could also explore the potential of 
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combining ORBIT with CRISPR interference (CRISPRi) systems to achieve gene 

silencing in a reversible manner. This approach would enable temporal control of gene 

expression, allowing for a deeper investigation into the dynamic roles of key genes like 

ponA1 throughout various stages of mycobacterial growth and infection. Furthermore, 

the development of inducible KO systems could facilitate the study of essential genes, 

which are difficult to analyze using conventional gene KO methods. 

In terms of exploring the mycobacterial secretome, there is significant potential 

for expanding the bioinformatics pipeline to include predictive modeling of protein-

protein interactions within the host. By integrating proteomics data with host immune 

response profiles, future studies could identify novel vaccine candidates and drug 

targets that disrupt critical interactions between secreted proteins and host cells. 

Additionally, future work could involve the application of machine learning algorithms 

to analyze large-scale transcriptomic and proteomic data, potentially uncovering new 

regulatory networks that govern protein secretion and virulence in Mtb. 

Finally, as we continue to identify and characterize the role of heteroresistant and 

mixed infections in TB treatment outcomes, expanding our understanding of how these 

populations evolve in response to different drug regimens would be highly beneficial. 

Longitudinal studies following patients over the course of treatment could provide 

insights into the dynamics of heteroresistant populations and their potential to acquire 

further mutations, which could inform the design of more adaptive and personalized 

treatment protocols. 
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In summary, the findings from this thesis prepare the way for several promising 

avenues of research, from refining diagnostic tools and exploring alternative models 

for studying mycobacterial pathogenicity to advancing genetic manipulation 

techniques and leveraging bioinformatics for therapeutic discovery. By addressing 

these perspectives, future studies could significantly enhance our ability to diagnose, 

treat, and ultimately prevent TB. 
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 Appendix II.1. Analysis of mutations in drug resistance-related genes in 

rifampicin-heteroresistant primary M. tuberculosis isolates using TBprofiler. 

 
 

Abbr. RIF-Rifampicin, INH-Isoniazid, PZA-Pyrazinamide, EMB-Ethambutol, STM-Streptomycin, FQ-Fluoroquinolones, MXF-
Moxifloxacin, OFX-Ofloxacin, LVX-Levofloxacin, CIP-Ciprofloxacin, AG-Aminoglycosides, AMK-Amikacin, KAN-

Kanamycin, CAP-Capreomycin, ETH-Ethionamide, PAS-Para-aminosalicylic acid, CS-Cycloserine, LZD-Linezolid, BDQ-

Bedaquiline, CFZ-Clofazimine, DLM-Delamanid. 
 

  

 

 Genes related to drug resistance 

StrainID RIF INH PZA EMB STM FQ 

LI2174109 
rpoC_c.1626C>G (1.00), 

rpoC_p.Pro1040Ala 

(0.79) 

fabG1_c.-15C>T 

(0.73) 

pncA_p.His51

Arg (0.86) 
- 

gid_c.319du

pG (0.19) 
- 

PLE-0891 

rpoA_p.Thr187Pro 

(0.19), rpoC_c.1626C>G 

(1.00), rpoC_p.Ile832Val 

(0.48) 

katG_p.Ala109Val 

(1.00) 
- - - - 

PMFR-0719 rpoC_c.1626C>G (0.94) 
fabG1_c.-15C>T 

(0.89) 
- - - - 

PMFR-0732 
rpoA_c.-88C>T (0.27), 

rpoA_c.-128C>T (0.22) 

katG_p.Ser315Thr 

(1.00) 
- 

embB_p.Gly4

06Ser (1.00) 
- - 

PMFR-0737 rpoC_c.-339T>C (0.99) - - - 
rpsL_p.Lys4

3Arg (1.00) 
- 

PMOP-0526 
rpoC_c.1626C>G (1.00), 

rpoC_p.Pro1040Ala 

(0.75) 

fabG1_c.-15C>T 

(0.73) 

pncA_p.His51

Arg (0.82) 

embB_p.Met 

306Val (0.83) 
- - 

PMOP-0618 

rpoC_p.His525Gln 

(0.38), 

rpoC_p.Gly594Glu 

(1.00) 

katG_p.Ser315Thr 

(1.00) 

pncA_p.His57

Arg (1.00) 

embB_p.Met3

06Ile (1.00) 

rpsL_p.Lys4

3Arg (1.00) 

gyrA_p.Asp

94Gly 

(1.00) 

PSLM-0811 
rpoA_c.-88C>T (0.25), 

rpoA_c.-128C>T (0.27) 

fabG1_c.-17G>T 

(1.00), 

katG_p.Ser315Asn 

(0.99) 

pncA_p.Ser10

4Arg (1.00) 

embB_p.Met3

06Ile (1.00) 
- 

gyrA_p.Asp

94Gly 

(1.00) 

PSLM-0843 
rpoC_c.1626C>G (1.00), 

rpoC_p.Glu1033Lys 

(0.25) 

fabG1_c.-15C>T 

(1.00), 

inhA_p.Ile21Val 

(1.00) 

pncA_p.His51

Arg (1.00) 

embB_p.Gly4

06Ala (1.00) 
- - 

PTAN-0241 
rpoC_c.1626C>G (1.00), 

rpoC_p.Arg741Ser (1.00) 

katG_p.Ser315Thr 

(1.00) 
- - 

gid_c.180de

lA (1.00) 
- 

28832_3#257 
rpoC_c.1626C>G (1.00), 

rpoC_p.Pro1040Ala 

(0.64) 

fabG1_c.-15C>T 

(0.63) 

pncA_p.His51

Arg (0.73) 
- - - 

28832_3#91 - - - - - - 

28832_4#246 

rpoA_c.-74_-

73insCAACCCA (0.25), 

rpoA_c.-88C>T (0.28), 

rpoA_c.-128C>T (0.19), 

rpoC_c.1626C>G (0.19) 

katG_p.Ser315Thr 

(0.23) 

pncA_p.Leu1

16Pro (0.25) 

embB_p.Met3

06Ile (0.34) 
- - 

28832_4#250 rpoC_c.1626C>G (0.82) 
katG_p.Ser315Thr 

(0.70) 

pncA_p.Leu1

16Pro (0.62) 

embB_p.Met3

06Ile (0.80) 
- - 



 

 

Appendix II.1.(continuation…) Analysis of mutations in drug resistance-related 

genes in rifampicin-heteroresistant primary M. tuberculosis isolates using 

TBprofiler. 
 

 

 
 

Abbr. RIF-Rifampicin, INH-Isoniazid, PZA-Pyrazinamide, EMB-Ethambutol, STM-Streptomycin, FQ-Fluoroquinolones, MXF-
Moxifloxacin, OFX-Ofloxacin, LVX-Levofloxacin, CIP-Ciprofloxacin, AG-Aminoglycosides, AMK-Amikacin, KAN-

Kanamycin, CAP-Capreomycin, ETH-Ethionamide, PAS-Para-aminosalicylic acid, CS-Cycloserine, LZD-Linezolid, BDQ-

Bedaquiline, CFZ-Clofazimine, DLM-Delamanid. 

 

  

 

StrainID 
Genes related to drug resistance 

RIF INH PZA EMB STM FQ 

28889_1#38 

rpoC_p.Gly594Glu 

(1.00), 

rpoC_p.Thr1230Ile 

(1.00) 

katG_p.Ser315Thr 

(1.00) 

pncA_p.Gln10Pro 

(1.00) 

embB_p.Asp354

Ala (1.00) 
- - 

28889_1#95 rpoA_c.-88C>T (0.57) 
katG_p.Ser315Thr 

(1.00) 
- 

embB_p.Gly406

Ser (1.00) 
- - 

29544_1#13 
rpoC_p.Gly594Glu 

(0.92) 

katG_p.Ser315Thr 

(0.19) 
- 

embB_p.Met306

Ile (0.16) 
- - 

29544_1#232 
rpoC_p.Gly594Glu 

(1.00), 

rpoC_p.His767Pro (0.76) 

fabG1_c.-15C>T 

(0.77), 

katG_p.Ser315Asn 

(0.79) 

pncA_p.Leu4Trp 

(0.70) 

embB_p.Gln497

Lys (0.79) 

gid_p.T

yr195* 

(0.79) 

gyrA_p.S

er91Pro 

(0.77) 

29544_1#316 rpoC_c.1626C>G (1.00) 
katG_p.Ser315Thr 

(0.26) 

pncA_p.Tyr103* 

(0.16) 

embB_p.Asp354

Ala (0.38) 
- - 

29544_1#337 rpoC_c.1626C>G (1.00) 
katG_p.Ser315Thr 

(0.42) 

pncA_p.Tyr103* 

(0.35) 

embB_p.Asp354

Ala (0.52) 
- - 

29544_1#6 
rpoC_c.1626C>G (0.41), 

rpoC_p.Gly594Glu 

(0.39) 

katG_p.Ser315Thr 

(0.50) 

pncA_p.Gln10Arg 

(0.46) 

embB_p.Tyr319

Ser (0.50) 

gid_p.P

ro84Le

u (0.56) 

- 

CA-0116 

rpoC_c.-339T>C (1.00), 

rpoC_c.162G>C (1.00), 

rpoC_p.Ala172Val 

(1.00), rpoC_c.517C>A 

(1.00) 

katG_p.Ser315Thr 

(1.00) 
- - 

gid_p.L

eu79* 

(1.00) 

- 



 

 

Appendix II.1 (continuation…). Analysis of mutations in drug resistance-related 

genes in rifampicin-heteroresistant primary M. tuberculosis isolates using 

TBprofiler.  

 
 
Abbr. RIF-Rifampicin, INH-Isoniazid, PZA-Pyrazinamide, EMB-Ethambutol, STM-Streptomycin, FQ-Fluoroquinolones, MXF-

Moxifloxacin, OFX-Ofloxacin, LVX-Levofloxacin, CIP-Ciprofloxacin, AG-Aminoglycosides, AMK-Amikacin, KAN-

Kanamycin, CAP-Capreomycin, ETH-Ethionamide, PAS-Para-aminosalicylic acid, CS-Cycloserine, LZD-Linezolid, BDQ-
Bedaquiline, CFZ-Clofazimine, DLM-Delamanid. 
 

  

 

 Genes related to drug resistance 

StrainID MXF OFX LVX CIP AG AMK KAN 

LI2174109 - - - - - - - 

PLE-0891 - - - - - - - 

PMFR-0719 - - - - - - - 

PMFR-0732 - - - - 

rrs_n.1401

A>G 

(1.00) 

rrs_n.1401

A>G 

(1.00) 

rrs_n.1401A>

G (1.00) 

PMFR-0737 - - - - - - - 

PMOP-0526 - - - - - - - 

PMOP-0618 

gyrA_p.Asp

94Gly 

(1.00) 

gyrA_p.

Asp94Gl

y (1.00) 

gyrA_p.Asp

94Gly (1.00) 

gyrA_p.Asp

94Gly (1.00) 

rrs_n.1401

A>G 

(1.00) 

rrs_n.1401

A>G 

(1.00) 

rrs_n.1401A>

G (1.00) 

PSLM-0811 

gyrA_p.Asp

94Gly 

(1.00) 

gyrA_p.

Asp94Gl

y (1.00) 

gyrA_p.Asp

94Gly (1.00) 

gyrA_p.Asp

94Gly (1.00) 

rrs_n.1401

A>G 

(1.00) 

rrs_n.1401

A>G 

(1.00) 

rrs_n.1401A>

G (1.00) 

PSLM-0843 - - - - - - 

eis_c.-10G>A 

(1.00) 

PTAN-0241 - - - - - - - 

28832_3#257 - - - - - - - 

28832_3#91 - - - - - - - 

28832_4#246 - - - - - - - 

28832_4#250 - - - - - - - 

28832_4#318 - - - - - - - 

28889_1#38 - - - - - - - 

28889_1#95 - - - - - - - 

29544_1#13 - - - - - - - 

29544_1#232 

gyrA_p.Ser

91Pro (0.77) 

gyrA_p.

Ser91Pro 

(0.77) 

gyrA_p.Ser9

1Pro (0.77) 

gyrA_p.Ser9

1Pro (0.77) - - - 

29544_1#316 - - - - - - - 

29544_1#337 - - - - - - - 

29544_1#6 - - - - - - - 

CA-0116 - - - - - - - 



 

 

Appendix II.1 (continuation…). Analysis of mutations in drug resistance-related genes 

in rifampicin-heteroresistant primary M. tuberculosis isolates using TBprofiler.  

 

Abbr. RIF-Rifampicin, INH-Isoniazid, PZA-Pyrazinamide, EMB-Ethambutol, STM-Streptomycin, FQ-Fluoroquinolones, MXF-

Moxifloxacin, OFX-Ofloxacin, LVX-Levofloxacin, CIP-Ciprofloxacin, AG-Aminoglycosides, AMK-Amikacin, KAN-

Kanamycin, CAP-Capreomycin, ETH-Ethionamide, PAS-Para-aminosalicylic acid, CS-Cycloserine, LZD-Linezolid, BDQ-

Bedaquiline, CFZ-Clofazimine, DLM-Delamanid.

 

 Genes related to drug resistance 

StrainID CAP ETH PAS CS LZD BDQ CFZ DLM 

LI2174109 - 

fabG1_c.-

15C>T (0.73) - - - - - - 

PLE-0891 - - - - - - - - 

PMFR-0719 - 

fabG1_c.-

15C>T (0.89) - - - - - - 

PMFR-0732 

rrs_n.1401

A>G (1.00) - - - - 

mmpR5_c.19

8dupG (1.00) 

mmpR5_c.19

8dupG (1.00) - 

PMFR-0737 - - - - - - - - 

PMOP-0526 - 

fabG1_c.-

15C>T (0.73) - - - - - - 

PMOP-0618 

rrs_n.1401

A>G (1.00) - - 

ald_c.464d

elG (0.65) - - - - 

PSLM-0811 

rrs_n.1401

A>G (1.00) 

fabG1_c.-

17G>T (1.00) - - - - - - 

PSLM-0843 - 

fabG1_c.-

15C>T (1.00) - - - - - - 

PTAN-0241 - - - - - - - - 

28832_3#257 - 

fabG1_c.-

15C>T (0.63) - - - - - - 

28832_3#91 - - - - - - - - 

28832_3#91 - - - - - - - - 

28832_4#246 - - - - - - - - 

28832_4#250 - - - - - - - - 

28832_4#318 

tlyA_p.Gly

232Asp 

(0.77) - - - - - - - 

28889_1#38 - - - - - - - - 

28889_1#95 - - - - - 

mmpR5_c.19

8dupG (1.00) 

mmpR5_c.19

8dupG (1.00) - 

29544_1#13 - - - - - - - - 

29544_1#232 - 

fabG1_c.-

15C>T (0.77) - - - - - - 

29544_1#316 - - - - - - - - 

29544_1#337 - - - - - - - - 

29544_1#6 - - - - - - - - 

CA-0116 - - - - - - - - 



 

 

 

Appendix II.2. MODS indirect test for rifampicin-heteroresistant and susceptible clinical isolates selected for this 

study.  

 

STRAIN ID Genotypic status 

MODS indirect* 

Day 6 Day 14 

Control 

No drug 

INH 

(0,4 µg/mL) 

RIF 

(1 µg/mL) 

Control No 

drug 

INH 

(0,4 µg/mL) 

RIF 

(1 µg/mL) 

1R RIF heteroresistant 1 1 0 1 1 0** 

2R RIF heteroresistant 1 1 1 1 1 1 

3R RIF heteroresistant 1 0 0 1 1 1 

4R RIF heteroresistant 1 0 1 1 0 1 

1S susceptible 1 0 0 1 0 0 

2S susceptible 1 0 0 1 0 0 

3S susceptible 1 0 0 1 0 0 

4S susceptible 1 0 0 1 0 0 

H37Rv pan-sensitive 1 0 0 1 0 0 

DM97 MDR 1 1 1 1 1 1 

*Drugs susceptibility profile by MODS indirect 0= no growth; 1= growth. 

**This isolate was susceptible by MODS from the sputum sample, but MDR by MTBseq and TBprofiler analysis. 

Additionally, this isolate grew on day 21, showing slow growth compared to the other isolates.  Abbr. RIF=Rifampicin, 

INH=Isoniazid 



 

 

 

 

Appendix II.3. Minimum inhibitory concentration determined by TEMA in Mtb 

clinical strains with rifampicin-heteroresistant and susceptible profiles selected for 

this study. 

 

 

MDR=multidrug resistant, RIF=Rifampicin, INH=Isoniazid, STM=Streptomycin, EMB=Ethambutol, 

CAP=Capreomycin, CIP=Ciprofloxacin. 

 

 

 

 

 

 

 

 

  

Strain ID Genotypic status 
INH 

(µg/mL) 
RIF 

(µg/mL) 
STM(µg/

mL) 
EMB(µg/

mL) 
CAP(µg/m

L) 
CIP(µg/m

L) 

1R RIF heteroresistant 1 0.125 0.5 2 2 1 

2R RIF heteroresistant >32 >16 0.25 16 2 0.25 

3R RIF heteroresistant 0.125 0.063 0.125 4 2 0.25 

4R RIF heteroresistant 0.125 0.063 >32 4 2 0.125 

1S susceptible 0.125 0.063 0.125 4 1 0.25 

2S susceptible 0.125 0.063 0.25 4 4 0.25 

3S susceptible 0.125 0.25 0.125 2 4 8 

4S susceptible 0.25 0.063 0,5 8 4 0.25 

H37Rv pan-sensitive 0.125 0.063 0.5 1 1 0.25 

DM97 MDR 4 >16 2 8 1 0.25 



 

 

 

 

 

 

Appendix data II.4.  Agar-plate proportions method in selected Mtb clinical strains 

reactivated with rifampicin-heteroresistant and susceptible profiles selected for this 

study. 

 

 

DR= Drug-resistant. (*) The proportion of resistance is described for the resistant strains. 

Abbr. Res = resistant, Sus = susceptible, DR= Drug-resistant, RIF=Rifampicin, INH=Isoniazid. 

  

 

 

 

 

 

STRAIN ID 
DR  

Genotypic status 

APM (>0.01=R)* 

RIF  

(1 µg/mL) 

INH  

(1 µg/mL) 

INH  

(0.2 µg/mL) 

1R RIF heteroresistant Res (0.025) Res (0.56) Res (1.0) 

2R RIF heteroresistant Res (0.85) Res (0.8) Res (0.91) 

3R RIF heteroresistant Res (0.018) Sus Sus 

4R RIF heteroresistant Res (0.53) Sus Sus 

1S susceptible Sus Sus Sus 

2S susceptible Sus  Sus Sus 

3S susceptible Sus Sus Sus 

4S susceptible Sus Sus Res(0.2) 

H37Rv pan-sensitive Sus Sus Sus 

DM97 MDR Res (1.0) Res (1.0) Res (1.0) 



 

 

 

 

 

 

 

 

 

 

Appendix chapter III 
  



 

 

Appendix III.1. Nucleotide alignment between ponA1 from Mtb H37Rv and 

MMAR_0069 genes annotated in the genome of M. tuberculosis and M. marinum, 

respectively. Identity percentage 82.82%, evaluated by CLUSTAL O (1.2.4)  

PONA1_MTB      ------------------------------GTGGTGATCCTGTTGCCGATGGTCACCTTC 30 

MMAR0069       GTGCGGCGGTCGGCCTACCTGGCCGCGGCGGTGGTCATCCTGCTGCCCATCGTCACCTTC 60 

                                             ***** ****** **** ** ********* 

PONA1_MTB      ACGATGGCCTACCTGATCGTCGACGTTCCCAAGCCAGGTGACATCCGTACCAACCAGGTC 90 

MMAR0069       ACCATGGCCTACTTCATCGTCGATGTGCCAAGGCCGGGCGACATCCGCACCAATCAGGTG 120 

               ** ********* * ******** ** ** * *** ** ******** ***** *****  

PONA1_MTB      TCCACGATCCTTGCCAGCGACGGCTCGGAAATCGCCAAAATTGTTCCGCCCGAAGGTAAT 150 

MMAR0069       TCCACGATCCTGGCTAGCGACGGCTCCGAGATCGCCAAGATCGTTCCCCCCGAAGGCAAT 180 

               *********** ** *********** ** ******** ** ***** ******** *** 

PONA1_MTB      CGGGTCGACGTCAACCTCAGCCAGGTGCCGATGCATGTGCGCCAGGCGGTGATTGCGGCC 210 

MMAR0069       CGGGTCGACGTGAACCTCAGTCAGGTGCCCGAGCATGTCCGCGCCGCGGTCATCGCCGCC 240 

               *********** ******** ********   ****** ***   ***** ** ** *** 

PONA1_MTB      GAAGACCGCAATTTCTATTCGAATCCGGGATTCTCGTTCACCGGCTTCGCGCGGGCAGTC 270 

MMAR0069       GAAGACCGCGGTTTCTACTCCAACCCGGGGTTCTCCTTCAGCGGCTTCGCGCGAGCGATA 300 

               *********  ****** ** ** ***** ***** **** ************ **  *  

PONA1_MTB      AAGAACAACCTGTTCGGCGGCGATCTGCAGGGCGGATCGACGATTACCCAGCAGTACGTC 330 

MMAR0069       AAGAACAACTTGTTCGGCGGTGACCTGCAAGGCGGCTCCACGATCACCCAGCAATACGTC 360 

               ********* ********** ** ***** ***** ** ***** ******** ****** 

PONA1_MTB      AAGAACGCGCTGGTCGGTTCCGCACAGCACGGGTGGAGCGGTCTGATGCGCAAGGCGAAA 390 

MMAR0069       AAGAACGCGTTGGTCGGCTCGGCGCAACACGGGTGGAGCGGCCTGATGCGCAAGGCCAAG 420 

               ********* ******* ** ** ** ************** ************** **  

PONA1_MTB      GAATTGGTCATCGCGACGAAGATGTCGGGGGAGTGGTCTAAAGACGATGTGCTGCAGGCG 450 

MMAR0069       GAACTCGTCATCGCCACCAAGATGTCGGGGGAGTGGTCCAAAGACGATGTCCTGCAGGCC 480 

               *** * ******** ** ******************** *********** ********  

PONA1_MTB      TATCTGAACATCATCTACTTCGGCCGGGGCGCCTACGGCATTTCGGCGGCGTCCAAGGCT 510 

MMAR0069       TATCTCAACATCATCTACTTCGGCCGCGGCGCATACGGGATTTCGGCAGCGTCCAAGGCC 540 

               ***** ******************** ***** ***** ******** ***********  

PONA1_MTB      TATTTCGACAAGCCCGTCGAGCAGCTGACCGTTGCCGAAGGGGCGTTGTTGGCAGCGCTG 570 

MMAR0069       TACTTCGACAAGCCGGTCGAGCAGCTCACCGTGTCGGAGGGAGCCTTGCTGGCGGCGTTG 600 

               ** *********** *********** *****  * ** ** ** *** **** *** ** 

PONA1_MTB      ATTCGGCGGCCTTCGACGCTGGACCCGGCGGTCGACCCCGAAGGGGCCCATGCCCGCTGG 630 

MMAR0069       ATTCGGCGGCCCTCCACGCTGGACCCGGCGGTGGATCCCGATGGGGCGCTGGCGCGCTGG 660 

               *********** ** ***************** ** ***** ***** *  ** ****** 

PONA1_MTB      AATTGGGTACTCGACGGCATGGTGGAAACCAAGGCTCTCTCGCCGAATGACCGTGCGGCG 690 

MMAR0069       AACTGGGTGCTCGACGGCATGGTGGATACCAAGGCGTTGTCCGCCAAAGACCGGGCCGAG 720 

               ** ***** ***************** ********  * **  * ** ***** ** * * 

PONA1_MTB      CAGGTGTTTCCCGAGACAGTGCCGCCCGATCTGGCCCGGGCAGAGAATCAGACCAAAGGA 750 

MMAR0069       CAGGTATTTCCCAGGACCGTGCCGCCGGATCAAGCCCGCGCGGCCAACCAGACCACCGGG 780 

               ***** ******  *** ******** ****  ***** ** *  ** *******  **  

PONA1_MTB      CCCAACGGGCTGATCGAGCGGCAGGTGACAAGGGAGTTGCTCGAGCTGTTCAACATCGAC 810 

MMAR0069       CCCAACGGGCTGATCGAACGCCAGGTCACCAAAGAGTTGTTGGAGCTGTTCAACATCGAT 840 

               ***************** ** ***** ** *  ****** * *****************  

PONA1_MTB      GAGCAGACCCTCAACACCCAGGGGCTGGTGGTCACCACCACGATTGATCCGCAGGCCCAA 870 

MMAR0069       GAACAGACCCTGAACACGCAGGGGCTGCAAGTCACGACCACGATCGATGCCCAAGCGCAG 900 

               ** ******** ***** *********   ***** ******** *** * ** ** **  

PONA1_MTB      CGGGCGGCGGAGAAGGCGGTTGCGAAATACCTGGACGGGCAGGACCCCGACATGCGTGCC 930 

MMAR0069       CAGGCGGCCGAAAAGGCGGTAGCGAAATACCTTGACGGGCAGGATCCCGAGATGCGGGCC 960 

               * ****** ** ******** *********** *********** ***** ***** *** 

PONA1_MTB      GCCGTGGTTTCCATCGACCCGCACAACGGGGCGGTGCGTGCGTACTACGGTGGCGACAAT 990 

MMAR0069       GCGGTGGTCTCCATCGACCCGCACAACGGGGCCGTGCGCGCCTATTACGGCGGCGACAAC 1020 

               ** ***** *********************** ***** ** ** ***** ********  

PONA1_MTB      GCCAATGGCTTTGACTTCGCTCAAGCGGGATTGCAGACTGGATCGTCGTTTAAGGTGTTT 1050 

MMAR0069       GCCAACGGGTTCGACTTCGCCCAGGCCGGGCTGCAGACGGGATCCTCGTTCAAGGTATTC 1080 

               ***** ** ** ******** ** ** **  ******* ***** ***** ***** **  

PONA1_MTB      GCTCTGGTGGCCGCCCTTGAGCAGGGGATCGGCCTGGGCTACCAGGTAGACAGCTCTCCG 1110 

MMAR0069       GCCCTGGTGGCCGCCCTTGAACAGGGAATTGGCCTGGGCTATGACGTCGACAGTTCGCCA 1140 

               ** ***************** ***** ** ***********  * ** ***** ** **  

PONA1_MTB      TTGACGGTCGACGGCATCAAGATCACCAACGTCGAGGGCGAGGGTTGCGGGACGTGCAAC 1170 

MMAR0069       CTGACGGTGGACGGCATCAAGATCACCAATGTCGAAGGCGAGAGCTGCGGTACCTGCAAC 1200 

                ******* ******************** ***** ****** * ***** ** ****** 

PONA1_MTB      ATCGCCGAGGCGCTCAAAATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAGCTC 1230 

MMAR0069       ATCGCGCAGGCGCTCAAGATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAACTG 1260 

               *****  ********** ************************************** **  

 



 

 

 

PONA1_MTB      AACGGCGGCCCACAGGCTGTGGCCGATGCCGCGCACCAAGCCGGCATTGCCTCCAGCTTC 1290 

MMAR0069       AAGGGCGGCCCGGAGGCCGTCGCCGACGCCGCGCACCAGGCCGGCATTGCCACCAGCTTC 1320 

               ** ********  **** ** ***** *********** ************ ******** 

PONA1_MTB      CCGGGCGTTGCGCACACGCTGTCCGAAGATGGCAAGGGTGGACCGCCCAACAACGGGATC 1350 

MMAR0069       CCGGGCGTGCCCCACACGCTGTCCGAGGACGGCAAGGGTGGACCGCCCAACAACGGGATT 1380 

               ********  * ************** ** *****************************  

PONA1_MTB      GTGTTGGGCCAGTACCAAACCCGGGTGATCGACATGGCATCGGCGTATGCCACGTTGGCC 1410 

MMAR0069       GTGCTGGGCCAGTATCAGACCCGGGTGATCGACATGGCTTCGGCCTACGCCACGCTGGCC 1440 

               *** ********** ** ******************** ***** ** ****** ***** 

PONA1_MTB      GCGTCCGGTATCTACCACCCGCCGCATTTCGTACAGAAGGTGGTCAGTGCCAACGGCCAG 1470 

MMAR0069       GCATCCGGGATCTATCACCGGCCACACTTCGTGCAGAAGGTCGTCAACGCCGACGGCCGG 1500 

               ** ***** ***** **** *** ** ***** ******** ****  *** ****** * 

PONA1_MTB      GTCCTCTTCGACGCCAGCACCGCGGACAACACCGGCGATCAGCGCATCCCCAAGGCGGTA 1530 

MMAR0069       GTTCTCTTCGACGCCTCCACCGAAGACAACACCGGTGACCAGCGCATCCCCAAGGCGGTA 1560 

               ** ************  *****  *********** ** ********************* 

PONA1_MTB      GCCGACAACGTGACTGCGGCGATGGAGCCGATCGCAGGTTATTCGCGTGGCCACAACCTA 1590 

MMAR0069       GCCGACAATGTCACCGCGGCAATGGAACCCATTGCCGGATATTCGCGGGGTCACAACCTG 1620 

               ******** ** ** ***** ***** ** ** ** ** ******** ** ********  

PONA1_MTB      GCGGGTGGGCGGGATTCGGCGGCCAAGACCGGCACTACGCAATTTGGTGACACCACCGCG 1650 

MMAR0069       GCCGGCGGCCGGCCGTCGGCCTCCAAGACCGGCACGGTGCAGTTGGGCGACACCAGCGCC 1680 

               ** ** ** ***   *****  *************   *** ** ** ******* ***  

PONA1_MTB      AACAAAGACGCCTGGATGGTCGGGTACACGCCGTCGTTGTCTACGGCTGTGTGGGTGGGC 1710 

MMAR0069       AACCGAGACGCCTGGATGGTCGGTTACACCCCGTCACTGTCGACGGCCGTGTGGGTGGGA 1740 

               ***  ****************** ***** *****  **** ***** ***********  

PONA1_MTB      ACCGTCAAGGGTGACGAGCCACTGGTAACCGCTTCGGGTGCAGCGATTTACGGCTCGGGC 1770 

MMAR0069       ACGGTCAAGGGTGACGAGCCGTTGGTGACCGCCTCGGGCGCACCGATTTACGGCTCGGGC 1800 

               ** *****************  **** ***** ***** *** ***************** 

PONA1_MTB      CTGCCGTCGGACATCTGGAAGGCAACCATGGACGGCGCCTTGAAGGGCACGTCGAACGAG 1830 

MMAR0069       CTGCCGTCGGACATCTGGAAAGCCACCATGGACGGTGCATTGAAGGGCACCGAGGTCGAG 1860 

               ******************** ** *********** ** ***********   *  **** 

PONA1_MTB      ACTTTCCCCAAACCGACCGAGGTCGGTGGTTATGCCGGTGTGCCGCCGCCGCCGCCGC-- 1888 

MMAR0069       AGCTTCCCCAAGCCCACCGAGATCGGCGGCTACGCCGGCGTGCCGGCACCGCCTCCACCT 1920 

               *  ******** ** ****** **** ** ** ***** ****** * ***** ** *   

PONA1_MTB      ----CGCCGGAGGTACCACCTTCGGAGACCGTCATCCAGCCCACGGTCGAAATTGCGCCG 1944 

MMAR0069       CCACCGGAGGCGCCGCCGCCCTCGGAGACCGTCATCCAGCCCACGGTCGAAATAGCGCCC 1980 

                   **  ** *   ** ** ******************************** *****  

PONA1_MTB      GGGATTACCATCCCGATCGGTCCCCCGACCACCATTACCCTGGCGCCACCGCCCCCGGCC 2004 

MMAR0069       GGGATCACGATTCCCGTCGGGCCGCCAACCACCATCACTCTTGCTCCCCCTCCGCCACCA 2040 

               ***** ** ** **  **** ** ** ******** ** ** ** ** ** ** **  *  

PONA1_MTB      CCGCCCGCTGCGACTCCCACGCCGCCGCCGTGA 2037 

MMAR0069       GGGGCGCCACCCGCCGACAATCCGCCACCGTGA 2073 

                 * *  *  *  *   **  ***** ****** 

 

  



 

 

Appendix III.2. Protein alignment between PonA1 versus MMAR_0069 annotated in 

the genome of M. tuberculosis and M. marinum, respectively. 91% identity, evaluated by 

CLUSTAL O (1.2.4).  

 

PONA1-MTB      ----------MVILLPMVTFTMAYLIVDVPKPGDIRTNQVSTILASDGSEIAKIVPPEGN 50 

MMAR_0069      MRRSAYLAAAVVILLPIVTFTMAYFIVDVPRPGDIRTNQVSTILASDGSEIAKIVPPEGN 60 

                         :*****:*******:*****:***************************** 

PONA1-MTB      RVDVNLSQVPMHVRQAVIAAEDRNFYSNPGFSFTGFARAVKNNLFGGDLQGGSTITQQYV 110 

MMAR_0069      RVDVNLSQVPEHVRAAVIAAEDRGFYSNPGFSFSGFARAIKNNLFGGDLQGGSTITQQYV 120 

               ********** *** ********.*********:*****:******************** 

PONA1-MTB      KNALVGSAQHGWSGLMRKAKELVIATKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKA 170 

MMAR_0069      KNALVGSAQHGWSGLMRKAKELVIATKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKA 180 

               ************************************************************ 

PONA1-MTB      YFDKPVEQLTVAEGALLAALIRRPSTLDPAVDPEGAHARWNWVLDGMVETKALSPNDRAA 230 

MMAR_0069      YFDKPVEQLTVSEGALLAALIRRPSTLDPAVDPDGALARWNWVLDGMVDTKALSAKDRAE 240 

               ***********:*********************:** ***********:***** :***  

PONA1-MTB      QVFPETVPPDLARAENQTKGPNGLIERQVTRELLELFNIDEQTLNTQGLVVTTTIDPQAQ 290 

MMAR_0069      QVFPRTVPPDQARAANQTTGPNGLIERQVTKELLELFNIDEQTLNTQGLQVTTTIDAQAQ 300 

               ****.***** *** ***.***********:****************** ****** *** 

PONA1-MTB      RAAEKAVAKYLDGQDPDMRAAVVSIDPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVF 350 

MMAR_0069      QAAEKAVAKYLDGQDPEMRAAVVSIDPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVF 360 

               :***************:******************************************* 

PONA1-MTB      ALVAALEQGIGLGYQVDSSPLTVDGIKITNVEGEGCGTCNIAEALKMSLNTSYYRLMLKL 410 

MMAR_0069      ALVAALEQGIGLGYDVDSSPLTVDGIKITNVEGESCGTCNIAQALKMSLNTSYYRLMLKL 420 

               **************:*******************.*******:***************** 

PONA1-MTB      NGGPQAVADAAHQAGIASSFPGVAHTLSEDGKGGPPNNGIVLGQYQTRVIDMASAYATLA 470 

MMAR_0069      KGGPEAVADAAHQAGIATSFPGVPHTLSEDGKGGPPNNGIVLGQYQTRVIDMASAYATLA 480 

               :***:************:***** ************************************ 

PONA1-MTB      ASGIYHPPHFVQKVVSANGQVLFDASTADNTGDQRIPKAVADNVTAAMEPIAGYSRGHNL 530 

MMAR_0069      ASGIYHRPHFVQKVVNADGRVLFDASTEDNTGDQRIPKAVADNVTAAMEPIAGYSRGHNL 540 

               ****** ********.*:*:******* ******************************** 

PONA1-MTB      AGGRDSAAKTGTTQFGDTTANKDAWMVGYTPSLSTAVWVGTVKGDEPLVTASGAAIYGSG 590 

MMAR_0069      AGGRPSASKTGTVQLGDTSANRDAWMVGYTPSLSTAVWVGTVKGDEPLVTASGAPIYGSG 600 

               **** **:****.*:***:**:******************************** ***** 

PONA1-MTB      LPSDIWKATMDGALKGTSNETFPKPTEVGGYAGVPPPPPP--PEVPPSETVIQPTVEIAP 648 

MMAR_0069      LPSDIWKATMDGALKGTEVESFPKPTEIGGYAGVPAPPPPPPEAPPPSETVIQPTVEIAP 660 

               *****************. *:******:******* ****     *************** 

PONA1-MTB      GITIPIGPPTTITLAPPPPAPPAATPTPPP 678 

MMAR_0069      GITIPVGPPTTITLAPPPPPGAPPADNPPP 690 

               *****:*************     : .*** 

  



 

 

Appendix III.3. Nucleotide alignment between ponA1 from M. tuberculosis with –426 

start site and MMAR_0069 from M. marinum with -465 start site  with respect to the 

sites annotated for these genes. Identity percentage 79.62%, evaluated by CLUSTAL O 

(1.2.4).  

 

PONA1_426_MTB      GTGAATAGCGACGGGCGTCACCATCAG--------------------------------- 27 

MMAR_0069-465      GTGAGTAACGAAGGGCGCCACCACCAGCCGCCCAGCGACGCTCGGGGCGGTCCAGCGGGC 60 

                   **** ** *** ***** ***** ***                                  

PONA1_426_MTB      ---------------TCGTCCAGCGGCGCCCCGCGCGGGCCGGCGAATCCCGGCCAGCGT 72 

MMAR_0069-465      GACGACATGGGCGGCCAATCCGGCAACGACGAACGGTCGCGTTCGGCGCCGGTTCCGCGT 120 

                                     *** **  ** *   **   **   **   ** *  * **** 

PONA1_426_MTB      GGTCAGGTTCCACCCGACGACAGACTGACCGCGATCCTCCCGCCGGTGACCGATGACCGA 132 

MMAR_0069-465      CGTGCGGTTCCTCCCGACGACAGGATGACCACGATCATTCCTGCGGTGTCGGATCCTCGT 180 

                    **  ****** ***********  ***** ***** * **  ***** * ***   **  

PONA1_426_MTB      TCGGCTCCGCACGCGGACTCCATCGAGGCGGTCAAGGCCGCGCTCGACGGCGCGCCGCCG 192 

MMAR_0069-465      TCAGCTCGCCACGCCGACCCGATCGAGGAAGTCAAGGCCGCCCTCGACAGTCCGCCCTCG 240 

                   ** ****  ***** *** * *******  *********** ****** *  ****  ** 

PONA1_426_MTB      ATGCCCCCGCCGCGCGACCCGCTCGAGGAGGTCACGGCCGCGTTGGCCGCCCCGCCCGGT 252 

MMAR_0069-465      GCGCCCCTGCAGCGTGATCAGCTCGATCAGGTCAAGGCCGCGCTCGACGCCCCGCCGACG 300 

                     ***** ** *** ** * ******  ****** ******* * * *********     

PONA1_426_MTB      AAACCGCCGCGGGGGGATCAGC------------------TTGGTGGC---AGACGTCGC 291 

MMAR_0069-465      CGGCCCATCCGCAGCCGGCGCGGCGGCGGTGGGCTTCCGCCCGATGGCGGGGCGCCTCCA 360 

                      **    **  *    *                       * ****      * **   

PONA1_426_MTB      CCACCGGGGCCGCCCGGGCCCCCCGGTTCGTCCGGACAGCCTGCCGGCCGGCTGCCCCAA 351 

MMAR_0069-465      CCCGCGGGGCCCGCGGGGCCTTCAGGTCCAACAGGTCGCTCTCGCGCCCGGTCCCACCGG 420 

                   **  *******  * *****  * *** *  * ** *   **  ** ****   * **   

PONA1_426_MTB      CCGAGGGTGGACTTGCCCCGGGTCGGCCAGATCAACTGGAAATGGATACGGCGTTCGCTG 411 

MMAR_0069-465      TCCACGACACAGCGCGACTGGCTGCGCCGGATCAACTGGAAATGGGTGCGGCGGTCGGCC 480 

                    * * *    *      * ** *  *** **************** * ***** ***    

PONA1_426_MTB      TACCTCACCGCGGCGGTGGTGATCCTGTTGCCGATGGTCACCTTCACGATGGCCTACCTG 471 

MMAR_0069-465      TACCTGGCCGCGGCGGTGGTCATCCTGCTGCCCATCGTCACCTTCACCATGGCCTACTTC 540 

                   *****  ************* ****** **** ** *********** ********* *  

PONA1_426_MTB      ATCGTCGACGTTCCCAAGCCAGGTGACATCCGTACCAACCAGGTCTCCACGATCCTTGCC 531 

MMAR_0069-465      ATCGTCGATGTGCCAAGGCCGGGCGACATCCGCACCAATCAGGTGTCCACGATCCTGGCT 600 

                   ******** ** ** * *** ** ******** ***** ***** *********** **  

PONA1_426_MTB      AGCGACGGCTCGGAAATCGCCAAAATTGTTCCGCCCGAAGGTAATCGGGTCGACGTCAAC 591 

MMAR_0069-465      AGCGACGGCTCCGAGATCGCCAAGATCGTTCCCCCCGAAGGCAATCGGGTCGACGTGAAC 660 

                   *********** ** ******** ** ***** ******** ************** *** 

PONA1_426_MTB      CTCAGCCAGGTGCCGATGCATGTGCGCCAGGCGGTGATTGCGGCCGAAGACCGCAATTTC 651 

MMAR_0069-465      CTCAGTCAGGTGCCCGAGCATGTCCGCGCCGCGGTCATCGCCGCCGAAGACCGCGGTTTC 720 

                   ***** ********   ****** ***   ***** ** ** ************  **** 

PONA1_426_MTB      TATTCGAATCCGGGATTCTCGTTCACCGGCTTCGCGCGGGCAGTCAAGAACAACCTGTTC 711 

MMAR_0069-465      TACTCCAACCCGGGGTTCTCCTTCAGCGGCTTCGCGCGAGCGATAAAGAACAACTTGTTC 780 

                   ** ** ** ***** ***** **** ************ **  * ********* ***** 

PONA1_426_MTB      GGCGGCGATCTGCAGGGCGGATCGACGATTACCCAGCAGTACGTCAAGAACGCGCTGGTC 771 

MMAR_0069-465      GGCGGTGACCTGCAAGGCGGCTCCACGATCACCCAGCAATACGTCAAGAACGCGTTGGTC 840 

                   ***** ** ***** ***** ** ***** ******** *************** ***** 

PONA1_426_MTB      GGTTCCGCACAGCACGGGTGGAGCGGTCTGATGCGCAAGGCGAAAGAATTGGTCATCGCG 831 

MMAR_0069-465      GGCTCGGCGCAACACGGGTGGAGCGGCCTGATGCGCAAGGCCAAGGAACTCGTCATCGCC 900 

                   ** ** ** ** ************** ************** ** *** * ********  

PONA1_426_MTB      ACGAAGATGTCGGGGGAGTGGTCTAAAGACGATGTGCTGCAGGCGTATCTGAACATCATC 891 

MMAR_0069-465      ACCAAGATGTCGGGGGAGTGGTCCAAAGACGATGTCCTGCAGGCCTATCTCAACATCATC 960 

                   ** ******************** *********** ******** ***** ********* 

PONA1_426_MTB      TACTTCGGCCGGGGCGCCTACGGCATTTCGGCGGCGTCCAAGGCTTATTTCGACAAGCCC 951 

MMAR_0069-465      TACTTCGGCCGCGGCGCATACGGGATTTCGGCAGCGTCCAAGGCCTACTTCGACAAGCCG 1020 

                   *********** ***** ***** ******** *********** ** ***********  

PONA1_426_MTB      GTCGAGCAGCTGACCGTTGCCGAAGGGGCGTTGTTGGCAGCGCTGATTCGGCGGCCTTCG 1011 

MMAR_0069-465      GTCGAGCAGCTCACCGTGTCGGAGGGAGCCTTGCTGGCGGCGTTGATTCGGCGGCCCTCC 1080 

                   *********** *****  * ** ** ** *** **** *** ************* **  

PONA1_426_MTB      ACGCTGGACCCGGCGGTCGACCCCGAAGGGGCCCATGCCCGCTGGAATTGGGTACTCGAC 1071 

MMAR_0069-465      ACGCTGGACCCGGCGGTGGATCCCGATGGGGCGCTGGCGCGCTGGAACTGGGTGCTCGAC 1140 

                   ***************** ** ***** ***** *  ** ******** ***** ****** 

PONA1_426_MTB      GGCATGGTGGAAACCAAGGCTCTCTCGCCGAATGACCGTGCGGCGCAGGTGTTTCCCGAG 1131 

MMAR_0069-465      GGCATGGTGGATACCAAGGCGTTGTCCGCCAAAGACCGGGCCGAGCAGGTATTTCCCAGG 1200 

                   *********** ********  * **  * ** ***** ** * ****** ******  * 

PONA1_426_MTB      ACAGTGCCGCCCGATCTGGCCCGGGCAGAGAATCAGACCAAAGGACCCAACGGGCTGATC 1191 



 

 

MMAR_0069-465      ACCGTGCCGCCGGATCAAGCCCGCGCGGCCAACCAGACCACCGGGCCCAACGGGCTGATC 1260 

                   ** ******** ****  ***** ** *  ** *******  ** *************** 

PONA1_426_MTB      GAGCGGCAGGTGACAAGGGAGTTGCTCGAGCTGTTCAACATCGACGAGCAGACCCTCAAC 1251 

MMAR_0069-465      GAACGCCAGGTCACCAAAGAGTTGTTGGAGCTGTTCAACATCGATGAACAGACCCTGAAC 1320 

                   ** ** ***** ** *  ****** * ***************** ** ******** *** 

PONA1_426_MTB      ACCCAGGGGCTGGTGGTCACCACCACGATTGATCCGCAGGCCCAACGGGCGGCGGAGAAG 1311 

MMAR_0069-465      ACGCAGGGGCTGCAAGTCACGACCACGATCGATGCCCAAGCGCAGCAGGCGGCCGAAAAG 1380 

                   ** *********   ***** ******** *** * ** ** ** * ****** ** *** 

PONA1_426_MTB      GCGGTTGCGAAATACCTGGACGGGCAGGACCCCGACATGCGTGCCGCCGTGGTTTCCATC 1371 

MMAR_0069-465      GCGGTAGCGAAATACCTTGACGGGCAGGATCCCGAGATGCGGGCCGCGGTGGTCTCCATC 1440 

                   ***** *********** *********** ***** ***** ***** ***** ****** 

PONA1_426_MTB      GACCCGCACAACGGGGCGGTGCGTGCGTACTACGGTGGCGACAATGCCAATGGCTTTGAC 1431 

MMAR_0069-465      GACCCGCACAACGGGGCCGTGCGCGCCTATTACGGCGGCGACAACGCCAACGGGTTCGAC 1500 

                   ***************** ***** ** ** ***** ******** ***** ** ** *** 

PONA1_426_MTB      TTCGCTCAAGCGGGATTGCAGACTGGATCGTCGTTTAAGGTGTTTGCTCTGGTGGCCGCC 1491 

MMAR_0069-465      TTCGCCCAGGCCGGGCTGCAGACGGGATCCTCGTTCAAGGTATTCGCCCTGGTGGCCGCC 1560 

                   ***** ** ** **  ******* ***** ***** ***** ** ** ************ 

PONA1_426_MTB      CTTGAGCAGGGGATCGGCCTGGGCTACCAGGTAGACAGCTCTCCGTTGACGGTCGACGGC 1551 

MMAR_0069-465      CTTGAACAGGGAATTGGCCTGGGCTATGACGTCGACAGTTCGCCACTGACGGTGGACGGC 1620 

                   ***** ***** ** ***********  * ** ***** ** **  ******* ****** 

PONA1_426_MTB      ATCAAGATCACCAACGTCGAGGGCGAGGGTTGCGGGACGTGCAACATCGCCGAGGCGCTC 1611 

MMAR_0069-465      ATCAAGATCACCAATGTCGAAGGCGAGAGCTGCGGTACCTGCAACATCGCGCAGGCGCTC 1680 

                   ************** ***** ****** * ***** ** ***********  ******** 

PONA1_426_MTB      AAAATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAGCTCAACGGCGGCCCACAG 1671 

MMAR_0069-465      AAGATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAACTGAAGGGCGGCCCGGAG 1740 

                   ** ************************************** ** ** ********  ** 

PONA1_426_MTB      GCTGTGGCCGATGCCGCGCACCAAGCCGGCATTGCCTCCAGCTTCCCGGGCGTTGCGCAC 1731 

MMAR_0069-465      GCCGTCGCCGACGCCGCGCACCAGGCCGGCATTGCCACCAGCTTCCCGGGCGTGCCCCAC 1800 

                   ** ** ***** *********** ************ ****************  * *** 

PONA1_426_MTB      ACGCTGTCCGAAGATGGCAAGGGTGGACCGCCCAACAACGGGATCGTGTTGGGCCAGTAC 1791 

MMAR_0069-465      ACGCTGTCCGAGGACGGCAAGGGTGGACCGCCCAACAACGGGATTGTGCTGGGCCAGTAT 1860 

                   *********** ** ***************************** *** **********  

PONA1_426_MTB      CAAACCCGGGTGATCGACATGGCATCGGCGTATGCCACGTTGGCCGCGTCCGGTATCTAC 1851 

MMAR_0069-465      CAGACCCGGGTGATCGACATGGCTTCGGCCTACGCCACGCTGGCCGCATCCGGGATCTAT 1920 

                   ** ******************** ***** ** ****** ******* ***** *****  

PONA1_426_MTB      CACCCGCCGCATTTCGTACAGAAGGTGGTCAGTGCCAACGGCCAGGTCCTCTTCGACGCC 1911 

MMAR_0069-465      CACCGGCCACACTTCGTGCAGAAGGTCGTCAACGCCGACGGCCGGGTTCTCTTCGACGCC 1980 

                   **** *** ** ***** ******** ****  *** ****** *** ************ 

PONA1_426_MTB      AGCACCGCGGACAACACCGGCGATCAGCGCATCCCCAAGGCGGTAGCCGACAACGTGACT 1971 

MMAR_0069-465      TCCACCGAAGACAACACCGGTGACCAGCGCATCCCCAAGGCGGTAGCCGACAATGTCACC 2040 

                     *****  *********** ** ***************************** ** **  

PONA1_426_MTB      GCGGCGATGGAGCCGATCGCAGGTTATTCGCGTGGCCACAACCTAGCGGGTGGGCGGGAT 2031 

MMAR_0069-465      GCGGCAATGGAACCCATTGCCGGATATTCGCGGGGTCACAACCTGGCCGGCGGCCGGCCG 2100 

                   ***** ***** ** ** ** ** ******** ** ******** ** ** ** ***    

PONA1_426_MTB      TCGGCGGCCAAGACCGGCACTACGCAATTTGGTGACACCACCGCGAACAAAGACGCCTGG 2091 

MMAR_0069-465      TCGGCCTCCAAGACCGGCACGGTGCAGTTGGGCGACACCAGCGCCAACCGAGACGCCTGG 2160 

                   *****  *************   *** ** ** ******* *** ***  ********** 

PONA1_426_MTB      ATGGTCGGGTACACGCCGTCGTTGTCTACGGCTGTGTGGGTGGGCACCGTCAAGGGTGAC 2151 

MMAR_0069-465      ATGGTCGGTTACACCCCGTCACTGTCGACGGCCGTGTGGGTGGGAACGGTCAAGGGTGAC 2220 

                   ******** ***** *****  **** ***** *********** ** ************ 

PONA1_426_MTB      GAGCCACTGGTAACCGCTTCGGGTGCAGCGATTTACGGCTCGGGCCTGCCGTCGGACATC 2211 

MMAR_0069-465      GAGCCGTTGGTGACCGCCTCGGGCGCACCGATTTACGGCTCGGGCCTGCCGTCGGACATC 2280 

                   *****  **** ***** ***** *** ******************************** 

PONA1_426_MTB      TGGAAGGCAACCATGGACGGCGCCTTGAAGGGCACGTCGAACGAGACTTTCCCCAAACCG 2271 

MMAR_0069-465      TGGAAAGCCACCATGGACGGTGCATTGAAGGGCACCGAGGTCGAGAGCTTCCCCAAGCCC 2340 

                   ***** ** *********** ** ***********   *  *****  ******** **  

PONA1_426_MTB      ACCGAGGTCGGTGGTTATGCCGGTGTGCCGCCGCCGCCGCCGC------CGCCGGAGGTA 2325 

MMAR_0069-465      ACCGAGATCGGCGGCTACGCCGGCGTGCCGGCACCGCCTCCACCTCCACCGGAGGCGCCG 2400 

                   ****** **** ** ** ***** ****** * ***** ** *      **  ** *    

PONA1_426_MTB      CCACCTTCGGAGACCGTCATCCAGCCCACGGTCGAAATTGCGCCGGGGATTACCATCCCG 2385 

MMAR_0069-465      CCGCCCTCGGAGACCGTCATCCAGCCCACGGTCGAAATAGCGCCCGGGATCACGATTCCC 2460 

                   ** ** ******************************** ***** ***** ** ** **  

PONA1_426_MTB      ATCGGTCCCCCGACCACCATTACCCTGGCGCCACCGCCCCCGGCCCCGCCCGCTGCGACT 2445 

MMAR_0069-465      GTCGGGCCGCCAACCACCATCACTCTTGCTCCCCCTCCGCCACCAGGGGCGCCACCCGCC 2520 

                    **** ** ** ******** ** ** ** ** ** ** **  *   * *  *  *  *  

PONA1_426_MTB      CCCACGCCGCCGCCGTGA 2463 

MMAR_0069-465      GACAATCCGCCACCGTGA 2538 

                     **  ***** ****** 

  



 

 

Appendix III.4. Protein alignment between ponA1 from M. tuberculosis with –426 start 

site and MMAR_0069 from M. marinum with -465 start site  with respect to the sites 

annotated for these genes. Identity percentage 84.39 %, evaluated by CLUSTAL O (1.2.4).  

 

PONA1-426          MNSDGRHHQSSSGAPRGPA----------------NPGQRGQVPPDDRLTAILPPVTDDR 44 

MMAR_0069-465      MSNEGRHHQPPSDARGGPAGDDMGGQSGNDERSRSAPVPRRAVPPDDRMTTIIPAVSDPR 60 

                   *..:*****  *.*  ***                 *  *  ******:*:*:* *:* * 

PONA1-426          SAPHADSIEAVKAALDGAPPMPPPRDPLEEVTAALAAPPGKPPRGDQLGGRRR------- 97 

MMAR_0069-465      SARHADPIEEVKAALDSPPSAPLQRDQLDQVKAALDAPPTRPIRSRRGGGGLPPDGGAPP 120 

                   ** *** ** ******. *  *  ** *::*.*** *** :* *. : **           

PONA1-426          PPGPPGPPGSSGQPAGRLPQPRVDLPRVGQINWKWIRRSLYLTAAVVILLPMVTFTMAYL 157 

MMAR_0069-465      PAGPAGPSGPTGRSRARSHRSTTQRDWLRRINWKWVRRSAYLAAAVVILLPIVTFTMAYF 180 

                   * ** ** * :*:  .*  :  .:   : :*****:*** **:********:*******: 

PONA1-426          IVDVPKPGDIRTNQVSTILASDGSEIAKIVPPEGNRVDVNLSQVPMHVRQAVIAAEDRNF 217 

MMAR_0069-465      IVDVPRPGDIRTNQVSTILASDGSEIAKIVPPEGNRVDVNLSQVPEHVRAAVIAAEDRGF 240 

                   *****:*************************************** *** ********.* 

PONA1-426          YSNPGFSFTGFARAVKNNLFGGDLQGGSTITQQYVKNALVGSAQHGWSGLMRKAKELVIA 277 

MMAR_0069-465      YSNPGFSFSGFARAIKNNLFGGDLQGGSTITQQYVKNALVGSAQHGWSGLMRKAKELVIA 300 

                   ********:*****:********************************************* 

PONA1-426          TKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKAYFDKPVEQLTVAEGALLAALIRRPS 337 

MMAR_0069-465      TKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKAYFDKPVEQLTVSEGALLAALIRRPS 360 

                   **********************************************:************* 

PONA1-426          TLDPAVDPEGAHARWNWVLDGMVETKALSPNDRAAQVFPETVPPDLARAENQTKGPNGLI 397 

MMAR_0069-465      TLDPAVDPDGALARWNWVLDGMVDTKALSAKDRAEQVFPRTVPPDQARAANQTTGPNGLI 420 

                   ********:** ***********:***** :*** ****.***** *** ***.****** 

PONA1-426          ERQVTRELLELFNIDEQTLNTQGLVVTTTIDPQAQRAAEKAVAKYLDGQDPDMRAAVVSI 457 

MMAR_0069-465      ERQVTKELLELFNIDEQTLNTQGLQVTTTIDAQAQQAAEKAVAKYLDGQDPEMRAAVVSI 480 

                   *****:****************** ****** ***:***************:******** 

PONA1-426          DPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVFALVAALEQGIGLGYQVDSSPLTVDG 517 

MMAR_0069-465      DPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVFALVAALEQGIGLGYDVDSSPLTVDG 540 

                   *************************************************:********** 

PONA1-426          IKITNVEGEGCGTCNIAEALKMSLNTSYYRLMLKLNGGPQAVADAAHQAGIASSFPGVAH 577 

MMAR_0069-465      IKITNVEGESCGTCNIAQALKMSLNTSYYRLMLKLKGGPEAVADAAHQAGIATSFPGVPH 600 

                   *********.*******:*****************:***:************:***** * 

PONA1-426          TLSEDGKGGPPNNGIVLGQYQTRVIDMASAYATLAASGIYHPPHFVQKVVSANGQVLFDA 637 

MMAR_0069-465      TLSEDGKGGPPNNGIVLGQYQTRVIDMASAYATLAASGIYHRPHFVQKVVNADGRVLFDA 660 

                   ***************************************** ********.*:*:***** 

PONA1-426          STADNTGDQRIPKAVADNVTAAMEPIAGYSRGHNLAGGRDSAAKTGTTQFGDTTANKDAW 697 

MMAR_0069-465      STEDNTGDQRIPKAVADNVTAAMEPIAGYSRGHNLAGGRPSASKTGTVQLGDTSANRDAW 720 

                   ** ************************************ **:****.*:***:**:*** 

PONA1-426          MVGYTPSLSTAVWVGTVKGDEPLVTASGAAIYGSGLPSDIWKATMDGALKGTSNETFPKP 757 

MMAR_0069-465      MVGYTPSLSTAVWVGTVKGDEPLVTASGAPIYGSGLPSDIWKATMDGALKGTEVESFPKP 780 

                   ***************************** **********************. *:**** 

PONA1-426          TEVGGYAGVPPPPPP--PEVPPSETVIQPTVEIAPGITIPIGPPTTITLAPPPPAPPAAT 815 

MMAR_0069-465      TEIGGYAGVPAPPPPPPEAPPPSETVIQPTVEIAPGITIPVGPPTTITLAPPPPPGAPPA 840 

                   **:******* ****     ********************:*************     : 

PONA1-426          PTPPP 820 

MMAR_0069-465      DNPPP 845 

                    .*** 

 

  



 

 

Appendix III.5 In silico ligation of ponA1234-820-WT in pET28a plasmid (a), nucleotide (b) 

and amino acid (c) sequence. 

(a) 

 
(b) PonA1234-820_wt nucleotide sequence 

 
ATGAACAACCTGTTCGGCGGCGATCTGCAGGGCGGATCGACGATTACCCAGCAGTACGTCAAGAACGCGCTGGTCGGTTCCGCACAGCA
CGGGTGGAGCGGTCTGATGCGCAAGGCGAAAGAATTGGTCATCGCGACGAAGATGTCGGGGGAGTGGTCTAAAGACGATGTGCTGCAG
GCGTATCTGAACATCATCTACTTCGGCCGGGGCGCCTACGGCATTTCGGCGGCGTCCAAGGCTTATTTCGACAAGCCCGTCGAGCAGCT
GACCGTTGCCGAAGGGGCGTTGTTGGCAGCGCTGATTCGGCGGCCTTCGACGCTGGACCCGGCGGTCGACCCCGAAGGGGCCCATGC
CCGCTGGAATTGGGTACTCGACGGCATGGTGGAAACCAAGGCTCTCTCGCCGAATGACCGTGCGGCGCAGGTGTTTCCCGAGACAGTGC
CGCCCGATCTGGCCCGGGCAGAGAATCAGACCAAAGGACCCAACGGGCTGATCGAGCGGCAGGTGACAAGGGAGTTGCTCGAGCTGTT
CAACATCGACGAGCAGACCCTCAACACCCAGGGGCTGGTGGTCACCACCACGATTGATCCGCAGGCCCAACGGGCGGCGGAGAAGGCG
GTTGCGAAATACCTGGACGGGCAGGACCCCGACATGCGTGCCGCCGTGGTTTCCATCGACCCGCACAACGGGGCGGTGCGTGCGTACT
ACGGTGGCGACAATGCCAATGGCTTTGACTTCGCTCAAGCGGGATTGCAGACTGGATCGTCGTTTAAGGTGTTTGCTCTGGTGGCCGCCC
TTGAGCAGGGGATCGGCCTGGGCTACCAGGTAGACAGCTCTCCGTTGACGGTCGACGGCATCAAGATCACCAACGTCGAGGGCGAGGG
TTGCGGGACGTGCAACATCGCCGAGGCGCTCAAAATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAGCTCAACGGCGGCCCAC
AGGCTGTGGCCGATGCCGCGCACCAAGCCGGCATTGCCTCCAGCTTCCCGGGCGTTGCGCACACGCTGTCCGAAGATGGCAAGGGTGG
ACCGCCCAACAACGGGATCGTGTTGGGCCAGTACCAAACCCGGGTGATCGACATGGCATCGGCGTATGCCACGTTGGCCGCGTCCGGT
ATCTACCACCCGCCGCATTTCGTACAGAAGGTGGTCAGTGCCAACGGCCAGGTCCTCTTCGACGCCAGCACCGCGGACAACACCGGCGA
TCAGCGCATCCCCAAGGCGGTAGCCGACAACGTGACTGCGGCGATGGAGCCGATCGCAGGTTATTCGCGTGGCCACAACCTAGCGGGT
GGGCGGGATTCGGCGGCCAAGACCGGCACTACGCAATTTGGTGACACCACCGCGAACAAAGACGCCTGGATGGTCGGGTACACGCCGT
CGTTGTCTACGGCTGTGTGGGTGGGCACCGTCAAGGGTGACGAGCCACTGGTAACCGCTTCGGGTGCAGCGATTTACGGCTCGGGCCT
GCCGTCGGACATCTGGAAGGCAACCATGGACGGCGCCTTGAAGGGCACGTCGAACGAGACTTTCCCCAAACCGACCGAGGTCGGTGGT
TATGCCGGTGTGCCGCCGCCGCCGCCGCCGCCGGAGGTACCACCTTCGGAGACCGTCATCCAGCCCACGGTCGAAATTGCGCCGGGGA
TTACCATCCCGATCGGTCCCCCGACCACCATTACCCTGGCGCCACCGCCCCCGGCCCCGCCCGCTGCGACTCCCACGCCGTGA 

 

(c) PonA1234-820_wt amino acid sequence 

 
MNNLFGGDLQGGSTITQQYVKNALVGSAQHGWSGLMRKAKELVIATKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKAYFDKPVEQLTVAEG
ALLAALIRRPSTLDPAVDPEGAHARWNWVLDGMVETKALSPNDRAAQVFPETVPPDLARAENQTKGPNGLIERQVTRELLELFNIDEQTLNTQG
LVVTTTIDPQAQRAAEKAVAKYLDGQDPDMRAAVVSIDPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVFALVAALEQGIGLGYQVDSSPLT
VDGIKITNVEGEGCGTCNIAEALKMSLNTSYYRLMLKLNGGPQAVADAAHQAGIASSFPGVAHTLSEDGKGGPPNNGIVLGQYQTRVIDMASAY
ATLAASGIYHPPHFVQKVVSANGQVLFDASTADNTGDQRIPKAVADNVTAAMEPIAGYSRGHNLAGGRDSAAKTGTTQFGDTTANKDAWMVGY
TPSLSTAVWVGTVKGDEPLVTASGAAIYGSGLPSDIWKATMDGALKGTSNETFPKPTEVGGYAGVPPPPPPPEVPPSETVIQPTVEIAPGITIPIG
PPTTITLAPPPPAPPAATPTP* 

 



 

 

Appendix III.6. In silico ligation of ponA1234-820-Q365H in pET28a plasmid (a), 

nucleotide (b) and amino acid (c) sequence. 

 

(a)  

 
(b) ponA1_Q365H nucleotide sequence 

 
ATGAACAACCTGTTCGGCGGCGATCTGCAGGGCGGATCGACGATTACCCAGCAGTACGTCAAGAACGCGCTGGTCGGTTCCGCACAGCACG

GGTGGAGCGGTCTGATGCGCAAGGCGAAAGAATTGGTCATCGCGACGAAGATGTCGGGGGAGTGGTCTAAAGACGATGTGCTGCAGGCGTA

TCTGAACATCATCTACTTCGGCCGGGGCGCCTACGGCATTTCGGCGGCGTCCAAGGCTTATTTCGACAAGCCCGTCGAGCAGCTGACCGTTG

CCGAAGGGGCGTTGTTGGCAGCGCTGATTCGGCGGCCTTCGACGCTGGACCCGGCGGTCGACCCCGAAGGGGCCCATGCCCGCTGGAATTG

GGTACTCGACGGCATGGTGGAAACCAAGGCTCTCTCGCCGAATGACCGTGCGGCGCAGGTGTTTCCCGAGACAGTGCCGCCCGATCTGGCCC

GGGCAGAGAATCAGACCAAAGGACCCAACGGGCTGATCGAGCGGCAGGTGACAAGGGAGTTGCTCGAGCTGTTCAACATCGACGAGCAGA

CCCTCAACACCCAGGGGCTGGTGGTCACCACCACGATTGATCCGCAGGCCCAACGGGCGGCGGAGAAGGCGGTTGCGAAATACCTGGACGG

GCAGGACCCCGACATGCGTGCCGCCGTGGTTTCCATCGACCCGCACAACGGGGCGGTGCGTGCGTACTACGGTGGCGACAATGCCAATGGCT

TTGACTTCGCTCAAGCGGGATTGCAGACTGGATCGTCGTTTAAGGTGTTTGCTCTGGTGGCCGCCCTTGAGCAGGGGATCGGCCTGGGCTACC

ATGTAGACAGCTCTCCGTTGACGGTCGACGGCATCAAGATCACCAACGTCGAGGGCGAGGGTTGCGGGACGTGCAACATCGCCGAGGCGCT

CAAAATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAGCTCAACGGCGGCCCACAGGCTGTGGCCGATGCCGCGCACCAAGCCGGCA

TTGCCTCCAGCTTCCCGGGCGTTGCGCACACGCTGTCCGAAGATGGCAAGGGTGGACCGCCCAACAACGGGATCGTGTTGGGCCAGTACCAA

ACCCGGGTGATCGACATGGCATCGGCGTATGCCACGTTGGCCGCGTCCGGTATCTACCACCCGCCGCATTTCGTACAGAAGGTGGTCAGTGC

CAACGGCCAGGTCCTCTTCGACGCCAGCACCGCGGACAACACCGGCGATCAGCGCATCCCCAAGGCGGTAGCCGACAACGTGACTGCGGCG

ATGGAGCCGATCGCAGGTTATTCGCGTGGCCACAACCTAGCGGGTGGGCGGGATTCGGCGGCCAAGACCGGCACTACGCAATTTGGTGACA

CCACCGCGAACAAAGACGCCTGGATGGTCGGGTACACGCCGTCGTTGTCTACGGCTGTGTGGGTGGGCACCGTCAAGGGTGACGAGCCACT

GGTAACCGCTTCGGGTGCAGCGATTTACGGCTCGGGCCTGCCGTCGGACATCTGGAAGGCAACCATGGACGGCGCCTTGAAGGGCACGTCG

AACGAGACTTTCCCCAAACCGACCGAGGTCGGTGGTTATGCCGGTGTGCCGCCGCCGCCGCCGCCGCCGGAGGTACCACCTTCGGAGACCGT

CATCCAGCCCACGGTCGAAATTGCGCCGGGGATTACCATCCCGATCGGTCCCCCGACCACCATTACCCTGGCGCCACCGCCCCCGGCCCCGC

CCGCTGCGACTCCCACGCCGTGA 

 

(c) PonA1234-820_Q365H amino acid sequence 

 
MNNLFGGDLQGGSTITQQYVKNALVGSAQHGWSGLMRKAKELVIATKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKAYFDKPVEQLTVAE

GALLAALIRRPSTLDPAVDPEGAHARWNWVLDGMVETKALSPNDRAAQVFPETVPPDLARAENQTKGPNGLIERQVTRELLELFNIDEQTLNTQG

LVVTTTIDPQAQRAAEKAVAKYLDGQDPDMRAAVVSIDPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVFALVAALEQGIGLGYHVDSSPLT

VDGIKITNVEGEGCGTCNIAEALKMSLNTSYYRLMLKLNGGPQAVADAAHQAGIASSFPGVAHTLSEDGKGGPPNNGIVLGQYQTRVIDMASAYA

TLAASGIYHPPHFVQKVVSANGQVLFDASTADNTGDQRIPKAVADNVTAAMEPIAGYSRGHNLAGGRDSAAKTGTTQFGDTTANKDAWMVGYT

PSLSTAVWVGTVKGDEPLVTASGAAIYGSGLPSDIWKATMDGALKGTSNETFPKPTEVGGYAGVPPPPPPPEVPPSETVIQPTVEIAPGITIPIGPPTTI

TLAPPPPAPPAATPTP* 



 

 

Appendix III.7. In silico ligation of ponA1234-820 -P631S in pET28a plasmid (a), nucleotide 

(b) and amino acid (c) sequence. 

 

(a) 

 
(b) ponA1234-820_P631S nucleotide sequence 

 
ATGAACAACCTGTTCGGCGGCGATCTGCAGGGCGGATCGACGATTACCCAGCAGTACGTCAAGAACGCGCTGGTCGGTTCCGCACAGCACG

GGTGGAGCGGTCTGATGCGCAAGGCGAAAGAATTGGTCATCGCGACGAAGATGTCGGGGGAGTGGTCTAAAGACGATGTGCTGCAGGCGTA

TCTGAACATCATCTACTTCGGCCGGGGCGCCTACGGCATTTCGGCGGCGTCCAAGGCTTATTTCGACAAGCCCGTCGAGCAGCTGACCGTTG

CCGAAGGGGCGTTGTTGGCAGCGCTGATTCGGCGGCCTTCGACGCTGGACCCGGCGGTCGACCCCGAAGGGGCCCATGCCCGCTGGAATTG

GGTACTCGACGGCATGGTGGAAACCAAGGCTCTCTCGCCGAATGACCGTGCGGCGCAGGTGTTTCCCGAGACAGTGCCGCCCGATCTGGCCC

GGGCAGAGAATCAGACCAAAGGACCCAACGGGCTGATCGAGCGGCAGGTGACAAGGGAGTTGCTCGAGCTGTTCAACATCGACGAGCAGA

CCCTCAACACCCAGGGGCTGGTGGTCACCACCACGATTGATCCGCAGGCCCAACGGGCGGCGGAGAAGGCGGTTGCGAAATACCTGGACGG

GCAGGACCCCGACATGCGTGCCGCCGTGGTTTCCATCGACCCGCACAACGGGGCGGTGCGTGCGTACTACGGTGGCGACAATGCCAATGGCT

TTGACTTCGCTCAAGCGGGATTGCAGACTGGATCGTCGTTTAAGGTGTTTGCTCTGGTGGCCGCCCTTGAGCAGGGGATCGGCCTGGGCTACC

AGGTAGACAGCTCTCCGTTGACGGTCGACGGCATCAAGATCACCAACGTCGAGGGCGAGGGTTGCGGGACGTGCAACATCGCCGAGGCGCT

CAAAATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAGCTCAACGGCGGCCCACAGGCTGTGGCCGATGCCGCGCACCAAGCCGGCA

TTGCCTCCAGCTTCCCGGGCGTTGCGCACACGCTGTCCGAAGATGGCAAGGGTGGACCGCCCAACAACGGGATCGTGTTGGGCCAGTACCAA

ACCCGGGTGATCGACATGGCATCGGCGTATGCCACGTTGGCCGCGTCCGGTATCTACCACCCGCCGCATTTCGTACAGAAGGTGGTCAGTGC

CAACGGCCAGGTCCTCTTCGACGCCAGCACCGCGGACAACACCGGCGATCAGCGCATCCCCAAGGCGGTAGCCGACAACGTGACTGCGGCG

ATGGAGCCGATCGCAGGTTATTCGCGTGGCCACAACCTAGCGGGTGGGCGGGATTCGGCGGCCAAGACCGGCACTACGCAATTTGGTGACA

CCACCGCGAACAAAGACGCCTGGATGGTCGGGTACACGCCGTCGTTGTCTACGGCTGTGTGGGTGGGCACCGTCAAGGGTGACGAGCCACT

GGTAACCGCTTCGGGTGCAGCGATTTACGGCTCGGGCCTGCCGTCGGACATCTGGAAGGCAACCATGGACGGCGCCTTGAAGGGCACGTCG

AACGAGACTTTCCCCAAACCGACCGAGGTCGGTGGTTATGCCGGTGTGCCGCCGCCGCCGCCGCCGTCGGAGGTACCACCTTCGGAGACCGT

CATCCAGCCCACGGTCGAAATTGCGCCGGGGATTACCATCCCGATCGGTCCCCCGACCACCATTACCCTGGCGCCACCGCCCCCGGCCCCGC

CCGCTGCGACTCCCACGCCGTGA 

 

(c) PonA1234-820_P631S amino acid sequence 

 
MNNLFGGDLQGGSTITQQYVKNALVGSAQHGWSGLMRKAKELVIATKMSGEWSKDDVLQAYLNIIYFGRGAYGISAASKAYFDKPVEQLTVAE

GALLAALIRRPSTLDPAVDPEGAHARWNWVLDGMVETKALSPNDRAAQVFPETVPPDLARAENQTKGPNGLIERQVTRELLELFNIDEQTLNTQG

LVVTTTIDPQAQRAAEKAVAKYLDGQDPDMRAAVVSIDPHNGAVRAYYGGDNANGFDFAQAGLQTGSSFKVFALVAALEQGIGLGYQVDSSPLT

VDGIKITNVEGEGCGTCNIAEALKMSLNTSYYRLMLKLNGGPQAVADAAHQAGIASSFPGVAHTLSEDGKGGPPNNGIVLGQYQTRVIDMASAYA

TLAASGIYHPPHFVQKVVSANGQVLFDASTADNTGDQRIPKAVADNVTAAMEPIAGYSRGHNLAGGRDSAAKTGTTQFGDTTANKDAWMVGYT

PSLSTAVWVGTVKGDEPLVTASGAAIYGSGLPSDIWKATMDGALKGTSNETFPKPTEVGGYAGVPPPPPPSEVPPSETVIQPTVEIAPGITIPIGPPTTI

TLAPPPPAPPAATPTP* 



 

 

Appendix III.8. In silico ligation of rpoB from M. tuberculosis H37Rv in pET28a plasmid 

(a), nucleotide (b) and amino acid (c) sequence. 

 

(a) 

 
(b) rpoB nucleotide sequence 

atgttggcagattcccgccagagcaaaacagccgctagtcctagtccgagtcgcccgcaaagttcctcgaataactccgtacccggagcgccaaaccgggtctccttcgctaagctgcgcgaaccacttgaggttccgg

gactccttgacgtccagaccgattcgttcgagtggctgatcggttcgccgcgctggcgcgaatccgccgccgagcggggtgatgtcaacccagtgggtggcctggaagaggtgctctacgagctgtctccgatcgagg
acttctccgggtcgatgtcgttgtcgttctctgaccctcgtttcgacgatgtcaaggcacccgtcgacgagtgcaaagacaaggacatgacgtacgcggctccactgttcgtcaccgccgagttcatcaacaacaacaccg

gtgagatcaagagtcagacggtgttcatgggtgacttcccgatgatgaccgagaagggcacgttcatcatcaacgggaccgagcgtgtggtggtcagccagctggtgcggtcgcccggggtgtacttcgacgagacc

attgacaagtccaccgacaagacgctgcacagcgtcaaggtgatcccgagccgcggcgcgtggctcgagtttgacgtcgacaagcgcgacaccgtcggcgtgcgcatcgaccgcaaacgccggcaaccggtcac
cgtgctgctcaaggcgctgggctggaccagcgagcagattgtcgagcggttcgggttctccgagatcatgcgatcgacgctggagaaggacaacaccgtcggcaccgacgaggcgctgttggacatctaccgcaag

ctgcgtccgggcgagcccccgaccaaagagtcagcgcagacgctgttggaaaacttgttcttcaaggagaagcgctacgacctggcccgcgtcggtcgctataaggtcaacaagaagctcgggctgcatgtcggcg

agcccatcacgtcgtcgacgctgaccgaagaagacgtcgtggccaccatcgaatatctggtccgcttgcacgagggtcagaccacgatgaccgttccgggcggcgtcgaggtgccggtggaaaccgacgacatcga
ccacttcggcaaccgccgcctgcgtacggtcggcgagctgatccaaaaccagatccgggtcggcatgtcgcggatggagcgggtggtccgggagcggatgaccacccaggacgtggaggcgatcacaccgcaga

cgttgatcaacatccggccggtggtcgccgcgatcaaggagttcttcggcaccagccagctgagccaattcatggaccagaacaacccgctgtcggggttgacccacaagcgccgactgtcggcgctggggcccgg

cggtctgtcacgtgagcgtgccgggctggaggtccgcgacgtgcacccgtcgcactacggccggatgtgcccgatcgaaacccctgaggggcccaacatcggtctgatcggctcgctgtcggtgtacgcgcgggtc
aacccgttcgggttcatcgaaacgccgtaccgcaaggtggtcgacggcgtggttagcgacgagatcgtgtacctgaccgccgacgaggaggaccgccacgtggtggcacaggccaattcgccgatcgatgcggac

ggtcgcttcgtcgagccgcgcgtgctggtccgccgcaaggcgggcgaggtggagtacgtgccctcgtctgaggtggactacatggacgtctcgccccgccagatggtgtcggtggccaccgcgatgattcccttcct

ggagcacgacgacgccaaccgtgccctcatgggggcaaacatgcagcgccaggcggtgccgctggtccgtagcgaggccccgctggtgggcaccgggatggagctgcgcgcggcgatcgacgccggcgacgt
cgtcgtcgccgaagaaagcggcgtcatcgaggaggtgtcggccgactacatcactgtgatgcacgacaacggcacccggcgtacctaccggatgcgcaagtttgcccggtccaaccacggcacttgcgccaaccag

tgccccatcgtggacgcgggcgaccgagtcgaggccggtcaggtgatcgccgacggtccctgtactgacgacggcgagatggcgctgggcaagaacctgctggtggccatcatgccgtgggagggccacaacta

cgaggacgcgatcatcctgtccaaccgcctggtcgaagaggacgtgctcacctcgatccacatcgaggagcatgagatcgatgctcgcgacaccaagctgggtgcggaggagatcacccgcgacatcccgaacatc
tccgacgaggtgctcgccgacctggatgagcggggcatcgtgcgcatcggtgccgaggttcgcgacggggacatcctggtcggcaaggtcaccccgaagggtgagaccgagctgacgccggaggagcggctgct

gcgtgccatcttcggtgagaaggcccgcgaggtgcgcgacacttcgctgaaggtgccgcacggcgaatccggcaaggtgatcggcattcgggtgttttcccgcgaggacgaggacgagttgccggccggtgtcaac

gagctggtgcgtgtgtatgtggctcagaaacgcaagatctccgacggtgacaagctggccggccggcacggcaacaagggcgtgatcggcaagatcctgccggttgaggacatgccgttccttgccgacggcaccc
cggtggacattattttgaacacccacggcgtgccgcgacggatgaacatcggccagattttggagacccacctgggttggtgtgcccacagcggctggaaggtcgacgccgccaagggggttccggactgggccgc

caggctgcccgacgaactgctcgaggcgcagccgaacgccattgtgtcgacgccggtgttcgacggcgcccaggaggccgagctgcagggcctgttgtcgtgcacgctgcccaaccgcgacggtgacgtgctggt

cgacgccgacggcaaggccatgctcttcgacgggcgcagcggcgagccgttcccgtacccggtcacggttggctacatgtacatcatgaagctgcaccacctggtggacgacaagatccacgcccgctccaccggg
ccgtactcgatgatcacccagcagccgctgggcggtaaggcgcagttcggtggccagcggttcggggagatggagtgctgggccatgcaggcctacggtgctgcctacaccctgcaggagctgttgaccatcaagtc

cgatgacaccgtcggccgcgtcaaggtgtacgaggcgatcgtcaagggtgagaacatcccggagccgggcatccccgagtcgttcaaggtgctgctcaaagaactgcagtcgctgtgcctcaacgtcgaggtgctat

cgagtgacggtgcggcgatcgaactgcgcgaaggtgaggacgaggacctggagcgggccgcggccaacctgggaatcaatctgtcccgcaacgaatccgcaagtgtcgaggatcttgcgtaa 

 

(b) RpoB amino acid sequence 
MLADSRQSKTAASPSPSRPQSSSNNSVPGAPNRVSFAKLREPLEVPGLLDVQTDSFEWLIGSPRWRESAAERGDVNPVGGLEEVLYELSPIEDFSGSMSLSFSDP

RFDDVKAPVDECKDKDMTYAAPLFVTAEFINNNTGEIKSQTVFMGDFPMMTEKGTFIINGTERVVVSQLVRSPGVYFDETIDKSTDKTLHSVKVIPSRGAWLE

FDVDKRDTVGVRIDRKRRQPVTVLLKALGWTSEQIVERFGFSEIMRSTLEKDNTVGTDEALLDIYRKLRPGEPPTKESAQTLLENLFFKEKRYDLARVGRYKV

NKKLGLHVGEPITSSTLTEEDVVATIEYLVRLHEGQTTMTVPGGVEVPVETDDIDHFGNRRLRTVGELIQNQIRVGMSRMERVVRERMTTQDVEAITPQTLINI

RPVVAAIKEFFGTSQLSQFMDQNNPLSGLTHKRRLSALGPGGLSRERAGLEVRDVHPSHYGRMCPIETPEGPNIGLIGSLSVYARVNPFGFIETPYRKVVDGVVS

DEIVYLTADEEDRHVVAQANSPIDADGRFVEPRVLVRRKAGEVEYVPSSEVDYMDVSPRQMVSVATAMIPFLEHDDANRALMGANMQRQAVPLVRSEAPLV

GTGMELRAAIDAGDVVVAEESGVIEEVSADYITVMHDNGTRRTYRMRKFARSNHGTCANQCPIVDAGDRVEAGQVIADGPCTDDGEMALGKNLLVAIMPW

EGHNYEDAIILSNRLVEEDVLTSIHIEEHEIDARDTKLGAEEITRDIPNISDEVLADLDERGIVRIGAEVRDGDILVGKVTPKGETELTPEERLLRAIFGEKAREVRD

TSLKVPHGESGKVIGIRVFSREDEDELPAGVNELVRVYVAQKRKISDGDKLAGRHGNKGVIGKILPVEDMPFLADGTPVDIILNTHGVPRRMNIGQILETHLGW

CAHSGWKVDAAKGVPDWAARLPDELLEAQPNAIVSTPVFDGAQEAELQGLLSCTLPNRDGDVLVDADGKAMLFDGRSGEPFPYPVTVGYMYIMKLHHLVD

DKIHARSTGPYSMITQQPLGGKAQFGGQRFGEMECWAMQAYGAAYTLQELLTIKSDDTVGRVKVYEAIVKGENIPEPGIPESFKVLLKELQSLCLNVEVLSSD

GAAIELREGEDEDLERAAANLGINLSRNESASVEDLA-  



 

 

Appendix III.9 Zym media-5052 composition 

 

Stock solution components 

Zym Tryptone 1% (v/w), yeast extract 0.5% (v/w) 

50X M 1.25 M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl, 0.25 M 
Na2SO4 

MgSO4 1M MgSO4.7H2O. 

50X 5052 Glycerol 25%(v/w), glucose 2.5% (v/w), α-lactose 10% 
(v/w). 

Metal mix 50 mM FeCl3•6H2O; 20 mM CaCl2•2H2O; 10 mM 
MnCl2•4H2O;10 mM ZnSO4•7H2O; 2 mM CoCl2•6H2O  
2 mM CuCl2•2H2O; 2 mM NiCl2•6H2O; 2 mM 
Na2MoO4•2H2O; 2 mM Na2SeO3; 2 mM H3BO3 

From: https://www.elabprotocols.com 

 

 

Appendix III.10. Promotor evaluation by FACS in M. smegmatis  (Source from 

Cohen-Gonsaud et al, 2021). rpsTp from M. marinum integrated in M.smegmatis 

evaluation.  

 

 

 
 

 
 

  



 

 

Appendix III.11. ponA1 promoter sequence, ponA1 gene sequence from M. 

tuberculosisand and in silico representation of M. tuberculosis ponA1 promoter and gene 

ligated in pKM464 plasmid. 

A. ponA1 M. tuberculosis promoter 

TTGCGCAACTCGTAGCCATGCATCGGTGACTCGATCAACAGACCCAGGATGGCGAGCTCCAGCATCGAGTCACCTCCTTTTGTATGGCTTTTGAATGGCCGTTACGAC

GGTTCGACGCCTCGCGTCATCGTATCGCCTCGATATATTTGCGACAACATCACCGCGTCAAGACGGGTAGCTGACGTGCTTGATGGTGCCGTCACCTGCGAAAACGAG

GTATCCACCGCCGTAGTCGCTAGAGACATACAACGACAACGACAACGCAGCCGGCGTGGTGGGGTCCTTGACCGGTTCGACGATCAGGTACATGCTTTTGACGTCGG

ATTGTTTGAGGCCGAGGGTTTCCGGGGCGCCGCGCATGATGCCCACAGCGGTCTTCGCATCGAATTTGCTCAGGTCAACCACGGACACGTCGGCAATGCTCTTGGCGG

AACTGGTCGCATCGCCCCAGCCGCCGCGGTAGGTATACGCCAGGACTCGGCGGTCGTCCGCCGGGTCGACGCGATCGAGCGACGCATACTCCGGGTAGATCACCAGC

CGGTAGCCCATGGTGTCGCCGAACCGCTTGCGGGTCTGCTCCAGCAGGCCGGTGAGCCCGCCGAGGGAATGCAGCTGCCTGGGCGGGGTCAGCACCACGGGGGCGA

TCCCGTCGGGCTTTGCTCCGGGATCCGAGGTGAAGTCCAGCGGAGAGCGGGTGTTGCCGTACACGCCCCAGCCGATGCCGACGCCCAGCAGCACCGATGCGACAAAC

GCAGCGGCCAGCAAGCCCAACTCGGTGCGTTTCGCCCGCGATTTGAGCGCGGGCATTTGTGCGGGTGCGCTCTCGACCTGCAGGTCGGCCACCAGACGCTGCAGGTC

ACCTAGGGTCACAGCCTTGGTAGCTGCGCTGACGCGCTCCCGGTGTTCCTCCATCGAGAGCTCGCCGTCACGCAGGGCGTCGTCGAGAATCCGGCAGGCGTCCTGCC

GGTCGCTGTCTTTGGCGCGGGTTGCCGTCGATACTCCGCGCGCAAGGGGTGCGCCCAGCCACTTCGCCACAGGGACGATAGTAGGAGTCTGGCTGGGAATCTGAACT

CGATCCCGCCGTACCCGCGCAACAACGGCGCCGGTTGCGTATCGGTGGTGTGGATGGCGTCGTACTCTGGTCAGCGTGCGACTGCAGCGACAGGTAGTGGACTACAC

GCTACGGCGACGCTCCCTGCTGGCCGAGGTGTATTCGGGACGCACCGGTGTGTCGGAGGTGTGCGACGCCAACCCCTACCTGCTGCGCGCCGCAAAGTTTCATGGGA

AGCCCAGCCGGGTCATCTGCCCGATCTGCCGCAAGGAGCAGCTCACACTGGTGTCGTGGGTGTTCGGCGAGCACCTCGGTGCGGTATCAGGGTCCGCGCGCACCGCC

GAAGAACTGATCCTGCTGGCGACCCGGTTCTCCGAGTTCGCGGTCCACGTGGTGGAGGTATGTCGAACCTGCAGTTGGAATCATCTGGTCAAGTCATACGTCCTGGGC

GCCGCACGTCCGGCACGCCCCCCTAGGGGGTCTGGCGGGACGCGGACGGCGCGCAACGGGGCCCGCACGGCCA 

 

B. ponA1 M. tuberculosis gene 

GTGAATAGCGACGGGCGTCACCATCAGTCGTCCAGCGGCGCCCCGCGCGGGCCGGCGAATCCCGGCCAGCGTGGTCAGGTTCCACCCGACGACAGACTGACCGCGA

TCCTCCCGCCGGTGACCGATGACCGATCGGCTCCGCACGCGGACTCCATCGAGGCGGTCAAGGCCGCGCTCGACGGCGCGCCGCCGATGCCCCCGCCGCGCGACCCG

CTCGAGGAGGTCACGGCCGCGTTGGCCGCCCCGCCCGGTAAACCGCCGCGGGGGGATCAGCTTGGTGGCAGACGTCGCCCACCGGGGCCGCCCGGGCCCCCCGGTTC

GTCCGGACAGCCTGCCGGCCGGCTGCCCCAACCGAGGGTGGACTTGCCCCGGGTCGGCCAGATCAACTGGAAATGGATACGGCGTTCGCTGTACCTCACCGCGGCGG

TGGTGATCCTGTTGCCGATGGTCACCTTCACGATGGCCTACCTGATCGTCGACGTTCCCAAGCCAGGTGACATCCGTACCAACCAGGTCTCCACGATCCTTGCCAGCG

ACGGCTCGGAAATCGCCAAAATTGTTCCGCCCGAAGGTAATCGGGTCGACGTCAACCTCAGCCAGGTGCCGATGCATGTGCGCCAGGCGGTGATTGCGGCCGAAGAC

CGCAATTTCTATTCGAATCCGGGATTCTCGTTCACCGGCTTCGCGCGGGCAGTCAAGAACAACCTGTTCGGCGGCGATCTGCAGGGCGGATCGACGATTACCCAGCA

GTACGTCAAGAACGCGCTGGTCGGTTCCGCACAGCACGGGTGGAGCGGTCTGATGCGCAAGGCGAAAGAATTGGTCATCGCGACGAAGATGTCGGGGGAGTGGTCT

AAAGACGATGTGCTGCAGGCGTATCTGAACATCATCTACTTCGGCCGGGGCGCCTACGGCATTTCGGCGGCGTCCAAGGCTTATTTCGACAAGCCCGTCGAGCAGCT

GACCGTTGCCGAAGGGGCGTTGTTGGCAGCGCTGATTCGGCGGCCTTCGACGCTGGACCCGGCGGTCGACCCCGAAGGGGCCCATGCCCGCTGGAATTGGGTACTCG

ACGGCATGGTGGAAACCAAGGCTCTCTCGCCGAATGACCGTGCGGCGCAGGTGTTTCCCGAGACAGTGCCGCCCGATCTGGCCCGGGCAGAGAATCAGACCAAAGG

ACCCAACGGGCTGATCGAGCGGCAGGTGACAAGGGAGTTGCTCGAGCTGTTCAACATCGACGAGCAGACCCTCAACACCCAGGGGCTGGTGGTCACCACCACGATT

GATCCGCAGGCCCAACGGGCGGCGGAGAAGGCGGTTGCGAAATACCTGGACGGGCAGGACCCCGACATGCGTGCCGCCGTGGTTTCCATCGACCCGCACAACGGGG

CGGTGCGTGCGTACTACGGTGGCGACAATGCCAATGGCTTTGACTTCGCTCAAGCGGGATTGCAGACTGGATCGTCGTTTAAGGTGTTTGCTCTGGTGGCCGCCCTTG

AGCAGGGGATCGGCCTGGGCTACCAGGTAGACAGCTCTCCGTTGACGGTCGACGGCATCAAGATCACCAACGTCGAGGGCGAGGGTTGCGGGACGTGCAACATCGC

CGAGGCGCTCAAAATGTCGCTGAACACCTCCTACTACCGGCTGATGCTCAAGCTCAACGGCGGCCCACAGGCTGTGGCCGATGCCGCGCACCAAGCCGGCATTGCCT

CCAGCTTCCCGGGCGTTGCGCACACGCTGTCCGAAGATGGCAAGGGTGGACCGCCCAACAACGGGATCGTGTTGGGCCAGTACCAAACCCGGGTGATCGACATGGC

ATCGGCGTATGCCACGTTGGCCGCGTCCGGTATCTACCACCCGCCGCATTTCGTACAGAAGGTGGTCAGTGCCAACGGCCAGGTCCTCTTCGACGCCAGCACCGCGG

ACAACACCGGCGATCAGCGCATCCCCAAGGCGGTAGCCGACAACGTGACTGCGGCGATGGAGCCGATCGCAGGTTATTCGCGTGGCCACAACCTAGCGGGTGGGCG

GGATTCGGCGGCCAAGACCGGCACTACGCAATTTGGTGACACCACCGCGAACAAAGACGCCTGGATGGTCGGGTACACGCCGTCGTTGTCTACGGCTGTGTGGGTGG

GCACCGTCAAGGGTGACGAGCCACTGGTAACCGCTTCGGGTGCAGCGATTTACGGCTCGGGCCTGCCGTCGGACATCTGGAAGGCAACCATGGACGGCGCCTTGAAG

GGCACGTCGAACGAGACTTTCCCCAAACCGACCGAGGTCGGTGGTTATGCCGGTGTGCCGCCGCCGCCGCCGCCGCCGGAGGTACCACCTTCGGAGACCGTCATCCA

GCCCACGGTCGAAATTGCGCCGGGGATTACCATCCCGATCGGTCCCCCGACCACCATTACCCTGGCGCCACCGCCCCCGGCCCCGCCCGCTGCGACTCCCACGCCGCC

GCCGTGA 

 

C. pKM464-ponA1p-ponA1g plasmid in silico representation 

 



 

 

Appendix III.12.  Generation of pKM464-ponA1p-ponA1 plasmid 

Plasmid construction 

Genomic DNA from Mtb H37Rv was used to amplify the region spanning  51663 to 

55699 with primers F-H37Rv_ponA1_promoter 5’-CCAGCAGGCCGGTCAGCCTC-3’ 

and R-H37Rv_ponA1_promoter 5’-AGATGTTGCTGCTTTGGGACAG-3’. The reaction 

employed Q5 High-Fidelity 2X Master Mix (New England Biolabs), 10 µM of each primer, 

and 10 ng of genomic DNA from Mtb H37Rv was used as a template. PCR conditions 

included an initial denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C for 

10 seconds, 70°C for 20 seconds, and 72°C for 2 minutes, with a final extension at 72°C for 

2 minutes and a hold at 12°C. The second step was to amplify the pKM464 with the primers 

F_pKM464-ponA1 5’- GTCCCAAAGCAGCAACATCTTgcggccgctagcggtaccag-3’ and 

R_pKM464-ponA1 5’- GAGGCTGACCGGCCTGCTGGactagtgcatgctctagactc-3’. The 

reaction employed Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng of 

pKM464 plasmid was used as a template. PCR conditions included an initial denaturation at 

98°C for 30 seconds, followed by thirty cycles of 98°C for 10 seconds, 70°C for 20 seconds, 

and 72°C for 1 minute, with a final extension at 72°C for 2 minutes and a hold at 12°C.  

The plasmid pKM464-ponA1p-ponA1 was generated by amplifying the plasmid 

pKM464 with cohesive ends producing fragments of 3122 bp (A). The ponA1p and ponA1 

gene were also amplified from Mtb H37Rv producing fragments of 4087 bp (B). Following 

GA, the constructs were transformed in E. coli DH5α cells, yielding 686 CFU for the 

assembled reaction versus 23 CFU for the open plasmid ligation control. The efficiency of 

the competent cells was approximately 10^6 for all assays (C). Verification was conducted 

by PCR colony using One Taq polymerase with primers F-H37Rv_ponA1_promoter and R-

H37Rv_ponA1_promoter. The conditions were as follows: an initial denaturation at 94°C for 

5 minutes, followed by thirty cycles of 94°C for 30 seconds, 65°C for 30 seconds, and 68°C 

for 4 minutes, ending with a final extension at 68°C for 5 minutes and a hold at 12°C. Two 

clones were sequenced and the analysis showed deletion in the P630 and P631. 



 

 

 

 
Clonation of pKM464-ponA1p-ponA1g and transformation in E. coli DH5α A.pKM464 plasmid 

amplification. B.  ponA1p-ponA1g PCR amplification from M. tuberculosis H37Rv. Line 1-4 Temperature 

gradient (66-68-70-72°C, respectively). C. Heat-shock transformation in E coli. Positive (left) and negative 

(right) transformation plates. D. ponA1p-ponA1 g 4087 bp fragment cloned in pKM464. Line 1-8 clones D1-

D8, line 9 positive control with DNAg from Mtb H37Rv, line 10 Negative control. (M) Ladder GeneRuler 1Kb. 

Agarose gel at 0.8 % in TAE 1X. 
 

 

 



 

 

ponA1 directed mutagenesis 

The following conditions were used for the point modification of residues P630-P631: 

Q5 High-Fidelity 2X Master Mix, 10 µM of each primer, and 10 ng of pKM464-ponA1p-

ponA1g as the template and two fragments were generated.  

For the fragment I amplification, primers F-H37Rv_ponA1_promoter 5’- 

CCAGCAGGCCGGTCAGCCTC-3’ and R-P630-P631-ponA1 5’- 

GTCTCCGAAGGTGGTACCTCCGGCGGCGGCGGCGGCGGCGGCACACC-3’ were 

used. The PCR cycle consisted of an initial denaturation at 98°C for 30 seconds, followed by 

thirty cycles of 98°C for 10 seconds, 72°C for 2 minutes 20 seconds, with a final extension 

at 72°C for 2 minutes and storage at 12°C. 

To the amplification of the fragment II F-P630-P631-ponA1 5’-

GAGGTACCACCTTCGGAGAC-3’ and R_pKM464-ponA1 5’-

GAGGCTGACCGGCCTGCTGGactagtgcatgctctagactc-3’ were used. The PCR cycle 

consisted of an initial denaturation at 98°C for 30 seconds, followed by thirty cycles of 98°C 

for 10 seconds, 62°C for 20 seconds and 72°C for 1 minute 39 seconds, with a final extension 

at 72°C for 2 minutes and storage at 12°C.  Clones’ verification was performed with F-

pKM464-int 5’-CTTCGCCCGCGAACTGCTC-3’ and R_pKM464-int 5’-

CGGAGCCTATGGAAAAACGCCAGC-3’. 

Two fragments were generated from plasmid pKM464-ponA1p-ponA1g for gene 

correction to the ponA1 wild-type form of Mtb H37Rv (B-C), gel purification was performed 

for both fragments. 350 CFU in the positive cloning plate, 11 and 61 CFU in the autoligation 

plate growth (D-left to right). The clone in line 3 (codified as 5.2) was sent for sequencing, 

getting the wild type sequence (E). 

 



 

 

 

ponA1 PCR directed mutagenesis in pKM464-ponA1p-ponA1 transformed in E. coli DH5α A. In silico 

representation and primers disposition to ponA1 gene directed mutagenesis of the residues P630-P631. 

B.Electrophoresis for fragment I amplified with F-H37Rv_ponA1_promoter and R-P630-P631-ponA1. C. 

Electrophoresis for fragment II  amplified with F-P630-P631-ponA1 and R_pKM464-ponA1. Temperature 

gradient was performed between 56-58-60-62°C from line 1 to 4, respectively. D. E. coli DH5α transformants 

in the LB plate. Left. Two fragments assembled; middle and right plates are autoligated controls for each 

fragment. E. PCR colony with primers F-pKM464-int and R_pKM464-int., Line 1 Negative control with 

plasmid pKM464, line 2-4 clones evaluation. (B) negative control. (M) marker 1 kb GeneRuler. 



 

 

Appendix III.13. EGFP nucleotide sequence 

 

ATGGTGTCGAAGGGCGAGGAGCTGTTCACCGGCGTCGTGCCCATCCTGGTCGA

GCTGGACGGCGACGTGAACGGCCACAAGTTCAGCGTCTCGGGCGAGGGCGAG

GGCGACGCGACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAA

GCTGCCGGTCCCCTGGCCGACCCTGGTGACCACCCTGACCTACGGCGTGCAGTG

TTTCTCGCGGTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGAGCGCGAT

GCCGGAGGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACT

ACAAGACCCGGGCCGAGGTCAAGTTCGAGGGCGACACCCTGGTGAACCGCATC

GAGCTGAAGGGCATCGACTTCAAGGAAGACGGCAACATCCTGGGCCACAAGCT

GGAGTACAACTACAACTCGCACAACGTCTACATCATGGCGGACAAGCAGAAGA

ACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTC

CAGCTGGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTCCT

GCTGCCGGACAACCACTACCTGAGCACCCAGTCGGCGCTGAGCAAGGACCCGA

ACGAGAAGCGGGACCACATGGTCCTGCTGGAGTTCGTGACCGCCGCGGGCATC

ACCCTGGGCATGGACGAGCTGTACAAG 

 

 

Appendix III.14. In silico ligation of ponA1p-EGFP in pKM464  

 

 

 

 



 

 

Appendix III.15. rpsTp sequence from M. marinum  

 

ACGtcttttgggtgaaaacgtaaccgactGATAACCTgagcactcgctgtcgggtgtcaaggtcacccgagcaaccacc

gagcagactttaaggaactaacgcGTGGCCAACATCAAGTCGCAGCAAAAGCGCAACCGCAC

CAACAGC 

 

Appendix III.16. In silico ligation of rpsTp-EGFP in pKM464  

 

 

 

 
 

 

  



 

 

Appendix III.17. Cloning by Gibson assembly (Synthetic biology protocols-CBS-

Montpellier-France). 

 

This protocol involves different steps, from the design of primers, PCR with Q5, DpnI 

digestion, PCR clean up, Gibson assembly reaction, transformation and verification by 

sequencing. 

The PCR reaction must be performed with Q5, with specific conditions for each couple of 

primers. 

DpnI digestion: 

Add 1μL DpnI in a 17.5 μL PCR tube from Q5, mix well by pipetting up and down so that 

your solution is homogeneous and glycerol is not in the bottom of the tube. Incubate 1h at 

37°C and 10min at 80°C, finally hold at 12°. 

PCR clean-up  

It is performed with Monarch PCR & DNA clean-up  (NEB catalog #T1030S), manufacturer 

instructions were followed. DNA concentration is verified with nanodrop. 

Gibson assembly 

Components 

- 2X Gibson Assembly Mix (see Gibson Assembly Mix protocol) 

- Insert fragment(s) from PCR  

- Vector fragment (after PCR, DpnI and clean-up). 

- Ultrapure water 

- Thermo-cycler at 50°C 

Protocol  

Calculate the volume of insert and vector to mix in the Gibson Assembly reaction. For 2 

fragment assembly (one insert and one vector), the optimum is to mix 100 ng of vector with 

3 times more insert in mole, and for more than 2 fragment assembly, 100 ng of vector with 

same quantity of each insert in mole. The total volume of insert(s) and vector have to be 10μL 

or less, if the calculated total volume is higher, the quantity of vector can be reduced up to 

50ng and the volume of insert calculated accordingly. 

Then, mix the vector and insert(s) fragments according to previously calculated proportions 

with 10 μL of the Gibson Assembly Mix and adjust the total volume of the reaction to 20 μL 

with water. As negative control of assembly, mix the vector alone in the same proportion 

than previously with 10μL of Gibson Assembly Mix and adjust the total volume of the 

reaction to 20 μL with water. Place the reactions at 50°C during one hour and for better 

conservation incubate the reaction for 10 minutes at 80°C. 

Transformation 

Thaw gently competent cells on ice (aliquot of 100μL), one tube per Gibson assembly 

reaction (do not forget negative controls). Sultrily, add 10μL of the Gibson Assembly 

reaction (keep cells on ice). Incubate 30 minutes on ice and heat-shock cells at 42°C during 

45seconds (in water bath). Then, put back on ice after heat-shock (2 to 5minutes) and 

immediately add 900 μL pre-warmed SOC (37°C) (rich medium). Incubate cells at 37°C with 

agitation during at least 30min and centrifuge cells at 4000rpm during 1 to 2 minutes, remove 



 

 

800 μL of supernatant and plate the rest. Finally, incubate at 37°C overnight in appropriate 

agar with antibiotics.  

Colony PCR 

For each cloning, perform colony PCR from different colonies (between 3-5), for each colony 

PCR, pick one colony and re-suspend it in 10 μL of sterile water (in PCR tube). Pre-mix the 

One-Taq master mix, primers and water for the corresponding number of reactions. 

Mix 9 µL of the pre-mix with 1 μL of the re-suspended colony and run the PCR. On the other 

hand, keep the colony re-suspended in water at 4°C, to use afterward to inoculate the culture 

for plasmid extraction. Finally, run an agar electrophoresis for verification and image it. 

Plasmid extraction 

For the colony PCR with the corresponding fragment size, mix 5μL of the re-suspended 

colony in water in 5mL of LB for high copy plasmid or 10mL for low copy plasmid in a 50 

mL falcon. Place the culture at 37°C with agitation overnight. From the overnight culture, 

perform a strick of each culture in a petri dish with the appropriate antibiotic for further 

glycerol stock (Plate at 37°C overnight, and stored at 4°C), centrifuge the culture (5 minutes 

at 5000 rpm) and perform plasmid extraction according to protocol from Monarch Plasmid 

Miniprep kit ( NEB catalog # T1010S).   

Sequencing and glycerol stock 

Send the plasmid extracted with appropriate primers to verify the sequence cloned. After 

verification, inoculate 2 mL of LB with appropriate antibiotic with the selected colony and 

culture at 37°C. Mix 1.2 mL of culture with 300 µL of 50% glycerol (10 % glycerol). Storage 

t -80°C with appropriate label. 
 

  



 

 

Appendix III.18. Gibson assembly preparation (Synthetic biology protocols-CBS-

Montpellier-France). 

 
Gibson Assembly Mix preparation 

Materials 

- 1,5mL Microtubes 

- PCR tubes 

To prepare the 5X Isothermal solution (ISO 5X): 

- Tris-HCl pH 7.5 solution 1M (on bench) 

- PEG-8000 (Common powders in the JB’s lab) 

- MgCl2 solution 1M (on bench) 

- DTT 1M (common -20°C in GA Mix preparation Box) 

- dNTP Mix 10mM (common -20°C in GA Mix preparation Box) 

- NAD 100mM (aliquots in common -20°C in GA Mix preparation Box or powder of B-

Nicotinamide 

adenine dinucleotide sodium sulfate with common powders in the JB’s lab) 

- dd H2O 

To prepare the Gibson Assembly Mix 2X solution: 

- ISO 5x (common -20°C in GA Mix preparation Box) 

- T5 exonucelase (10 U/µL) (common -20°C in GA Mix preparation Box) 

- Taq DNA ligase (40 U/µL) (common -20°C in GA Mix preparation Box) 

- Phusion DNA polymerase (2U/µL) (common -20°C in GA Mix preparation Box) 

- dd H2O Protocol 

Protocol 

5X isothermal reaction buffer. 

Preparation for 10mL final solution 
Components  Final Conc 10 mL final 

Tris-HCl pH 7.5 500 mM 5 mL 

PEG-8000 50% 2.5 g 

Vortex   

MgCl2 50 mM 500 µL 

DTT 50 mM 500 µL 

dNTP Mix 1 mM 1 mL 

NAD 5 mM 500 µL 

ddH2O  Qsp 10 mL 

 The 5X isothermal reaction buffer has to be aliquot in 1 mL. 

2X Gibson assembly mix 
 X2 X2 

Final volume (uL) 1000 1500 

ISO 5X (uL) 300,8 451,2 

T5 exonuclease (10U/ul) 0,6 0,9 

Taq DNA ligase (40U/ul) 150,4 225,6 

Phusion DNA polymerase 
(2U/ul) 

18,8 28,2 

ddH2O 529,4 794,1 

The Gibson assembly 2X mix has to be aliquot in 10 µL in PCR tubes on a rack and storage at -

20°C. When it is freeze put all tubes in a box. 



 

 

Appendix III.19. In silico ligation of rpsTp-ponA1 in pKM464. 

 

 
 

 

Appendix III.20. In silico ligation of ponA1 in pMV361. 

 

 
 



 

 

Appendix III.21. Antibiotic cassette replacement in pMV361-ponA1 to generate 

pMV361ZEO-ponA1. 

 

A. sequence of EM7 promoter 

gttgacaattaatcatcggcatagtatatcggcatagtataatacgac 

 

B. Sequence of the Bleo gene  

Atggccaagttgaccagtgccgttccggtgctcaccgcgcgcgacgtcgccggagcggtcgagttctggaccgaccg

gctcgggttctcccgggacttcgtggaggacgacttcgccggtgtggtccgggacgacgtgaccctgttcatcagcgc

ggtccaggaccaggtggtgccggacaacaccctggcctgggtgtgggtgcgcggcctggacgagctgtacgccgag

tggtcggaggtcgtgtccacgaacttccgggacgcctctgggccggccatgaccgagatcggcgagcagccgtggg

ggcgggagttcgccctgcgcgacccggccggcaactgcgtgcacttcgtggccgaggagcaggactga 

 

C. In silico cloning of ponA1 from H37Rv in pMV361-ZEO. Disposition of primers 

used for cloning and verification process by sequencing. 

 
 

  



 

 

Appendix III.22. In silico ligation of rpsTp-ponA1-T34A in pKM464. 

 

 
 

Appendix III.23. In silico ligation of rpsTp-ponA1-T34D in pKM464. 

 

 
 



 

 

Appendix III.24. In silico ligation of rpsTp-ponA1-Q365H in pKM464. 
 

 
 

Appendix III.25. In silico ligation of rpsTp-ponA1-A516T in pKM464. 

 

 



 

 

Appendix III.26. In silico ligation of rpsTp-ponA1-P631S in pKM464. 

 

 
 

  



 

 

Appendix III.27. In silico ligation ponA1-T34A in pMV361ZEO and gene sequence. 
 

 
 

 
 

gtgaatagcgacgggcgtcaccatcagtcgtccagcggcgccccgcgcgggccggcgaatcccggccagcgtggtcaggttccacccgacgacagactggccgcgatcctc

ccgccggtgaccgatgaccgatcggctccgcacgcggactccatcgaggcggtcaaggccgcgctcgacggcgcgccgccgatgcccccgccgcgcgacccgctcgagg

aggtcacggccgcgttggccgccccgcccggtaaaccgccgcggggggatcagcttggtggcagacgtcgcccaccggggccgcccgggccccccggttcgtccggaca

gcctgccggccggctgccccaaccgagggtggacttgccccgggtcggccagatcaactggaaatggatacggcgttcgctgtacctcaccgcggcggtggtgatcctgttgc

cgatggtcaccttcacgatggcctacctgatcgtcgacgttcccaagccaggtgacatccgtaccaaccaggtctccacgatccttgccagcgacggctcggaaatcgccaaaat

tgttccgcccgaaggtaatcgggtcgacgtcaacctcagccaggtgccgatgcatgtgcgccaggcggtgattgcggccgaagaccgcaatttctattcgaatccgggattctcg

ttcaccggcttcgcgcgggcagtcaagaacaacctgttcggcggcgatctgcagggcggatcgacgattacccagcagtacgtcaagaacgcgctggtcggttccgcacagca

cgggtggagcggtctgatgcgcaaggcgaaagaattggtcatcgcgacgaagatgtcgggggagtggtctaaagacgatgtgctgcaggcgtatctgaacatcatctacttcgg

ccggggcgcctacggcatttcggcggcgtccaaggcttatttcgacaagcccgtcgagcagctgaccgttgccgaaggggcgttgttggcagcgctgattcggcggccttcgac

gctggacccggcggtcgaccccgaaggggcccatgcccgctggaattgggtactcgacggcatggtggaaaccaaggctctctcgccgaatgaccgtgcggcgcaggtgttt

cccgagacagtgccgcccgatctggcccgggcagagaatcagaccaaaggacccaacgggctgatcgagcggcaggtgacaagggagttgctcgagctgttcaacatcgac

gagcagaccctcaacacccaggggctggtggtcaccaccacgattgatccgcaggcccaacgggcggcggagaaggcggttgcgaaatacctggacgggcaggaccccg

acatgcgtgccgccgtggtttccatcgacccgcacaacggggcggtgcgtgcgtactacggtggcgacaatgccaatggctttgacttcgctcaagcgggattgcagactggat

cgtcgtttaaggtgtttgctctggtggccgcccttgagcaggggatcggcctgggctaccaggtagacagctctccgttgacggtcgacggcatcaagatcaccaacgtcgaggg

cgagggttgcgggacgtgcaacatcgccgaggcgctcaaaatgtcgctgaacacctcctactaccggctgatgctcaagctcaacggcggcccacaggctgtggccgatgcc

gcgcaccaagccggcattgcctccagcttcccgggcgttgcgcacacgctgtccgaagatggcaagggtggaccgcccaacaacgggatcgtgttgggccagtaccaaaccc

gggtgatcgacatggcatcggcgtatgccacgttggccgcgtccggtatctaccacccgccgcatttcgtacagaaggtggtcagtgccaacggccaggtcctcttcgacgcca

gcaccgcggacaacaccggcgatcagcgcatccccaaggcggtagccgacaacgtgactgcggcgatggagccgatcgcaggttattcgcgtggccacaacctagcgggtg

ggcgggattcggcggccaagaccggcactacgcaatttggtgacaccaccgcgaacaaagacgcctggatggtcgggtacacgccgtcgttgtctacggctgtgtgggtggg

caccgtcaagggtgacgagccactggtaaccgcttcgggtgcagcgatttacggctcgggcctgccgtcggacatctggaaggcaaccatggacggcgccttgaagggcacg

tcgaacgagactttccccaaaccgaccgaggtcggtggttatgccggtgtgccgccgccgccgccgccgccggaggtaccaccttcggagaccgtcatccagcccacggtcg

aaattgcgccggggattaccatcccgatcggtcccccgaccaccattaccctggcgccaccgcccccggccccgcccgctgcgactcccacgccgccgccgtga 

 



 

 

Appendix III.28. In silico ligation ponA1-T34D in pMV361ZEO and gene sequence. 

 

 
gtgaatagcgacgggcgtcaccatcagtcgtccagcggcgccccgcgcgggccggcgaatcccggccagcgtggtcaggttccacccgacgacagactggacgcgatcctc

ccgccggtgaccgatgaccgatcggctccgcacgcggactccatcgaggcggtcaaggccgcgctcgacggcgcgccgccgatgcccccgccgcgcgacccgctcgagg

aggtcacggccgcgttggccgccccgcccggtaaaccgccgcggggggatcagcttggtggcagacgtcgcccaccggggccgcccgggccccccggttcgtccggaca

gcctgccggccggctgccccaaccgagggtggacttgccccgggtcggccagatcaactggaaatggatacggcgttcgctgtacctcaccgcggcggtggtgatcctgttgc

cgatggtcaccttcacgatggcctacctgatcgtcgacgttcccaagccaggtgacatccgtaccaaccaggtctccacgatccttgccagcgacggctcggaaatcgccaaaat

tgttccgcccgaaggtaatcgggtcgacgtcaacctcagccaggtgccgatgcatgtgcgccaggcggtgattgcggccgaagaccgcaatttctattcgaatccgggattctcg

ttcaccggcttcgcgcgggcagtcaagaacaacctgttcggcggcgatctgcagggcggatcgacgattacccagcagtacgtcaagaacgcgctggtcggttccgcacagca

cgggtggagcggtctgatgcgcaaggcgaaagaattggtcatcgcgacgaagatgtcgggggagtggtctaaagacgatgtgctgcaggcgtatctgaacatcatctacttcgg

ccggggcgcctacggcatttcggcggcgtccaaggcttatttcgacaagcccgtcgagcagctgaccgttgccgaaggggcgttgttggcagcgctgattcggcggccttcgac

gctggacccggcggtcgaccccgaaggggcccatgcccgctggaattgggtactcgacggcatggtggaaaccaaggctctctcgccgaatgaccgtgcggcgcaggtgttt

cccgagacagtgccgcccgatctggcccgggcagagaatcagaccaaaggacccaacgggctgatcgagcggcaggtgacaagggagttgctcgagctgttcaacatcgac

gagcagaccctcaacacccaggggctggtggtcaccaccacgattgatccgcaggcccaacgggcggcggagaaggcggttgcgaaatacctggacgggcaggaccccg

acatgcgtgccgccgtggtttccatcgacccgcacaacggggcggtgcgtgcgtactacggtggcgacaatgccaatggctttgacttcgctcaagcgggattgcagactggat

cgtcgtttaaggtgtttgctctggtggccgcccttgagcaggggatcggcctgggctaccaggtagacagctctccgttgacggtcgacggcatcaagatcaccaacgtcgaggg

cgagggttgcgggacgtgcaacatcgccgaggcgctcaaaatgtcgctgaacacctcctactaccggctgatgctcaagctcaacggcggcccacaggctgtggccgatgcc

gcgcaccaagccggcattgcctccagcttcccgggcgttgcgcacacgctgtccgaagatggcaagggtggaccgcccaacaacgggatcgtgttgggccagtaccaaaccc

gggtgatcgacatggcatcggcgtatgccacgttggccgcgtccggtatctaccacccgccgcatttcgtacagaaggtggtcagtgccaacggccaggtcctcttcgacgcca

gcaccgcggacaacaccggcgatcagcgcatccccaaggcggtagccgacaacgtgactgcggcgatggagccgatcgcaggttattcgcgtggccacaacctagcgggtg

ggcgggattcggcggccaagaccggcactacgcaatttggtgacaccaccgcgaacaaagacgcctggatggtcgggtacacgccgtcgttgtctacggctgtgtgggtggg

caccgtcaagggtgacgagccactggtaaccgcttcgggtgcagcgatttacggctcgggcctgccgtcggacatctggaaggcaaccatggacggcgccttgaagggcacg

tcgaacgagactttccccaaaccgaccgaggtcggtggttatgccggtgtgccgccgccgccgccgccgccggaggtaccaccttcggagaccgtcatccagcccacggtcg

aaattgcgccggggattaccatcccgatcggtcccccgaccaccattaccctggcgccaccgcccccggccccgcccgctgcgactcccacgccgccgccgtga 

 

  



 

 

Appendix III.29. In silico ligation ponA1-Q365H in pMV361ZEO and gene sequence. 

 

 
gtgaatagcgacgggcgtcaccatcagtcgtccagcggcgccccgcgcgggccggcgaatcccggccagcgtggtcaggttccacccgacgacagactgaccgcgatcctc

ccgccggtgaccgatgaccgatcggctccgcacgcggactccatcgaggcggtcaaggccgcgctcgacggcgcgccgccgatgcccccgccgcgcgacccgctcgagg

aggtcacggccgcgttggccgccccgcccggtaaaccgccgcggggggatcagcttggtggcagacgtcgcccaccggggccgcccgggccccccggttcgtccggaca

gcctgccggccggctgccccaaccgagggtggacttgccccgggtcggccagatcaactggaaatggatacggcgttcgctgtacctcaccgcggcggtggtgatcctgttgc

cgatggtcaccttcacgatggcctacctgatcgtcgacgttcccaagccaggtgacatccgtaccaaccaggtctccacgatccttgccagcgacggctcggaaatcgccaaaat

tgttccgcccgaaggtaatcgggtcgacgtcaacctcagccaggtgccgatgcatgtgcgccaggcggtgattgcggccgaagaccgcaatttctattcgaatccgggattctcg

ttcaccggcttcgcgcgggcagtcaagaacaacctgttcggcggcgatctgcagggcggatcgacgattacccagcagtacgtcaagaacgcgctggtcggttccgcacagca

cgggtggagcggtctgatgcgcaaggcgaaagaattggtcatcgcgacgaagatgtcgggggagtggtctaaagacgatgtgctgcaggcgtatctgaacatcatctacttcgg

ccggggcgcctacggcatttcggcggcgtccaaggcttatttcgacaagcccgtcgagcagctgaccgttgccgaaggggcgttgttggcagcgctgattcggcggccttcgac

gctggacccggcggtcgaccccgaaggggcccatgcccgctggaattgggtactcgacggcatggtggaaaccaaggctctctcgccgaatgaccgtgcggcgcaggtgttt

cccgagacagtgccgcccgatctggcccgggcagagaatcagaccaaaggacccaacgggctgatcgagcggcaggtgacaagggagttgctcgagctgttcaacatcgac

gagcagaccctcaacacccaggggctggtggtcaccaccacgattgatccgcaggcccaacgggcggcggagaaggcggttgcgaaatacctggacgggcaggaccccg

acatgcgtgccgccgtggtttccatcgacccgcacaacggggcggtgcgtgcgtactacggtggcgacaatgccaatggctttgacttcgctcaagcgggattgcagactggat

cgtcgtttaaggtgtttgctctggtggccgcccttgagcaggggatcggcctgggctaccatgtagacagctctccgttgacggtcgacggcatcaagatcaccaacgtcgaggg

cgagggttgcgggacgtgcaacatcgccgaggcgctcaaaatgtcgctgaacacctcctactaccggctgatgctcaagctcaacggcggcccacaggctgtggccgatgcc

gcgcaccaagccggcattgcctccagcttcccgggcgttgcgcacacgctgtccgaagatggcaagggtggaccgcccaacaacgggatcgtgttgggccagtaccaaaccc

gggtgatcgacatggcatcggcgtatgccacgttggccgcgtccggtatctaccacccgccgcatttcgtacagaaggtggtcagtgccaacggccaggtcctcttcgacgcca

gcaccgcggacaacaccggcgatcagcgcatccccaaggcggtagccgacaacgtgactgcggcgatggagccgatcgcaggttattcgcgtggccacaacctagcgggtg

ggcgggattcggcggccaagaccggcactacgcaatttggtgacaccaccgcgaacaaagacgcctggatggtcgggtacacgccgtcgttgtctacggctgtgtgggtggg

caccgtcaagggtgacgagccactggtaaccgcttcgggtgcagcgatttacggctcgggcctgccgtcggacatctggaaggcaaccatggacggcgccttgaagggcacg

tcgaacgagactttccccaaaccgaccgaggtcggtggttatgccggtgtgccgccgccgccgccgccgccggaggtaccaccttcggagaccgtcatccagcccacggtcg

aaattgcgccggggattaccatcccgatcggtcccccgaccaccattaccctggcgccaccgcccccggccccgcccgctgcgactcccacgccgccgccgtga 



 

 

Appendix III.30. In silico ligation ponA1-A516T in pMV361ZEO and gene sequence. 

 

 

 
gtgaatagcgacgggcgtcaccatcagtcgtccagcggcgccccgcgcgggccggcgaatcccggccagcgtggtcaggttccacccgacgacagactgaccgcgatcctc

ccgccggtgaccgatgaccgatcggctccgcacgcggactccatcgaggcggtcaaggccgcgctcgacggcgcgccgccgatgcccccgccgcgcgacccgctcgagg

aggtcacggccgcgttggccgccccgcccggtaaaccgccgcggggggatcagcttggtggcagacgtcgcccaccggggccgcccgggccccccggttcgtccggaca

gcctgccggccggctgccccaaccgagggtggacttgccccgggtcggccagatcaactggaaatggatacggcgttcgctgtacctcaccgcggcggtggtgatcctgttgc

cgatggtcaccttcacgatggcctacctgatcgtcgacgttcccaagccaggtgacatccgtaccaaccaggtctccacgatccttgccagcgacggctcggaaatcgccaaaat

tgttccgcccgaaggtaatcgggtcgacgtcaacctcagccaggtgccgatgcatgtgcgccaggcggtgattgcggccgaagaccgcaatttctattcgaatccgggattctcg

ttcaccggcttcgcgcgggcagtcaagaacaacctgttcggcggcgatctgcagggcggatcgacgattacccagcagtacgtcaagaacgcgctggtcggttccgcacagca

cgggtggagcggtctgatgcgcaaggcgaaagaattggtcatcgcgacgaagatgtcgggggagtggtctaaagacgatgtgctgcaggcgtatctgaacatcatctacttcgg

ccggggcgcctacggcatttcggcggcgtccaaggcttatttcgacaagcccgtcgagcagctgaccgttgccgaaggggcgttgttggcagcgctgattcggcggccttcgac

gctggacccggcggtcgaccccgaaggggcccatgcccgctggaattgggtactcgacggcatggtggaaaccaaggctctctcgccgaatgaccgtgcggcgcaggtgttt

cccgagacagtgccgcccgatctggcccgggcagagaatcagaccaaaggacccaacgggctgatcgagcggcaggtgacaagggagttgctcgagctgttcaacatcgac

gagcagaccctcaacacccaggggctggtggtcaccaccacgattgatccgcaggcccaacgggcggcggagaaggcggttgcgaaatacctggacgggcaggaccccg

acatgcgtgccgccgtggtttccatcgacccgcacaacggggcggtgcgtgcgtactacggtggcgacaatgccaatggctttgacttcgctcaagcgggattgcagactggat

cgtcgtttaaggtgtttgctctggtggccgcccttgagcaggggatcggcctgggctaccaggtagacagctctccgttgacggtcgacggcatcaagatcaccaacgtcgaggg

cgagggttgcgggacgtgcaacatcgccgaggcgctcaaaatgtcgctgaacacctcctactaccggctgatgctcaagctcaacggcggcccacaggctgtggccgatgcc

gcgcaccaagccggcattgcctccagcttcccgggcgttgcgcacacgctgtccgaagatggcaagggtggaccgcccaacaacgggatcgtgttgggccagtaccaaaccc

gggtgatcgacatggcatcggcgtatgccacgttggccgcgtccggtatctaccacccgccgcatttcgtacagaaggtggtcagtgccaacggccaggtcctcttcgacgcca

gcaccgcggacaacaccggcgatcagcgcatccccaaggcggtagccgacaacgtgactacggcgatggagccgatcgcaggttattcgcgtggccacaacctagcgggtg

ggcgggattcggcggccaagaccggcactacgcaatttggtgacaccaccgcgaacaaagacgcctggatggtcgggtacacgccgtcgttgtctacggctgtgtgggtggg

caccgtcaagggtgacgagccactggtaaccgcttcgggtgcagcgatttacggctcgggcctgccgtcggacatctggaaggcaaccatggacggcgccttgaagggcacg

tcgaacgagactttccccaaaccgaccgaggtcggtggttatgccggtgtgccgccgccgccgccgccgccggaggtaccaccttcggagaccgtcatccagcccacggtcg

aaattgcgccggggattaccatcccgatcggtcccccgaccaccattaccctggcgccaccgcccccggccccgcccgctgcgactcccacgccgccgccgtga 

 



 

 

Appendix III.31. In silico ligation ponA1-P631S in pMV361ZEO and gene sequence. 
 

 

 
 

gtgaatagcgacgggcgtcaccatcagtcgtccagcggcgccccgcgcgggccggcgaatcccggccagcgtggtcaggttccacccgacgacagactgaccgcgatcctc

ccgccggtgaccgatgaccgatcggctccgcacgcggactccatcgaggcggtcaaggccgcgctcgacggcgcgccgccgatgcccccgccgcgcgacccgctcgagg

aggtcacggccgcgttggccgccccgcccggtaaaccgccgcggggggatcagcttggtggcagacgtcgcccaccggggccgcccgggccccccggttcgtccggaca

gcctgccggccggctgccccaaccgagggtggacttgccccgggtcggccagatcaactggaaatggatacggcgttcgctgtacctcaccgcggcggtggtgatcctgttgc

cgatggtcaccttcacgatggcctacctgatcgtcgacgttcccaagccaggtgacatccgtaccaaccaggtctccacgatccttgccagcgacggctcggaaatcgccaaaat

tgttccgcccgaaggtaatcgggtcgacgtcaacctcagccaggtgccgatgcatgtgcgccaggcggtgattgcggccgaagaccgcaatttctattcgaatccgggattctcg

ttcaccggcttcgcgcgggcagtcaagaacaacctgttcggcggcgatctgcagggcggatcgacgattacccagcagtacgtcaagaacgcgctggtcggttccgcacagca

cgggtggagcggtctgatgcgcaaggcgaaagaattggtcatcgcgacgaagatgtcgggggagtggtctaaagacgatgtgctgcaggcgtatctgaacatcatctacttcgg

ccggggcgcctacggcatttcggcggcgtccaaggcttatttcgacaagcccgtcgagcagctgaccgttgccgaaggggcgttgttggcagcgctgattcggcggccttcgac

gctggacccggcggtcgaccccgaaggggcccatgcccgctggaattgggtactcgacggcatggtggaaaccaaggctctctcgccgaatgaccgtgcggcgcaggtgttt

cccgagacagtgccgcccgatctggcccgggcagagaatcagaccaaaggacccaacgggctgatcgagcggcaggtgacaagggagttgctcgagctgttcaacatcgac

gagcagaccctcaacacccaggggctggtggtcaccaccacgattgatccgcaggcccaacgggcggcggagaaggcggttgcgaaatacctggacgggcaggaccccg

acatgcgtgccgccgtggtttccatcgacccgcacaacggggcggtgcgtgcgtactacggtggcgacaatgccaatggctttgacttcgctcaagcgggattgcagactggat

cgtcgtttaaggtgtttgctctggtggccgcccttgagcaggggatcggcctgggctaccaggtagacagctctccgttgacggtcgacggcatcaagatcaccaacgtcgaggg

cgagggttgcgggacgtgcaacatcgccgaggcgctcaaaatgtcgctgaacacctcctactaccggctgatgctcaagctcaacggcggcccacaggctgtggccgatgcc

gcgcaccaagccggcattgcctccagcttcccgggcgttgcgcacacgctgtccgaagatggcaagggtggaccgcccaacaacgggatcgtgttgggccagtaccaaaccc

gggtgatcgacatggcatcggcgtatgccacgttggccgcgtccggtatctaccacccgccgcatttcgtacagaaggtggtcagtgccaacggccaggtcctcttcgacgcca

gcaccgcggacaacaccggcgatcagcgcatccccaaggcggtagccgacaacgtgactgcggcgatggagccgatcgcaggttattcgcgtggccacaacctagcgggtg

ggcgggattcggcggccaagaccggcactacgcaatttggtgacaccaccgcgaacaaagacgcctggatggtcgggtacacgccgtcgttgtctacggctgtgtgggtggg

caccgtcaagggtgacgagccactggtaaccgcttcgggtgcagcgatttacggctcgggcctgccgtcggacatctggaaggcaaccatggacggcgccttgaagggcacg

tcgaacgagactttccccaaaccgaccgaggtcggtggttatgccggtgtgccgccgccgccgccgccgtcggaggtaccaccttcggagaccgtcatccagcccacggtcga

aattgcgccggggattaccatcccgatcggtcccccgaccaccattaccctggcgccaccgcccccggccccgcccgctgcgactcccacgccgccgccgtga 

 



 

 

Appendix III.32. In silico ligation of rpsTp-MMAR0069 in pKM464. 

 

 

 
 

  



 

 

Appendix III.33. In silico ligation MMAR_0069 in pMV361ZEO , and MMAR_0069 gene 

sequence. 

 

 
gtgagtaacgaagggcgccaccaccagccgcccagcgacgctcggggcggtccagcgggcgacgacatgggcggccaatccggcaacgacgaacggtcgcgttcggcg

ccggttccgcgtcgtgcggttcctcccgacgacaggatgaccacgatcattcctgcggtgtcggatcctcgttcagctcgccacgccgacccgatcgaggaagtcaaggccgcc

ctcgacagtccgccctcggcgcccctgcagcgtgatcagctcgatcaggtcaaggccgcgctcgacgccccgccgacgcggcccatccgcagccggcgcggcggcggtgg

gcttccgcccgatggcggggcgcctccacccgcggggcccgcggggccttcaggtccaacaggtcgctctcgcgcccggtcccaccggtccacgacacagcgcgactggct

gcgccggatcaactggaaatgggtgcggcggtcggcctacctggccgcggcggtggtcatcctgctgcccatcgtcaccttcaccatggcctacttcatcgtcgatgtgccaagg

ccgggcgacatccgcaccaatcaggtgtccacgatcctggctagcgacggctccgagatcgccaagatcgttccccccgaaggcaatcgggtcgacgtgaacctcagtcaggt

gcccgagcatgtccgcgccgcggtcatcgccgccgaagaccgcggtttctactccaacccggggttctccttcagcggcttcgcgcgagcgataaagaacaacttgttcggcgg

tgacctgcaaggcggctccacgatcacccagcaatacgtcaagaacgcgttggtcggctcggcgcaacacgggtggagcggcctgatgcgcaaggccaaggaactcgtcatc

gccaccaagatgtcgggggagtggtccaaagacgatgtcctgcaggcctatctcaacatcatctacttcggccgcggcgcatacgggatttcggcagcgtccaaggcctacttcg

acaagccggtcgagcagctcaccgtgtcggagggagccttgctggcggcgttgattcggcggccctccacgctggacccggcggtggatcccgatggggcgctggcgcgct

ggaactgggtgctcgacggcatggtggataccaaggcgttgtccgccaaagaccgggccgagcaggtatttcccaggaccgtgccgccggatcaagcccgcgcggccaacc

agaccaccgggcccaacgggctgatcgaacgccaggtcaccaaagagttgttggagctgttcaacatcgatgaacagaccctgaacacgcaggggctgcaagtcacgaccac

gatcgatgcccaagcgcagcaggcggccgaaaaggcggtagcgaaataccttgacgggcaggatcccgagatgcgggccgcggtggtctccatcgacccgcacaacgggg

ccgtgcgcgcctattacggcggcgacaacgccaacgggttcgacttcgcccaggccgggctgcagacgggatcctcgttcaaggtattcgccctggtggccgcccttgaacag

ggaattggcctgggctatgacgtcgacagttcgccactgacggtggacggcatcaagatcaccaatgtcgaaggcgagagctgcggtacctgcaacatcgcgcaggcgctcaa

gatgtcgctgaacacctcctactaccggctgatgctcaaactgaagggcggcccggaggccgtcgccgacgccgcgcaccaggccggcattgccaccagcttcccgggcgtg

ccccacacgctgtccgaggacggcaagggtggaccgcccaacaacgggattgtgctgggccagtatcagacccgggtgatcgacatggcttcggcctacgccacgctggcc

gcatccgggatctatcaccggccacacttcgtgcagaaggtcgtcaacgccgacggccgggttctcttcgacgcctccaccgaagacaacaccggtgaccagcgcatccccaa

ggcggtagccgacaatgtcaccgcggcaatggaacccattgccggatattcgcggggtcacaacctggccggcggccggccgtcggcctccaagaccggcacggtgcagtt

gggcgacaccagcgccaaccgagacgcctggatggtcggttacaccccgtcactgtcgacggccgtgtgggtgggaacggtcaagggtgacgagccgttggtgaccgcctc

gggcgcaccgatttacggctcgggcctgccgtcggacatctggaaagccaccatggacggtgcattgaagggcaccgaggtcgagagcttccccaagcccaccgagatcgg

cggctacgccggcgtgccggcaccgcctccacctccaccggaggcgccgccgccctcggagaccgtcatccagcccacggtcgaaatagcgcccgggatcacgattcccgt

cgggccgccaaccaccatcactcttgctccccctccgccaccaggggcgccacccgccgacaatccgccaccgtga 



 

 

Appendix III.34. Primers designed for cloning, site mutagenesis directed and Gibson 

assembly and sequence verification. 

 
Primer name primer sequence 

F-Mmar-Rv0050-orbit CGCACCTGCAGTTGGAATCACCTG 

R-Mmar-Rv0050-orbit CGATCAGCGCGTGGCGG 

R_pKM464-int CGGAGCCTATGGAAAAACGCCAGC 

F-pKM464-int CTTCGCCCGCGAACTGCTC 

R-H37Rv_ponA1_promoter AGATGTTGCTGCTTTGGGACAG 

F-H37Rv_ponA1_promoter CCAGCAGGCCGGTCAGCCTC 

F_pKM464-ponA1 GTCCCAAAGCAGCAACATCTTGCGGCCGCTAGCGGTACCAG 

R_pKM464-ponA1 GAGGCTGACCGGCCTGCTGGACTAGTGCATGCTCTAGACTC 

F-EGFP ATGGTGTCGAAGGGCGAGGAG 

R-EGFP TTACTTGTACAGCTCGTCCATGC 

F-EGFP-pKM464 TGGACGAGCTGTACAAGTAACCGGCGCGCTGTCCCAAAGC 

R-EGFP-pKM464 TCCTCGCCCTTCGACACCATTGGCCGTGCGGGCCCCGTTG 

F-pKM464-rpsT CCAGCAGGCCGGTCAGCCTCACGTCTTTTGGGTGAAAACG 

R-pKM464 GAGGCTGACCGGCCTGCTGG 

R-EGFP-rpsT CTCCTCGCCCTTCGACACCATGCTGTTGGTGCGGTTGCGCT 

F-ponA1-gene-H37Rv GTGAATAGCGACGGGCGTCAC 

R-ponA1-rpsT GTGACGCCCGTCGCTATTCACGCTGTTGGTGCGGTTGCGCT 

F-P630-P631-ponA1 GAGGTACCACCTTCGGAGAC 

R-P630-P631-ponA1 GTCTCCGAAGGTGGTACCTCCGGCGGCGGCGGCGGCGGCGGCACACC 

R-pMV361 TCGAATTCTGCAGCTGGATC 

F-pMV361 AGCTTATCGATGTCGACGTAG 

F-pMV361-ponA1-H37Rv GATCCAGCTGCAGAATTCGAGTGAATAGCGACGGGCGTCA 

R-pMV361-ponA1-H37Rv CTACGTCGACATCGATAAGCTTCACGGCGGCGGCGTGGGAG 

F-pMV361-rpsT-Mmar TTCCCGCCAGAAATCTAGACACGTCTTTTGGGTGAAAACG 

R-pMV361-prom-exch GTCTAGATTTCTGGCGGGAAC 

F-pMV361-ponA1prom GTTCCCGCCAGAAATCTAGACTTGCGCAACTCGTAGCCATG 

R-P631S-ponA1 GTCTCCGAAGGTGGTACCTCCGACGGCGGCGGCGGCGGCGGCACACC 

F-Q365H-ponA1 GTAGACAGCTCTCCGTTGAC 

R-Q365H-ponA1 GTCAACGGAGAGCTGTCTACATGGTAGCCCAGGCCGATCC 

F-MrcB-Mmar GTGAGTAACGAAGGGCGCCA 

R-MrcB-rpsTMmar TGGCGCCCTTCGTTACTCACGCTGTTGGTGCGGTTGCGCT 

R-MrcB-Mmar TCACGGTGGCGGATTGTCGG 

F-MrcB-pKM464 CCGACAATCCGCCACCGTGACCGGCGCGCTGTCCCAAAGC 

R-MrcB-ponA1p-H37Rv GTGGCGCCCTTCGTTACTCACTGGCCGTGCGGGCCCCGTT 

F-MrcB-2 AATACGTCAAGAACGCGTTG 

R-MrcB-2 GCCGCTCCACCCGTGCTGC 

F-MMAR_0069 GTGCGGCGGTCGGCCTACCT 

R-MMAR_0069-RPST AGGTAGGCCGACCGCCGCACGCTGTTGGTGCGGTTGCGCT 

F-T34-ponA1 GCGATCCTCCCGCCGGTGAC 

R-T34D-ponA1 GTCACCGGCGGGAGGATCGCGTCCAGTCTGTCGTCGGGTG 

R-T34A-ponA1 GTCACCGGCGGGAGGATCGCGGCCAGTCTGTCGTCGGGTG 

R-pMV361-Mmar0069 TGGCGCCCTTCGTTACTCACTCGAATTCTGCAGCTGGATC 

F-pMV361-Mmar0069 CCGACAATCCGCCACCGTGAAGCTTATCGATGTCGACGTAG 



 

 

Appendix III.34. Primers designed for cloning, site mutagenesis directed and Gibson 

assembly and sequence verification (...continuation). 
Primer name primer sequence 

F-A516T-ponA1 GCGATGGAGCCGATCGCAGG 

R-A516T-ponA1 CCTGCGATCGGCTCCATCGCCGTAGTCACGTTGTCGGCTA 

F-EM7promotor-BleoR GCCCGTCATCGTCAACGCCT 

R-BleoR TTCGCAACGTTCAAATCCGC 

F-BleoR-pMV361 GCGGATTTGAACGTTGCGAACCAACCGTGGCTCCCTCACT 

R-EM7promoter-pMV361 CAGGCGTTGACGATGACGGGCAGGTGGCTAGCTGATCACCG 

F-pMV361-Mmar0069 GATCCAGCTGCAGAATTCGAGTGAGTAACGAAGGGCGCCAC 

R-pMV361-Mmar0069 TACGTCGACATCGATAAGCTTCACGGTGGCGGATTGTCGG 

F-ponA1-H37Rv-MTB GTGAATAGCGACGGGCGTCACCATCAG 

R-ponA1-H37Rv-MTB TCACGGCGGCGGCGTGG 

F-H37Rv-ponA1-gen-1 GTGAATAGCGACGGGCGTCAC 

F-H37Rv-ponA1-gen-2-2360 TCCAAGGCTTATTTCGACAAGCCC 

R-H37Rv-ponA1-gen-2687 ACAACGCCCCTTCGGCAAC 

F-H37Rv-PonA1-gen-3-3460 CAACGGGATCGTGTTGGGCCA 

R-H37Rv-ponA1-gen-4 GTGTTGAGGGTCTGCTCGTCG 

R-H37Rv-ponA1-gen5 GGCGACGTCTGCCACCAAGC 

R-H37Rv_ponA1_promoter AGATGTTGCTGCTTTGGGACAG 

F-H37Rv-ponA1-prom-882 AGCGGCCAGCAAGCCC 

R-H37Rv-ponA1-prom-945 ACCCGCACAAATGCCCG 

R-H37Rv-ponA1-prom-1702 TGGCCGTGCGGGCCC 

Verif_Gg_PMV_Fw GACCATTTACGGGTCTTGTTGT 

Verif_GgPMV_Rv TGGCAGTCGATCGTACGCTA 

 

 

Appendix III.35. Metrics for molecular docking between PonA1 crystal 

transpeptidase 5CRF and penicillin V (open form) by GNINA. 

 
Mode affinity (kacl/mol) RMSD (Ǻ) 

1 -7.85 8.84 

2 -8.58 3.67 

3 -7.80 4.37 

4 -7.16 10.33 

5 -7.08 8.77 

6 -6.92 11 

7 -6.87 6.6 

8 -7.42 4.99 

9 -7.04 8.47 
 

  



 

 

Appendix II.36. Metrics for molecular docking between PonA1 crystal transpeptidase 

5CRF and penicillin (open form) by DiffDock 

 
Mode DiffDock_confidence RMSD (Ǻ) 

1 0.13 1.68 

2 0.09 1.85 

3 -0.19 2.04 

4 -0.2 3.1 

5 -0.21 2.97 

6 -0.29 2.11 

7 -0.29 2.73 

8 -0.34 2.61 

9 -0.4 3.02 

 

 

Appendix III.37. Metrics for molecular docking between PonA_WT_ESM against 

penicillin V by Diffdock.  
 

Mode DiffDock_confidence 

1 -0.28 

2 -0.59 

3 -0.73 

4 -0.6 

5 -0.47 

6 -0.63 

7 -0.55 

8 -0.67 

9 -0.44 

 

 

  



 

 

Appendix III.38. Metrics for molecular docking between PonA1_WT-ESM and 

rifampicin.  
 

Mode DiffDock_confidence 

1 -1.98 

2 -2.57 

3 -2.53 

4 -1.92 

5 -2.39 

6 -2.08 

7 -1.78 

8 -2.48 

9 -1.92 

 

 

 

Appendix III.39. STD_NMR assay titration for KD determination between PonA1234-

820_WT and rifampicin.  
 

 

 

  



 

 

Appendix III.40. STD_NMR assay titration for KD determination between PonA1234-

820_Q365H and rifampicin. 
 

 

 

 

 

Appendix III.41. STD_NMR assay titration for KD determination between PonA1234-

820_P631S and rifampicin. 
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