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RESUMEN

A pesar de la extensa inversion mundial anual destinada al control de la tuberculosis, esta enfermedad
contintia siendo una de las principales causas de muerte a nivel global, ocupando el segundo lugar
después de la COVID-19 en términos de enfermedades infecciosas. La identificacion temprana y
precisa de los aislados de Mycobacterium tuberculosis ¢s fundamental para garantizar un tratamiento
adecuado a los pacientes y reducir el impacto en la poblacion, contribuyendo asi a alcanzar los
objetivos de ecliminacion de la tuberculosis para el afio 2030.

En el caso de Ecuador, a pesar de contar con un programa de control funcional, el pais sigue
enfrentando una carga media de casos anuales (48/100.000). Se sabe muy poco sobre los perfiles
geneéticos asociados a la resistencia que presentan los aislados de Mycobacterium tuberculosis en el
pais. Esto resalta la necesidad de fortalecer los procesos de vigilancia epidemiologica mediante la
implementacion de técnicas rdpidas y eficientes que permitan obtener un perfil completo de
Mycobacterium tuberculosis.

En este contexto, el objetivo de este trabajo fue ampliar el conocimiento sobre los perfiles de
resistencia a drogas de primera y segunda linea presentes en los aislados de Mycobacterium
tuberculosis circulantes en el pais. Para lograr esto, se utilizo el secuenciamiento del genoma
completo, lo que contribuird a la implementacion de esta técnica como una estrategia de vigilancia
nacional.

En primer lugar, se investigd la diversidad genética de los aislados analizados, lo que permitid
identificar un predominio de aislados pertenecientes al linaje Euroamericano, especialmente de las
subfamilias LAM y X-type. Estos aislados presentan una composicion genética especifica que sugiere
una mayor adaptabilidad a las condiciones asociadas a la enfermedad, asi como una capacidad para
evadir la respuesta inmune, una mayor transmisibilidad, latencia y virulencia.

En segundo lugar, se identificaron patrones de mutaciones tipicas asociadas a la resistencia a firmacos
de primera y segunda linea. En algunos casos, estas mutaciones se encontraron fuera de las regiones
habitualmente asociadas a la resistencia y utilizadas en los métodos moleculares estandarizados

actualmente recomendados por la OMS. Ademas, se pudo clasificar como aislados pre-XDR aquellos



casos que previamente habian sido categorizados como MDR utilizando estrategias microbiologicas
convencionales,

En tercer lugar, se destacé la importancia del uso de herramientas bioinformaticas para analizar los
datos de secuenciacion dentro de los programas de vigilancia de la enfermedad. Sin embargo, es
crucial fortalecer las capacidades técnicas del personal y dotar de equipamiento de analisis adecuado
para garantizar un uso eficiente de la tecnologia, tanto en el laboratorio como en la interpretacion de
los resultados.

Finalmente, a través de la secuenciacion del genoma completo, se logré identificar y rastrear posibles
rutas de transmision del bacilo. Se observé que la movilidad migratoria desde y hacia el pais
contribuye a la introduccion de aislados con caracteristicas de virulencia y resistencia mas complejas.
Si no se controlan de manera oportuna, estos aislados pueden tener un impacto negativo en ¢l sistema
de salud y en la poblacion en general.

Esperamos que este trabajo contribuya al conocimiento de la diversidad genética de Mycobacterium
tuberculosis circulante en el pais y que, a su vez, promueva la implementacion de estrategias de
vigilancia fortalecidas. Asimismo, buscamos generar conciencia sobre el comportamiento de la

tuberculosis en Ecuador y resaltar la importancia de abordarla de manera efectiva.



ABREVIACIONES

TB: Tuberculosis

Mib: Mycobacterium tuberculosis

MTBC: Mycobacterium tuberculosis complex

OMS: Organizacion Mundial de la Salud

OPS: Organizacion Panamericana de la Salud (OPS)
LAM: Latin Americana y Mediterraneo

L1TH: Tuberculosis Latente

RR: Rifampicina resistencia

MDR: Multi-drogo resistencia

XDR: Extremo-drogo resistencia

DST: Test de susceptibilidad a drogas

SNP: Polimorfismo de un solo nucleoétido

InDels: Inserciones y Deleciones

WGS: Secuenciamiento de Genoma Completo

CDS: Secuencias codificantes

VFDB: Base de datos de Factores de Virulencia

TCDB: Base de datos de clasificacion de transportadores
cgMLST: Tipificacion de secuencias multi locus del genoma central
COG: Clusters of Orthologous Groups

PATRIC: Pathosystems Resource Integration Center

STPK: Serina/treonina proteina quinasas de tipo eucariota.



MPTR: Secuencias de repeticiones polimorficas en tandem

MIRU: Unidades repetitivas interespecificas micobacterianas
VNTR: Repeticiones en tandem de niimero variable

ORF: Marcos de lectura abierta

PE Prolina-Acido Glutamico

PPE Prolina-Prolina-Acido Glutamico

ESAT-6 Blanco 6 antigénico secretorio temprano (early secretory antigenic target 6)
CFP-10 Proteina de cultivo filtrado 10, tipo ESAT-6

Mce Proteina de ingreso a c¢lulas de mamifero

ESX Proteinas del sistema de exportacion

Mpto4 Proteinas de transicion de permeabilidad mitocondrial 64
Mpt32 Proteinas de transicion de permeabilidad mitocondrial 32
PhoP Proteina reguladora transcripcional

RRDR: Region Determinante de Resistencia a Rifampicina
NTM: Micobacterias No tuberculosas

PCR: Reaccion en cadena de la polimerasa

PGRS: Secuencias repetitivas polimorficas ricas en GC



INTRODUCCION

La Tuberculosis (TB) es considerada una enfermedad re-emergente debido a la prevalencia de
variantes genéticas con resistencia a los medicamentos antituberculosos. La Organizacién Mundial de
la Salud (OMS) reporté en el afio 2021 que cerca de 10,6 millones de personas contrajeron la
enfermedad a nivel mundial, dentro de estas 450.000 fueron RR/MDR-TB (multidrogo resistencia), y
acorde a estimaciones el 6,2% de los casos derivan en XDR-TB (extremo-drogo resistencia)(1). De las
ocurrencias en 2021 se estima que 1.6 millones de personas fallecieron, 10% de estas muertes son

debido a coinfecciones TB+ HIV(2—4).

Con la aplicacion de estrategias y esfuerzos de los organismos internacionales, la incidencia de la
tuberculosis a nivel mundial ha disminuido en término medio 1,5% anual, pasando de 184 casos en el
2000 a 134 casos en 2021 por cada 100.000 habitantes(5); sin embargo, la pandemia del COVID-19
mermo fuertemente los avances obtenidos, especialmente en la capacidad diagnéstica e incremento de
los casos de resistencia a farmacos(6-8). Por otro lado, se estima que cast un cuarto de la poblacion
mundial presenta tuberculosis latente (LTB) y que alrededor de 170 millones de personas podrian
volverse casos de tuberculosis activa debido a la disminucion en la calidad de atencion de pacientes
con tuberculosis latente, especialmente en lograr el cumplimiento del tratamiento(9,10), lo cual
amenaza el cumplimiento de objetivos en los principales programas mundiales asociados con su

control(11,12).

Las micobacterias son bacilos aerébicos, no moviles, las cuales presentan caracteristicas acido-alcohol
resistente debido al alto contenido de acido micolico en su pared celular(13,14). Las especies dentro
del género Mycobacterium, ¢l cual incluye un numero creciente de integrantes, se distinguen
tradicionalmente en base a caracteristicas fenotipicas, entre ellas la capacidad de metabolizar
diferentes componentes bioquimicos, la velocidad de crecimiento, y la presencia de pigmentos(15,16);
identificandose principalmente que las cepas de crecimiento lento son las causantes de enfermedades

relevantes en humanos y animales(17-19).



La tuberculosis es causada por un grupo de micobacterias estrechamente relacionadas denominadas
Complejo Mycobacterium tuberculosis (MTBC), integrado por especies tales como: M. tuberculosis,
M. africanum, M. canettii, M. microti, M. caprae, M. bovis, y M. pinnipedii(20), las cuales se
encuentran distribuidas en 9 linajes, divididos entre los “linajes modernos - clado I” conformado por:
linaje 2 con cepas del Este de Asia, linaje 3 con cepas de India y Africa del Este (EAI, por sus siglas
en inglés) y linaje 4 con cepas de Europa, América y Africa y los “linajes ancestrales - clado 11" que
incluyen cepas de Africa del Oeste 1 (linaje 5) y 2 (linaje 6) y linaje 1 cepas de Filipinas y Borde del
Océano Indico (Figura 1). El linaje 7 ha sido identificado de forma restringida en Etiopia(21,22),
mientras que aislados asociados con los nuevos los linajes 8 y 9 recientemente han sido clasificados
(23,24). Los integrantes del linaje 2 son los de mayor preocupacion epidemiologica debido que estan
caracterizados por presentar hiper virulencia, alta transmisibilidad y por estar asociados con
resistencia a medicamentos, consecuente con la alta tasa de mutacion. Uno de sus principales

representantes es el sublinaje Beijing(25-28).

Genoma de Mycobacterium tuberculosis

El genoma de M. fuberculosis H37Rv (NC_000962.3), desde su descifrado por secuenciamiento ha
proporcionado informacion de la fisiologia, mecanismos de infeccion, patogénesis, virulencia y
persistencia(29). Este genoma consta de 4.41 Mb la cual se encuentra conformada por 4173 genes
(3924 proteinas) incluyendo 30 pseudogenes, 45 tRNA, 30 ncRNA y 2 miscRNA, con un contenido
de GC de 65.6% en casi todo el genoma, excepto en las regiones PGRS las cuales contienen un mayor
porcentaje de GC. El genoma de M. ruberculosis consta de una gran cantidad de regiones repetitivas,
las mas estudiadas son las secuencias de insercion (IS6110 e IS1081)(30-33),y las secuencias de
repeticiones polimoérficas en tindem (MPTR), las cuales estdn asociadas con variaciones
antigénicas(34). Estas MPTR en M. muberculosis estin presentes dentro de ciertos locus genéticos,
tales como Unidades repetitivas interespecificas micobacteriales (MIRU, por sus siglas en inglés) o
repeticiones en tandem de numero variable (VNTR, por sus siglas en inglés) los cuales han sido
ampliamente utilizados para estudios de epidemiologia molecular de TB(35,36). Entre las regiones

codificantes, M. iuberculosis presenta una abundancia considerable de proteinas responsables de su



metabolismo, adaptabilidad, resistencia y virulencia. Estas proteinas son objeto constante de estudio

con ¢l objetivo de desarrollar estrategias de control eficiente dentro en su entormeo de desarrollo.
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Figura 1. Relaciones filogenéticas entre las especies del Complejo M. tuberculosis.  Andlisis
filogenético esta basado en SNP de 108 secuencias en la secuencia concatenada de 89 genes y analisis
de deleciones. Los colores representan los linajes congruentes. El Sublinaje Beijing dentro del Linaje
2 se encuentra de color azul. M. canefti fue utilizado como grupo externo, Figura adaptada de la
referencia(20)
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La composicion proteica de M. wberculosis es diversa y contribuye a su patogenicidad y
supervivencia dentro del huésped. Se identificaron 3924 marcos de lectura abierta (ORF) en su
genoma, de los cuales se pudieron identificar funciones para el 50% y se agruparon acorde a las
actividades relevantes que desempefian. En particular las proteinas de M. tuberculosis se asocian a:
proteinas de metabolismo general, regulacion y resistencia a drogas, proteinas del metabolismo de
lipidos, proteinas que afectan la respuesta inmunologica del huesped y de patogenicidad. Entre las
proteinas asociadas con metabolismos se ha podido identificar que M. muberculosis es capaz de
metabolizar una variedad de carbohidratos, hidrocarburos, alcoholes, cetonas y acido carboxilico,
ademas puede sintetizar mas de 200 enzimas cnvueltas en los principales procesos metabolicos bajo

condiciones aerobicas y anaerobicas(37-39).

Dada la complejidad del ambiente donde crece esta bacteria, un amplio repertorio de proteinas de
regulacion y transduccion de sefial son sintetizadas, entre ellas se han identificado trece factores sigma
y mas de 100 proteinas reguladoras. Ademas se han identificado 11 Serina/treonina proteina quinasas
de tipo cucariota (STPK), caracterizadas como Pknd, PknB, y de la PknD-L, las cuales juegan un
papel importante en la transduccion de sefiales, y pueden dirigir importantes procesos celulares como
ingresar a un estado de dormancia o a division celular, entre otros(40—43), asi mismo han sido
caracterizados igual nimero de sistemas de dos componente lo cual evidencia la importancia de estos
dos mecanismos de transduccion de sefiales para la adaptacion del patégeno a su ambinete(43). En el
caso de proteinas asociadas con el metabolismo de lipidos, M.tuberculosis es uno de los pocos
microorganismos que puede generar una amplia gama de compuestos lipidicos, desde acidos grasos
simples, pasando por isoprenoides y llegando a moléculas complejas como acidos micolicos entre

otros, esto conlleva que existan mas de 250 enzimas involucradas en estas vias(19.44.45).

Cerca del 10% de las secuencias codificantes se agrupan en dos grandes familias de proteinas acidas
ricas en glicina, las familia PE y PPE, las cuales estan compuestas por secuencias repetitivas, PGRS y
MPTR. Ambas familias poseen un amplio nimero de variantes (91 para PE y 68 para PPE). Varios

estudios respaldan la hipotesis que estas familias estan asociadas con la variacion antigénica de la

1



bacteria, lo que evita la homogeneidad antigénica de la misma y conduce a una interferencia en la

respuesta inmunoldgica del huésped al inhibir ¢l procesamiento de los antigenos(34,46).

Por ultimo, existe un grupo de proteinas que estan asociadas a la virulencia de las micobacterias, las
cuales estan principalmente involucradas en la interaccion de las especies de MTBC con los
macrofagos del huésped. Un grupo de estos factores de virulencia estd involucrado en ¢l proceso de
adaptabilidad a condiciones limitadas de nutrientes ¢ iones, asi como en la modificacion del
metabolismo de carbono dentro de las células del huésped. Otro grupo es responsable de la respuesta
frente al ataque microbicida de las células del huésped. Un altimo grupo esta vinculado con las
familias PE v PPE que son responsables de la modulacion de la respuesta mmune del huesped,
especialmente los factores relacionados con la inhibicion de la respuesta inflamatoria y la apoptosis.
Entre los factores mas estudiados se encuentran ESAT-6, CFP-10, Mce, ESX, PepX, Mpt64, Mpt32,

PhoP, entre otras(47-51).

Tratamiento

El tratamiento de M. tuberculosis, generalmente implica una combinacion de diferentes medicamentos
que se toman durante un periodo especifico. El tratamiento estandar para la tuberculosis sensible a los
medicamentos consiste en un régimen de cuatro medicamentos conocidos como de "primera
linea"(52). Los medicamentos especificos utilizados, sus dosis y la duracion del tratamiento pueden
variar segun factores como la edad del paciente, el estado general de salud, los resultados de las

pruebas de susceptibilidad a los medicamentos y la presencia de cualquier otra afeccion médica(53).

Los medicamentos de primera linea comunmente utilizados en ¢l tratamiento de la tuberculosis

incluyen:

Isoniazida (INH): medicamento que inhibe el crecimiento de M. fuberculosis al mterferir con la
sintesis de acidos micdlicos, un componente critico de la pared celular bacteriana. La actividad
antibacteriana de la INH comprende la oxidacion enzimatica de la INH por la catalasa-peroxidasa

bacteriana (katG) para formar radicales de isonicotinoilo, que a su vez forman un aducto quimico
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clave con nicotinamida adenina dinucleotido (INH-NAD+). Este aducto es un potente inhibidor de la
proteina transportadora de enoil acil reductasa, una enzima esencial para la biosintesis del acido
micdlico de la pared celular de M. tuberculosis(54,55). Rifampicina (RIF): la rifampicina ¢s un agente
bactericida que mhibe la sintesis de ARN, lo que iterrumpe la produccion de proteinas esenciales.
RIF se une a la subunidad f de la ARN polimerasa dependiente de ADN (RNAP), cerca del canal de
ARN/ADN, mhibiendo asi la subunidad P de la RNAP bacteriana, bloqueando fisicamente ¢l
alargamiento de la cadena de ARN en crecimiento después de que se hayan afiadido 2 - 3
nucleotidos(56,57). Pirazinamida (PZA); es un profarmaco que se convierte a su forma activa de acido
pirazinoico (POA), por la accion de la pirazinamidasa (PZasa)/nicotinamidasa, codificada por el gen
pncA en M. muberculosis. Se plantea que la pirazinamida actia alterando el pH intracelular de M.
muberculosis, debido al ingreso de POA facilitada por acido (HPOA acido protonado sin carga) a través
de la membrana, provocando una acumulacion de POA en el interior, lo que hace que el ambiente sea
menos favorable para el crecimiento bacteriano, llegando a desenergizar la membrana al colapsar la
fuerza motriz de protones afectando ¢l transporte de la membrana, ademas de inhibirla sintesis de
proteinas y ARN(58). Etambutol (EMB): El etambutol se considera un firmaco bacteriostatico que
bloquea la polimerizacion de las subunidades de arabinosa en la capa de arabinogalactano (AG), un
componente de la pared celular bacteriana, lo que conduce a la pérdida de la capa de acidos micolicos
de cadena larga (MAs), impidiendo el crecimiento bacteriano debido a la detencién en los polos

celulares(59).

El régimen de tratamiento estandar para la tuberculosis sensible a los medicamentos se conoce como
"Terapia de observacion directa, de ciclo corto” (DOTS, por sus siglas en inglés), y generalmente dura
seis meses(60). En la fase inicial, tiene una duracion de dos meses, donde se administraran los cuatro
farmacos (INH, RIF, PZA y EMB). Luego, en la fase de continuacion, que dura cuatro meses
adicionales, se continiia con INH y RIF, mientras que PZA y EMB pueden suspenderse si se descubre

que las bacterias son susceptibles a INH y RIF.

Es importante tener en cuenta que el régimen de tratamiento exacto puede variar scgin las

circunstancias individuales del paciente y los resultados de las pruebas de susceptibilidad a los
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medicamentos. Si el tratamiento de primera linea fracasa, la tuberculosis resistente requiere otros
regimenes de tratamiento que utilizan medicamentos de "segunda linea". Generalmente estos
tratamientos son mas potentes pero requieren mayor duracion y pueden tener mas efectos secundarios
entre estos constan Levofloxacina y/o Moxifloxacina (Fluoroquinolona), Estreptomicina, Kanamicina,

Capreomicina y/o Amikacina, Bedaquilina, Etionamida, Cicloserina, Linezolidos, Clofazimina(61).

Es fundamental que los pacientes completen el tratamiento seglin lo prescrito, incluso si comienzan a
sentirse mejor antes de completarlo, esto ayuda a prevenir ¢l desarrollo de cepas resistentes a los

medicamentos y asegura la erradicacién completa de la bacteria del cuerpo.

Mecanismos de Resistencia

Los mecanismos de resistencia pueden clasificarse como intrinsecos o adquiridos (62,63). En ¢l caso
de los intrinsecos estan asociados a caracteristicas fisiologicas o celulares inherentes del bacilo como
son permeabilidad de la pared celular, dormancia, bombas de flujo, canales de porinas, modificaciones
especificas de blancos de drogas, degradacion enzimatica, activacion de reguladores de transcripcion
de genes asociado con resistencia entre otros(64,65). Mientras que la resistencia adquirida se genera a
través de la transferencia horizontal de genes relacionados con resistencia a drogas o mutaciones
espontaneas en genes que naturalmente son blanco de drogas(65—67). En el caso de M. fuberculosis,
no se ha evidenciado que ocurra transferencia horizontal de manera significativa, o en caso de que
ocurra, es relativamente rara debido al ambiente donde se desarrolla. Por lo tanto, la resistencia a los
medicamentos esta principalmente relacionada con el desarrollo de mutaciones espontaneas en los

genes diana de los farmacos utilizados en el tratamiento.

La resistencia bacteriana debido a mutaciones en M. tuberculosis se produce a través de cuatro
mecanismos distintos: modificacion de blanco de la droga, disminucion de la activacién de la
prodroga, sobreexpresion del blanco de la droga y sobreexpresion de enzimas modificadoras de la
droga. En todos estos casos, la aparicion de resistencia afecta la cficacia de las terapias
medicamentosas(68,69). Dependiendo de los genes mutados y del namero de farmacos afectados, se

pueden identificar diferentes perfiles de resistencia en M. tuberculosis(70):
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e Monorresistente: cuando las mutaciones sélo afectan a un farmaco del tratamiento.

e Poliresistente: implica resistencia a mas de un medicamento antituberculoso, excepto a
isoniazida y rifampicina.

e Multidrogorresistente (MDR-TB): se presenta cuando hay mutaciones que confieren
resistencia a isoniazida y rifampicina.

o Pre-extremo drogorresistente (pre-XDR-TB): ademds de la multidrogorresistencia, presenta
resistencia a cualquier fluoroquinolona.

e Extremadamente resistente o extremo drogorresistente (XDR-TB): incluye la
multidrogorresistencia, resistencia a cualquier fluoroquinolona de ultima generacion y al
menos una de las tres drogas inyectables de segunda linea.

e Panresistente: cuando las mutaciones han conferido resistencia a todos los firmacos

comunmente empleados en el tratamiento de primera y segunda linea.

La resistencia de M. muberculosis a la Isoniacida ha sido reportada en varios estudios y esta relacionada
con mutaciones en varios genes importantes en el ciclo de vida de M. ruberculosis tales como: katG,
codifica para la enzima catalasa peroxidasa, mutaciones en este gen y/o su promotor se relacionan con
el 60% de los casos de resistencia; el promotor del gen inkid que codifica la sintesis de la proteina enil
ACP reductasa; el gen ahpC, codifica la enzima alquil hidroperoxido reductasa; el gen nhd que
codifica la enzima NADH deshidrogenasa, esencial en la cadena respiratoria; kas4 que codifica para
la cetoacil-ACP sintasa; el gen oxyR regulador central en la respuesta al estrés oxidativo y de nitratos;
furd es un regulador de la captacion del hierro; fabG1 codifica para una 3-oxoacyl-thioester

reductasa(71-74).

Mientras la resistencia a la Rifampicina en M. ruberculosis esta asociada principalmente con
mutaciones en una region Determinante de Resistencia a Rifampicina (RRDR, por sus sigla en inglés)
de 81 bases del gen rpoB(75-77) que codifica para la subunidad  de la RNA polimerasa. Las
mutaciones asociadas a la region RRDR comprenden los codones 426 a 452, siendo los codones 435,
445 y 450 los que mayoritariamente se han identificado, en especial en cepas altamente transmisibles

(MDR y XDR). Las mutaciones en RRDR que confieren resistencia a Rifampicina tienen un impacto

15



en la capacidad adaptativa del microorganismo(78,79). Sin embargo, en varios estudios se han
identificado mutaciones compensatorias que se encuentran fuera de la region RRDR(79,80), asi como
en los genes adyacentes rpoA y rpoC(81-85), que contribuirian en la generacién de resistencia a

rifampicina,

La Pirazinamida (PZA) es una pro-droga, empleada para ¢l ftratamiento de tuberculosis en
combinacion con otras drogas, esta debe ser activada por la enzima pirazinamidasa (Pzasa) bacteriana
codificada por el gen pncA, variaciones o mutaciones en este gen conducen a resistencia a PZA, por
pérdida de actividad PZasa(86). Mutaciones tipo SNP o pequefias deleciones son diversas y estan
altamente dispersas en el gen pncA y ha sido reportado que el 70% de las cepas MDR y 96% de las
XDR de M. tuberculosis(86-91). Aunque mutaciones en el gen pncA han sido reportadas por
diferentes autores, es necesario considerar la ocurrencia de mutaciones en otros genes como panD y
rpsA identificadas en los aislados resistentes a PZA (92-96), asi como la heterorresistencia debido a la

discordancia en los resultados con las pruebas fenotipicas clasicas(97,98).

El Etambutol (EMB) afecta la arabinosil transferasa codificada por el locus del gen embCAB que esta
implicado en la biosintesis de los componentes de la pared celular, arabinogalactano y
lipoarabinomanano(99-103). Las cepas resistentes se caracterizan principalmente por mutaciones
canodnicas notificadas en los codones 306, 406 y 497 dentro del gen embB; sin embargo, aislados con
mutaciones en los codones 320, 324, 397, 445, 1024 del gen embB y 13 de embC han sido asociadas
con resistencia a EMB(104). Adicionalmente se han podido encontrar las mutaciones no sindénimas en
los codones 188, 237, 240 y 249 del gen ubiA en aislados que han presentado una resistencia
incrementada a EMB(105). A pesar de que la mutaciones M306V y M306I son la mas frecuente en los
aislados resistentes, esta ha sido detectada en aislados sensibles en diferentes estudios, esta
discrepancia se puede haber dado debido a una no estandarizacion de concentraciones criticas de la

droga durante las prucbas de sensibilidad.

La Estreptomicina (STR) es una de las alternativas de drogas antituberculosas de primera linea que

han sido utilizadas en incremento para tratar MDR-TB(106,107). La estreptomicina como todos los
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aminoglucosidos es un bactericida que interfiere con la sintesis de péptidos y proteinas ribosomales,
mediante la union al 16S ARNr en la subunidad 30S, lo cual detiene la sintesis de proteina por
inhibicidn de la formacion de enlaces peptidicos(108). La resistencia ha sido asociada con mutaciones
dentro del gen 115 que codifica para la subunidad pequefia del 16S rRNA y del gen rpsL que codifica
para la proteina ribosomal S12. Las mutaciones mas frecuentes estan localizadas alrededor de dos
regiones de rrs, denominadas bucle 530 y la region 912, o los codones 43 y 88 dentro de
rpsL(106,109-112). Mutaciones dentro del gen gidB que codifican en una 7-metilguanosina
metiltransferasa especifica del 16S tRNA, podrian conferir una baja resistencia a STR en M.
mberculosis(113—116). Varias investigaciones han mostrado que el tipo y frecuencia de las mutaciones
en los genes rrs, rpsL y gidB difieren marcadamente entre regiones geograficas(117-119), por lo cual
identificar las variantes locales con el fin de desarrollar prucbas de diagnéstico especificas es de

primordial importancia.

Diagnostico

El diagnostico de la tuberculosis presenta un panorama complejo basado en las manifestaciones
variadas de la enfermedad (latente o activa), ademas de las localizaciones en las cuales se tome la
muestra (pulmonar o extrapulmonar). Ademas se debe tener en cuenta la posibilidad de la presencia
de otras micobacterias denominadas No tuberculosas (NTM). Aunque es muy poco comun detectar
estas micobacterias, pueden afectar a ciertos pacientes, en especial a aquellos con sistemas
inmunologicos debilitados. Entre estas micobacterias, se han identificado casos de M. fortuitum(120),

M. kansasii(121), M. scrofulaceum(122), M. abscessus(123) entre otras.

El diagndstico y diferenciacion oportuna, junto con una efectiva caracterizacion de la resistencia a los
medicamentos antituberculosos, especialmente a isoniacida y rifampicina, en el complejo M.
tuberculosis, son fundamentales para el control de esta enfermedad. Estos pasos permiten una
intervencion epidemiologica y terapeutica temprana, lo que resulta crucial en la gestion exitosa de la
tuberculosis(124). Los métodos radiologicos, asi como de diagnéstico de laboratorio basado en la

observacion directa por microscopia de bacilos acido-alcohol resistentes y los métodos clasicos de
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cultivo, se mantienen vigentes como métodos estandarizados para la deteccion de la tuberculosis.
Ademas de esto, la deteccion de resistencia a farmacos a través de métodos fenotipicos plantea
desafios logisticos significativos para lograr una deteccion precisa y exhaustiva del tipo de
micobacteria que presenta ¢l paciente(52), El test de susceptibilidad a drogas (DST, por sus siglas en
ingles) en M. tuberculosis es generalmente desarrollado después de que una muestra clinica es
cultivada, lo cual lo hace un método que toma bastante tiempo y se basa principalmente en medir la
inhibicion del crecimiento inducido por la droga, comparado con el crecimiento en un medio sin la
droga evaluada(125,126). En la actualidad la aplicacion de métodos de cultivo rapido automatizado ha
permitido al DST analizar diferentes niveles de concentraciones de farmacos a primera y secgunda

linea del tratamiento(71,127,128), basado en las caracteristicas fenotipicas de crecimiento.

Los metodos moleculares implementan estrategias basadas en la identificacion de regiones especificas
que aportan informacion relacionada con el tipo de micobacteria o el perfil de resistencia a farmacos
que posee. Por un lado, estas estrategias permiten la tipificacion genética de los aislados acorde a
regiones de insercion, como la IS6110 (considerada su estandar de oro). Esta técnica se basa en la
amplificacion de las copias en nimero variable del elemento de insercion 6110 y su deteccion
mediante la digestion del producto, a través de su captura por sondas especificas de ADN, gencrando
un perfil especifico de cada aislado(30,31,33). Otra estrategia es ¢l Espoligotipificacion
(Spoligotyping) la cual se basa en la amplificacion por PCR y analisis del polimorfismos en
secuencias espaciadores presentes en regiones especificas del genoma de M. tuberculosis denominadas
locus repetido directo (direct repeat 0 DR por su siglas en inglés). Esta corresponde a un region del
cromosema de M. tuberculosis que contiene de 10 a 50 copias de un espaciador de ADN que varia en
tamano y secuencia (entre 37 a 41 pb)(35). Finalmente, la técnica ampliamente utilizada para
tipificacion genética, considerada como el nuevo estandar de oro, es la amplificacion de las regiones
MIRU-VNTR (mycobacterial interspersed repetitive units-variable number tandem repeats). Las
regiones MIRU consisten en secuencias repetitivas de 40 a 100 pb, y se han identificado 41 de ellas
dentro del genoma de M. tuberculosis. Considerando se conoce la longitud de cada secuencia

repetida, se puede discernir ¢l nimero de copias acorde al tamafio del amplicon generado, lo cual
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permite la diferenciacion de los aislados; el poder discriminatorio de la técnica se basa en la
combinaciéon de MIRU-VNTR que sca utilizado. Esta técnica de amplificacion es muy util para la
tipificacion y la caracterizacion de cepas de M. tuberculosis, permitiendo un mayor entendimiento de

la epidemiologia y la transmision de la enfermedad

Por otro lado, los métodos moleculares determinan la resistencia a drogas acorde a la composicion
genética en vez de la resistencia fenotipica. Estos métodos se han aplicado al entorno clinico por su
versatilidad y rapidez, incluidas variantes de Xpert MTB/RIF y GenoType MTBDRplus(129-132) que
determinan las principales variantes genéticas asociadas a resistencia a drogas de primera lineca.
Aunque estos métodos son rapidos y sencillos, por un lado M. tuberculosis evoluciona continuamente
a través de la adquisicion de polimorfismos de un solo nucledtido (SNP), inserciones y deleciones
(InDels) en su genoma, lo que afecta la capacidad de discriminar cepas. Por otro lado, estos métodos
s¢ basan en buscar cambios conocidos y no es capaz de identificar mutaciones de novo(133). En este
sentido, la secuenciacion del genoma completo (WGS, por sus siglas en inglés) se ha convertido en
una herramienta de diagnostico molecular muy util en la investigacion de la tuberculosis. Es
clinicamente relevante para predecir la resistencia a los medicamentos, tipificar los linajes de la
bacteria, rastrear la transmision y definir brotes en forma simultianca utilizando la informacion
obtenida del aislado(134-139). Ademas, el WGS tiene el potencial de determinar la resistencia a los
medicamentos de manera mas rapida que las pruebas de sensibilidad a medicamento (DST)
tradicionales(140) y no requiere una infraestructura de seguridad biologica(141,142) una vez obtenido

¢l material genético de forma segura.

A pesar de la existencia de diferentes estrategias para el diagnostico y la caracterizacion de los
aislados de tuberculosis, existen desafios que deben superarse en los diferentes paises. Estos desafios
incluyen la necesidad de contar con una infraestructura minima adecuada, capacitar y desarrollar las
habilidades del personal sanitario y técnico, asi como incorporar recursos y tecnologia avanzada para
una aplicacion eficiente. Ademas, no se deben olvidar los procesos de estandarizacion necesarios que
deben implementarse para gencrar resultados validados dentro de programas de vigilancia de esta

enfermedad.
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Distribucién de la tuberculosis

Segun el Reporte Global de la Tuberculosis, 2022 elaborado por la Organizacion Mundial de la Salud,
se evidencia que a nivel mundial se reportaron 10.6 millones de personas infectadas con tuberculosis
en 2021, lo cual representa un incremento del 4.5% en comparacion con 2020. Estos casos estan
distribuidos en 202 paises, con la mayoria concentrada en ¢l Sudeste Asiatico (45%) v Africa (23%).
América, por su parte, representa solo el 2.9% de la carga global de tuberculosis (Figura 2). Treinta
paises son responsables del 87% de los casos, siendo India (28%), Indonesia (9.2%) y China (7.4%)
los que acumulan la mayor cantidad de casos. Junto con Filipinas, Pakistan, Nigeria, Bangladesh y la
Republica Democratica del Congo, estos paises representan mas de dos tercios de la incidencia global
(Figura 2). Por otro lado, existen 47 paises con una baja carga de casos de tuberculosis, con menos de
10 casos por 100,000 habitantes por aio. Estos paises se encuentran distribuidos en América, Europa v
algunos paises de las regiones del Mediterraneo Oriental y el Pacifico Occidental.

Del total de casos reportados en 2021, se determind que el 6.7% correspondia a personas que viven
con VIH. Los paises africanos presentaron la mayor cantidad de casos, llegando a superar el 50% en
algunos paises del sudeste africano. En cuanto a la resistencia a los medicamentos, se observé un
incremento del 3.1% en los casos de tuberculosis resistente en comparacion con 2020, especialmente
en personas que desarrollaron tuberculosis resistente a rifampicina v/o a multiples farmacos
(RR/MDR), lo cual se atribuye al impacto de la pandemia de la COVID-19. India, Federacion Rusa y

Pakistan representaron el 42% del total de casos de pacientes con resistencia.

En 2021, el diagndstico de casos de tuberculosis se vio afectado adversamente por la pandemia, con
un total de 6.4 millones de casos reportados, alcanzando niveles similares a los obtenidos en 2017,
pero aun lejos de los 7.1 millones alcanzados en 2019. A pesar de la recomendacion de la OMS de
utilizar prucbas moleculares rapidas para una deteccion temprana, solo el 38% de los diagndsticos se
realizaron mediante estas técnicas. A nivel mundial, 10 paises representaron el 75% de la brecha
existente entre la incidencia estimada y los casos reportados de tuberculosis. India (24%), Indonesia
(13%), Filipinas (10%), Pakistan (6.6%) y Nigeria (6.3%) son los paises que presentan las mayores

diferencias, principalmente debido a subregistro o subdiagnéstico de casos.
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Figura 2. Estimacion de la incidencia de Tuberculosis en 2021, en paises con al menos 100.000 casos.
Los primeros ocho paises que conforman las % partes de los casos globales, son marcados, el tamafio
de los circulos representa la incidencia. Figura tomada de la referencia (3).

A nivel mundial, debido a la migracion especialmente a paises con altos ingresos, la transmisién de la
tuberculosis se ha visto incrementada, especialmente enfocado en los linajes mas ampliamente
distribuidos (L2: Euroasiatica y L4: Euroamericano), porque se ha demostrado que diferentes linajes
pueden correlacionarse con  diferentes resultados  epidemioldgicos y  potenciales de
enfermedades(143,144). Este monitoreo de linaje circulantes con el desarrollo de herramientas
moleculares como Espoligotipado(35), MIRU-VNTR(145) v Secuenciamiento de Genoma completo
(en las dos primeras basadas en la diferenciacion de regiones repetidas en tandem especificas dentro
del genoma y/o locus CRISPR-Cas locus, mientras que la secuenciacion emplea todo el genoma
analizando sus variaciones), han permitido identificar entre los aislados circulantes investigados la
presencia de agrupaciones clonales “Genomic clusters” acorde con las diferencias nucleotidicas entre
dos o mas casos activos de TB, en especial los polimorfismo de un solo nucclotido (SNP),
adicionalmente si a la informacioén genética entre las agrupaciones clonales se le incluye los datos
epidemiolégicos, clinicos y/o de contactos existentes entre los huéspedes de la micobacteria, se
pueden establecer redes de transmision “‘transmission networks”, las cuales han permitido
comprender de mejor manera los diferentes resultados epidemioldgicos y dinamica de la enfermedad

asociado a regiones geograficas especificas(146).
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Tuberculosis en Ecuador

La tuberculosis a nivel mundial segin la OMS es una de las 10 principales causas de mortalidad,
siendo el principal agente infeccioso que causa mortalidad por sobre VIH/SIDA. En el Ecuador, luego
de la evaluacion por parte de la Organizacion Panamericana de la Salud (OPS) en 1999, se recomienda
la implementacion de la Estrategia DOTS, y a partir de 2001 se inicia la aplicacion de esta estrategia
en tres provincias del pais (Azuay, Guayas y Pichincha), bajo el Proyecto de Fortalecimiento del
Programa Nacional de Prevencion y Control de la Tuberculosis, pero no es hasta 2006 que se expande
el proyecto a todas las dependencias a nivel nacional(147). Ecuador presenta una carga media de
tuberculosis (48/100.000 habitantes) y aunque se llevan a cabo programas activos de control, los casos
de tuberculosis se han incrementado en los ultimos afios, pasando de 5474 casos en 2013 a 5973 casos
en 2021 (Tabla 1). Por otro lado. los casos de resistencia se han mantenido variables, alcanzando los
419 casos en 2021. Esto muestra la importancia de implementar pruebas de deteccion de la resistencia
rapida, eficientes, oportunas y de bajo costo.

Tabla 1. Casos de tuberculosis en el Ecuador durante los afios 2013 a 2021.

Ao N° de casos totales Casos resistentes tratan:;z:til::ontra
de tuberculosis notificados MDR/RR
MDR

2013 5474 407 95
2014 5352 451 179
2015 5346 635 135
2016 5374 160 155
2017 5815 249 233
2018 6094 252 252
2019 6542 317 317
2020 5062 256 256
2021 5973 419 342

Fuente: Ministerio de Salud Publica, OMS,
(https://app.powerbi.com/view?r=eyJrljoiZDhjNDMOYmMtOGExOS000DIxL WEzMjktZDkONmI4Y TAWOD gwliwidCI6I
mY2MtbMGIILWIKMJOINGIzOS04MTBLTNKY zZI4MGFm Y jUSMCIsImMiOjh9).

El tratamiento de la tuberculosis se basa en la administracion de medicamentos combinados de forma
que afectan procesos vitales en el desarrollo de la micobacteria. En Ecuador, la cobertura de
tratamiento a los pacientes esta en promedio al 62% y s¢ mantiene ¢n esos niveles desde 2012, estando

conformado por medicamentos de primera linea como: Isoniacida, Rifampicina, Etambutol,
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Pirazinamida, y en caso de presentar resistencia, se emplean medicamentos de segunda linea como:
Levofloxacina y/o Moxifloxacina (Fluoroquinolona), Estreptomicina, Kanamicina, Capreomicina y/o
Amikacina(52).

El tratamiento suboptimo y mala adherencia a las terapias de drogas son factores que contribuyen al
incremento de los casos de resistencia en la tuberculosis, en el contexto local los casos resistentes
totales detectados se mantienen alrededor del 10%, a pesar de que exista un incremento en ¢l 2021 de
un 34% de casos resistente detectados como impacto de la pandemia debido al confinamiento y
disminucion en las capacidades diagnosticas. Ademas, la administracion de un tratamiento inadecuado
aumenta el riesgo de transmision de cepas resistentes y la produccion de infecciones primarias, ya que
puede haber desconocimiento de los patrones de resistencia presentes en la comunidad. La prueba
gold estandar a nivel pais para la deteccidon de resistencia antimicrobiana sigue siendo el cultivo
bacteriano, la cual toma varias semanas (6 a 8) en el caso de M. wberculosis. Pruebas moleculares,
tales como, GeneXpert (MTB/RIF), GenoType MTBDR plus, ensayos de sonda lineales, y
actualmente ¢l empleo del antigeno LAM han sido utilizados parcialmente para mejorar la deteccion

de M. tuberculosis MDR.

En ¢l contexto de la investigacion, muy pocos estudios se han realizado a nivel nacional que aborden
el origen de los mecanismos que interfieren en la accion de las drogas antituberculosas, asi como las
mutaciones presentes en los genes relacionados con la resistencia a farmacos. En su mayoria, estos
estudios se han limitado a la deteccion de linajes basada en perfiles de restriccion que generan
patrones especificos para ciertos tipos de cepas circulantes. Principalmente los esfuerzos se centran en
caracterizar los linajes circulantes mediante analisis de espoligotipos y unidades repetidas
interespecificas  micobacterianas -  repeticiones en  tandem de namero  variable
(MIRU-VNTR)(148-151). Estos métodos se complementan con perfiles de resistencia fenotipica y, en
casos limitados, con las técnicas moleculares estandarizadas como GeneXpert (MTB/RIF), GenoType
MTBDR plus, y SNP-PCR. Estas técnicas se utilizan para investigar el comportamiento
epidemioldgico del bacilo de la tuberculosis en diferentes contextos, como poblaciones cautivas como

prisiones (151) asi como en la poblacidn general.
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Son escasos los estudios que utilizan la secuenciacion de genoma completo para analizar la
variabilidad genética, los linajes, los patrones de resistencia y los modos de transmision en M.
tuberculosis. Hasta ahora, solo se ha realizado un estudio en el cual se utilizé6 WGS para dilucidar la
asociacion de linajes en 8 aislados que presentaban resultados ambiguos generados mediante
MIRU-VNTR(152). Con base a lo antes expuesto, y en ausencia de informacién que permita conocer
¢l estatus real de las variantes genéticas de M. tuberculosis surgen las siguientes interrogantes: cuales
son los linajes circulantes de M.tuberculosis en Ecuador? ;Cuales son las mutaciones circulantes
presentes en los genes relacionados a la resistencia de primera y segunda linea en aislados de M.
mberculosis circulantes en ¢l Ecuador?, ;cuales son los linajes circulantes de M. mberculosis que
presentan mayor numero de mutaciones?, /El método de las proporciones considerando ¢l tiempo de
obtencion de sus resultados seria la mejor estrategia para la administracion del tratamiento

antituberculoso a los pacientes?, ;Al no conocer las variantes genéticas circulantes, es pertinente que

se implemente alguna prueba molecular basada en PCR como son los kits comerciales?
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HIPOTESIS

La deteccion oportuna del M. tuberculosis, ¢l agente causal de la tuberculosis, y una caracterizacion
completa son fundamentales para un tratamiento adecuado de la enfermedad. Es importante conocer la
diversidad de aislados circulantes y su perfil de resistencia a las drogas de tratamiento, ademas de
desarrollar capacidades en ¢l personal de salud. Esto permitiria detectar rapidamente el patogeno y
administrar, un tratamiento especifico acorde al perfil global del patdgeno en cada paciente, evitando
el desarrollo de variantes mas resistentes que pucdan complicar el tratamiento de la enfermedad vy su
diseminacion en la poblacion.

En la actualidad la WGS, ha fortalecido las capacidades de diagnostico en los sistemas de vigilancia
de patogenos vy enfermedades. Permite obtener mas informacion sobre la virulencia, resistencia,
transmisibilidad v adaptabilidad del patogeno al huésped. La vigilancia de M. fuberculosis ha seguido
esta tendencia al aprovechar las ventajas de la tecnologia para complementar a los métodos
tradicionales de deteccion del patogeno. Aunque cada vez mas paises estan fortaleciendo la vigilancia
genomica de la tuberculosis, la diversidad de aislados identificados en funcion de su distribucion
geografica, perfiles de resistencia y virulencia sigue siendo una limitacién para su implementacion
completa. Por esta razon, la OMS actualizé en 2021 las guias de criterios para identificar mutaciones
relacionadas con la resistencia en aislados mono, multi y extremo drogorresistentes, con el objetivo de
fortalecer el uso de tecnologias genémicas en la lucha contra la tuberculosis.

Sin embargo, en el pais, el uso de tecnologia de secuenciacion del genoma completo para la vigilancia
de la tuberculosis es muy limitado. Se utilizan principalmente técnicas moleculares que se enfocan en
mutaciones puntuales asociadas a la resistencia y clasificacion filogenética, lo cual limita la toma de
decisiones en la practica clinica debido al tiempo requerido para obtener los resultados. Por lo tanto,
nuestra hipotesis es que es posible estudiar la variabilidad genética de la tuberculosis en el pais
mediante la secuenciaciéon de genoma completo. Esto permitira identificar los linajes circulantes, las
variantes genéticas presentes o asociadas a la resistencia a drogas de primera y segunda linea, y
evaluar la confiabilidad de los estudios de casos. Asi el presente estudio contribuira la implementacion

de estrategias efectivas en la lucha contra la tuberculosis.
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OBJETIVOS

Objetivo general

El presente trabajo tiene como objetivo identificar mediante secuenciacion masiva las variantes
genéticas relacionadas a la resistencia antituberculosa de primera y segunda linea en aislados clinicos
de M. tuberculosis y su aplicabilidad en la deteccion oportuna de casos de resistencia. M. tubercidosis
y aportar en la personalizacion de los tratamientos antituberculosos en la poblacion afectada, que

puedan tener un impacto en las incidencias de MDR.

Objetivos Especificos

Para cumplir con el objetivo general hemos propuesto los siguientes objetivos especificos.

Genotipificar los linajes circulantes en aislados sensibles y resistentes de M. tuberculosis. La
caracterizacion de los aislados de M. tuberculosis se realizaria mediante el analisis y comparacion de
regiones blanco y mutaciones especificas de genes que permite la identificacion de linajes circulantes

para lo cual se empleara algoritmos y/o aplicativos informaticos disponibles en la web.

Determinar la variabilidad de las cepas circulantes en Ecuador a través de la secuenciacion masiva de
cepas M. tuberculosis. Se realizaria el secuenciamiento del genoma completo de aislados sensibles y
resistentes de M. tuberculosis circulantes de diversas provincias del pais e identificarian las variantes
genéticas (polimorfismos de un solo nucledtido y pequenas inserciones y/o deleciones) asi como
posibles duplicaciones o pérdidas de genes. Se analizara la variabilidad mediante comparacion de

secuencias utilizando a M. fuberculosis H3TRv (NC_000962.3) como referencia.

Determinar las variantes genéticas circulantes de los aislados de M. tuberculosis resistentes a
medicamentos de primera y segunda linea mediante secuenciacion masiva. Se analizara la presencia

de mutaciones en los genes relacionados a la resistencia a medicamentos de primera y segunda linea e
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identificaran posibles nuevas mutaciones comparandolas con las secuencias obtenidas de aislados

sensibles,

Evaluar la capacidad diagnostica de las mutaciones identificadas en comparacion al método de las
proporciones (PSD) para la caracterizacion rapida de cepas resistentes de M. ftuberculosis. Se realizara
la comparacion y validacion estadistica de los resultados obtenidos entre las mutaciones identificadas
mediante secuenciacion masiva y resistencia por PSD para la determinacion de aislados resistentes a
medicamentos, ademas se evaluaria la capacidad de identificacion de rutas de transmision de la

infeccion por tuberculosis, mediante el analisis de las secuencias generadas.
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METODOLOGIA

Para poder cumplir con los objetivos planteados, en esta seccion se detalla un breve resumen de los
procesos realizados. Fueron evaluados 91 aislados de M. tuberculosis provenientes de diferentes
provincias del Ecuador (Figura 3 y Tabla 2). Estos aislados correspondian a cepas colectadas
disponibles las cuales fueron proporcionadas por laboratorios privados y del Centro Nacional de
Referencia de Micobacterias del Instituto Nacional de Investigacion en Salud Publica "Leopoldo

[zquicta Pérez" (INSPI-LIP), durante los afios 2019 a 2021.

B Chne

B fanraBomk ae
O =micn

[ -

@ ushis

o 1,450 2,900
—

Figura 3. Distribucion geografica por ciudades de los diferentes aislados de M. tuberculosis utilizados
en el presente estudio.

A todos los aislados se les realizo la evaluacion de resistencia mediante método de las proporciones
(DST assay) y Bactec MGIT 960 Sysiem con lo cual podrian clasificarse entre sensibles y resistentes

acorde al patron de crecimiento en el farmaco evaluado.
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Tabla 2. Detalle s

ociodemografico, v clinico de los aislados empleados en este estudio.

Muestra | Sexo | Edad Ciudad Resultado del tratamiento fe::tlli:;l:co
S0001 Mujer 49 Guayaquil Antes tratado Resistente
S0007 Mujer 53 Guayaquil En tratamiento Resistente
S0008 Mujer 53 Guayaquil En tratamiento Resistente
S0013 Mujer 34 El Empalme En tratamiento Resistente
S0017 | Hombre| 34 Guayaquil En tratamiento Resistente
S0022 | Hombre | 38 Guayaquil Antes tratado Resistente
50036 Mujer 27 Guayaquil Antes tratado Resistente
S0039 Mujer 26 Guayaquil Antes tratado Resistente
S0040 Mujer 29 Guayaquil En tratamiento Resistente
S0046 | Hombre | 71 Babahoyo Antes tratado Resistente

S0048* Mujer 29 Guayaquil Antes tratado Resistente
S0059 | Hombre | 58 Guayaquil Antes tratado Resistente
S0062 | Hombre | 62 Guayaquil Antes tratado Resistente
S0066 | Hombre | 70 Guayaquil Antes tratado Resistente
50067 |Hombre | 26 Guayaquil No han recibido tratamiento Resistente
S0070 Mujer 36 Guayaquil Antes tratado Resistente
S0091 Mujer 40 Guayaquil Antes tratado Resistente
S0105 | Hombre | 23 Guayaquil No han recibido tratamiento Sensible
S0106 Mujer 21 Guayaquil No han recibido tratamiento Sensible

SO106* Mujer 58 Guayaquil En tratamiento Resistente
S0107 Mujer 27 Guayaquil No han recibido tratamiento Sensible
S0108 Mujer 64 Guayaquil  |No han recibido tratamiento Sensible
SO0110 | Hombre | 48 Guayaquil En tratamiento Sensible
S0111 Mujer 45 Guayaquil No han recibido tratamiento Sensible
S0112 | Hombre | 52 Guayaquil Antes tratado Sensible
S0114 | Hombre [ 45 Guayaquil  |No han recibido tratamiento Sensible
S0126 | Hombre | 62 Guayaquil En tratamiento Sensible
S0128 | Hombre | 23 Guayaquil No han recibido tratamiento Sensible
S0134 | Hombre | 29 Guayaquil Antes tratado Resistente
S0137 | Hombre | 23 Santo Domingo |No han recibido tratamiento Sensible

S0139* Mujer 46 Guayaquil En tratamiento Resistente
50145 | Hombre | 51 Babahoyo No han recibido tratamiento|  Resistente
50149 | Hombre | 45 Guayaquil Antes tratado Resistente
S0157 |Hombre [ 23 Guayaquil  |No han recibido tratamiento| Resistente
S0158 | Hombre | 27 Guayaquil Antes tratado Resistente
S0159 | Hombre 53 Guayaquil No han recibido tratamiento Resistente
S0165 Mujer 49 Guayaquil Antes tratado Resistente
80166 Mujer 35 Guayaquil Antes tratado Resistente
S0194 Mujer 34 El Empalme En tratamiento Resistente
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S0196 | Hombre | 28 Chone Antes tratado Resistente
S0198 Mujer 52 Guayaquil No han recibido tratamiento Resistente
S0202 Mujer 34 El Empalme Antes tratado Resistente
S0204 | Hombre | 43 Guayaquil Antes tratado Resistente
S0205 | Hombre | 45 Guayaquil Antes tratado Resistente
S0285 | Hombre | 54 Guayaquil En tratamiento Resistente
S0464 | Hombre [ 33 Guayaquil En tratamiento Resistente
S0467 | Hombre 11 Guayaquil No han recibido tratamiento|  Resistente
S0468 | Hombre | 28 Guayaquil Antes tratado Resistente
S0498 | Hombre | 39 Guayaquil Antes tratado Resistente
S0506 | Hombre [ 47 Guayaquil Antes tratado Resistente
S0516 |Hombre [ 46 Guayaquil En tratamiento Resistente
S0518 | Hombre | 55 Duréan En tratamiento Resistente
S0555 | Hombre | 39 Guayaquil En tratamiento Resistente
S0585 | Hombre [ 59 Guayaquil En tratamiento Resistente
S0605 Hombre | 34 Guayaquil Antes tratado Resistente
S0654 |Hombre | 46 Guayaquil Antes tratado Resistente
S0660 | Hombre [ 43 Guayaquil En tratamiento Resistente
S0813 | Hombre 54 Guayaquil Antes tratado Resistente
S0868 | Hombre| 18 Guayaquil En tratamiento Resistente
SO0889 | Hombre | 55 Guayaquil  [No han recibido tratamiento|  Resistente
S0909 | Hombre [ 28 Guayaquil En tratamiento Resistente
S1063 | Hombre | 58 Babahoyo No han recibido tratamiento Sensible

S1131 | Hombre [ 37 Guayaquil En tratamiento Resistente
S1132 Mujer 37 Guayaquil No han recibido tratamiento|  Resistente
S1133 | Hombre | 23 Guayaquil En tratamiento Resistente
S1135 Hombre 61 Quito Antes tratado Resistente
S1136 |Hombre | 74 Machala En tratamiento Resistente
S1205 | Hombre | 27 Guayaquil No han recibido tratamiento Resistente
S1206 | Hombre | 47 Guayaquil No han recibido tratamiento Resistente
51207 | Hombre | 27 Nueva Loja Antes tratado Resistente
S1208 Mujer 23 Guayaquil ~ |No han recibido tratamiento|  Resistente
S1209 | Hombre | 25 Guayaquil En tratamiento Resistente
S1210 | Hombre | 25 Guayaquil No han recibido tratamiento Resistente
S1212 | Hombre | 24 Guayaquil No han recibido tratamiento|  Resistente
S1451 |Hombre| 38 Guaranda Antes tratado Resistente
S1452 | Hombre | 37 Guayaquil Antes tratado Resistente
S1453 |Hombre | 39 Guayaquil Antes tratado Resistente
S1454 | Hombre | 38 Guayaquil Antes tratado Resistente
S1477 | Hombre 33 Quito No han recibido tratamiento Resistente
51478 Mujer 73 Babahoyo No han recibido tratamiento| Resistente
S1479 Mujer 22 Babahoyo Antes tratado Resistente
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52186 | Hombre | 22 Guayaquil No han recibido tratamiento Sensible
52190 | Hombre | 38 Guayaquil  |No han recibido tratamiento Sensible
52191 |Hombre| 15 Guayaquil  |No han recibido tratamiento Sensible
52192 | Hombre | 23 Guayaquil No han recibido tratamiento Sensible
52193 | Hombre [ 49 Guayaquil No han recibido tratamiento Sensible
52202 | Hombre | 32 Guayaquil No han recibido tratamiento Sensible
S2203 | Hombre [ 68 Guayaquil Antes tratado Sensible
52205 | Hombre | 57 Guayaquil No han recibido tratamiento Sensible
52206 | Hombre | 52 Guayaquil No han recibido tratamiento Sensible
S2209 | Hombre | 21 Guayaquil  |No han recibido tratamiento Sensible

*Muestas por criterio de calidad de secuenciamiento fueron eliminadas.
A partir de cada aislado, se extrajo el ADN genomico mediante dos metodologias CTAB (24 aislados)
y PureLink DNA Mini Kit (67 aislados) (Fisher Scientific, Pennsylvania, USA). Posteriormente se
evalué la pureza, la calidad y la cantidad de ADN mediante electroforesis vertical y el fluoréometro
Qubit 4.0 (Invitrogen, Carlsbad, CA, USA.). Para la preparacion de las librerias gendmicas se uso el
kit Tagmentation-based library prep (Illumina Inc., San Diego, CA) acorde a las indicaciones del
proveedor. La secuenciacion de las muestras se realizd en la plataforma Illumina Miniseq con High
Qutput Reagent Kit (Illumina Inc., San Diego, CA), produciendo lectura “paired-end” de 2x150 bp.
Mediante analisis bioinformaticos en pipeline desarrollados por varios autores, y plataformas
informaticas como PATRIC, Galaxy, popART, entre otros, se realiz6 la caracterizacion de linajes,
identificacion de variantes genéticas y patrones de resistencia. Se¢ estudiaron las relaciones
filogenéticas y se estimaron grupos de transmision. Un mayor detalle de la metodologia, asi como los
resultados obtenidos se encuentran organizados en cuatro articulos cientificos publicados o remitidos
para su respectiva evaluacion en revistas cientificas. A continuacion se cxpone cada articulo con un

breve resumen introductorio.

Articulo 1: Comparative genomics of drug-resistant strains of Mycobacterium tuberculosis in

Ecuador. BMC genomics (hitps://doi.org/10,.1186/512864-022-09042-1)

En este articulo se presenta la caracterizacion genomica de los primeros veinticuatro aislados clinicos
de Mycobacterium tuberculosis resistentes. Esta caracterizacion se llevo a cabo mediante el analisis de

perfiles de resistencia molecular y filogenia utilizando informacion obtenida del secuenciamiento del
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genoma completo de aislados provenientes de diferentes provincias. Como resultado, se identificé que
del total de aislados, en 21 aislamientos que cumplicron los criterios de secuenciamiento, 15 fueron
identificados como MDR, 4 como pre-XDR (resistentes a una amplia gama de farmacos) y 2 como
XDR (extensamente resistentes a farmacos), mientras que tres aislamientos fueron descartados debido
a baja calidad. Los sublinajes principales fueron LAM (61,9%) y Haarlem (19%), pero también se
identificaron los clados X, T y S. De especial interés es el hecho de que de las seis cepas pre-XDR y
XDR, cinco se encontraron en pacientes de género femeninoAdemas, cuatro de estas cepas
pertenecian al sublinaje LAM y dos al sublinaje X-type. Se pudo determinar un core genoma de 3.750
genes, distribuidos en 295 subsistemas. Entre estos genes, se identificaron un total de 64 que codifican
para proteinas relacionadas con la virulencia y que desempefian un papel importante en la
patogenicidad de M. mberculosis. Ademas, se encontraron 66 posibles dianas farmacolégicas. La
mayoria de las variantes observadas resultaron en cambios de aminoadcidos no sindnimos y se
determind que los genotipos mas comunes confieren resistencia a rifampicina, isoniazida, etambutol,
acido para-aminosalicilico y estreptomicina. Sin embargo, se detecto un aumento de la resistencia a las
fluoroquinolonas. Es importante destacar que este estudio reveld por primera vez la variabilidad de
cepas resistentes circulantes entre hombres vy mujeres en Ecuador, lo que resalta la utilidad de la
secuenciacion gendmica para identificar resistencias emergentes. Se enfatiza el hallazgo en el aumento
de la resistencia a las fluoroquinolonas. Estos resultados subrayan la necesidad de aumentar los
esfuerzos de muestreo para determinar la variabilidad total y establecer asociaciones con los

metadatos recopilados, con el fin de generar politicas de salud mas efectivas.

32



Morey-Ledn et al. BMC Genomics (2022) 23:844
https://doi.org/10.1186/s12864-022-09042-1

BMC Genomics

Comparative genomics of drug-resistant

Ch«eok for
updates

strains of Mycobacterium tuberculosis in Ecuador

Gabriel Morey-Leén'#*, Derly Andrade-Molina®, Juan Carlos Ferndndez-Cadena® and Luisa Berng'>’

Abstract

Background: Tuberculosis is a serious infectious disease affecting millions of people. In spite of efforts to reduce the
disease, increasing antibiotic resistance has contributed to persist in the top 10 causes of death worldwide. In fact, the
increased cases of multi (MDR) and extreme drug resistance (XDR) worldwide remains the main challenge for tuber-
culosis control. Whole genome sequencing is a powerful tool for predicting drug resistance-related variants, studying
lineages, tracking transmission, and defining outbreaks. This study presents the identification and characterization of
resistant clinical isolates of Mycobacterium tuberculosis including a phylogenetic and malecular resistance profile study
by sequencing the complete genome of 24 strains from different provinces of Ecuador.

Results: Genomic sequencing was used to identify the variants causing resistance. A total of 15/21 isolates were
identified as MDR, 4/21 as pre-XDR and 2/27 as XDR, with three isolates discarded due to low quality; the main
sub-lineage was LAM (61.9%) and Haarlem (19%) but clades X, T and S were identified. Of the six pre-XDR and XDR
strains, itis noteworthy that five come from females; four come from the LAM sub-lineage and two correspond to the
X-class sub-lineage. A core genome of 3,750 genes, distributed in 295 subsystems, was determined. Among these, 64
proteins related to virulence and implicated in the pathogenicity of M. tuberculosis and 66 possible pharmacological

targets stand out,

Mast variants result in nonsynonyrmaous amino acid changes and the most frequent genotypes were identified as
conferring resistance to rifampicin, isoniazid, ethambutol, para-aminosalicylic acid and streptomycin. However, an

increase in the resistance to fluoroquinolones was detected.

Conclusion: This work shows for the first time the variability of circulating resistant strains between men and women
in Ecuadar, highlighting the usefulness of genomic sequencing for the identification of emerging resistance. In this
regard, we found an increase in fluoroguinolone resistance. Further sampling effort is needed to determine the total
variability and associations with the metadata obtained to generate better health policies.

Keywords: Tuberculosis, Drug-resistance, Lineages, Ecuador, Pan Genome

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis
(Mtb), is one of the top 10 causes of death in 2020. The
World Health Organization estimated that 9.9 million
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people were infected, and 1.5 million died [1]. Despite
constant efforts over the years to lessen the impact of
this disease, several challenges, such as patient adher-
ence, long duration of treatment, and late diagnosis,
have reduced the effectiveness of TB therapy [2]. In addi-
tion, the frequent emergence of drug-resistant strains is
a serious global threat and poses significant challenges
to public health, especially in low- and middle-income
countries.
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Drug resistance in bacteria, particularly in M. tuber-
culosis, negatively affects health programs worldwide
due to the increase of resistant strains that cannot be
treated with existing anti-TB drug therapy. Indeed,
tuberculosis is considered to be one of the "Big three"
infectious diseases worldwide [3]. Patients with resist-
ant TB may develop it due to clinical factors such as late
or inappropriate diagnosis, ineffective treatment, poor
compliance to the regimen, and exposure to circulat-
ing multidrug-resistant and extensively drug-resistant
tuberculosis (MDR/XDR-TB) strains [2]. The slow
growth of Mtb slows diagnosis and consequently lim-
its the timely detection of resistance to anti-TB drugs.
This contributes to the rising incidence of MDR and
XDR TB worldwide. Conversely, the accumulation of
point mutations in coding regions for drug targets or
drug-converting enzymes is an essential mechanism for
acquiring resistance in Mtb [4].

The Mycobacterium tuberculosis complex is composed
of the human-adapted members, the Mycobacterium
tuberculosis sensu stricto (lineages 1, 2, 3, 4, and 7) and
M. tuberculosis var. africanum (lineages 5 and 6; M. afri-
canum), distinct phylogenetic lineages that have evolved
over millennia [5-7] and lineage 8 and 9 are new lineages
recently discovered in Africa [8]. Research on the distri-
bution of lineages of Mtb in South America has shown
that the Euro-American lineage (lineage 4) has a variable
distribution of lineages/sub-lineages between and within
these countries, establishing that the predominant strains
in their America have evolved from the Euro-American
lineage [9]. This lineage has been described as more
transmissible than others [10]. From 10 sub-lineages,
including in Lineage 4, LAM (L4.3), Haarlem (L4.1.2),
X-type and T families are the most observed members of
the Euro-American lineage in South and Central Amer-
ica and the Caribbean, a distribution profile shared with
Europe and Middle Africa [11-14].

In 2015, due to drug resistance rising worldwide, the
WHO proposed expanding rapid testing and detection
of cases as one of the five high-priority actions to tackle
the global DR-TB crisis [15]. As part of these actions,
some molecular biology-based diagnostic methods have
been applied in a clinical setting for their versatility and
speed, including variants of Xpert MTB/RIF and Geno-
Type MTBDRplus [16-19]. Although these methods are
rapid and straightforward, Mtb continuously evolves
through the genomic acquisition of single nucleotide
polymorphisms (SNPs), insertions, and deletions (indels),
impacting the ability to discriminate strains without the
classic regions used for resistance detection [20]. Whole-
genome sequencing (WGS), as a molecular diagnostic
toal, has been greatly developed in TB research and is
clinically useful for predicting drug resistance, lineage,
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tracing transmission, and defining outbreaks [21-26].
Furthermore, WGS has the potential to determine drug
resistance much faster than traditional phenotypic drug
susceptibility testing (DST) [27] and does not require
biological safety infrastructure [28, 29]. These technolo-
gies are used differentially, with the highest concentration
of sequenced strains found in 16 countries [30-32]. How-
ever, for some countries, particularly in South America,
WGS information on the variability and distribution of
circulating strains is unavailable.

In Latin America, are extensive information on Mjyco-
bacterium tuberculosis, highlighting its genetic diversity
analyzed by molecular methods; despite this, very few
studies have been carried out in Ecuador, in which the
LAM and Haarlem lineages are described as the more
prevalent, and a little for the Beijing family [33-35].
Recently Garzon-Chavez et al. [36] determined that the
main circulating lineages in Ecuador were LAM, Haar-
lem, and S and only applied WGS for resolving the clas-
sification in 8 isolates with an ambiguous result from 373
strains assessed by 24 loci-MIRU-VNTR and DR analy-
sis, previously. In this sense, it is essential to know the
genetic composition of M. tuberculosis, especially the
variations associated with drug resistance distributed
within its genome. This study aims to assess the line-
age and molecular resistance profile characterization in
clinical isolates of M. tuberculosis through whole-genome
sequencing.

Results

In order to assess the genetic variability of resistant M.
tuberculosis strains, twenty-four culture-confirmed clini-
cal isolates of M. tuberculosis with at least one antibiotic
resistance were selected for whole genome sequencing.
From them, the bacillary load test in the microscopy
smear was greater than two crosses, and 66,7% of patients
relapsed. The isolates come from four regions of western
Ecuador (20, 83.3%, Guayaquil; 2, 8.3%, El Empalme, 1,
4.2% Babahoyo and Chone, respectively). The majority
of the patients were female (64,5%); the mean age was
4291129 years; comorbidity like HIV was present in
three patients (Table 1). All isolates were only tested for
phenotypic resistance to four first-line drugs: rifampicin
(R), isoniazid (H), ethambutol (E), and pyrazinamide (Z);
and one second-line drug: streptomycin (S). Thus, a wide
range of drug resistance profiles were covered: 85.7% are
polydrug resistant (50% resistant to all first-line drugs
plus streptomycin), and 14.3% are MDR (Table 1 and
Supplementary table 1).

The 24 strains isolated were sequenced using the Illu-
mina platform with paired-end reads (2 x 150 bp). The
sequences were filtered by the quality and trimmed
when necessary. The depth obtained ranged from 22.7X
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Table 1 Informaticn on isolates and genomic statistics for analyzed samlples

Total Mutations

Clinical isolate  Age  Phenotypic Phenotypic Coverage Contigs Assembly CDS tRNA
resistance classification according size (Mb)
profile to WHO

S001_MTh_FC 49 H-R-5 Paly-resistance 35X 144 4.4 4043 52 1460
S007_MTh_EC 53 H-R MER 33X 152 43 4086 353 1.357
S008_MTh_EC 53 H-R NMOR 41K 149 43 4054 53 1378
S013_MTh_EC 34 H-R-5-E-Z Poly-resistance 34X 159 43 4050 53 1.206
S017_MTh_EC 34 H-R-5 Poly-resistance 33X 141 44 4116 54 1428
S5022_MTb_EC 38 H-R-5-E-Z Paly-resistance 41X 144 44 4116 54 1.222
S036_MTbh_EC 27 H-R-5-Z Paly-resistance 38X 146 43 4.021 52 1306
S039_MTh_EC 26 H-R-S Poly-resistance 38X 150 43 4051 53 1430
S040_MTh_EC 29 H-R-Z Paly-resistance 33X 162 43 4056 53 1.230
S046_MTh_EC 71 H-R-5 Paly-resistance 38X 150 43 4058 53 1377
S059_MTh_EC 58 H-R-E Paly-resistance 47X 190 43 4055 52 1224
S066_MTb_EC 7 H-R-5-Z Paly-resistance 38X 150 43 4056 53 853
SO70_MTh_EC 36 H-R MOR 36X 144 43 4097 53 1.209
S091_MTb_EC 40 H-R-S-E-Z Paly-resistance 54X 137 43 4072 53 1.292
S149_MTh_EC 45 H-R-S-E-Z Paly-resistance 31X 169 43 4076 58 1230
S165_MTh_EC 49 H-B-S Paly-resistance 37X 132 43 4.048 2 1445
S194_MTh_EC 34 H-R-S-E-Z Poly-resistance 23X 160 43 4060 53 1182
S1e6_MTb_EC 28 H-R-S-E-Z Poly-resistance 29X 138 43 4036 53 1187
S202_MTh_EC 34 H-R-S-E-Z Poly-resistance 23X 168 43 4070 53 1176
5204_MTb_EC 43 H-R-S-E-Z Paly-resistance 44% 140 43 4004 53 1.326
S205_MTh_EC 45 H-R-S-E-Z Paly-resistance 26X 159 43 4045 52 1.225

Abbreviations MDR Multidrug resistance, R rifamppicin, H isoniazid, E ethambutel, £ pyrazinamide, 5 streptomycin, CO5 Coding sequence, tRNA transference RNA

to 53.6X (Table 1). The strains were mapped against the
reference M. tuberculosis H37Rv (NC_000962.3) (4.4 mil-
lion base pairs and 4008 protein-coding genes) to verify
that they were free of contamination. The sequencing and
mapping statistics are presented in Table 1. Most strains
have an outstanding quality, depth, and percentage map-
ping against the reference; however, three strains pre-
sented an average depth below 20 and were discarded for
further analysis. The 21 remaining strains were the novo
assembled, and the assemblies obtained were checked
for contamination. On average, we recovered draft
genomes of 4.3 Mb distributed in 140 contigs per strain
with at least an N50 of 56 Kb (Table 1 and Supplementary
table 1). Although a complete genome was obtained for
all strains, the fragmentation into several contigs is due
primarily to regions of extreme base composition and
low complexity. This can be seen in Fig. 1, which shows
the reference M. tuberculosis H37Ry, the percentage of
GC and GC-Skew, and the coverage plot of 21 genomes
assembled and plotted according to drug resistance pro-
file. Here, common breaks in coverage correspond to
peaks in GC or GC-skew.

Prokka and RASTtk were used to determine the struc-
ture and function of genes. On average, the Prokka anno-
tation showed the presence of ~4,119+26.28 genes;

among them, 4,065 correspond to coding sequences
(CDS), 53 are transfer RNAs, and 1 code for a tmRNAs
(Table 1). Based on the annotations, the analysis of the
pangenome was carried out with Roary [37]. Thus, the
pangenome analysis of 21 genomes of M. tuberculo-
sis revealed that there were 4735 gene families defined
as the pangenome. The protein-coding genes identified
for each strain have slight variation in number, ranging
from a minimum of 4021 genes (strain S0036_Mtb_Ec)
to a maximum of 4115 genes (strains S0017_Mtb_Ec and
$0022_Mtb_Ec). A total of 3750 common genes (core
genes) shared by all the genomes analyzed were identi-
fied. In addition, 99 soft-core genes (presented in 20 of
the 21 strains), 353 accessory genes (shared between
two and 19 strains), and 533 cloud genes (strain-specific
genes) were identified (Fig. 2A). The core and pangenome
size ratio were found to be 0.79; thus, the core forms 79%
of the pangenome, representing a rather closed genome
with less variability. Gene accumulation was calculated
for the core and pangenome. It is observed that after
including 21 strains, the increase in the total number of
genes is significantly reduced, and on the other hand, the
core genome increases minimally, indicating a pange-
nome close to closing. This can be observed in Figs. 2B
and C; from this visualization, it can be suggested that
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Fig. 1 Genome sequence comparison of 21 resistant M. tuberculosis genomes (15 MDR, four pre-XDR, and 2 XDR strains) shown by BRIG. Circles
display (from the inside): 1. Reference genome of strain H37Rv; 2-21. Read mapping coverage of sequencing reads calculated from 21 genomes

{2, 3. XDR strains (turquoisel; 4-7. pre-XDR strains (rose) and §-21 MDR strains (light green)); 23. GC content; 24, GC skew values positive (green) to
negative (purple);. The coverage shown in rings 2 through 21 is from mapping the reads against the reference using BWA. The height of the plot in
each ring is praportional to the number of reads mapped at each nucleotide position in the reference genome from 0 ta 30 x coverage. The lighter
area of the rings represents regions with less coverage. Regions with genome coverage greater than 30 x are shown as solid blue bands

genome characterization of approximately 21 strains pro-
vides the genetic repertoire of M. tuberculosis.

From the core genes and using Prokka and RAS-
Ttk, subsystems were annotated. Using COG anno-
tations, a function was assigned for a mean of 1,731
genes for each strain analyzed. These annotated genes

were classified into 21 metabolic pathways within four
primary categories, including Metabolism (49.2%);
Information, storage, and processing (17.5%); Cellular
processes, and signaling (16.8%), and poorly character-
ized (16.5%). As for many other organisms, almost half
of the genes identified in all strains analyzed (~2022
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genes, ~ 53.9% of the total) could not be assigned func-
tion (Supplementary table 2 and Fig. 3a).

In addition, using RASTtk [38], ~1,521 genes were
assigned to the subsystems (a group of proteins that imple-
ment a specific biological process or structural complex).
It was observed that almost 18% of the annotated protein-
coding genes were associated with amino acids and their
derivatives (267 4-3.04), followed by genes related to car-
bohydrates (13.1%, 199+ 1.74), protein metabolism (10.9%,
166+0.68), cofactors, vitamins, prosthetic groups, and
pigments (9.5%, 144 +4.65 genes). About 60% of the genes

identified in subsystems are involved in the Metabolism of
proteins, amino acids, carbohydrates, lipids, and cofactors
(Fig. 3b). Cell regulation and signaling (6.6%, 101+1.7)
and DNA metabolism (6.1%, 93+ 1.32) also appear as sub-
systems with a relevant role. Partly due to the number of
strains, a higher diversity in the percentage of genes in the
subsystems was found for MDR strains than for pre-XDR
and XDR strains (Supplementary table 3). Most of the
genes involved in amino acid biosynthesis were conserved
and proved to have an essential function for pathogenicity
in bacteria, including M. tuberculosis [39].
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Of particular interest are the strain-specific genes that
may be responsible for the variability and particularities
of this set. Therefore, based on the identification and
classification of the genes, we performed a characteriza-
tion analysis of the functional groups of strain-specific
genes. By analyzing the distribution in the 21 strains, we
found that most of the identified unique genes involved
in metabolism and transport. In particular in the metab-
olism of lipids, secondary metabolites, coenzymes,
amino acids, and inorganic compounds. A smaller

proportion of genes are linked to replication, transcrip-
tion, and translation, and only a few unique genes are
related to cellular processes and signaling (Fig. 4).

Since our analysis is based on resistant strains, par-
ticular attention was devoted to specific genes, like
those genes related to virulence. First, using the Viru-
lence Factor Database (VFDB), a total of 64 virulence-
related proteins implicated in the pathogenicity of
M. tuberculosis were identified, classified as follows:
58.96% related to Secretion system; 11.36% to iron
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uptake, Siderophore; 4.26% to Regulation and Cel-
lular Metabolism; 4.12% to the Cell wall and 1.42% to
Heat-shock protein and Magnesium uptake (Supple-
mentary table 4). Second, using DrugBank, 66 proteins
were identified as potential drug targets (Supplemen-
tary table 5). Similarly, 38 families of Transporter pro-
teins were identified by the Transporter Classification
Database (TCDB), the most representative being the
ATP-binding cassette (abc) superfamily (25.17%), fol-
lowed by the type vii or esx protein secretion system
(t7ss) family (23.65%), the general secretory pathway
(sec) family (8.38%), the major facilitator superfamily
(mfs) (5.86%) and the resistance-nodulation-cell divi-
sion (rnd) superfamily (5.03%) (Supplementary table 6).
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Finally, the presence of CRISPR genes was analyzed
using CRISPRfinder, and between 2 and 3 CRISPRs
were detected in each genome (Supplementary table 1).

From the genomes, in silico lineage inference was per-
formed using different web tools: TB-Profiler v2.8.13,
PhyReSse v1.0, SNP-IT, Mykrobe v0.10.0, CASTB v1.5,
TB-Lineage, PhyTB, GenTB and a comparison of their
performance was made. Moreover, in silico spoligotyp-
ing was determined by KvarQ v0.12. All genomes in this
study belonged to Euro-American Lineage (Lineage 4),
being the sub-lineages LAM (61.9%, 13/21) and Haar-
lem (19.0%, 4/21) the most representative, and clades X,
S, and T founded in lowest percentage (Supplementary
table 7 and Fig. 5). Among all lineages characterized by

Tree scale: 0.1 +
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Fig.5 UPGMA tree for 21 Mth genome analyzed in this study. The un-rooted tree was constructed based on 2891 core genes Multi Locus
Sequence Typing (cgMLST) extracted from the 21 samples and 297 reference genomes using Ridom SeqSphere vB83.1. Drug resistance of 21
Ecuadorian isolates are represented: XDR (Strong pink); pre-XDR (Very soft pink); MDR (Moderate green). Lineages were identified in all samples:
L1 (Strong red); L2 (Bright red); L3 (Soft orange): L4 (Very soft crange); L5 (Light grayish cyan); L6 (Very soft blue); L7 (Slightly desaturated blue); L8
{Moderate blue), IPGMA=unweighted pair group method with arithmetic mean
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complete genomic sequencing, isolates classified as MDR
accounted for 71.4% (15/21) and resistant (pre-XDR
and XDR) for 28.6% (6/21). Notably, most of the latter
belong to the LAM sub-lineage, and within the LAM
sub-lineage, 30.8% (4/13) are resistant with great epide-
miological importance (Fig. 6). TB-profiler, Mykrobe,
PhyTB, and GenTB were the most informative web tools

for lineages characterization. These tools detailed more
genotypes with 100% concordance into M. tuberculosis
sub-lineages. However, isolates from the T sub-lineage,
including genotypes 4.8 to 4.10, could not be effectively
resolved. PhyReSse, on the other hand, showed a lower
ability to differentiate sub-genotypes within genotypes
4.1.2 and 4.3.4. TB-Lineage, SNP-IT, and CASTB could

Table 2 Frequency and distribution of Mycobacterium tuberculosis sub-lineages in 21 Ecuadorian isolates characterized by web-tools

L4 Sub-lineages Genotype Web-tools
PhyReSse TB-profiler Mykrobe PhyTB GenTB TB-LINEAGE SNP-IT CASTB
Y-lype/¥3 41 2 2 2 2 2 2 2 2
Haarlem/H3 412 4 2 2 2 2 4 4 4
412 0 2 2 2 2 0 0 0
LANM 432 3 3 3 3 3 13 13 13
433 8 8 & 8 8 0 0 0
434 2 ] a 0 o] 0 g a
4341 4] 1 1 1 1 0 0 0
4342 4] 1 1 | | 0 0 0
S-type/H1 441 1 0 0 0 0 1 1 1
4411 0 ] ] ] ] 0 0 0
Mainly T 48 1 1 0 1 1 0 0 0
4,10 0 4] ! 0 4] 0 0 0
Lineage 4 ND 0 0 0 0 ] 0 1 0
TIT2.73.T4 MDY 9] 0 i} 0 0 | 0 1

Abbreviations L4 Lineage 4, ND' Not defined
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not effectively differentiate sub-lineages with a wide vari-
ety of genotypes and subgenotypes, especially the LAM
sublineage (Table 2).

To determine drug-resistance single nucleotide poly-
morphism (SNPs) and small insertions and deletion
(indels), we performed a single nucleotide variant calling
(SNV) comparing the samples with the H37Rv genome.
From the 21 Mtb clinical isolates analyzed in this study,
21,596 high-quality variants were discovered (19,547
SNPs; 1154 insertions and 892 deletions) (Supplemen-
tary table 8). Overall, on average 1028 SNPs were found
per sample (range 682-1152 SNPs), corresponding to a
median SNP density of 1 SNP per 4.2 kb. Few variants
were present in all samples, only 1.32% of SNPs (x=289)
and 0.8% of indels (1 =5). Most SNPs were found in cod-
ing regions (88%, 17,214) and the remaining 2,333 in
intergenic regions. Of the SNPs in coding regions, the
majority of the variants lead to non-synonymous (NS)
changes in amino acids (n=10,685), including modifica-
tion of the coding gene (97.5%), loss of start codon (0.1%);
gaining of stop codon (1.82%); lost of stop codon (0.6%).
The amino acid changes more frequently were Thr25Ala,
Hle245Thr, Lys212Asn, Glyl3Asp, Alal82Val, Asni40Ser,
Gln20Leu, Gly33Ser, Thr136Ala, and Val259Ala observed
27, 25, 24 23 and 22 each time, respectively. Among syn-
onymous changes (6529) including 99.35% of synony-
mous, 0.4% of missense, 0.2% of stop retained variants.

Applying the web-based tools TB-Profiler v2.8.13,
PhyReSse v1.0 Mykrobe v0.10.0, CASTB, KvarQ v0.12,
PhyTB, GenTB, SAM-TB for genomic analysis of 21
strains phenotypic characterized MDR and polydrug-
resistance according to WHO guidelines we identified
genotypically 71.43% of strains MDR (15/21), 19.05% pre-
XDR (4/21) and 9.52% XDR (2/21). A total of 55 SNVs
were identified and distributed into 18 genes known to
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confer resistance to first- and second-line drugs. Among
these, 67.27% (37/55) SNVs were related to resistance
to first-line drugs, and genetic regions associated with
pyrazinamide resistance presented more frequent vari-
ation regions (30.9%, 17/55). Among all genomes, the
most frequently genotype identified were Ser315Thr
(76.2%.16/21), Ser450Leu (57.1%,12/21), and Met306lle
(33.3%, 7/21), encoding a substitution in katG, rpoB and
embB gene that confers resistance to rifampicin, isonia-
zid, and ethambutol, respectively; whereas for second-
line drugs were Thr202Ala in thyA which is associated
with para-aminosalicylic acid resistance in 61.9% (13/21)
and Lys4#3Arg in rpsL related with streptomycin resist-
ance (28.5%,6/21) (Fig. 7).

We also evaluated the prevalence of resistance in the
fluoroquinolone among isolates sequenced by look-
ing at gyrA and gyrB gene mutation frequencies. In the
oyrA gene, the SNV Asp94Asn, known to confer fluaro-
quinolone resistance, was found in all pre-XDR isolates,
while SNV Arg90Val was found in XDR isolate and one
pre-XDR. Additionally, the known SNV Ser95Thr in
the gyrA gene was found in 20 isolates. For resistance
characterization in tuberculosis, the web-based tools
SAM-TB (76.4%) and Mykrobe (72.7%) approached the
most frequently identified mutations, complemented
by PhyReSse (50.9%), to determine genetic resistance
by whole-genome sequencing in surveillance programs
(Supplementary table 9 and 10).

Discussion

The present study describes for the first time the use of
whole genome sequencing in the screening of TB drug
susceptibility in Ecuador and provides information on the
phylogenetic characteristics and the identification of the
predominant mutations in circulating isolates. Despite its
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limited number of samples including in this study (24 iso-
lates), it represents the initial effort to determine genetic
diversity using WGS. Most isolates in our study were
from Guayaquil (79.17%), one of the most economically
important cities in Ecuador; the high number of tubercu-
losis cases detected in this city is possibly due to the high
mobility from other provinces for trade or work in addi-
tion to the location of the leading health centers for the
monitoring of this pathogen.

The potential of WGS to provide a quick and compre-
hensive view of the genotype and reliable prediction of
the lineages has been extensively reported [5, 7, 14, 40];
thus, its application in surveillance programs is neces-
sary. The Euro-American lineage (lineage 4) presents
a variable distribution in Argentina with a predomi-
nance of M and Ra strains [41], for Brazil, lineage 4 var-
ies between 25-99% [13, 42, 43], for Colombia, between
85-99% [44-46], for Mexico between 69-98% [47, 48]
and for Peru around 90% [12, 49, 50]. Ecuador is not an
exception, in fact, all the samples analyzed by us belong
to the Euro-American lineage. This lineage in South
and Central America and the Caribbean is represented
mainly by the LAM, Haarlem, and T families sub-lin-
eages [11, 41, 51]. In our study, most of the cases ana-
lyzed also corresponded to LAM (61.9%), followed by the
Haarlem lineage (19.0%). This result provides genomic
information from Ecuadorian isolates of Mycobacterium
tuberculosis that contribute to the knowledge of the dis-
tribution of Mtb lineages in South America and confirms
the European origin of the circulating strains in Ecuador
[9, 52, 53]. Similar results have been described in some,
but not all, previous studies using genotyping by 24-loci
MIRU-VNTR, Spoligotyping, and SNP-PCR strategies in
Ecuador [36, 54].

The movement or conservation of genes in bacteria is
a fundamental factor related to virulence, survival, and
host adaptability, allowing them to co-evolve together
[55]. Several studies in M. tuberculosis have shown that
the ability of transmission within populations, latency
periods, and drug resistance are due to genetic differ-
ences within the members of the M. fubercilosis com-
plex and that many of its genes have been under positive
selection at different periods [56]. Furthermore, the com-
position within its genome remains relatively stable due
to the absence of horizontal gene transfer, and this super-
ficial level of genetic variation is probably because these
pathogens have a strongly clonal nature [57]. The highly
conserved genetic content and extreme clonal nature
suggest that M. tuberculosis should have a relatively high
percentage of core genome, however, analysis of core and
pangenome have shown more variability than expected
[58—-61]. A pangenome is a union of the entire genetic
pool of several strains of a species under comparison,
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essentially consisting of a core genome containing genes
and sequences shared in all strains and an accessory
genome consisting of genes and sequences which may
be absent from one or more strains and genes that are
unique to each strain remaining. In our study, the genetic
composition of 21 drug-resistant isolates was analyzed,
and 3750 genes (79.2%) were identified in the core
genome, considering it a relatively large core genome in
line with previous studies in which few genomes were
evaluated. Therefore, it is necessary to expand the num-
ber of isolates to determine exactly which are the essen-
tial genes in M. tuberculosis within those circulating in
Ecuador.

Characterizing the protein’s functionality in micro-
organisms of importance in public health is essential to
understanding their pathogenicity, resistance to antibi-
otics, and virulence, which allow them to adapt or sur-
vive in their host. Our results showed that annotations
of protein-encoding genes are mainly associated with
metabolisms being Amino acids and their derivatives,
Energy production and conversion, and lipid metabo-
lism, the most representative. Similar studies in other
M. tuberculosis populations also showed a high presence
of genes related to energy production and conversion
(C), amino acid transport and metabolism (E), and lipid
transport and metabolism (I) [72-74]. This suggests that
these genes are widely conserved to ensure the interac-
tions of M. tuberculosis with its human host, especially
in mycobacterial persistence, host pathogens struggle for
nutrients and immune recognition. On the other hand,
we were able to identify mainly virulence factors associ-
ated with the secretion system (58.96%), the most impor-
tant being the transporter proteins of the ATP-binding
cassette (abc) superfamily (25.17%) and the type vii or
esx protein secretion system (t7ss) family (23.65%). It
has been suggested that high levels of transporters are
involved in cell detoxification, nutrient recycling, and
antibiotics and drug efflux, significantly affecting the sur-
vival and development of multiple drug-resistant strains
in Mtb [58, 59, 62, 63]. It should be noted that the unique
genes identified 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase and Arylamine N-acetyltransferase
were previously characterized as high-confidence drug
targets [64—66].

All resistant isolates analyzed showed any variations
in genes related to confer resistance, classified them in
71.43% of strains MDR (15/21), 19.05% pre-XDR (4/21),
and 9.52% XDR (2/21). Both XDR strains presented
similar mutations profile (8 non-synonyms and one dele-
tion SNV in the coding region, 2 SNV in the intergenic
region), but differing in additional Ser315Gly muta-
tion in the katG gene arise to isolate S0013_Mth_Ec, for
the four pre-XDR isolates the 50202 _Mtb_Ec was that



Morey-Ledn et al. BMC Genomics (2022) 23:844

more mutations were identified (9 genomic regions). It
is brought up that of these six isolates of concern, five
belong to women within the same age range.

The study of the M. tuberculosis resistance is an impor-
tant factor within its surveillance plan in all countries, for
which the timely detection of strains resistant to treat-
ment drugs allows the application of an efficient drug
strategy, reducing or limiting the incidence of new cases,
especially when applying culture-based methods to detect
it. In this study, we found high concordance between
WGS and conventional culture-based DST in predicting
phenotypic drug resistance to anti-1TB drugs; In addition,
WGS was able to determine resistance patterns that DST
does not evaluate. These findings are in agreement with
previous studies [40, 67, 68]. Drug resistance is medi-
ated through mutations in specific gene targets. The key,
therefore, is to identify single nucleotide polymorphisms
(SNPs) that are responsible for or strongly associated
with resistance. In the case of the first-line drug in Mtb
treatment, mutations in the 81-bp rifampicin resist-
ance determining region (RRDR) of the rpoB gene, also
known as a hotspot region, have been accurate predictors
of rifampicin resistance in many studies [69-71]. On the
other hand, it has been established that INH resistance,
predominantly mediated through loss of catalase-perox-
idase activity via mutations in katG, produces high-level
resistant strains [18, 72, 73]. Finally, in ethambutol, most
resistance-related genes are located on the embB, embC,
and upstream of the embA [74, 75]. Meanwhile, previous
studies have agreed that the genes rrs, rpsL, and gid are
related to different levels of streptomycin resistance [76,
77], and the chromosomal mutations in the quinolone
resistance determining region of gyrA or gyrB are the
main mechanism of resistance to fluoroquinolones in M,
tuberculosis [78, 79]. In our study, we found 57.1%, 70.0%,
47.6%, and 28.6% and 28.45% of mutations S450L (rpoB),
S315T/G (katG), M306V/I (embB), K43R (rpsL) and
¢492t, a51dc (rrs locus) related to rifampicin, isoniazid,
ethambutol, streptomycin and fluoroquinolones resist-
ance respectively. The increased resistance to fluoroqui-
nolones, also recently reported in other studies [80], is of
concern, probably caused by the increased administra-
tion of this drug without prescription [81]. It is therefore
imperative to monitor the increase in these resistances in
tuberculosis surveillance programs [82, 83].

Whole-genome sequencing (WGS) is a powerful
method for detecting drug resistance, genetic diversity,
and transmission dynamics of M. tuberculosis. Despite
their advantages, the analysis of genomic sequencing
data remains an obstacle to the routine use of WGS
technology in clinical tuberculosis because it requires
bioinformatics expertise, high-performance comput-
ing, funding, and training that are not readily available
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in most clinical laboratories [84, 85], which represents a
significant challenge for TB control efforts. Over the last
few years, many TB-specific genome browsers and WGS
analysis tools such as TBProfiler, KvarQ, Mykrobe Pre-
dictor TB, CASTB, PhyTB, GenTB, PhyResSE, and others
have been developed for genotyping and drug resistance
identification, however, despite their use have not been
widely used within antimicrobial resistance (AMR) sur-
veillance program on low- and middle-income countries
(LMICs) [86]. In our results, web-based tools enabled an
effective and user-friendly identification of resistance-
associated mutations in M. tuberculosis. The recently
developed SAM-TB platform [21] is the most capable of
determining the mutations present in the isolates of our
study, which, when used in conjunction with web-based
tools Mykrobe and PhyReSse, would allow rapid screen-
ing of M tuberculosis isolates. These tools could easily be
implemented in surveillance programs based on micro-
biological procedures to obtain results efficiently and
cheaply [84, 87, 88].

Given that the sample size used is small and could
be underestimating the real frequencies of mutations
in Mycobacterium tuberculosis present in this region,
it becomes imperative to make greater efforts -and
use the advantage of WGS- to analyze a larger num-
ber of samples to identify and study the mutations
present in patients with tuberculosis including other
regions of Ecuador.

Conclusion

The findings of this study demonstrate the usefulness of
applying next-generation sequencing tools such as WGS
to characterize mutations and describe the existing var-
iability in tuberculosis strains that allow adequate moni-
toring to generate health policies. We identified the
variability of resistant strains circulating among men
and women in Ecuador and showed that mainly strains
of the American-European lineage 4 circulate, with a
higher proportion of the LAM sub-lineage. XDR/MDR
strains are not associated with a specific lineage, region
or other metacharacter analyzed. However, we found an
association between sex and resistance, which should
be verified with further sampling, Within the observed
resistances, an increase in ﬂuoroquinolone resistance is
evident, which should be monitored. Additional sam-
pling is needed to determine the total variability and
associations with the metadata obtained to generate
better health policies.

Although M. tuberculosis is considered a highly con-
served clonal species, among the 21 strains analyzed, we
found unique genes specialized in lipid metabolism that
are particularly interesting for identifying potential new
drug targets.
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Methods

Twenty-four clinical isolates were sampled and collected
from private laboratories between March to December
2020; these isolates had been previously characterized
as multidrug-resistant through drug susceptibility test-
ing. The resistance pattern were performed for first-line
anti-tuberculosis drugs, isoniazid (H), rifampicin (R),
pyrazinamide (Z), ethambutol (E), and one second-line
drug (streptomycin (S)), the proportional method by [89]
on Lowenstein-Jensen medium and the resistance pro-
file was defined according to WHO recommendations.
The critical concentrations of anti-TB drugs evaluated
were as follows: rifampicin, 40.0 pg/ml; isoniazid, 0.2 pg/
ml; ethambutol, 0.4 pg/ml; streptomycin, 4.0 pg/ml, and
200 pg/mL for pyrazinamide.

DNA extraction and sequencing

Genomic DNA was extracted from 24 isolates of Myco-
bacterium tuberculosis grown in a Lowenstein-Jensen
medium using the CTAB method [90]. The quantity of
isolated DNA was measured using a Qubit 4.0 fluorom-
eter (Invitrogen, Carlsbad, CA, USA.). DNA samples that
fulfilled the integrity, purity, and quantity standards were
sequenced. Genomic DNA libraries were prepared for
whole genome sequencing using the Tagmentation-based
library prep kit according to the manufacturer’s instruc-
tions (Illumina Inc., San Diego, CA) and sequenced on
an [lumina MiniSeq platform with High Output Reagent
Kit, producing 150 bp paired-end reads.

Bioinformatic analyses

Using the Galaxy platform (https://usegalaxy.org/), reads
were classified by Kraken version 2 [91] to detect any
contamination or the presence of other mycobacteria; In
addition, FastQC version 0.11.9 [92] and Trimmomatic
version 0.38 [93] were used to control the quality and
trim the low-quality ends of the reads, respectively. In
particular, a sliding window was used to trim sequences
with an average quality value lower than 20.

Genome assembly

The final high-quality reads were assembled using Mega-
hit version 1.1.3 [94]. The assembly was carried out with
a kmer range from 29 to 141 at intervals of 20 and 800 bp
as minimum contig size. To perform contig taxonomic
assignment, we used Kaiju version 1.9.0 [95, 96]. For gen-
erating metrics and evaluating the quality of the assem-
blies using M. tuberculosis strain HR37v (NC_000962) as
a reference genome, Quast version 5.0.2 was used [97].

Gene prediction and functional annotation
The structural and functional annotation was performed
with Prokka version 1.12 [98] and the "Rapid Annotation
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using Subsystem Technology (RASTtk server)" pipeline
online [38], and the predicted proteins were also annotated
for the identification with the Clusters of Orthologous
Groups (COG) by eggNOG Mapper v2.1.7 (http://eggnog-
mapper.embl.de/). For the identification of CRISPRs, we
used the webserver of CRISPRFinder (https://crispr.iZbc.
paris-saclay.fr/Server/). Analysis of virulence-related pro-
teins, potential drug targets, and Transporter proteins by
Virulence Factor Database (VFDB), DrugBank, and Trans-
porter Classification Database (TCDB) was performed in
the Pathosystems Resource Integration Center (PATRIC)
online (https://www.patricbrc.org/).

Variant calling

Processed reads were mapped with Bowtie2 [99] using
H37Rv (NCBI ID: NC_000962.3) as a reference genome.
Sequence alignment files were sorted and indexed with
Samtools v0.1.19 [100]. Beftools [101] were used for call-
ing variants, and vcftools [102] were used to filter the raw
variants (minimum quality score of 30, minimum depth
10). From high-quality variants annotated for 21 genomes,
the effect and impact were determined by SnpEff [103].

Pangenome analyses

The pangenome was analyzed with Roary [37] and organ-
ized as follows: core, soft-core, shell, and cloud genes if
the genes were presented in all, 20, 3—19, and 1—2 sam-
ples, respectively; the characteristic curves of the Mtb
pangenome, the core-genome, and the new genes were
depicted using the pangenome Profile Analyze Tool
(PanGP) [58, 104, 105]. Alignments for the core genes
Multi Locus Sequence Typing (cgMLST) were used for
generating a phylogenetic tree using Ridom SeqSphere
v8.3.1 [106]. The output tree was visualized and anno-
tated using the online tool iTOL [107].

Phylogenetic analysis

From high-quality reads the M. fuberculosis complex
(MTBC) lineages/sublineages were determined and
compared using the user-friendly web tools TB-Profiler
v2.8.13 (https://tbdrlshtm.ac.uk/), PhyReSse v1.0 (The
Phylo-Resistance-Search-Engine) (https://bioinf.fz-borst
el.de/mchips/phyresse/), SNP-IT [108], Mykrobe v0.10.0
(https://www.mykrobe.com/), CASTB v1.5 (The Com-
prehensive Analysis Server for the Mycobacterium tuber-
culosis  complex) (http://castb.ri.ncgm.go.jp/CASTB/),
TB-Lineage (https://tbinsight.cs.rpi.edu/run_tb_lineage.
html), PhyTB (http://pathogenseq.lshtm.ac.ulk/phytblive/
index.php), GenTB (https://gentb.hms.harvard.edu/) and
in silico spoligotyping were determined by KvarQ v0.12
(https://gap.tbportals.niaid.nih.gov/#/dashboard/home),
the different web-programs were working on default
parameters in our on-line pipeline.
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Predicting susceptibility and drug resistance

Genes related to resistance to rifampicin (R), isoniazid
(H), pyrazinamide (Z), and ethambutol (E) [first-line
drug], and fluoroquinolone (FQ), streptomycin (S),
ethionamide (Eth), aminoglycosides (Amk, Km, Cm),
para-aminosalicylic acid (PAS) [second-line drugs]
were considered for the analysis. After variant call-
ing and annotation, variants on each resistance gene
were determined and compared from the variant call
format (VCEF) files using the web-based tools TB-Pro-
filer v2.8.13, PhyReSse v1.0 Mykrobe v0.10.0, CASTB,
KvarQ v0.12, PhyT'B, GenTB, SAM-TB (https://samtb.
szmbzx.com/index).
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Articulo 2: Transmission network and genomic diversity of Mycobacterium tuberculosis L4

lineage in Ecuadorian isolates provided clues to transoceanic epidemiology

En este articulo se analizan las posibles rutas de transmision de los sublinajes de M. fuberculosis que
circulan en Ecuador. Para ello, se comparan las relaciones filogenéticas y las variaciones genéticas
identificadas en 88 aislados ecuatorianos (64 resistentes y 24 sensibles). También se mvestiga la
similitud genética con 415 genomas previamente publicados, provenientes de 20 paises. Es importante
destacar que todos los genomas analizados pertenecen al linaje Euroamericano, que es el mas
prevalente en Ecuador. Nuestros datos revelan que nuestros aislados se dividen en quince grupos de
transmision.Sin embargo , cuatro aislados no se agrupan dentro de ninguno de los 51 grupos globales
presentes en todos los genomas analizados, Ademas, se observo que 17 aislados muestran clonalidad
con aislados identificados en migrantes latinoamericanos entre 2014 y 2015, incluyendo ocho
¢cuatorianos que migraron a Espafia hace casi 20 afios. También se¢ encontraron relaciones genélicas
entre nuestros aislados y aislados de otros paises que son frecuentemente seleccionados para
migracion, conformando ocho redes de transmision. La deteccion de clones en aislados ecuatorianos
con los provenientes de migrantes sugicre la posible transmision de tuberculosis latente. Esto podria
estar relacionado con visitas de migrantes desde o hacia Ecuador. Estos hallazgos destacan la
necesidad de mejorar los sistemas de vigilancia para identificar oportunamente brotes asociados con el
movimiento de personas. Ademas. subraya la relevancia de utilizar la secuenciacion de genoma

completo para un seguimicnto mas preciso en estos casos.
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2. Abstract

Tuberculosis (TB) is a global public health concern and understanding Mycobacterium tuberculosis
(Mtb) transmission routes and genetic diversity is crucial for outbreak control. This study aimed to
investigate the genomic epidemiology and genetic diversity of Mtb in Ecuador by comparing &8 local
isolates with 415 public genomes from 19 countries in the Euro-American lineage (L4). Our analysis
identified 51 transmission groups among all isolates, with 19.3% of Ecuadorian isolates exhibiting
clonality with isolates from Colombia and Latin American migrants, including eight Ecuadorians who
migrated to Spain two decades ago. The isolates from Ecuador had variations in virulence genes crucial
for intracellular replication and trafficking during acute infection and latency. Our findings suggest the
possible transmission of reactivated latent TB associated with nucleotide variation, highlighting the
need for strengthened surveillance systems to detect outbreaks related to human movement. Whole
Genome Sequencing (WGS) is essential for follow-up investigations due to the complex epidemiology

of TB, including variable latency periods and within-host heterogeneity.

3. Impact statement

Tuberculosis is a pressing global health concern, primarily attributed to increased multidrug (MDR) and
extreme drug (XDR) resistance cases. Despite the availability of efficacious drug regimens, the efficacy
of treatment has been compromised by patient non-adherence due to patient-related, medication-related,
health service-related, and sociocultural factors. Among these prolonged treatment periods, effective
antimicrobials, and delayed diagnosis testing, raise the emergence of drug-resistant strains. The
escalating of resistant cases, exacerbated by the disruptive impact of the COVID-19 pandemic, and
intensified migration patterns have highlighted the importance of implementing efficient and timely
diagnostic methodologies worldwide, remarkably to follow the outbreak. This study identified
Ecuadorian isolates with nucleotide changes in genes associated with drug resistance or virulence
factors and defined transmission networks between individuals and across borders. Furthermore, our
results show that personal relationships among individuals in shared work environments may contribute
to transmission between them. These suggest possible transnational transmission events involving
Ecuador and its border countries, frequently migration destinations. This reinforces the need to adopt a
more extensive approach based on a complete genome sequence analysis to improve TB strain
surveillance programs locally. The integration of these advanced genomic technologies in a local

context is indispensable, for improving the outcome of TB strain monitoring efforts.

4. Data summary

Raw read sequences analyzed in this study can be found in the SRA database
(http://www.ncbi.nlm.nih.gov/sra) under the following BioProject accession numbers: PRINA827129,
PRIEB23245, PRJEB23681, PRIEB27366, PRIEB29069, PRIEB44165, PRIEB48543, PRIEB50999,
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PRIEB7669, PRINA37301, PRINA599957, PRINA628024, PRINA227755, PRINA227756,
PRINA755956, PRINA272873, PRINAB24124, PRINA707145, PRINAST0648, PRINA270004,
PRINA422870, and PRINA438689. Refer to Table S1-2 for SRA accession numbers. Protocols have
been provided within the article. Eight supplementary tables and five supplementary figures are
available with the online version of this article.

5. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is a significant global health concern, with
an estimated of 10.6 million infections and 1.6 million casualties in 2021(1). The COVID-19 pandemic
disrupted access to medical healthcare, including TB diagnosis and treatment programs, aggravating the
TB burden and compromising the progress in TB control achieved in the last decades(2,3). Furthermore,
the incidence of TB has been increasing in several countries, including Ecuador, where the rate reached 48
cases per 100,000 inhabitants in 2021(4) due, among other factors, to COVID-19 containment

measures(5,6).

In recent years, the global increase in human migration has contributed to the spread of TB, mainly in high-
income countries, where migrants are more likely to immigrate, whether in search of economic or
educational opportunities or better living conditions. In the Ecuadorian context, the US, Spain, Italy,
Canada, and Chile have been the countries most preferred(7-9). Identifying the transmission routes of TB
cases is essential to reducing the potential transmission networks. Different public health organizations
have implemented screening programs among houschold contacts to control the spread of the disease,
including the TB-Directly Observed Treatment Short Course (TB-DOTS) (10). Genomic approaches, such
as Whole Genome Sequencing (WGS) of Mtb strains, have improved the tracing of transmitted TB cases
and provided invaluable information on drug resistance and sub-lineage patterns(11-16). In addition,
studies combining WGS and Bayesian phylogenetic approaches have reconstructed the historical patterns
of TB spread in Central and South America, dating the introduction of Mtb strains in those regions. The
apparent ancestral emergence and marked diversification of the L2 (ancestral and modern Beijing
sublineages) and L4 lineages have also been emphasized, reflecting their close correlation with restricted
geographic distribution, leading to the independent emergence of multiple sub-lineages and local
adaptation to distinct human populations(17-20). Studies conducted in Brazil, Paraguay, Mexico, and the
United States have applied genomic approaches to identify frequent transmission clusters between prison
inmates, drug users, migrants, and mixed groups (18-21), highlighting the need to prioritize contact tracing

to groups with a higher likelihood of clustering retrospectively to improve TB control.

The Mtb complex (MTBC) comprises distinct phylogenetic lineages that have evolved over centuries (21—
23). The Euro-American lineage (L4) exhibits a wide distribution of sub-lineages between and within
countries. The Latin-American (LAM), Haarlem, X-type, and T families are the most prevalent L4 sub-

lineages in Central and South America, the Caribbean, Europe, and Middle Africa (24-29). In Ecuador,
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previous reports have revealed that the LAM and Haarlem families are the most prevalent, with a few cases
of the Beijing family(30-33), where transmission clustering has been linked to isolates from neighboring
countries(34,35). However, the genetic diversity of Mtb in local isolates from Ecuador has been
understudied. A unique WGS study has identified the presence 0f 4.3.2/3 (LAM) and 4.1.2 (Haarlem) sub-
lineages in a small dataset of Mtbh strains from Ecuador(36). According to the migratory history from
Ecuador to several countries, further evidence is needed to establish the extent to which migration

contributes to the TB burden and ongoing transmission among the local population.

In this study, we aim to investigate the transmission routes of 88 Mib strains classified as L4 originating
from Ecuador by comparing them with 415 publicly available genomes from 19 Latin-American
countries. To accomplish this, we used a combination of phylogenetics and comparative genomic
analysis. Additionally, we explored the role of genetic variation in virulence genes in the recent
transmission of TB in Ecuador. Our findings provide valuable insights into the genetic diversity of Mib
in Ecuador and shed light on the potential impact of migration on the TB burden and transmission within
the local population. Ultimately, this research contributes to developing more effective and targeted TB

control strategies tailored to the region’s specific characteristics of the local Mib population.

6. Methods

Genome database of the Mth samples

This study included 88 clinical isolates of Mtb collected from different provinces in Ecuador between 2019
to 2021, which are available in the Sequence Read Archive (SRA) database
(http://www.ncbi.nlm.nih.gov/sra) under the BioProject PRINA827129. In addition, we included 415
public sequences, previously characterized as isolates corresponding to the L4 lineage of Mtb, covering 19
countries cataloged in the Ecuadorian context as continental and transoceanic migratory countries. Among
the continental migratory countries, we considered isolates from Argentina (n=18), Brazil (n=84), Canada
(n=41), Colombia (n=8), Guatemala (n=16), Mexico (n=35), Panama (n=4), Paraguay (n=67), Peru (n=44),
and USA (n=6). In contrast, transoceanic migratory countries isolates were selected from Hungary (n=5),
Netherlands (n=12), Portugal (n=8), Spain (n=59), and the United Kingdom (n=5). Particularly the 59
isolates assigned to Spain were considered isolates from Latin American migrants who had arrived in Spain
years ago, distributed in Bolivia (n=20), Colombia, Ecuador (n=8 each), Chile, and Honduras (n=1,
each) according to(37). The accession numbers and countries’ distribution were detailed in (Supplementary

Table 1-2).

Variant calling, lineage classification, and drug-resistance genes

All 503 Mib genomes were processed with the MTBseq pipeline using the standard input parameters(38)
to obtain the complete list of variants, including the single nucleotide polymorphisms (SNPs) and the
insertions and deletions (InDels), by using the reference genome of Mth H37Rv (NC_000962.3). Briefly,
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the MTBseq pipeline uses BWA-mem and SAMtools algorithms for mapping the reads to the reference
genome, GATK v3 for base call recalibration and realignment of reads around InDels, and SAMtools
mpileup for variant calling. The criteria for selecting good-quality genomes from MTBseq analysis were
coverage mean >20x, read depth DP<S5, and reference genome coverage >95%. The sub-lineage
classification and the genetic distance matrix among transmission groups were also obtained from MTBseq

analysis.

The TB-Profiler v4 pipeline was used to predict the canonical mutations in genes associated with resistance
to rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA), and ethambutol (EMB) [first-line drugs], as
well as fluoroquinolones (FQs, including ciprofloxacin, levofloxacin, moxifloxacin, and oxifloxacin),
streptomycin (STR), ethionamide (ETH), and aminoglycosides (including amikacin, kanamycin, and
capreomycin) [second-line drugs]. We used BCFtool as the caller algorithm within the TB-profiler. When
the isolate has only isoniazid resistance was defined as HR-TB, for rifampicin RR-TB, pre-XDR was
defined as isolate MDR/RR-TB plus resistance to any fluoroquinolone, all definitions are according to
WHO guidelines.

Phylogenetic and population structure analysis

Phylogenetic reconstruction was achieved using the genomic alignment of concatenated SNPs derived
from MTBseq, which included only those variable positions that fulfilled coverage criteria >20x and
variant frequency >95% of all samples. Repetitive regions (PPE/PE-PGRS genes). consecutive InDels, and
genes involved in antibiotic resistance were excluded. The substitution model of the alignment was

calculated with ModelTest-NG v0.1.7(39). The phylogenetic tree was reconstructed with the maximum-—
likelihood (ML) method using RAXML-NG(40), the GTR+GAMMA (General Time Reversible with

Gamma-distributed rates heterogeneity) nucleotide substitution model, and 1000 bootstrap replicates. To
correct the likelihood of ascertainment bias introduced by only using polymorphic sites and rescaling the
branch tree, we make an ascertainment bias correction by specifying the number of invariant sites (41).
The invariant sites were obtained as indicated in: https://github.com/conmeehan/pathophy. Visualization
of the phylogenetic tree was achieved with iTOL v6.6 (42). The Mycobacterium microti (Accession

number: SRR3647357) genome was used as an outgroup to obtain the rooted tree.

The package rhierBAPS (43) was used to determine the population structure of these samples dataset,
with a max depth of 2 and n.pops of 20, the algorithm clusters the samples hierarchically by a nested
clustering approach, based on genetic data, such as SNPs distance matrix, to identify subpopulations or

clusters.

Transmission cluster analysis and modeling of the genetic clustering network
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The transmission genomic transmission clusters (TGCs) were determined from concatenated high-quality
SNPs. A pairwise distance threshold of 12 SNPs between strains was evaluated to obtain an optimal
population clustering, as previously reported in genomic TB research(37,44—46). Then, the TGCs were
classified according to the number of members in each group: small (less than three isolates), medium
(three to five isolates), and large (>five isolates). To represent the spatial connectivity and improve the
local transmission inference, TransFlow(47) was used to reconstruct the transmission network in the
clusters generated with at least three samples based on genomic and epidemiological data, like sampling
dates and geographic coordinates. To address the bias inherent in lineage-specific reference genomes,
TransFlow employs the PANPASCO pipeline(48), which utilizes a computational pan-genome comprising
146 MTBC complete genomes from the major lineages 1—4 to conduct pairwise SNP distance calculations
to address the bias inherent in lineage-specific reference genomes. This approach helps to ensure a more
comprehensive and representative analysis of genetic variation within the MTBC population.
Phylodynamic of TB transmission clusters

Atime-calibrated phylogeny was inferred with BEAST v1.10.4(49) based on the collection dates of isolates
and tip dates. A multiple sequence alignment of concatenated SNPs derived from MTBseq created an XML
file in BEAUTi. The XML file was corrected to specify the number of invariant sites as indicated
in:https://groups.google.com/forum/#!topic/beastusers/QIBHMOgImFE. The temporal signal in the
sequence alignments was investigated using TempEst v1.5.3 (50). Dating was performed using the
GTR+GAMMA substitution model, a strict molecular clock model, and a coalescent constant size
demographic model. Markov chain Monte Carlo (MCMC) chains were run for 250 million iterations with
10% burn-in and sampled every 10,000 generations to evaluate the independent convergence of the chains.
Results were summarized and convergence assessed using Tracer v1.6(51) to ensure that all relevant
parameters reached an adequate population size of =200. The Maximum clade credibility tree was

calculated with the software Treeannotator v2.5.0.
7. Results

Genomic variability, functional annotation, and resistance profile of Ecuadorian samples.

The sequencing of the 88 Mtb isolates from Ecuador resulted in an average depth coverage of 60.9X+23.6.
The single nucleotide variant (SNV) calling analysis identified an average of 731 + 100.4 SNPs and 48 +
6.0 InDels, with 105 = 17.8 being intergenic, 372 =+ 47.4 non-synonymous, and 232 + 35.8 synonymous.
The annotation of genomes revealed 4,294 + 14.5 genes, including 4,254 coding sequences (CDS), and 44
transfer RNA (tRNA) genes, with 3,378 £ 12.0 (77%) having functional assignments. A total of 1,061 =
4.5 proteins with Enzyme Commission (EC) numbers, 918 + 4.0 had Gene Ontology (GO) assignments,
and 814 = 3.3 proteins were mapped to KEGG pathways. Approximately 1,961 £19.1 genes were assigned
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to the subsystems (a group of proteins that implement a specific biological process or structural complex)

(Supplementary Table 3).

The analysis of pathways showed that 19.2% of the annotated protein-coding genes were associated with
amino acid metabolism (444 + 2.1), followed by genes related to carbohydrates (16.2%, 375 + 2.7), lipids
metabolism (13.6%, 314 + 2.0), and xenobiotics, biodegradation, and metabolism (12.5%, 288 + 2.8
genes). The genes involved in amino acid biosynthesis were conserved and essential for pathogenicity in
bacteria, including Mrb(52). Furthermore, when analyzing the phylogenetic relationship and genetic
diversity associated with resistance in Ecuadorian isolates, our findings revealed that 4.3.2/3 (46.6%) and
4.1.1 (26.1%) sub-lineages exhibited higher prevalence. We identified a total of 42 single nucleotide
variants (SNVs) in resistance-related genes, with the rpoB gene showing the most significant mutational
occurrence. Furthermore, the SNV were associated according to the affectation in Mth genomes as follow:
48.13% represented Non-synonymous SNP, followed of synonymous SNP with 30.08%, Intergenic SNV
with 13.67%, Deletions with 4.76% and Insertions with 3.37%, been the SNV more frequently presented
in genes related with Intermediary metabolism and respiration (21.71%) followed for Cell wall and
processes (21.34%) and Conserved hypotheticals (20.44%). An exhaustive detailed of SNV is showed in
Supplementary Table 4.

To gain a deeper insight into the genomic epidemiology of tuberculosis (TB) in Ecuador, we incorporated
an additional 415 Mtb samples from 19 countries categorized as both continental and transoceanic
migratory nations. This expanded our dataset from 88 isolates to a total of 503 samples. All these Mth
genomes belonged to the L4 lineage, including mostly from families 4.3.2/3 (35.4%), 4.1.2 (22.7%), 4.4.1
(12.7%), and 4.1.1 (10.7%) (Supplementary Table 2). Moreover, 63.8% (321/503) Mtb samples were
classified as genotypically susceptible to all antituberculosis drugs. In contrast, 36.2% (180/503) were
found to be drug-resistant to at least one antibiotic. The clinical classification of these drug-resistant
samples showed that 16.7% were identified as having multi-drug resistance (MDR-TB), 8.5% display
resistance to isoniazid (HR-TB), 4.2% were classified as pre-extensively drug-resistant (pre-XDR-TB),
and 1.6% were resistant to rifampicin (RR-TB). Table 1 summarizes the drug-resistant classification of the

503 Mth samples per region.

We determined the frequency of canonical mutations associated with conferring resistance in all analyzed
sequences to establish a correlation between drug resistance and transmissibility. Among these, the most
frequently found were karGG Ser315Thr (n=92), rpoB Serd50Leu (n=68), rpsl Lys43Arg (n=21), embB
Met306lle (n=17), pncA Ginl10Pro (n=14), and gyr4 Ala90Val (n=11) which confer resistance to INH, RIF,
STR, EMB, PZA, and FQs, respectively.

Table 1. Frequency distribution of the 503 Mtb samples, showing their sub-lineage and their drug resistance profile
per geographical region.
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HR-TB RR-TB MDR-TB  Pre-XDR-TB Other Sensitive

Geographicreglon ™ 06y n(%) (%) n (%) n(%) n(%)
South America 33(6.6) 4(0.8) 71(14.1) 19(3.8) 12(24) 207 (41.2)
Euro-American 3(06) 2(04) 4(0.8) 1(0.2) 6(1.2) 10 (2.0)
Haarlem 5(L.0y 1(02) 20(4.00 2(04) 2(04) 65(12.9)
LAM §(1.6) 1(0.2) 29 (5.8) 8(1.6) 2(04) 95(18.9)
mainly-T 1{0.2) 1(0.2) 15 (3.0
S-type 15(3.0) 10 (2.0 1(0.2) 8 (1.6)
X-type 2(0.4) T(1.4) T(14) 1(0.2) 14(2.8)
Central America 7 (1.4) 7 (1.4) 4 (0.8) 38 (7.6)
Euro-American 1(0.2) 2(04)
H37Rv-like 1(0.2)
Haarlem 2(0.4) 4 (0.8)
LAM 2(0.4) 1(0.2) 1(0.2) 16 (3.2)
mainly-T 1(0.2) 1(0.2) 7(1.4)
S-type 2(0.4) 1(0.2)
X-type 3(0.6) 3(0.6) 1(0.2) T(1.4)
North America 7(1.4) 40 (8.0)
Euro-American 3 (0.6)
H37Rv-like 10(2.0)
LAM 1(0.2)
mainly-T 1(0.2)

S-type 2(0.4) 24 (4.8)
X-type 4(0.8) 2(0.4)
Europe 3 (0.6) 4(0.8) 6(1.2) 2(04) 1(0.2) 38 (7.6)
Cameroon 1(0.2) 1(0.2)
Euro-American 1(0.2) 1(0.2) 2(0.4)
H37Rv-like 2 (0.4)
Haarlem 1(0.2y 1(0.2) 1(0.2) 1(0.2) 9(1.8)
LAM 1(0.2)y 1(0.2) 3(0.6) 9(1.8)
M. microti 1(0.2)
mainly-T 1(0.2) 1{0.2) 1(0.2) 9(1.8)
S-type 1(0.2)
TUR 2(04)
X-type 1(0.2) 2 (0.4)

Other frequent canonical mutations were fabGl -15C>T (n=16), ahpC -74G>=A (n=15), and gid
329 330delTG (n=16) associated with INH and STR resistance, respectively. A comprehensive overview
of drug-resistant canonical mutations identified in the 503 Mitb samples is presented in Table 2 and

Supplementary Table 5.
TB population structure and transmission clusters

Isolate clustering, based on the concatenation of high-quality SNPs, revealed four primary groups at the
initial hierarchical level, aligning with distinct lineages. These clusters are visually depicted in Figure 1,
with varying branch colors in the phylogeny. Subsequently, the analysis revealed the presence of 15
secondary groups at the subsequent hierarchical level, corresponding to sub-lineages. Cluster 1 (in pink)
encompasses 128 isolates, distributed across three subclusters, originating from lineages 4, 4.4.1.1,4.2.2,
4.6.2, and 4.7/8. Cluster 2 (in orange) comprises 125 isolates divided into three subclusters (4-6), with the
majority belonging to the lineages 4.1.2.1, and some isolates from 4.1.2 (subcluster 6). Cluster 3 (in green)
is composed of 178 isolates, distributed across three subclusters (7-9), primarily associated with the lineage
43.2,4.3.3,4.3.4.1,4.3.4.2 and surprisingly, it includes an isolate 4.1.2 within subcluster 9. Finally, cluster

4 (in blue) encompasses six subclusters (10-15), housing 71 isolates predominantly from the lineage 4.1.1,
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4.1.1.1, and 4.1.1.3. Notably, isolates form subclusters 13, 15, and a small portion of subcluster 10
corresponding to lineage 4.1. Importantly, these 15 subclusters exhibit genomic distances exceeding 12
SNPs. Consequently, we conducted an analysis of cluster composition based on pairwise comparisons of
isolates, utilizing a pairwise distance threshold of <12 SNPs, to determine their inclusion within the same

transmission genomic cluster (TGC).

Table 2, Canonical variants associated with drug resistance frequently distributed within the 503 Mrb samples.

Drug | Gene | Canonical variants (n)

IRIF rpols | Serd50Leu (68), Aspd3sVal (13), Hisdd45Asn (6)
' ahpC |-74G>A (15)

fabGl |-15C>T (16)

inhd |-154G=A (9)

katG  |Ser31SThr (92)

IPZA pncd  |GInlOPro (14)

EMB |embB |Met306lle (17), Glyd06Ala (15)

' gid  |329 330delTG (16)

rpsL |Lys43Arg (21)

gvrd | Ala90Val (11)

gwrB | Asp461His (2)

IS 1401A=G(18)

AMG |eis -12C=T (2)

thd  |Gly232Asp (1), Lys69Glu (1)

i ethd |1222delT (3) .
ethR  |PhellOLeu (8)

PAS /ol |GludoGly (1)
#inhd promoter mutations include mutations in fubG1 open reading frame (ORF) because they create alternative promoters for
inh4 and mutations upstream of fabG1 because they act as promoters of the entire operon, which includes inhA. (*) Stop codon.
(7) variants associated with INH and ETH resistance.

STR

FQ

According to this strategy, 92.8% (n=467) of the isolates were classified into 51 TGCs ranging from 2 to
63 members. Considering the number of members per TGC, we classified seven as small, 20 as medium,
and 24 as large (Supplementary Table 6). Notably, the Mtb samples identified as susceptible were more
likely to be in larger clusters than the resistant samples. In most pre-XDR isolates, clonality existed
between them or with members from other countries. The TGCs distribution exhibits a remarkable
grouping primarily within Cluster 3 (comprising 37.3% TGCs) and Cluster 1 (constituting 29.4% TGCs).
Additionally, there exists a diversity of ungrouped isolates composed of 35 isolates. Among these, 28.6%
(10 out of 35 isolates) were linked to the lincages 4.3.2/3/4, while 25.7% (9 out of 35 isolates) show

association with being associated principally with lineage 4.8 (Figure 2A and Table 3).

Upon closer examination of the five largest Transmission Genomic Clusters (TGCs), namely TGC 1,

TGC 2, TGC 9, TGC 18, and TGC 19, distinct demographic and epidemiological profiles emerged (see
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Table 3). The predominant composition of TGC 1 was primarily attributed to isolates hailing from
Paraguay (46.3%), Peru (19.0%), and Spain (15.9%). TGC 18 encompassed isolates originating from
Ecuador (41.0%) and Paraguay (26.8%). In contrast, TGC 19 primarily consisted of isolates from Spain
(38.7%). TGC 2 predominantly comprised isolates from Argentina (53.3%), whereas TGC 9 was

predominantly characterized by isolates from Canada (54.1%).

Table 3, Distribution of 503 isolates of Mtb according to Clustering (rhierBAPS) and TGCs approach.

Clusters n of Distribution of Transmission Genomic Largest TGCs
classification isolates | Clusters (TGCs) n isolate, Lineage
Cluster 1 128 15 TGCs + 14 ungrouped isolates TGC_9: 24 isolates. S-type (4.4.1.1)

TGC _1: 63 isolates. Haarlem (4.1.2.1)

Cluster 2 125 |2 TGCs S ungrouped isolates + 1 is0lale | pesy: 96 fusletes, Blantlem (4.1.2.);
TGC18 (Cluster3) =
n=14;4.1.2.1.1, n=16)

19 TGCs+ 10 ungrouped isolates + 1 | TGC 18: 56 isolates. LAM (4.3.3)

Cluster 3 178 | isolate TGC14 (Cluster2) TGC_19: 31 isolates. LAM (4.3.2)

Cluster 4 71 10 TGCs+ 6 ungrouped isolates

Analyzing the Ecuadorian M7b isolates, 84 out of 88 samples cluster into |5 TGCs (5 from medium TGCs,
and ten from /arge TGCs), and the remaining four isolates (S0137, S0516, S2192, and S2193) were
ungrouped. Members of ten of these TCGs (TGC 2, 3, 5, 14, 15, 18, 20, 21, 37,and 47) were
found to be related to isolates from different countries, revealing unseen links and possible routes of large-
scale transmission between them. Interestingly, one of the clusters (TGC 37) presented a close relationship
(genetic distance of 8-9 SNPs) between samples derived from Ecuador (#=5) and an Ecuadorian migrant
identified in Spain (Figure 2B). The TGC 14 contained close Mth samples (genetic distance of 6 SNPs)
from Ecuador (»=2) and Brazil (n=5). In addition, a high clonality (60.2%, 53/88) among members of the
same Ecuadorian cluster was observed. The three largest Ecuadorian TGCs, composed of 49 isolates,
showed clonality in 68.8% (11/16 isolates in TGC 15), 69.6% (16/23 isolates in TGC _18), and 90.0%
(9/10 isolates in TGC _11) of the cases, respectively. (Supplementary Tables 6-7 and Supplementary Figure
1) Similarly, TGC 20, TGC 30, and TGC 48 had a higher proportion of singletons (100%, 3 out of 3
isolates), followed by TGC 18 exhibited a singleton proportion of 30.4%, encompassing 7 out of 23
isolates, while TGC 15 displayed a slightly higher rate of 31.25%, involving 5 out of 16 isolates.
(Supplementary Table 8)

When focusing on lineage composition, the largest TGCs were predominantly composed of 4.3.3 (46.9%,
23/49; TGC 18), followed by the 4.1.1 (32.7%, (16/49); TGC_15), and the 4.4.1.1 (20.4% (10/49);
TGC _11). Regarding the distribution of drug-resistant isolates among these TGCs, we found clonal pre-
XDR-TB isolates present in TGC_15 (n=4, genetic distance 0 SNPs), TGC 18 (n=2, genetic distance 0
SNPs) and TGC 37 (n=1, genetic distance | SNP); furthermore, 40.9% of samples from these TGCs were
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293 derived from patients previously treated for TB, followed by treatment-naive (34.1%), and in-treatment
294 (25%).

Cluster Level 2 Lincage
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295 o

296 Figure 1. Phylogenetic reconstruction of the 503 Mtb isolates. Circular representation of the phylogenetic tree reconstructed
297 with 1,437 SNPs using the ML method, the GTR+-GAMMA substitution model, bootstrap support of 1000 replicates, and rooted
298  with M. microti. Circular strips indicated the following metadata (inside out): i) fifteen subclusters classified from the second
299  clustering level, ii) the geographic distribution of samples, iii) sub-lineage classification, iv) drug resistance clinical classifications,
300 and v) canonical variants associated with drug resistance. Color in branches on trees represents the first level of clustering
301 (Lineages) of Mih isolates.

302

303 Genomic clustering networks

304 Genomic networks were inferred for the 503 M¢b isolates, suggesting possible transmission routes. Three
305 strategies were applied for this identification: the rhierBAPS algorithm to cluster genetic sequence data;

306 theapplication of a genomic distance threshold of 12 SNPs to obtain an optimal population clustering; and
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Transtflow algorithm to reconstruct the transmission network within clusters comprising a minimum of
three samples, based on genomic and epidemiological data. Different distributions were revealed in both
genomic cluster and network analysis (Figure 2A). Among Ecuadorian isolates (collected between 2019 to
2021), 17 out of 88 samples showed clonality with isolates from Colombia (n=2) or Latin-American
migrants in Spain (n=4), which were detected in 2014 and 20135, respectively (Figure 2B).

In particular, within TGC_03, the Ecuadorian isolates SO0110 and SO128 (identified in 2021) were found to
exhibit complete similarity to the isolate SRR15508558 from Colombia (2020). Moreover, the Ecuadorian
isolate S2186 (2020) was determined to be identical to ERR4195626 originating from Colombia (2015).
Furthermore, noteworthy findings emerged in TGC 15, where Ecuadorian isolates S0106, S1063, and
S1135 (2021), as well as S2203 and S2206 (2020), demonstrated clonality with the isolate ERR4195320
derived from an Ecuadorian migrant identified in Spain (2014). Furthermore, within TGC 18, a cluster of
Ecuadorian isolates encompassing S0149, S0205, S0555, S0585, S0605, and S2191 (2020), alongside
S0498, 51133, and S1212 (2021), displayed marked clonality with three Mib isolates recovered from Latin-
American migrants in Spain (2015). This cluster notably included an Ecuadorian isolate (ERR2884613)
and two Bolivian isolates (ERR2884716 and ERR2884718) (See Figure 2C). Among these 17 isolates, the
most predominant family affiliations were 4.3.2/3 (52.9%, n=9), followed by 4.1.1 (29.4%, n=5). and
4.1.2.1 (17.7%, n=3).
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Figure 2. Genomics clustering network of the 503 Mih samples. A: Plot showed the relation from Genetic cluster analyzed by
rhierBAPs, TGC (<12 SNPs) by MTBseq. and Networks identified by Transflow analysis. B: TGCs Networks considered the
Ecuadorian isolates analyzed in this study, in red highlight the connection confirmed by Transflow. The width of the links is due
to the genetic distance (wider, less distance). The color of the links is according to the TGCs. More details
at hitps://microreact.org/project/phylo-tb. C: The geographical distribution of TGCs from B panel revealed 12 networks.
Nonetheless, two of these TGCs did not incorporate isolates from Ecuador. Interesting, isolates from Ecuadorian migrants in Spain
were, however, identified within these TGCs. D: Boxplot displaying genetic distances both within and between the TGCs that
involve Ecuadorian isolates.

However, through TransFlow analysis, we have identified 17 transmission networks. Notably, within the
most extensive transmission network (TGC_01), consisting of 25 Paraguayan isolates, the isolates
SRR21240246, SRR21240038, and SRR21240046 emerged as potential index cases of transmission
among network members, with isolate SRR21240246 responsible for 11 cases within this transmission
network. Similarly, a comparable pattern of transmission organization is evident in the second network
associated with TGC 02, exclusively composed of Argentinian isolates. Additionally, within the fifth
transmission network exclusive to Peruvian isolates (TGC 10), the isolate SRR10851678 from Brazil

stands out as the potential index case (Supplementary Figure 2).

Ecuadorian isolates were involved in a total of eight transmission networks. Notably, isolates SO0158,
S0134, and S2205 were identified as potential index cases within their respective transmission networks
among the Ecuadorian isolates (specifically, network three within TGC_11, network eight associated with
TGC 37, and network nine considered in TGC 15). Conversely, within network seven (associated with
TGC 18), it was observed that Ecuadorian isolate S2191 likely originated from the potential index case
ERR2884711 found in a Bolivian isolate, with a transmission sequence that involved ERR2884716
(Bolivian), all occurring in Spain. The genomic distance difference between the index case and isolate

52191 amounted to 15 SNPs. These findings are concisely outlined in Supplementary Figure 3.
Genetic diversity of the virulence-associated genes

To characterize mutations in genes affecting adaptability to the host, we describe in Ecuadorian isolates
the SNPs in genes commonly associated with MTBC virulence(52). A total of 303 SNPs were identified
in these virulence genes, and all isolates were determined to have at least one SNP in the genes mcelF,
mmplA4, phoR, ctpV, pepD, mce3F, fadD13, and nuoG. Additionally, genes pksi2, fadD3, mce3C, pksi2,
nuoG, and kat(G were mutated with at least one SNP in more than 50% of the isolates. The top six genes
containing the most significant SNPs include plcA, pleB, pks7, pksl2, phoR, and PPE46 (Supplementary
Tables 9-10).

46.6% (41/88) of isolates had more than 40 SNPs, with a maximum of 79 SNPs identified within the
virulence genes. The isolates corresponding to 4.1.1 (TGC 15 and TGC 37), 4.4.1.1 (TGC 11), and
43.2/3/4(TGC 18, 20, 21, 26, 29,and 30) sub-lineages presented higher numbers of polymorphisms
(39 to 51, 39 to 43, and 28 to 79 SNPs, respectively). Additionally, two members of TGC 14 (S0017 and
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S0039) and one ungrouped sample (S2193) showed high numbers of mutations (70, 71, and 74 SNPs,
respectively) in virulence genes. Interestingly, the five isolates associated with the sub-lineage 4.7/8

showed the lowest number of SNPs in the virulence genes (15 to 25 SNPs).
Phyledynamics of TB in Ecuador

To obtain a more comprehensive understanding of the population dynamics of TB in Ecuador we estimated
the time to the most recent common ancestor (TMRCA) for each TGC. Our findings showed consistent
estimates of the ages of TMRCAs within different TGCs of TB in Ecuadorian isolates. The estimated
TMRCA for the Ecuadorian isolate was around 1054 years before the present (YBP), placing it at
approximately 967, although with a relatively broad posterior density interval of 697 to 1475 (95% highest
posterior density (HPD) interval). Our analysis of Mib isolates from different transmission groups in
Ecuador revealed a range of TMRCA estimates, TGC 15 was the oldest (218 YBP) while TGC 03 was
the youngest (105 to 155 YBP) followed by TGC 18 (113 to 173 YBP). Particularly, the isolates
corresponding to TGC_02, 21, and 47, where only one Ecuadorian isolate was included, had more than
100 YBP (191 YBP for TGC 02, 208 YBP (TGC _21), and 229 YBP (TGC_47)). but surprisingly the
isolate S0108 (TGC_47) form a clade with S0137, which is classified as ungrouped. Moreover, we found
that ungrouped isolates S2192, S0137, S2193, and S0516 had TMRCA estimates of 157, 229, 373, and
404 YBP, respectively (Supplementary Figure 4).

Based on the findings, most Ecuadorian Mtb isolates were closely related to the LAM and X-type sub-
lincages, We focused further analysis on all isolates belonging to these sub-lineages. The corresponding
TMRCA estimates for LAM and X-type sub-lincages were 470 YBP (95% HPD, 358 to 720) and 450 YBP
(95% HPD, 349 to 647), respectively. Within the X-type sub-lincage, TGC 15 members have a TMRCA
of 291 YBP, while those from TGC 37 have a TMRCA of 254 YBP. Isolates from TGC 14 have a
TMRCA of 238 YBP, while ungrouped isolates S0516 and S2193 have TMRCA estimates of 482 and 354
YBP, respectively; all of them were from the Euroamerican sub-linecage. While, the isolates corresponding
to the LAM sub-linecage have a TMRCA estimate ranging from 242 to 295 YBP, including six TGCs (289
YBP (TGC _26),242 to 265 YBP for TGC 18, 249 YBP (TGC _30), 271 to 293 YBP (TGC_20), 295 YBP
(TGC_21), 292 YBP (TGC_29) and one ungrouped isolate (289 YBP for 8$2192), surprisingly the isolate
S82192 was including into the clade that contained the TGC 26, and the TGC 18 was divided in three

clades.

On the other hand, in the Haarlem sub-lineage, isolates have a TMRCA estimated to be between 237 and
292 YBP, including 263 YBP for isolates corresponding to TGC_05, 237 to 273 YBP for TGC_03 isolates,
and 292 YBP for TGC_02. The S-type sub-lineage has a TMRCA of 257 YBP (TGC_11), while isolates
corresponding to the mainly-T sub-lineage have a TMRCA between 278 (TGC_48) and 269 YBP
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(TGC_47), while the S0137 isolate has a TMRCA of 340 YBP, particularly the isolate SO137 forms clade
with TGC 48 (Supplementary Figure 5).

8. Discussion
Recurrent TB can arise from either reactivation of latent infection or reinfection with drug-resistant strains.
Differentiating between these two can be challenging, especially when there are genomic variations in
genes involved in persistence and pathogenicity. Human-adapted MTB strains show a high degree of
genomic similarity but vary in terms of geographic distribution, virulence, transmissibility, and drug
resistance pattern(53). To investigate transmission pathways within our study population, we analyzed 503
Mtb strains of the L4 lineage, mostly from neighboring regions in Ecuador and other areas. Our analysis
of high-quality genomes revealed that 63.8% of isolates were sensitive to all drugs. while the remaining
36.2% were resistant to at least one drug. All genomes in this study belonged to the Euro-American lineage,
with the most common sub-lineages being 4.3.2/3 (35.4%), 4.1.2.1 (22.7%), 4.4.1 (12.7%), and 4.1.1.
(10.7%). In South and Central America and the Caribbean, 4.3.2/3, 4.1.2, and 4.8 sub-lineages primarily
represent the L4 lineage(24,54,55), indicating their European origin, the 4.4.1, and 4.1.1 could be mostly
included due to migratory processes, as other studies have highlighted (18,56,57). We identified a total of
nineteen genes that harbor mutations associated with resistance to first- and second-line drugs. Among
these, 63.4% were specifically linked to resistance against first-line drugs. The presence of these canonical
drug-resistant genes serves as a valuable resource for further identification and characterization studies in

the local context, enhancing genetic data sources for TB research(13,58,59).

Spanning network analysis using WGS enables researchers to connect TB transmission events (60,61),
providing insights into the spatial and temporal dynamics of TB transmission and identifying individuals
and locations that play a critical role(62,63). In this study, we used WGS to investigate the possible
transmission network between Mtb isolates from Ecuador and other 19 countries. We found evidence for
the potential spread of Ecuadorian M1b isolates to individuals in different countries based on the most
significant clustering proportion. In addition, in some instances, it was possible to observe the formation
of transmission networks restricted to isolates from a single geographical location. Combining genetic data
with epidemiological data could facilitate the management of TB transmission, particularly in immigrant
communities where changing socio-epidemiological features due to migration may increase transmission

complexity(64).

The influx of immigrants to and from high-burden countries is a significant driver of TB incidence in areas
where transmission is limited and can also contribute to disease reactivation(37,65). TB case clusters may
involve autochthonous cases, mixed multinational cases, or cases among foreign-born individuals
concentrated in a specific country(66,67). Our study observed clonality between Mtb isolates from 17

Ecuadorian and from Colombia or Latin-American migrants in Spain detected in 2014 and 2015. By

Page 15 of 24

Article_Microbial_Genomics_plantilla_enviar.docx



429
430
431
432
433
434
435
436
437
438
439
440
441

442
443
444
445
446
447
448
449
450
451
452
453
454

455
456
457
458
459
460
461
462
463

reconstructing networks, it was possible to provide evidence that the potential transmission route involving
migrants may have occurred through direct contact with Bolivians and Ecuadorians in Spain (TGC _18),
likely in workspaces such as plantations, factories, or restaurants. Particularly, isolate S2191, part of this
transmission network, exhibits clonality with other Ecuadorian isolates detected in 2020 and 2021. This
finding proposes the hypothesis that S2191 could represent the initial transmission point in the local
context. In the case of clonality with Colombian isolates, the formation of transmission networks is not
evident. However, a similar situation could have occurred in the case of network seven (TGC 18), with
shared work environments. Surprisingly, three isolates corresponding to female patients were found in both
scenarios, indicating a possible personal relationship among the individuals that may contribute to
transmission between them. These findings suggest possible transnational transmission events involving
Ecuador and its border countries and frequent migration destinations, highlighting the need to strengthen
disease surveillance to reduce the possibility of more dangerous strains of tuberculosis entering the

country(68,69).

Genome comparisons offer valuable insights into the molecular mechanisms that bacteria employ to
establish a pathogenic lifestyle in specific hosts. This includes the ability to survive and multiply within
intracellular or extracellular host environments and induce lesions and disease(70). However, our
understanding of the virulence factors expressed by Mi¢b is limited, and genetic variations resulting from
selection pressure may affect their expression. Despite these challenges, performing this type of analysis
may contribute to our understanding of how these factors function under local conditions(71). Our study
identified 303 SNPs located within 103 genomic regions associated with virulence, with plcd, plcB, pks7,
pksi2, phoR, and PPE46 genes displaying the highest number of SNPs. These are associated with
phospholipid metabolism, specific biosynthetic pathways responsible for unique lipids, or glycolipid
conjugates that are crucial for the virulence of M and are integral components of the complex
mycobacterial cell envelope(72,73). The observed modification or inactivation of these genes in our study
isolates can affect the virulence of Mib, leading to a less severe disease stage for the host, resulting in

reduced lung damage and prolonged disease progression.

While our study has provided valuable insights, it is important to acknowledge a few limitations. Primarily,
the sample size was relatively modest, consisting of 88 Mtb isolates from cultured samples, which is
relatively small compared to the total number of reported TB cases in 2021(5,595). Additionally, due to
limited comprehensive epidemiological information, including contact details, our understanding of
transmission dynamics was constrained. To enhance our understanding, future research should aim to
combine genomic data with additional epidemiological details to uncover potential transmission pathways
for Mtb. Moreover, our sequencing focused on cultured sputum isolates, a standard approaches in Mth
genomic epidemiology which may not fully capture the complete spectrum of mycobacteria in the lungs,

thus limiting our ability to capture the intricacies of within-host variation in an individual's infection (74).
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Longitudinal studies have the potential to enhance sequencing analyses, uncovering variations in resistance
genes and virulence factors, thereby assisting in refining treatment strategies. These insights hold the

promise of contributing to the alleviation of the global TB burden.

To the best of our knowledge, this is the first study in the country to establish local transmission networks
of Mib using complete genome analysis. However, our findings also contribute to the knowledge of the
transmission networks characterized in Ecuador based on the MIRU-VNTR approach(32,33,75). Our study
provides valuable insights into the genomic and epidemiological characteristics of Mib isolates in Ecuador.
In addition, our analysis identified drug-resistant isolates and transmission events between individuals and
across borders, underscoring the need for more extensive whole-genome sequencing and network analysis

to guide public health interventions.
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Articulo 3: A precision overview of gemomic resistance screening in Ecuadorian isolates of
Mycobacterium  tuberculosis  using  web-based  bioinformatics  tools. PlosOne

(https://doi.org/10.137 1/journal.pone.0294670).

En este articulo se evalud la informacion obtenida mediante la secuenciacion de 88 muestras de M.
tuberculosis (64 resistentes y 24 sensibles) en Ecuador. Se utilizaron varios programas web Mykrobe,
TB-profiler, PhyReSse, KvarQ, vy SAM-TB para detectar las variantes presentes en aislados. El
objetivo fue determinar la concordancia entre estos métodos y el enfoque tradicional, con el fin de
evaluar su aplicacion en programas de vigilancia. Nuestros datos muestran que el sublinaje principal
identificado en los aislamientos fue LAM, representando el 44,3 %de los casos, seguido por el
sublinaje X-type, que represento el 23,0 %. En cuanto a la deteccion de resistencia global, el programa
Mykrobe mostro una alta correlacion con los resultados del DST (98 % de acuerdo y un indice Kappa
de Cohen de 0,941). Sin embargo, para el analisis de farmacos de primera linea de forma individual,
se observo que SAM-TB, TB-profiler, PhyReSse y Mykrobe presentaron una mejor correlacion con
los resultados del DST Hemos observado que el 50 % de las mutaciones identificadas por todas las
herramientas basadas en la web corresponden a mutaciones canénicas en las regiones rpoB, katG,
embB, pncd, gyrd y rrs. Nuestros resultados sugieren que SAM-TB, TB-profiler, PhyReSse vy
Mykrobe fueron las herramientas web mas efectivas para detectar estas mutaciones canonicas
relacionadas con la resistencia. Sin embargo, es necesario realizar mas andlisis para mejorar la
deteccion de mutaciones relacionadas con drogas de segunda linea. Mejorar los programas de
vigilancia de los aislamientos de TB mediante uso de herramientas de secuenciacion de genoma
completo para medicamentos de primera linea, TB-MDR y TB-XDR ¢s una prioridad para

comprender mejor la epidemiologia molecular de esta enfermedad en nuestro pais.
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Abstract

Introduction

Tuberculosis (TB) is among the deadliest diseases worldwide, and its impact is mainly due
to the continuous emergence of resistant isolates during treatment due to the laborious pro-
cess of resistance diagnosis, nonadherence to treatment and circulation of previously resis-
tant isolates of Mycobacterium tuberculosis. In this study, we evaluated the performance
and functionalities of web-based tools, including Mykrobe, TB-profiler, PhyResSE, KvarQ,
and SAM-TB, for detecting resistance in 88 Ecuadorian isolates of Mycobacterium tubercu-
losis drug susceptibility tested previously. Statistical analysis was used to determine the cor-
relation between genomic and phenotypic analysis. Our results showed that with the
exception of KvarQ, all tools had the highest correlation with the conventional drug suscepti-
bility test (DST) for global resistance detection (98% agreement and 0.941 Cohen'’s kappa),
while SAM-TB, PhyResSE, TB-profiler and Mykrobe had better correlations with DST for
first-line drug analysis individually. We also identified that in our study, only 50% of muta-
tions characterized by the web-based tools in the npoB, katG, embB, pncA, gyrAand rrs
regions were canonical and included in the World Health Organization (WHQ) catalogue.
Our findings suggest that SAM-TB, PhyResSE, TB-profiler and Mykrobe were efficient in
determining canonical resistance-related mutations, but more analysis is needed to improve
second-line detection. Improving surveillance programs using whole-genome sequencing
tools for first-line drugs, MDR-TB and XDR-TB is essential to understand the molecular epi-
demiology of TB in Ecuador.
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Importance

Tuberculosis, an infectious disease caused by Mycobacterium tuberculosis, most com-
monly affects the lungs and is often spread through the air when infected people cough,
sneeze, or spit. However, despite the existence of effective drug treatment, patient adher-
ence, long duration of treatment, and late diagnosis have reduced the effectiveness of ther-
apy and increased drug resistance. The increase in resistant cases, added to the impact of
the COVID-19 pandemic, has highlighted the importance of implementing efficient and
timely diagnostic methodologies worldwide. The significance of our research is in evaluating
and identifying a more efficient and user-friendly web-based tool to characterize resistance
in Mycobacterium tuberculosis by whole-genome sequencing, which will allow more routine
application to improve TB strain surveillance programs locally.

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is one of the top 10 causes of
death worldwide. In 2021, the World Health Organization (WHO) estimated that 10.6 million
people were infected and 1.6 million people died [1]. Despite many innovations in tuberculosis
diagnosis, drug resistance detection, drug therapy, prevention and control programs, several
challenges, such as patient adherence, long duration of treatment, and late diagnosis, continue
to limit the effectiveness of TB therapy [2]. The increase in resistant TB patients is not only
due to exposure to multidrug-resistant (MDR) and extensively resistant strains (XDR) but also
due to late or inadequate diagnosis (associated with slow growth of Mtb), ineffective treatment
or poor adherence to treatment [2]. On the other hand, the accumulation of point mutations
in coding regions for drug targets and/or drug-converting enzymes is a major mechanism for
acquiring resistance in Mtb [3], which has further complicated the situation, making the timely
detection of resistance-conferring mutations crucial for effective treatment and prevention of
onwards transmission [4], for which the use of procedures that reduce the time of diagnosis is
recommended.

The emergence of whole-genome sequencing (WGS) as a tool for detecting drug resistance
in Mtb has revolutionized tuberculosis diagnosis and treatment [5]. Compared to traditional
drug susceptibility testing, WGS provides results in a fraction of the time [6], making it a faster
and more effective method for detecting resistance to all drugs simultaneously, identifying lin-
eages, tracing transmission, and defining outbreaks [7-11]. With large datasets generated in
tuberculosis research by WGS, the emergence of bioinformatics web-based tools such as
TBProfiler [12], KvarQ [13], TGS-TB [14], Mykrobe Predictor TB [15], CASTB [16], PhyTB
[17], ReSeqTB-UVP [18], GenTB [19], PhyResSE [20], SAM-TB [21] and others has signifi-
cantly improved the efficiency of genotyping and drug resistance identification in Mycobacte-
rium tuberculosis. These tools are popular due to their ease of use, ability to classify SNPs,
feasibility of batch analysis, and user-friendly interfaces. However, they do have some technical
limitations, such as the lack of standardized criteria for discerning noncanonical mutations,
and selecting mutations with diagnostic criteria for resistance in new and repurposed antibiot-
ics remains a challenge for utilizing WGS technology effectively [22]. Although web-based
tools for TB lineage and resistance characterization have limitations, their combination with
the WHO updated catalogue of resistance-associated mutations in TB [23] has enabled effi-
cient implementation of WGS in surveillance programmes [24-26]. Despite these challenges,
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WGS technology offers reliable and efficient results that can guide TB diagnosis and treatment.
The potential benefits of WGS in TB diagnosis and treatment make it a promising tool for
improving public health policies and global TB control efforts.

The incidence of tuberculosis has been on the rise in many countries, including Ecuador,
since 2015 [27]. The COVID- 19 pandemic has added further complexity to this issue. The
emergence of drug-resistant strains is a serious global threat and poses significant challenges
to public health, particularly in low- and middle-income countries. This study aims to evaluate
the effectiveness and capabilities of Mykrobe, TB-profiler, PhyResSE, KvarQ, and SAM-TB
web-based tools for detecting drug resistance in Mycobacterium tuberculosis isolates with con-
ventional DST. This evaluation is particularly important in the local context, where rapid diag-
nosis is critical for controlling multidrug-resistant tuberculosis (MDR-TB).

Material and methods

A total of 88 clinical isolates were included in this study, obtained by convenience sampling
from private laboratories and the National Reference of Mycobacteria at the National Institute
of Public Health Research "Leopoldo Izquieta Pérez” (INSPI-LIP) in Guayaquil between 2019
and 2021. These isolates were identified as multidrug-resistant through DST agar [28] or the
Bactec MGIT 960 System protocol [29] prior to their inclusion in the study. The resistance pat-
tern of first-line and second-line anti-tuberculosis drugs was determined according to the pro-
portional method by the Bactec MGIT 960 System protocol in 67 samples with critical
concentrations of drugs as follows: rifampicin, 1.0 pg/mL; isoniazid, 0.1 pg/mL; ethambutol,
5.0 ug/mL; kanamycin, 2.5 ug/mlL, capreomycin, 1.0 pg/mlL, amikacin, 1.0 pg/mL, 1.0 pg/mL
for levofloxacin and 1.0 pg/mL for moxifloxacin. However, in 21 samples, the resistance was
determined by DST agar, and the critical concentrations of anti-TB drugs for the DST assays
were as follows: rifampicin, 40.0 pg/mL; isoniazid, 0.2 pg/mL; ethambutol, 0.4 pg/mL; strepto-
mycin, 4.0 ug/mL, and 200 pg/mL for pyrazinamide (pyrazinamidase assay). The resistance
profile was defined based on the results from all isolates according to WHO
recommendations.

DNA extraction and sequencing

Genomic DNA was extracted from 88 isolates of Mycobacterium tuberculosis grown in Lowen-
stein-Jensen medium by two different protocols. In 21 isolates, the DNA was extracted by the
CTAB method [30, 31], while for others, 67 were obtained by the PureLink DNA Mini Kit
(Fisher Scientific, Pennsylvania, USA) according to the manufacturer’s instructions. Each
extracted DNA sample was quantified by a Qubit 4.0 fluorometer (Invitrogen, Carlsbad, CA,
USA.). DNA samples that fulfilled the quality standards in terms of integrity, purity and quan-
tity were sequenced. Genomic DNA libraries were prepared for whole-genome sequencing
using the Tagmentation-based library prep kit according to the manufacturer’s instructions
(Mlumina Inc., San Diego, CA, USA). Next, libraries with different indices were multiplexed
and loaded on an [llumina MiniSeq platform with a High Output Reagent Kit, according to
the manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequencing was carried out
using a 2 x 150 paired-end (PE) configuration.

Bioinformatic analyses

Using the Galaxy platform (https://usegalaxy.org/), reads were classified by Kraken version 2
[32] to detect possible contamination or the presence of other mycobacteria. In addition,
FastQC version 0.11.9 [33] and Trimmomatic version 0.38 [34] were used to control quality
and trim the low-quality ends of the reads, respectively. In particular, a sliding window was
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used to trim sequences with an average quality value lower than 20. The high-quality reads
were mapped to M. fuberculosis strain HR37v (NC_000962.3) using BWA-MEM [35]. To
ensure high reliability, only isolates with sequences meeting strict criteria were included in the
analysis. Specifically, any isolate with a sequencing depth of less than 20X or a reference cover-
age of less than 909 was excluded from subsequent analyses.

For phylogenetic analysis, clean reads were used as input in the MTBseq pipeline [36] to
obtain i) sublineage classification, ii) transmission group identification and iii) SNP-based
alignment for phylogenomic analysis. Mycobacterium microti Maus III (accession number:
ERR4618952) was used as an outgroup to obtain the rooted tree. The substitution model was
calculated with ModelTest-NG v0.1.7 [37]. Phylogenetic reconstruction was performed with
RAXML-NG [38] using the maximum likelihood method and a bootstrap cut-off = 0.01. Visu-
alization of the phylogenetic tree was achieved with iTOL v6.6 [39]. The transmission groups
were determined by evaluating a distance of 12 SNPs between strains due showing the highest
agreement between epidemiological research and genomic data [40, 41] The transmission clus-
ter sizes were classified according to the number of shared isolates as follows: small if it had
fewer than three isolates, medium if it was composed of three to five isolates and large if it had
more than five isolates.

Predicting susceptibility and drug resistance

The web-based tools TB-Profiler v5.0 (https://github.com/jodyphelan/TBProfiler), PhyReSse
v1.0 (The Phylo-Resistance-Search-Engine) (https://bioinf.fz-borstel.de/mchips/phyresse/),
Mykrobe v0.12.2 (https://www.mykrobe.com/), KvarQ v0.12.2 (https://kvarg.readthedocs.io/
en/latest/index.html) and SAM-TB (https://samtb.uni-medica.com/index) were used to pre-
dict canonical mutations in genes related to resistance, such as rifampicin (RIF), isoniazid
(INH), pyrazinamide (PZA), and ethambutol (EMB) (first-line drug) and fluoroquinolone
(ciprofloxacin, levofloxacin, moxifloxacin, oxifloxacin, FQ), streptomycin (STR), ethionamide
(ETH), and aminoglycosides (amikacin, AMK, kanamycin, KM, capreomicin, CAP) (second-
line drugs). All programs were run under the default parameters using the high-quality reads
from the &8 samples.

Statistical analysis

Global and drug-specific sensitivities, specificities, positive predictive values (PPV) and nega-
tive predictive values (NPV) were computed using MedCalc®) Statistical Software version
22.013 (MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2023) with a 95%
confidence interval. For global analysis, we considered the tools capacity for detecting any
resistance-related mutations that permit inclusion of the isolate/patient in a surveillance and
drug scheme adjustment. The diagnostic results based on DST were used as a reference for the
analysis.

Ethics statements

Our study was reviewed and approved by the ethics committee of University Espiritu Santo
under code 2022-001A. The research was conducted in accordance with the ethical principles
outlined in the Declaration of Helsinki. Informed consent of the patients was not required
since our study worked with isolates from a collection. The ethics committee determined the
exception of informed consent because the isolates were anonymized, and no data on the
patients were disclosed. The present work is based on INSPI-LIP permission to use the positive
samples.
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Results

The drug susceptibility of M. tuberculosis isolates obtained from patients between 2019 and
2021 was assessed via drug susceptibility testing (DST) for four first-line drugs (rifampicin, iso-
niazid, pyrazinamide, and ethambutol), three second-line drugs (streptomycin, levofloxacin,
and moxifloxacin), and three injectable drugs (kanamycin, amikacin, and capreomycin). Of
the 88 samples, 22 were identified as susceptible, while 66 were found to be drug resistant
(DR-TB) and further categorized as MDR (n = 46), polyresistant (n = 13), rifampicin and fluo-
roquinolone resistant (n = 5), and rifampicin monoresistant (n = 2). Among the isolates,
26.1% were from female patients, with a median age of 39.2 + 14.5 years (range 21-73 years),
and 73.9% were from male patients, with a median age of 40.3 + 15.0 years (range 11-74
years). With regard to treatment history, 37.5% of the isolates were from treatment-naive cases
(45.5% were drug-resistant), 23.9% were from patients receiving treatment (90.5% were drug-
resistant), and 38.6% were from previously treated cases (94.1% were drug-resistant). The
majority of the drug-resistant isolates (59.1%) were obtained from patients in Guayaquil, one
of the most important economic centers in Ecuador, followed by Babahoyo, El Empalme, and
Quito (4.5%, 3.4%, and 2.3%, respectively). A small number of cases were detected in Chone,
Duran, Guaranda, Machala, and Nueva Loja (1.1% each) (S1 Table).

The MTBseq pipeline was used to assess the phylogenetic relationships among the 88 iso-
lates by analysing 5586 SNPs. The results indicated a high diversity of circulating isolates in
Ecuador, with LAM sublineages being the most predominant (44.3%), followed by X-type
(23.9%), S-type and Haarlem (11.4%, each), as shown in Fig 1.

Although no association was found between sublineages and drug sensitivity, it is worth
noting that out of the 10 Haarlem strains, 7 (70.0%) displayed MDR resistance, while three
were sensitive. Cluster analysis identified 54 isolates (61.4%) grouped into 16 potentially
molecular-related transmission clusters (with at least two isolates and <12 SNP differences),
while 34 isolates were singletons (51 Table, Fig 1). Seven clusters were considered small (< 3
isolates), eight medium (3-5 isolates), with the most prevalent being clusters 13 and 16 (five
isolates each), and one large cluster with nine isolates (group 01). Pre-XDR isolates were dis-
tributed in four clusters, with three isolates in cluster 10 and two isolates each in clusters 11
and 16. The remaining pre-XDR isolates did not form clusters, and one isolate was unique.
Notably, the only large cluster consisting of nine isolates was entirely composed of the S-type
sublineage (51 Table, Fig 1),

The performance and functionalities of five web-based tools (TB-Profiler v5.0, PhyResSE
v1.0, Mykrobe v0.12.2, KvarQ v0.12.2, and SAM-TB) were evaluated by comparing the pheno-
typic resistance profile of the 88 strains (52 Table). Descriptive statistics such as sensitivity,
specificity, accuracy, percentage of agreement and kappa coefficient were calculated and are
presented in Table 1.

All the evaluated programs exhibited good sensitivity and specificity globally, but their per-
formance varied for preconditions of resistance to specific drugs. The highest level of agree-
ment was observed for isoniazid on all programs (agreement and kappa coefficient above 93%
and k = 0,840), while KvarQ had the lowest agreement for rifampicin (agreement 90.91% and
k =0,784).

In terms of detecting specific resistances, all tools showed good detection values for isonia-
zid and rifampicin. However, the detection of ethambutol and pyrazinamide varied across the
different tools. TB-profiler and SAM-TB demonstrated adequate detection values, while
KvarQ and PhyResSE exhibited lower quality values. In summary, TB-profiler and SAM-TB
were found to be the most effective in detecting resistance to first-line antibiotics, whereas
KvarQ was the least effective. For streptomycin, Mykrobe and KvarQ showed fair agreement
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Fig 1. Phylogenetic reconstruction of the 88 Mtb isolates from Ecuador. A total of 5,586 SNPs were used to reconstruct the phylogenetic tree using the
maximum likelihood method, the GTR substitution model and a bootstrap cut-off of 0.01. Metadata include i) transmission groups (lines green, yellow, and
blue), ii) sublineage classification, iii) global genotypic class of drug resistance and iv) DST results of first- and second-line antibiotics (full circle = resistant;
empty circle = sensitive; missing circle = not tested).

https://doi.org/10.1371/journal.pone.0294670.9001
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Table 1. Comparative statistical analysis of five software programs for predicting anti-TB drug resistance.

Statistic
Sensitivity
Specificity

Positive Likelihood Ratio |
Negative Likelihood Ratio |

Positive Predictive Value
Negative Predictive Value
Accuracy (*)

% of agreement

Cohen’s kappa

Numbers in brackets represent the corresponding 95% confidence intervals. Cohen'’s kappa: 0.01-0.20: slight agreement; 0.21-0.40: fair agreement; 0.41-0.60: moderate

Mykrobe
0.97 {0.89 to 1.00)
1.00 (0.85 to 1.00)

0.03 {0.01t0 0.12)
100 (0,94 to 1.00)
0.92 {0.74 t0 0.98)
0.98 {0.92 to 1.00)
0.98
0.941

Kvar()
0.92 (0.83 to 0.97)
1.00 (0.85 to 1.00)

0.08 (0.03 0 0.18)

1.00 (0.94 to 1.00)

0.82 (0.65 to 0.91)

0.94 (0.87 to 0.98)
0.94

0.859

TB-Profiler
0.97 (0.89 to 1.00)
1.00 (0.85 to 1.00)

0,03 (001 t0 0.12)
1.00 (0.94 to 1.00)
0.92 (0.74 10 0.98)
0.98 (092 to 1.00)
0.98
0.941

(
(
(
(

agreement; 0.61-0.80; substantial agreement; 0.81-1.00: almost pcrfcc: or pcrfccl agreement

https://doi.arg/10.1371/joumal.pone.0294670 001

PhyResSE
0,97 (0.89 to 1.00)
1.00 (0.85 ta 1.00)

0.03 (001 t00.12)

1.00 (0,94 to 1.00)
0.92 (0.74 to 0.98)
0.98 (0.92 to 1.00)
0.98
0.941

Almost perfect agreement | Substantial agreement | Almost perfect agreement  Almost perfect agreement

SAM-TB
0.97 (0.89 to 1.00)
1.00 (0.85 to 1.00)

0.03 (001 100.12)
1.00 (0.94 to 1.00}
0.92 (0.74 to 0.98)
0.98 (0.92 to 1.00)
0.98
0.941

Almost perfect agreement

in detecting resistance. However, all tools had difficulties detecting resistance to fluoroquino-
lones, particularly levofloxacin, and only KvarQ and SAM-TB presented the best agreement,
while for moxifloxacin, only KvarQ showed moderate agreement. The statistical parameters
for kanamycin, amikacin, and capreomycin could not be determined because only sensitive
isolates were identified phenotypically (Table 2).

By genomic analysis of 88 phenotypic isolates, we identified genotypically 59.1% of strains
MDR (52/88), 11.36% pre-XDR, 1.13% Monoresistant (1/88 each for HR and RR), and 27.3%
Sensitive (24/88). Diversity in the genotypic resistance profile from the isolates was observed
among the drugs assessed. Mykrobe, PhyResSE and SAM-TB detected the highest proportion
of resistance to isoniazid, with 61 out of 88 isolates (69.3%). Similarly, PhyResSE and SAM-TB
detected 64 out 88 isolates (72.7%) for rifampicin, while for ethambutol with 22 out 87 isolates
(25.3%) and pyrazinamide with 20 out 64 isolates (31.3%), TB-profiler and SAM-TB were the
best; however, the lowest resistance proportions were mainly described by KvarQ.

It is noteworthy that all programs detected resistance to second-line drugs that were not
detected by DST. This may be associated with the slower growth of some of the isolates at the
limit of the DST detection range. In particular, all programs detected a range of 2 to 5 isolates
with mutations associated with resistance to kanamycin, amikacin and capreomycin, none of
which were previously detected by DST. In terms of fluoroquinolones, between 10 and 12 iso-
lates were characterized as resistant to moxifloxacin and levofloxacin by the programs, while
DST detected only 2 and 7 resistant isolates, respectively. Overall, KvarQ detected less resis-
tance, while SAM-TB was the program that detected more resistance, followed by PhyResSE
and TB-Profiler (Table 3).

Polymorphisms associated with drug resistance identified by whole-
genome sequencing and web-based tools

Whole-genome sequencing and web-based tool analysis of the 88 isolates revealed a total of 60
mutations distributed among 4 promoter regions, 5 intergenic regions, and 51 coding regions
leading to changes in the reading frame. The majority of the mutations were single nucleotide
changes, although 8 insertions and 4 deletions were also detected. Notably, three of the dele-
tions were of considerable length, with one at 193 nt in the gid gene and two affecting the
pricA and Rv2041c-Rv2042c genes at 891 and 833 nt, respectively. The prcA and rpoB genes
associated with resistance to pyrazinamide and rifampicin, respectively, had the highest
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Table 2. Sensitivity, specificity and accuracy of ten drugs of anti-TB drug resistance analysed by WGS plus web-based tools compared with DST.

Mykrobe |Isoniazid Rifampicin  Ethambutol . Pyrazinamide |Streptomycin  Kanamycin | Amikacin | Capreomycin | Levofloxacin | Moxifloxacin
(n1=87) (n=88) (m=87)  (n=64) (n=21) ((n=45)  (n=21) | (n=21) (n = 46) (n=21)
Sensitivity | 95.2 (86.7  95.5(87.3to | 100.0 (71510 | 833 (5l.6to 56.3(299 to ‘ 429 (9.9 to 50.0 (L3 to
t0990) | 991) | 1000) | 979 823) | . 816 | 987
Specificity | 96.0 (79.7 | 100.0(846 | 86.8(77.1t0 | 942 (84.1t0 | 1000 (47810 | 956(849t0 | 952(762 | 952(762t0 | 97.4 (86.5t0 ‘ 89.5 (66.9 to
| _t099.9) to 100) 935 | 988 100) 95 | 0999 99.9) 99.9) 987
Accuracy 95.5 (88.8 | 96.6(90.4to | 885 (79.8to 92.2 (B2.7 to 66.7 (43.0 to ‘ 89.1 (76.4 to 85.7 (63.7 to
to 98.8) 99.3) gd.4) 97.4) 85.4) . 9d) | 97.0)
Cohen’s 0.891 0.913 0.625 0.751 0.380 ‘ 0.489 ‘ 0.323
kappa .
TB-Profiler
Sensitivity | 93.7 (845 | 100.0(942 | 100.0(715t0 | 83.3 (51610 | 68.8(4L3to ‘ ‘ 4299910 ‘ 50.0 (1.3 to
to 93_,2) | o 100) | 100} | 97.9) 89.0) | 81.6) 98.7)
Specificity | 96.0 (79.7  84.6 (65.1to | 855 (72510 86.5 (74.2 10 100.0 (478 to | 95.6 (84.9to l 95.2 (76.2 95.2 (76.2 to 97.4 (86.5 1o ‘ 89.5(66.9 to
to 99.9) 95.6) 90.6) | 94.4) 100) 995) | t099.9) 99.9) 99.9) 98.7)
Accuracy | 94.3(87.2 955(888to 87.4(75810 | 859 (75.0to 76.2(52.8 to 89.1 (76.410 85.7(63.7 to
to 98.1) 98.8) 91.8) 93.4) 91.8) 96.4) 97.0)
Cohen’s 0.865 (.886 0.599 0.602 0511 0.489 0.323
kappa
PhyResSE ) ) ) ) )
Sensitivity | 95.2 (86.7 97.0(89.5to | 90.9 (58.7to | 750 (42.8 to 68.8 (41.3 to 429 (9.9 to 50.0 (1.3 to
to 99.0) 99.6) 99.8) 94,5) 89.0) 81.6) 98.7)
Specificity | 96.0 (79.7 | 100.0 (546 855 (75.6to | 86.5(742t0 | 100.0(47.810 | 956 (849t0 | 952 (762 | 952(76.2tc | 974(865t0 | 89.5(66910
to 99.9) to 100) | 92.6) | 94.4) | 100) 99.5) | o 99.9) 99.9) 99.9) | 98.7)
Accuracy | 95.5(88.8  97.7(92.0to | 86.2(77.2t0 84.4 (73.1to 76.2(52.8 to 89.1(76.4 10 85.7 (63.7 to
to 98.8) 99.7) 92.7) 92.2) 91.8) | 96.4) | 97.0)
Cohen’s 0.891 0.941 0.523 0.545 0.511 0.489 ‘ 0.323
kappa _ _ _
KvarQ )
Sensitivity | 92.1 (82.4 87.9(77.5to | 72.7 (39.0to | 667 (34.9to 56.3(29.9 to 42,9 (9.9 to ‘ 50.0 (1.3 to
to 97.4) | 94.6) | 94.0) | 90.1) 82.3) | 81.6) | 98.7)
Specificity | 96.0 (79.7  100.0 (84,6 | 93.4 (85.3to 88.5 (76.6 to 100.0 (47.8 to 100.0 (92,1 | 100.0(83.9 | 100.0 (83.9t0 | 1000 (91.0to ‘ 94,7 (74.0 to
to 99.9) . to 100) | 97.8) | 95.7) 100} to 100) to 100) 100) 100) | 99.9)
Accuracy | 93.2(85.8 | 90.9(829ta  90.8(82.7to 844 (731to | 66.7(430t0 91.3 (79.2 to ‘ 90,5 (69.6 to
to 97,5}___ 96,0)__ 96.0) 92.2) 85,4}_ | 97.6) | 98.8) -
Cohen’s 0.540 0.784 0.614 0518 0.380 0.56 0.447
kappa .
SAM-TB ] ) ) )
Sensitivity | 95.2 (86.7 97.0(89.5to | 90.9 (58.7 to 100.0 (73.5to 75.0{47.6 to 714 (29.0to ‘ 50.0 (L3 to
to 99.0) | 99.6_}_ | 99, 8] | 100) | 92.7) | 96.3) | 98.7)
Specificity | 96,0 (79.7 100,0 (846 @ 855 (75610 84.6 (71.9to 100.0 (47.8 to 100,0 (92,1 | 95.2 (76.2 95,2 (76.2 to 97.4 (86.510 ‘ 79.0 (54.4 to
) to 99.92_ | to 100]__ L 92.6_) | 93._1_? I 1(}0) to I{]ﬂ_}_ to 99.9)_ I 99.9_]_ L 999} | 94.9) )
Accuracy | 95.5 (88.8 | 97.7(92.0to  86.2(77.2to 87.5 (76.9 to 81.0(58.1 to ‘ 93.5(82.1 to ‘ 76.2(52.8 to
to 98.8) 99.7) 92.7) 94.5) 94.6) 98.6) 91.8)
Cohen’s 0.891 0.941 0.523 0.674 (.588 0.732 ‘ 0.173
kappa

Cohen’s kappa: 0.01-0.20: slight agreement; 0.21-0.40: fair agreement; 0.41-0.60: moderate agreement; 0.61-01.80: substantial agreement; 0.81-1.00: almost perfect or

perfect agreement,

hitps://doi.org/10.1371/journal. pone.0234670.t002

number of mutations, with pncA showing 13 mutations, two insertions of 4 nt each, and one
deletion of 833 nt, while rpoB had 14 nonsynonymous mutations, some of which occurred in
the same codon. Position 445 of the rpoB gene was the most variable codon, with five different
configurations, followed by position 406 of the embB gene with three different mutations.
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Table 3. Comparison of the number of cases of resistance detection by phenotypic (DST) and genotypic web-based tools for ten TB anti-drugs.

Treatment drugs DST n (%) [ Mykrobe n (%) | TB-profiler n (%) | PhyReSse n (%) | KvarQn (%) | SAM-TB n (%)
Isoniazid 63 (71.6) | 61 (69.3) | 60 (68.2) | 61 (69.3) | 59 (67.1) | 61 (69.3)
Rifampicin 66 (75.0) 63 (71.6) | 62 (70.5) | 64 (72.7) | 58 (65.9) | 64 (72.7)
Ethambutol s | 21 (23.9) | 22 (25.0) _ 21(239) | 1Baan | 21(23.9)
Pyrazinamide | 12(136) | 14 (15.9) | 18 (20.5) _ 18 (20.5) | 15070) 21(23.9)
Streptomycin 6(18.2) | 21(23.9) 23 (26.1) | 23 (26.1) | 19(21.6) | 24 (27.3)
Kanamycin 0(0.0) [ 5 (5.7) | 5(5.7) | 5(5.7) | 2(23) | 5(5.7)
Amikacin 0(0.0) 3(3.4) 3(3.4) | 3(3.4) | 2(2.3) 2(2.3)
Capreomycin (0.0} | 3(3.4) 3(3.4) | 3(3.4) | 2(2.3) 3(3.4)
Levofloxacin 7(8.0) 11(12.5) 0(11.4) 11{12.5) . 10 (11.4) 12 (13.6)
Moxifloxacin 2(2.3) 11 (12.5) 0(11.4) 11(12.5) 10(11.4) 12 {13.6)

hitps://doi.org/10.1371/journal. pone.0294670.1003

Additionally, the embB, gyrA, and rrs genes, which confer resistance to ethambutol, fluoro-
quinolones, and streptomycin, respectively, had at least 4 mutations (Table 4, 53 Table).

Polymorphisms conferring rifampicin resistance

Mutations in the rpoB, rpoC, and rpoA genes were frequently identified in the 66 isolates
defined as phenotypically resistant to rifampicin through whole-genome sequencing. The
S450L rpoB mutation was the most prevalent (44/64), followed by D435V (6/64), V170F (3/
64), D435Y, H445C/R/Y, and L430P (1/64 each). One isolate showing the V170F and L430P
mutations and three isolates with the L430P and H445Q mutations were also identified. TB-
profiler, PhyResSE and SAM-TB were able to identify mutations in one isolate
(S0555_Mtb_Ec) with H445P and K446Q, while SAM-TB was able to identify in one isolate
(S0506_Mtb_Ec) the mutations S450L plus K274N and S450L plus P45S (S0196_Mitb_Ec),
while the others only detected S450L. KvarQ was able to identify isolates with the compensa-
tory mutations W484G (S0001_Mtb_Ec and S0165_Mtb_Ec) and 1491V (51131_Mtb_Ec) in
rpoC and the T187A (S0091_Mtb_Ec) mutation in the rpeA gene, while PhyResSE detected the
compensatory mutation [491V (S0204_Mtb_Ec) in the rpoB gene. None of the sensitive iso-
lates had any characterized mutations.

Polymorphisms conferring isoniazid and ethionamide resistance

Out of 63 clinical isolates where isoniazid resistance was reported by phenotypic susceptibility
testing, at least one known isoniazid-resistance mutation was found in 61, For isolates
S1135_Mth_Ec and $1205_Mtb_Ec with DST-detected resistance, the 426C>T mutation was
found, but it was not previously reported for isoniazid. One isolate reported as sensitive by
DST, §1136_Mtb_Ec, had one resistance-related mutation. The most prevalent mutation related
to isoniazid resistance was S315T in the katG gene (55/63), particularly S315N, which was
detected in only one isolate (S0070_Mtb_Ec). Five isolates presented the mutation -15C>T in
the fabG1l/inhA promoter gene related to isoniazid/ethionamide resistance. Other ethionamide
resistance mutations were reported by TB-profiler and SAM-TB in the ethR gene (A95T and
F110L mutations) and the ethA gene (the 1222delT deletion). For three isolates with DST-
detected isoniazid resistance, no known mutations related to this resistance were found.

Polymorphisms conferring ethambutol resistance

The analysis of the studied isolates revealed the presence of multiple mutations in the embB
and embA genes, including M3061/V, D354A, G406A/D/S, and a -16C>T substitution. M3061
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was the most frequently observed mutation, found in 11 out of 22 isolates, often in combina-
tion with G406D and D354A. Additionally, M306V and G406S were each observed in four iso-
lates. It is noteworthy that mutations in the embB and embA genes were identified in 11
initially ethambutol-sensitive isolates as determined by DST.

Polymorphisms conferring pyrazinamide resistance

A diverse range of mutations in the pneA gene associated with pyrazinamide resistance was
observed, including 8 insertions, 1 deletion, and 14 single nucleotide polymorphisms that
spanned the entire prncA gene, including its promoter region. The most frequently occurring
mutations were H82R and V125F (3/21), followed by H51R and G108E (2/21), along with
some unique mutations, including V7A, D8H, H43P, A46V, D49A, P69L, 8104G, H137Y, and
M175I, and a substitution of -10A>G in the promoter region. Two isolates had larger dele-
tions, one spanning 891 nucleotides encompassing the pneA and Rv2041¢c-Rv2042¢ genes and
the other having an 833-nucleotide deletion within the pricA gene (503-*del833). Furthermore,
specific insertions were identified in two isolates: 292GC, 293CC, 294CC, and 295GG in
50036_Mtb_Ec and 254TG, 255GG, 256GG, and 257CC in S0040_Mtb_Ec. Remarkably,
mutations in the prncA gene were identified in 8 isolates initially characterized as pyrazina-
mide-sensitive by DST. Additionally, mutations in the rpsA gene were detected in 2 isolates,
but these were not associated with pyrazinamide resistance. In isolate $2193_Mtb_Ec, only
PhyResSE detected the H137Y mutation in pncA, however this is not thought to be associated
with resistance.

Polymorphisms conferring fluoroquinolone resistance

Thirteen isolates were found to have mutations associated with resistance to FQ. The most
common mutation, present in six out 13 isolates, was A90V, followed by D94N (three isolates)
and D89G (one isolate), all located in the gyrA gene. One DST-sensitive isolate had a combina-
tion of two mutations, D94 A in the gyrA gene and N499D in gyrB. However, one isolate that
was identified as resistant to levofloxacin and moxifloxacin by DST did not have any resis-
tance-related mutations. Two isolates resistant to levofloxacin but sensitive to moxifloxacin
were detected to have resistance-related mutations only by SAM-TB. No mutations related to
FQ resistance were found in the majority of the isolates identified as sensitive by DST.

Polymorphisms conferring aminoglycoside resistance

Among the 28 isolates identified as resistant to streptomycin, the K43R mutation in the rpsL
gene was the most common, found in 16 isolates, while the K88R mutation was the least fre-
quent, present in only one isolate, Mutations in the rrs gene were also observed, including
514A>C (3/28), 517C>>T, 888G >A, and 906A>G. In addition, deletions in the gid gene were
identified, including 102delG and 148_340del193. Interestingly, even isolates classified as sen-
sitive to kanamycin, amikacin, and capreomycin by DST had the known resistance-associated
substitution 1401A>G in the rrs gene in three isolates and two isolates exhibiting the -12C>T
mutation in the eis gene, which is associated with kanamycin resistance.

Discussion

Although sequencing-based diagnostic information for M. tuberculosis has been available for
several years and recent methodological advancements have enabled the use of direct whole-
genome sequencing for accurate prediction of drug resistance, this is the first study to assess
and compare the effectiveness of whole-genome sequencing and user-friendly web-based tools
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in inferring drug resistance in tuberculosis drug susceptibility surveillance in Ecuador. The
study utilized isolates obtained from nine cities, with Guayaquil being the most representative
city, accounting for 59.1% of the isolates. This high number of tuberculosis cases detected in
Guayaquil may be attributed to the high mobility of people from other provinces for trade or
work, in addition to the presence of leading health centers for monitoring this pathogen.

Accelerating diagnosis and administering appropriate treatment based on the rapid identi-
fication of resistant strains and transmission clusters are crucial in reducing the incidence of
tuberculosis [4]. In our study, whole-genome sequencing detected 97% of phenotypically resis-
tant isolates accurately and identified mutations associated with resistance in 18.2% of pheno-
typically sensitive isolates within a week. However, discordant results (2.3%) were observed,
likely due to factors such as critical concentration in some DST systems, mutations outside the
drug resistance regions, silent mutations, and heteroresistance, which are missed by conven-
tional methods [42-44].

Whole-genome sequencing (WGS) has been evaluated as a useful tool to quantify transmis-
sion clusters, with a threshold of 12 SNPs. In our study, using 12 SNPs, we identified sixteen
mostly medium-sized transmission clusters (3-5 isolates), indicating local aggregations, and
showed a high transmission rate (54/88, 61.4%). This is in contrast to previous studies where a
low transmission rate was reported using MIRU-VNTR [45, 46] or using WGS in other locali-
ties [47, 48]. This could be due to a large percentage of cluster of two isolates (43.8%) in our
results or the highest SNPs umbral used in other studies (15 SNPs).

WGS is a powerful tool that can simultaneously differentiate M. fuberculosis species, detect
drug resistance, identify genetic diversity, and track transmission dynamics [49-51]. However,
its use in clinical practice is still limited due to challenges in analysing genomic sequencing
data, including the lack of standardized criteria for identifying noncanonical mutations and
selecting diagnostic criteria for resistance [22]. The WHO has updated its TB treatment guide-
lines, including related mutations for drug-susceptible, single drug-resistant, MDR-TB, and
XDR-TB, to improve web-based tools [23]. Despite several TB-specific genome browsers and
WGS analysis tools being available, their use in surveillance programs is limited in countries
such as Ecuador due to inadequate access to computational infrastructure, funding, and tech-
nical expertise. Clinicians and public health officials may also lack specialized knowledge to
interpret genomic data, further impeding their adoption. Thus, promoting the use of these
tools and improving their accessibility and usability for routine clinical and public health pur-
poses is essential.

To evaluate their usefulness, we compared the accuracy, sensitivity, and specificity of five
tools for inferring the resistance of M. tuberculosis isolates against phenotypic tests. Our results
showed that globally, TB-profiler, PhyResSE, Mykrobe, and SAM-TB have a better ability to
identify any resistance pattern in M. tuberculosis isolates, with an overall sensitivity, specificity,
and accuracy of 97.0%, 100.0% and 97.7%, respectively. Notably, SAM-TB, the most recently
developed tool, combines features of other pipelines and improves the detection and interpre-
tation of resistance, similar to a panel that shows variations in isolates analysed, including sta-
tistical data, quality control, drug resistance, phylogenetic tree reconstruction and pairwise
SNP distance into isolates and references. Although these web-based tools demonstrated good
overall performance in detecting drug resistance in Mycobacterium tuberculosis isolates with
conventional DST, they also revealed limitations in the predictive power of some mutations in
their catalogue. In addition, the tools showed varying levels of sensitivity and specificity due to
differences in the sets of mutations used and their underlying genotyping pipelines. Notably,
this would indicate that the predictive power of these tools should be considered with varying
degrees of confidence depending on the predictive performance of the detected markers [15,
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52]; whence, finding a solution to maintain and standardized update the automated pipelines
to WHO guidelines is crucial to ensure their continued effectiveness.

Drug resistance in M. fuberculosis is primarily mediated by mutations in specific gene tar-
gets. Therefore, identifying the responsible or strongly associated SNPs is crucial for effective
diagnosis and treatment [8, 25, 53, 54]. In our study, we identified 17 resistance-associated
genes out of 42 candidate genes, which comprised a total of 69 mutations. Canonical muta-
tions associated with resistance have been previously identified in various studies, along with
deletions that can affect gene functionality or promote bacterial transmission [51, 55-63].

In first-line drugs, numerous studies have demonstrated that the rifampicin resistance-
determining region (RRDR) in the rpoB gene accurately predicts rifampicin resistance [56, 64,
65]. In our study, we discovered that the $450L mutation was the most significant in predicting
resistance and linked to high levels of resistance [66, 67]. Additionally, compensatory muta-
tions in the rpoC gene (W848G and 1491V) and the rpoA gene (T187A) were associated with
multidrug-resistant (MDR) transmission [3, 68-71]. These mutations may contribute to the
faster emergence of MDR strains and highlight the importance of monitoring these genetic
changes to prevent the spread of drug resistance. Likewise, mutations in various genes have
been associated with conferring resistance to isoniazid [55, 72, 73] and ethionamide [59, 74,
75]. Our study found a higher prevalence of mutations in the katG gene (88.8%), which is con-
sistent with prior research [55, 73, 76]. On the other hand, mutations in the embCAB gene
operon are frequently involved in ethambutol resistance [57, 77-80]. We found that a higher
number of mutations occurred in the embB gene, which is consistent with previous studies.
Additionally, all the mutations we identified as related to pyrazinamide resistance coincided
with studies pointing to the importance of the promoter and the pncA gene [4, 57, 62, 81, 82].
Our study confirms the importance of monitoring mutations in the RRDR of the rpoB gene
and the prevalence of mutations in the katG, embB and pncA genes for predicting isoniazid,
ethambutol and pyrazinamide resistance, respectively. We also highlight the significance of
compensatory mutations and the need to monitor them to prevent the emergence and spread
of MDR strains.

For second-line drugs, our analysis showed that the majority (92.3%) of mutations associ-
ated with fluoroquinolone resistance were located specifically in the quinolone resistance-
determining region (QRDR), consistent with previous reports linking mutations in these
regions to cross-resistance to all FQs [74, 83-85]. Interestingly, one resistant isolate did not
show any mutations in the gyrA or gyrB genes, suggesting the involvement of other mecha-
nisms, such as efflux pumps, in generating fluoroquinolone resistance [86]. Similarly, 60.7% of
mutations observed in the rpsl gene were the k43R mutation, which has been reported as the
most recurrent streptomycin resistance-associated mutation [51, 85, 87]. In our study, we ana-
lysed the rrs gene and identified several substitutions associated with streptomycin (positions
514,517, 888, and 906) or linked to cross-resistance to kanamycin, capreomycin, or amikacin
(1401A>G). It is worth noting that this mutation has been found to confer high levels of resis-
tance in previous studies [8, 72, 88-92], Moreover, our study identified two isolates with the
-12C>T mutation in the eis promoter that have been associated with low-level kanamycin
resistance, supporting previous research findings [93, 94]. Therefore, our findings support the
importance of monitoring this mutation and other known substitutions in the rrs gene to
detect and prevent the spread of second-line drug-resistant TB strains.

Qur study also identified genetic alterations that may impact drug resistance. Among these
alterations were large deletions in the pnecA and gid genes, which could have implications for
drug susceptibility. Furthermore, we detected nonresistance-conferring mutations in the katG
(R463L, L427P), kasA (G269S), ahpC (51G>>A), pncA (H137Y) and gyrA (E21Q, $95T,
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G668D) genes. While these mutations do not confer drug resistance, they may still be useful
for characterizing the evolutionary history of M. tuberculosis [8, 95].

Our study faced limitations due to the COVID-19 pandemic, limited access to samples and
epidemiological information, lack of access to phenotypic tests for all drugs and a small sample
size. Due to the absence of complete susceptibility results for all drugs tested by DST, our
study could lead to underestimation of the true magnitude of the resistance, especially for sec-
ond-line drugs, as well as determine the real performance of tools used for detecting second-
line drug resistance and loss of ability to determine rare resistance variants with low frequen-
cies associated with intrinsic and extrinsic resistance, Future studies with larger sample sizes
and broader coverage should be conducted to identify mutations in tuberculosis patients in
other regions of Ecuador. The study suggests to using TB-specific genome browsers and WGS
analysis tools such as SAM-TB to aid in genotyping, drug resistance, and transmission cluster
identification. These tools should be implemented more routinely in TB surveillance pro-
grams, particularly in local conditions. The study highlights the potential of WGS technology
and bioinformatic tools to improve TB diagnosis and treatment and ultimately reduce the
global burden of TB.
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Articulo 4: Decoding Ecuadorian Mycobacterium  tuberculosis  Isolates:  Unveiling

Lineage-Associated Signatures in Beta-Lactamase Resistance via Pangenome Analysis.

En este articulo se evalud la composicion genética de 88 aislados ecuatorianos (66 de pacientes
masculinos y 22 de pacientes femeninos) de M. tuberculosis mediante el analisis de su pangenoma. Se
identificé que el core genoma de los 88 aislados estd compuesto por aproximadamente 3200 genes,
mientras que los genes accesorios y/o tnicos pueden variar entre 100 y 700, dependiendo del
algoritmo utilizado. Se observo que los aislados pertenecientes a los sublinajes LAM y X-type
presentaron una mayor diversidad genética. La categoria predominante dentro de las particiones del
pangenoma fue la de genes relacionados con el metabolismo, segin la clasificacion de la base COG.
Ademas, se identificaron las vias metabolicas mas destacadas, como el procesamiento de informacion
medioambiental segiin la base de datos KEGG.

Se encontraron genes asociados con ¢l transporte y metabolismo de lipidos, aminoacidos y metabolitos
secundarios, especialmente en los sublinajes LAM y S-type, lo que sugiere que estos aislados pueden
tener una mayor capacidad de adaptacion a diferentes condiciones del entorno, en concordancia con la
hipervariabilidad del huésped. También se identificaron variaciones genéticas en genes relacionados
con la biosintesis de la pared celular, que s¢ han sugerido como posibles confribuyentes a la
susceptibilidad a los beta-lactamicos. Sin embargo, algunas de cstas variaciones podrian estar
relacionadas con resistencias a farmacos cominmente utilizados en ¢l tratamiento de la tuberculosis,
lo cual sugicre la necesidad de ampliar la investigacion en este aspecto.

La generacion de informacion genomica de los aislados ecuatorianos contribuye al entendimiento de
la asociaciéon clinica de las variantes genéticas locales en los programas de vigilancia de la

tuberculosis en ¢l pais.
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Abstract

Background: Tuberculosis (TB) is the second largest public health threat caused by pathogens.
Understanding the transmission, virulence, and resistance profile of Mycobacierium tuberculosis (Mtb) is
crucial for outbreak control. This study aimed to investigate the pangenome composition of 88 Mib strains
classified as L4 derived from Ecuador by whole-genome sequencing with Roary and BPGA pipelines.
Results: Our analysis identified a core genome of approximately 3200 genes and a pangenome that differed in
accessory and unique genes, Metabolism-related genes were the most representative in all partitions according
to the COG database. However, differences were found in the metabolic pathways described by KEGG in all
the lineages analyzed. Isolates from Ecuador had variations in genomics regions associated with
beta-lactamase susceptibility, potentially leading to epistatic resistance to other drugs commonly used in TB
treatment, warranting further investigation. Conclusion: Our findings provide valuable insights into the
genetic diversity of Mtb in Ecuador. These insights may be associated with increasing adaptation within-host

heterogeneity, variable latency periods, and reduced host damage, collectively contributing to disease spread.



The application of whole-genome sequencing is essential to elucidating the epidemiology of TB in the

country,

keywords: Pangenome, core genome, tuberculosis, beta-lactamase, Ecuador, Surveillance

Background

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is a significant global health concern, with an
estimated 10.6 million infections and 1.6 million deaths in 2021(1). Mth encompasses a complex of
genetically related bacteria, including M. africanum(2,3), which, with Mtb, are typical human pathogens, and
other lincages that infect animals (M. bovis, M. canetii, M. microti, M. caprae, M. pinnipedii, and M.
orygis)(4-7), which have evolved from common ancestors over centuries from different geographic areas and
adapted to external conditions(8—10). Some studies have demonstrated the relationship of clinical isolates to
specific genotypes and geographical regions, as well as their remarkable capacity for increased dissemination
that sets them apart from ancestral lincages(11-14). This is particularly evident due to their higher virulence
and shorter latency periods to change the active form.

Furthermore, it has been noted that even within modern lineages, which are known for their heightened
virulence and rapid dissemination, not all isolates display identical characteristics(15). This diversity in
behaviour 1s influenced by various external factors, including drug resistance, host heterogeneity,
demographic factors, and the presence of dominant lineages that confer advantages in terms of dissemination
and impact on the host(10,16). In Ecuador, it has been reported that lineage Euroamerican (L4) is the most
predominant, and molecular epidemiology studies have shown that the population structure of Mib is
composed of LAM, X-type, and Haarlem sublineages(17-21).

Genomic approaches, such as whole-genome sequencing (WGS) of Mrbh strains, have improved the
understanding of composition analysis and provided invaluable information on gain or loss genes,
evolutionary markers, and polymorphisms related to drug resistance, virulence, and sublineage
patterns(22-28). With a high amount of information on genes from sequence isolates, the pangenome-based
approach is the more convenient to discern a complete analysis, in search of unique (specific to one single

strain), accessory (shared among two or more strains), and core genes (present in all strains), estimating the



diversity of genes and novel marker genes, especially local distribution associated(29,30), mostly associated
with virulence and drug resistance.

Pangenome studies have been performed on different isolates from Peru, Mexico(31), Brazil, Argentina,
Paraguay, and Colombia(32) from clinical samples of M. fuberculosis to understand the variation in terms of
unique sequences among them and identify the importance of genes related to metabolism to adapted external
conditions and latency periods. However, no extensive pangenome studies have been performed in Ecuador to
reveal the composition of the circulating lineages in the country. A unique WGS study identified the presence
0f 4.3.2/3 (LAM) and 4.1.2 (Haarlem) sublineages in a small dataset of Mrb strains from Ecuador(33). In this
study, we aimed to investigate the genomic composition of 88 Mrh strains classified as L4 derived from
Ecuador by pangenome analysis. In addition, we explored the genetic variation in genomic regions associated
with beta-lactamase susceptibility. Our findings provide valuable insights into the genetic diversity of Mrb in
Ecuador and suggest the association of lineage with specific mutations related to beta-lactamase resistance in
TB that drive the development of more effective TB control strategies tailored to the specific characteristics of

the local Mtb population in the region.

2. Materials and Methods

2.1.  Mtb samples, assembly, functional annotation, and pangenome analysis

This study included reads from &8 clinical isolates of Mib collected from different provinces in Ecuador
between 2019 and 2021, which are available in the Sequence Read Archive (SRA) database
(http://www.ncbi.nlm.nih.gov/sra) under the PRINA827129 BioProject. Raw reads were quality-checked
using FastQC v0.11.9(34) and improved by Trimmomatic v0.38(35). Species confirmation and contamination
screening were performed by Kraken v2(36). A Unicycler assembly pipeline(37) was used to assemble the
high-quality reads with a 300 bp minimum contig size and polished with Pilon(38). The quality of the
assemblies was evaluated using Mrh strain HR37v (NC _000962.3) as a reference genome in Quast
v5.0.2.(39). Structural and functional annotation was performed using the Rapid Annotation using Subsystem
Technology tool kit (RASTtk) in the Pathosystems Resource Integration Center (PATRIC)

5/). The pangenome analysis was performed with Panaroo(40), and the BPGA

pipeline(41) from the GFF archives annotated by Prokka v1.14.16(42) using the H37Rv (NC_000962.3) M.



tuberculosis reference genome. Panaroo was performed with a minimum identity percentage for blastp of
95%, and gene detection in 99% of isolates was to be recorded as a core gene, Roary_stats, a custom R tool,
was used to process the outputs. In the BPGA pipeline, the COG and KEEG databases were applied to define
the functionality of the gene characterized. The pangenome was divided into three partitions: core, accessory,
and cloud/unique. The core genes were present in 100% of the isolates, accessory in 3-99%, and cloud/unique
in 1-2%.

2.2, Variant calling, lineage classification, and drug-resistance genes

Genetic relatedness among 88 Mrb genomes was processed with the MTBseq pipeline using the standard mput
parameters [(42)]. Briefly, BWA-mem and SAMtools algorithms were used for mapping the reads to the
reference genome of Mrb (NC_000962.3); GATK v3 was applied for base call recalibration and realignment of
reads around InDels, and SAMtools mpilcup was used for variant calling. Good-quality genomes presented a
minimum coverage mean of >20x, read depth DP<5, and reference genome coverage >95%. The sublineage
classification and the genetic distance matrix among transmission groups were also obtained from MTBseq
analysis. The TB-Profiler v4 pipeline was used to predict the canonical mutations in genes associated with
resistance to first- and second-line drugs. We used beftool as the caller algorithm within the TB-profiler. For
beta-lactamase susceptibility analysis, 46 genes were selected because they were especially related to

beta-lactamase resistance and cell wall biosynthesis.

3. Results

3.1.  Assembly, functional annotation, and pangenome analysis

In this study, we conducted a comparative genome analysis of 88 isolates of Mtb from Ecuador. The results
revealed an average genome size of 4.32 Mb (range 4.21 - 4.33) and a high GC content of 65.2-65.5%. The
depth and coverage are approximately ~60.9X £ 23.6 and 99.8%. The analysis of single nucleotide variants
(SNVs) revealed an average of approximately 788 + 111 SNPs, along with approximately 51 + § insertions
and 47 = 7 deletions. Notably, the majority of InDels were short (<20 nt, as shown in Table 1). The
distribution of SNPs encompassed approximately 105 + 18 intergenic, 372 + 47 nonsynonymous, and 232 +
36 synonymous variations. Genome annotation highlighted the existence of approximately 4,294 = 14 genes,

consisting of 4,254 coding sequences (CDS) and 44 transfer RNA (tRNA) genes, with functional assignments



identified in approximately 3,378 = 12 cases. A total of approximately 1,061 + 4 proteins were annotated with
Enzyme Commission (EC) numbers, while approximately 918 + 4 exhibited Gene Ontology (GO)
assignments. Moreover, approximately 814 + 3 proteins were successfully linked to KEGG pathways. The
assignment of approximately 1,961 + 19 genes was carried out within subsystems, which represent clusters of
proteins collaborating to execute specific biological processes or structural complexes (Table S1).

Table 1. Summary of detected genomic variants in lineages of 88 M. tuberculosis identified in this study.

Lt —_— Deletions Insertions
more than 20 nt  less than 20 nt  more than 20 nt  less than 20 nt

Euro-American 900 55 4 55 4
Haarlem 877 45 3 55 3
LAM 760 43 4 45 2
mainly T 494 33 2 32 1
S-type 760 37 - 47 s
X-type 863 45 6 55 3

SNP: Single nucleotide polymorphism
Pangenome analysis of the 88 Mitb isolates by Panaroo unveiled a pangenome consisting of 4,276 gene
families, which comprised 3,304 core genes, 666 accessory genes, and 270 cloud genes (Figure 1A-D). The
ratio between core and pangenome size was (.78, meaning that the genome comprises more than
three-quarters of the pangenome (78.1%), indicative of the lowest variability. The analysis of pathways
showed that 19.2% of the annotated protein-coding genes were associated with amino acid metabolism,
followed by genes related to carbohydrates (16.2%), lipid metabolism (13.6%), and xenobiotics,
biodegradation, and metabolism (12.5%). The genes involved in amino acid biosynthesis were found to be
conserved and essential for pathogenicity in bacteria, including Mtb (43). Through the BPGA pipeline, our
analysis revealed that the pangenome consisted of an average of 4,397 genes. These genes were categorized
into a core genome comprising 3,104 genes, ~659 accessory genes, and 767 unique genes. According to
pangenome cvaluation, the “b” value of 0.0861522 in the power-law regression model suggests that the

pangenome of Mycobacterium tuberculosis is near to close.
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Figure 1. The pangenome of the 88 Mirb isolates from Ecuador. A) Rarefaction curves of the core genome (green) and the

pangenome (light purple). B) Cluster frequency in the core genome. Each bar represents the core genome composition of an individual
isolate, with the global core genome depicted by the final bar after analysis by Roary all isolates. C) Distribution of the accessory,
cloud, and total genes. D)) Global pangenome composition. E) Pangenome composition for sensitive isolates. F) Pangenome
composition for resistant isolates. Colors in pies: core gene (blue). accessory gene (orange), cloud gene (green). The dotted line in

panel C represents the total gene for each isolate.

Notably, the three Mib isolates with the highest number of cloud genes belonged to the X-type (51454 [n=261]
and 51477 [n=200]) and LAM (S1453 [n=177]) sublineages (Figure 1C), and a similar pattern was identified
by the BPGA pipeline in these isolates (S1454 [n=211], S1477 [n=163]), and S1453 [n=144]). Only 6.3% (40
out of 638) of the cloud genes in these isolates were assigned to COG (Clusters of Orthologous Genes),
encompassing lipid transport and metabolism, secondary metabolites biosynthesis, transport, and catabolism,
amino acid transport and metabolism, and energy production and conversion categories. Notably, 80% of the
genes associated with lipid transport and metabolism were found in isolate $1454. In comparison, 75% of the
genes associated with energy production and conversion were found in isolate S1477.

A functional analysis among different pangenome partitions based on COG categories globally showed that
genes associated with metabolism (45.45% in the core genes to 35.27% in the accessory genes), as well as

genes related to cellular processes and signalling (24.97% in the unique gene to 9.79% in the core genes),



presented significant global variations. Additionally, we determined that genes with general function
prediction [R] genes (over 10% in all partitions) are the most recurrent, followed by genes associated with
secondary metabolite biosynthesis, transport, and catabolism [Q] (10% in accessory and unique genes).
Fially, genes associated with cell motility [N] were predominantly present in the accessory gene category.
Furthermore, according to functional assignments based on the KEGG pathways database, our genomes
globally exhibited mostly genes associated with metabolism (core and accessory genes), whereas genes
associated with environmental information processing were mostly unique genes. Within the core-genome
gene distributions, amino acid metabolism (15.0%) had the highest representation, followed by carbohydrate
metabolism (14.6%), overview (11.8%), and xenobiotic biodegradation and metabolism (8.9%). Among the
accessory genes, carbohydrate metabolism (13.9%) and overview (10.0%) were the most prevalent. In the
unique gene category, genes associated with the cellular community, digestive system, energy metabolism,
immune system, infectious diseases, and signalling molecules and interactions had a similar distribution, each
accounting for 8.7%.

3.2 Pangenome Diversity on Lineage of Mycobacterium tuberculosis.

When we analyzed the core genome composition based on the drug resistance pattern, the sensitive isolate
(91.0% by Panaroo and 83.0% by BPGA) had a closer pangenome than the resistant isolates (80.1% by
Panaroo and 60.7% by BPGA) (Figure 1E, F). By linecage, the LAM and X-type isolates had a higher number
of cloud genes (463 and 563, respectively); however, by BPGA, the results differed slightly in the core
genome, and the largest changes were found mostly in cloud/unique genes (Table 2).

Table 2. Pangenome composition according to drug resistance and lincage features of the 88 Mib isolates from Ecuador.

Panaroo pipeline BPGA pipeline
Core ;
Accessory Cloud Core Accessory Unique
n gene Pangenome Pangenome
s gene gene genes gene gene

Total 88 3340 666 270 4276 3104 659 767 4397
Genomic resistance

Resistant 64 3428 648 206 4282 3123 646 756 5145
Sensitive 24 3763 265 106 4134 3477 255 198 4188

Lineages

LAM 39 3618 451 217 4286 3330 443 463 4649



X-type 21 3617 450 171 4238 3352 392 563 4655

S-type 10 3881 141 12 4034 3589 150 239 4095
Haarlem 9 3827 224 16 4067 3540 209 190 4146
Mainly-T 5 3818 254 0 4072 3618 112 194 3990
Euroamerican 4 3954 126 0 4080 3616 144 118 3985

A closer analysis of the distribution within the COG database and KEGG pathways reveals that the diversity
in lineage comes mainly from accessory and unique genes. When analyzing the functional annotation of COG
major categories for accessory genes, we found that Eurcamerican isolates had the highest percentage of
information storage and processing genes (29.14%), while the S-type lineage had a higher percentage of
cellular processes and signalling genes (31.16%), and the X-type lineage exhibited the highest percentages of
metabolism and poorly characterized genes (38.29% and 20.0%, respectively). In terms of unique genes, the
S-type lincage showed the highest representation of information storage and processing genes (33.24%),
followed by Euroamerican with cellular processes and signalling genes (30.30%). Metabolism had the highest
representation in the LAM lincage (48.13%), and the X-type lincage had the highest unique poorly
characterized genes (20.33%). Reviewing the distribution of COG functional categories, we found that genes
related to [Q] secondary metabolite biosynthesis, transport, and catabolism genes (found in all six lincages)
and [N] cell motility genes (presented predominantly in Haarlem, LAM, mainly T, S-type, and X-type) were
the most prevalent, accounting for more than 10% in cach lincage. Additionally, [R] General function
prediction genes were exclusively present in LAM, S-type, and X-type lineages with the highest percentage
(Figure 2, Table S2).

Global distribution of COG categories

W Coiluar Processes and Signal
B |nformation Storage and Plocessing
B Metabolism
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Figure 2. Distribution of major COG categories. Bars represent the percentage distribution of the functional COG annotations
among the genes highly conserved in the core, accessory, and unique partitions from all lineages analyzed in this study.

In unique genes, the Euroamerican isolate exhibited a greater diversity, primarily composed of genes related to
cell cycle control, cell division, chromosome partitioning, cell motility, intracellular trafficking, secretion,
vesicular transport, energy production, and conversion (12.9% cach). Additionally, a significant portion of
their unique genes were associated with secondary metabolite biosynthesis, transport, and catabolism
(21.65%). On the other hand, the X-type lincage had a notable representation of genes involved in
carbohydrate transport and metabolism as well as secondary metabolite biosynthesis, transport, and catabolism
(14.79% cach). Furthermore, a proportion of their unique genes fell into the category of Function unknown
(11.09%) (Figure 3, Table S3).

From Global Metabolic KEEG pathways, the mainly T isolate significantly contributed to the accessory
partition. It had the highest percentage of genes related to Environmental Information Processing (33.3%),
followed by Organismal Systems (25.0%), and Cellular Processes (12.5%). Metabolism had the highest
representation, with percentages of 57.96% in the X-type lineage, 54.14% in LAM, and 53.57% in Haarlem.
Human Diseases accounted for 13.64% of genes in the S-type lineage, and Genetic Information Processing
represented 11.05% in LAM. For unique genes, all lineages exhibited a significant presence of genes related to
Environmental Information Processing, Human Diseases, and Organismal Systems, followed by Cellular
Processes (Euroamerican, Haarlem, LAM, and S-type). Metabolism genes were notably represented in the
LAM, mainly-T, and S-type lineages. However, only the X-type lincage showed the highest percentage of
genes associated with genetic information processing (15.38%) (Figure 4, Table S2).

However, a more detailed analysis of accessory genes, based on the KEGG pathway distribution, revealed that
carbohydrate metabolism genes exhibited a higher level of diversity. The Haarlem lineage represented 14.3%
carbohydrate metabolism genes, followed by LAM with 12.7% and X-type with 12.10%. Similarly, signal
transduction genes displayed significant variability, with the mainly-T isolate having 20.8%, S-type at 13.6%,
and Euroamerican at 11.5%. Notably, the mainly-T and S-type isolates lacked genes associated with

carbohydrate metabolism (Figure 5a).
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Figure 4. General distribution of KEGG pathways. Differences in the percentage of the functional KEGG pathways annotated in
the core, accessory, and unique partitions from all lineages analyzed in this study.

Among the unique genes, infectious diseases were prevalent across almost all lineages (except mainly T), followed by the
cellular community, digestive system, immune system, signalling molecules and interaction, and signal transduction. The
Euroamerican and Haarlem isolates represented 11.3% of these categories, while the LAM lineage had 11.11%, and the
S-type lineage had 11.43% (increasing to 14.29% in signal transduction genes). Tt is worth noting that several pathways
in the case of accessory genes did not involve any genes (Figure 5b, Table 54).

3.3. Genetic diversity of the beta-lactamase resistance-associated genes

To identify the existence of mutations that may affect genes related to beta-lactamase susceptibility, we analyzed the 88
Ecuadorian Mtb genomes to identify the SNPs present in 46 genomics regions commonly identified as beta-lactamase
resistance-associated and cell wall biosynthesis genes of the MTBC[(44)]. In all isolates, 107 SNPs were identified inside
46 genomic regions. The genes murD (132 SNPs), ddiA (86 SNPs), rpfC (30 SNPs), rpfE (99 SNPs), ponAl (95 SNPs),
dacB2 (29 SNPs), fisK (51 SNPs), Rv0192 (93 SNPs), and Rv0008c (104 SNPs) showed the highest accumulation of
SNPs distributed into various substitutions among the characterized resistance profiles (Table 4 and Table S5). These
genes are primarily associated with peptidoglycan biosynthesis. Typically, the MDR isolates presented the highest
number of mutations. The lineages that frequently exhibited a higher number of SNPs were LAM and S-type. Six
substitutions were present in all isolates, one synonymous (A/al894la in eccA2) and five nonsynonymous (Arg247Gly in

murD), Thr365Ala in ddid, Argl26Gin in rpfE, Serl27Pro in Rv0192, and Serl45Pro in Rv000Sc).
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Figure 5. Distribution of primary KEGG pathways. A) Percentage of the functional annotations among the genes highly conserved
among the unique genes from all lineages analyzed; B) Percentage of the functional annotations among the genes highly conserved
among the accessory genes from all lineages analyzed in this study.

The fisk gene (Rv2748c) displayed the highest number of substitutions, with six nonsynonymous and two synonymous
substitutions. Among these, the Met298Tal substitution was the most frequent (47.0%, 24/51) and was only identified in
LAM isolates. In murD (Rv2155¢), among the three nonsynonymous mutations, the most frequent mutation was
Arg247Gly, which was predominantly present in MDR isolates (52/88 isolates), with LAM and S-type isolates
accounting for 67% of the cases. On the other hand, Phe76Len was exclusively present in S-type isolates. The pondl
(Rv0050) gene exhibited five substitutions, with Pro63/Ser (43/95) and Ala244Ala (33/95) being the most recurrent
substitutions.

Additionally, for substitutions distributed in all isolates, mutations were identified in different frequencies according to
the lincages as follows: In the LAM isolates, more than 76% had mutations in genomic regions pknd, mmad4, hisl, rpfC,
cut3, papAl, pondl, Rv0791c, Rv0948c, Rv1987, Rv2022¢, Rv3057¢c, and Rv3365c. For the Haarlem isolates, 100%
presented mutations in genomics regions pknd, Rvli28c, phel hsdM, Rv3057¢c, cui3, eccA2, murD, Rv3915, and ponAdl,
particularly a deleterious effect mutation in the eccA2 gene (Glnd60%). Among S-type isolates, mutations in genomics
regions phel, murD, rpfE, fisK, fisH, and Rv0008c were found in more than 20% of isolates. Finally, in X-type isolates,
mutations in Rv324, Rv1128, hsdM, cut3, ece42, murD, and pondl were identified in 100% of them, but ipgK, gimU,

rpfB, and ponAl (Thri8Ala) were identified in 76% of isolates.

Table 4. Principal synonymous and nonsynonymous mutations identified in genes related o D-lactamase resistance.

Function Functional categories Locus gene name AA change
Regulatory proteins Rv0015¢ pknA Ser385Arg (agc/agi)
Regulatory proteins Rv0324 Thr168Ala (act/Get)
Lipid metabolism Rv0642¢ mmaAd Asnl65Ser (aac/aGe)
Conserved hypotheticals Rv0791c¢ - Serl00Cys (tce/tGe)
Intermediary metabolism and respiration Rv0948c - Lys59Thr (aag/aCg)
Insertion seqs and phages Rv1128¢ - Gh270Gly (gaa/gGa)
Intermediary metabolism and respiration Rv1606 hisl Thr991le (acc/aTc)
Cell wall and cell processes Rv1987 - Ser3oAsn (agt/aAt)
Conserved hypotheticals Rv2022¢ - Valll18Ala (gtg/gCg)

[nformation pathways Rv2756¢ hsdM Leu3(6Pro (ctg/cCg)



Intermediary metabolism and respiration Rv3057¢ - Aspl12Ala (gat/gCt)/

His111His (cac/caT)

Conserved hypotheticals Rv3365¢ - Ala266Thr (geg/Acg)
Cell wall and cell processes Rv3451 cut3 Gly209Asp (ggc/gAc)/
Leu259Arg (ctg/cGg)
Lipid metabolism Rv3R24c¢ papAl Leu35Phe (ctt/Ttt)
Cell wall and cell processes Rv3igR4c eccA2 Alal89Ala (gec/geG)
PG synthesis Cell wall and cell processes Rv2155¢ murD) Arg247Gly (ceg/Geg)
PG synthesis Cell wall and cell processes Rv2981¢ ddlA Thr363Ala (aca/Gea)
PG hydrolysis Cell wall and cell processes Rv1884c mpfC His16Arg (cac/cGe)
PG hydrolysis Cell wall and cell processes Rv2450¢ mpfE Argl26GIn (cgg/cAg)
PG assembly Cell wall and cell processes R¥v0050 ponAl Ala244Ala (gea/ge()
PG assembly Conserved hypotheticals Rv0192 - Ser127Pro (tcg/Ceg)
Cell division Cell wall and cell processes Rv0008c - Ser145Pro (tee/Cec)
Cell division Cell wall and cell processes Rv2748¢ fisK Met298Val (atg/Gtg)

4. Discussion

Several studies have been conducted to identify the causes of specific clinical behavior in different isolates of
Mycobacterium tuberculosis[(45)]. However, depending on the geographical location, different results have been
obtained(46—48). The present study seeks to characterize the genetic composition of Ecuadorian isolates and ascertain
whether this pangenome displays variations associated with lineages or specific resistance patterns. To our knowledge,
this is the first comprehensive study analyzing the pangenome composition in Ecuadorian isolates. At the time of this
study, a single investigation had been undertaken, involving 21 isolates[(33)], highlighting the necessity for an expanded
collection of sequenced isolates from Ecuador.

Pangenome studies provide evidence of gene loss or gain events within a species, which depend on the environment in
which they thrive [(49)]. In the case of M. fuberculosis, ils environment is restricted, resulting in limited diversity[(50)].
Our analyses using Roary and BPGA reveal significant disparities in pangenome determination. Among the 88 M.
tuberculosis isolates examined, the pangenome derived from the Roary algorithm encompasses 48% more accessory
genes and unique genes compared to the resulis from the BPGA algorithm. Furthermore, the core genome constitutes
45% (Roary) or 70% (BPGA) of the total pangenome. These findings not only diverge from each other but also deviate
from prior reports, which describe a core genome accounting for 25% [(51)], approximately 86% (52), or approximately

74%[(32)] of the pangenome. The Roary assignment suggests that the accessories gene will continue {0 increase.



Different studies attribute variations in the number of annotated and assigned genes within pangenome partitions to the
different thresholds used by the algorithms for gene annotation, clustering, and classification[(29,31,53,54)] Therefore, it
is important to standardize the processes for defining the pangenome and its partitions, especially for prokaryotes.
Functional analysis showed that among the lineages identified in our study, gene assignments were predominantly
associated with metabolism (~45%) in the core genome, specifically lipid (~7.8%) and amino acid (~7.3%) transport and
metabolism. In the accessory and unique genes, assignments were related to secondary metabolite biosynthesis,
catabolism, and transport (~15.9%), particularly in the LAM and S-type lineages. This is consistent with other studies
where major genes are associated with lipid metabolism[(32,52)]. In fact, lipid metabolism holds significant relevance for
M. tuberculosis primarily due to its critical role as a component of the cellular membrane and mass, along with its
involvement in vital processes such as cell invasion, evasion of the immune system, virulence, and growth retardation.
On the other hand, the identification of accessory and unique genes mostly associated with biosynthesis, catabolism, and
transport of secondary metabolites highlights the adaptive capacity of M. tuberculosis to the host or external
environment[(45.55,56)]. These factors are associated with differences in transmissibility and virulence characteristics
observed in the members of the M. fuberculosis complex, playing a crucial role in disease recurrence[(32,46)].

Studies have revealed that isolates from the LAM lineage (4.3.4.2) exhibit increased susceptibility to beta-lactams, while
the Beijing and Haarlem lineages (4.1.2.1) display high resistance. Our results identified the highest number of mutations
in isolates of LAM and S-type sublineages, suggesting that mutations in cell wall biosynthesis genes could be associated
with higher resistance to beta-lactams, which should be further investigated if the inclusion of beta-lactams is included.
No mutations in the blaC gene were detected. Mutations in Rpfs (resuscitation-promoting factors) related to PG
hydrolases have been associated with increased outer membrane permeability and susceptibility to beta-lactams|[(58,59)].
Similarly, a pattern was observed with substitutions in EccA2, an ESX-2 type VII secretion system component. Our
findings suggest that Ecuadorian isolates related to Euroamerican and Haarlem sublineages had higher resistance to
amoxicillin and meropenem because they had the substitution Glu215Gly. Conversely, mutations in IpgK, a conserved
lipoprotein with similarity to PBPs, and RpfC evidence increased susceptibility in the strains. In our study, we identified
the substitutions Glu67Lys and His1 6Arg in the lpgK and rpfC genes, respectively, mostly in LAM isolates. Considering
the possible uses of beta-lactams in TB treatment, further investigation is warranted to identify the broadest susceptibility

profile of this drug class. This will ensure that patients receive timely and appropriate treatment.
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DISCUSION

La distribucion de los diferentes linajes de M. tuberculosis se ha asociado a eventos migratorios en el
tiempo. Basado en los procesos de descubrimiento y colonizacion de otros continentes, s¢ ha
evidenciado que la introduccion de M. mberculosis en las Américas podria estar relacionada con la
colonizacion de 1490. Sin embargo, otros estudios sugieren un origen mds antiguo, posiblemente
relacionado con el consumo de animales silvestres contaminados, lo cual contribuyo a la adaptacion
humana. En América, se ha reportado una diversidad de linajes de M. wberculosis asociados a areas
geograficas. El linaje L4 (Euroamericano) ha sido identificado como el mas predominante, aunque se

observa variacion en la proporcion de sublinajes entre diferentes paiscs.

En Argentina existe un predominio de las cepas M y Ra(153). En Brasil, el linaje 4 varia entre el 25%
y el 99%(154-156). En Colombia, s¢ ha reportado una prevalencia del linaje 4 entre ¢l 85 y ¢l
99%(35,157.158). En México, se ha observado que ¢l linaje 4 representa entre el 69 y el 98% de los
casos(159,160) mientras que en Pert alcanza el 90%(161-163). Nuestros resultados, basados en ¢l
andlisis de 88 aislados secuenciados, mostraron que los linajes mas predominantes fueron LAM
(39/88), X-type (21/88), S-type (10/88), Haarlem (9/88), mainly-T (5/88) y Euroamericano (4/88).
Estos resultados son consistentes con investigaciones previas que utilizaron técnicas como
MIRU-VNTR de 24-loci, Spoligotyping y PCR especifica de SNP. Estos estudios también han
informado un predominio de los sublinajes LAM, Haarlem y mainly-T, ¢ incluso han detectado la
presencia del linaje Beijing, lo cual resalta la importancia de aumentar la cantidad de aislados
evaluados para una mejor comprension de la diversidad genética de M. mberculosis.

En microorganismos bacterianos la transferencia y preservacion de genes es fundamental para
procesos de adaptabilidad, supervivencia, virulencia ademas de procesos conjuntos de evolucién(25).
Ademas la identificacion de la funcionalidad de los genes involucrados permite entender los diferentes
grados de patogenicidad, virulencia o resistencia a farmacos entre los microorganismos
estudiados(49,164). En el caso de M. tuberculosis, se ha demostrado que varios de sus procesos

primordiales estan asociados con las diferencias genéticas entre sus integrantes y que ciertos genes han
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estado bajo seleccion positiva(165). Se sabe ademas, que la organizacion genomica y composicion
génica de M. tuberculosis es relativamente estable, Esto se debe a la ausencia de transferencia
horizontal de genes y a su naturaleza clonal. Sin embargo, los andlisis de core y pangenomas han
mostrado una variabilidad mas amplia(166-170). Los estudios de pangenoma evidencian los eventos
de pérdida o ganancia de genes dentro de una especie lo cual depende del ambiente en el cual se
desarrollan(171), en ¢l caso de M.iuberculosis, su ambiente es restringido generando poca diversidad.
Nuestros resultados mostraron que entre 88 aislados de M. ruberculosis, analizados se identifico estar
compuesto por un core y pangenoma de 3340 y 4276 genes cuando se¢ analiza por Panaroo, mientras
que al emplear algoritmo para Analisis de Pangenoma Bacteriano (BPGA, por su siglas en inglés) se
identificaron 3104 y 4397, respectivamente, considerandose que el core genoma representa el 78,1%
(Panaroo) o 70,5% (BPGA) del pangenoma, los cuales difieren o se encuentran cercanos de estudios
que identificaron el core genoma represento el 25%(151), ~86%(167), o ~74%(172) del pangenoma,
diferentes estudios relacionan que las variaciones en la cantidad de genes anotados y asignadas dentro
de las particiones del pangenoma se deben en los diferentes umbrales empleados por los algoritmos
para anotacion, clusterizacion y clasificacion de los genes, por lo cual es importante estandarizar los
proceso para la definicion del pangenoma y sus particiones, en especial para procariotas(173,174).

Funcionalmente entre los linajes identificados en nuestro estudio se determind, a nivel de core
genoma, asi como genes accesorios y unicos, la asignacion de genes fue mayoritariamente relacionada
con genes del Metabolismo (~45%), principalmente vinculados con metabolismo y transporte de
lipidos (~7,8%), metabolismo y transporte de aminoacidos (~7,3%) en el core genoma, biosintesis,
catabolismo y transporte de metabolitos secundarios(~15,9%) en genes accesorios y unicos,
especialmente en los linajes LAM y S-type, esto concuerda con otros estudios donde los principales
genes estan asociados con metabolismo de lipidos(167,172) lo cual permite entender ademads de la
importancia como componente de la membrana y masa celular, su rol dentro del procesos como
invasion celular, evasion del sistema inmune, virulencia y retraso del crecimiento; por otro lado la
identificacion de genes accesorios y Tinicos asociados con biosintesis, catabolismo y transporte de
metabolitos secundarios resalta las capacidad de adaptaciones de M.iuberculosis al huésped o del

medio externo(170,175,176).
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Ademas, nuestro andlisis del pangenoma de las cepas de M. muberculosis de Ecuador revela una
caracteristica diversidad genética dentro de los aislamientos circulantes, en especial de genes
accesorios y unico, los cuales dependiendo del linaje contribuiria en facilitar las interacciones con su
huésped humano, particularmente en ¢l contexto de la persistencia de micobacterias, competencia por
nutrientes, evasion de inmunidad, lo cual estaria asociado a las diferencia en niveles de
transmisibilidad, virulencia caracteristico de los integrantes del linaje L4 de M. wberculosis
desempeifiando un papel importante en la recurrencia de la enfermedad(168,172).

Aproximadamente 731 £ 100 pelimorfismos de un solo nucleotido (SNPs), ademas de ~51 £ 7.6
Inserciones, v ~47+ 7.0 delecciones, en la cual la mayoria de InDels fueron pequefios (<20 nt) fueron
identificados en los 88 aislados de nuestro estudio, encontrandose que los aislados S2192, S0516 y
S0654 presentaron mas de 1000 SNPs con mutaciones consideradas dentro de genes relacionados a
resistencia debido sus interacciones epistaticas con otros genes(177), sin considerar las variaciones de
los genes PE/PPE, por otro lado entre todos los linajes, los genes genes que presentaron mas de 5
mutaciones en promedio fueron pled, ppsd, pksl2, pleB y esxP, se ha evidenciado que los genes del
loci plcABC y esxP tienen una actividad de inmunomodulacién siendo importantes para la
patogenicidad de M. wberculosis(178,179). mientras que ppsA esta relacionado con resistencia al
acido pirazinoico, la forma activa de la pirazinamida(180), por otro lado pks12 esta envuclta en la
biosintesis de mannosil-f-1-fosfomicocetido (MPM) producido principalmente por las micobacterias
de crecimiento lento v se¢ cree esta involucrado en su patogenicidad(181). La modificacion o
inactivacion que pueda generarse como consecuencia de las mutaciones en estos genes, podrian
afectar la virulencia de M. tuberculosis, lo que llevaria posiblemente a presentar una enfermedad con
menor grave para el huésped, lo que resulta en un dafio pulmonar reducido y una progresion
prolongada de la enfermedad, aumentando las posibilidades de transmision.

Es bien conocido que el tratamiento de primera linea en M. fuberculosis, comprende la administracion
de farmacos como Rifampicina, Isoniazida, Etambutol y Pirazinamida, mientras que para la segunda
linca se incluyen estreptomicina, las fluoroquinolonas y/o los aminoglucésidos inyectables
(kanamicina, capreomicina, amikacina). Los diferentes esquemas de medicamentos, asi como la baja

adherencia al tratamiento, han conllevado que se desarrollen problemas de resistencia a estos farmacos
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en diferentes niveles. La resistencia a drogas en M. fuberculosis estd principalmente mediada por
mutaciones en genes especificos. Sin embargo, la deteccion de estas mutaciones puede variar
dependiendo de las pruebas moleculares utilizadas,y se debe tener en cuenta la posibilidad de
heterorresistencia en algunos aislados(26,136,142,182). En nuestro estudio, identificamos 73
mutaciones presentes en 19 genes relacionados a la resistencia de 42 genes considerados. Es
importante destacar que la presencia de deleciones es de vital importancia debido a su efecto sobre la
funcionalidad génica y la transmisibilidad del patogeno(72,99.118,183—189).

En variados estudios, se han identificado genes asociados a la resistencia considerados canonicos,
entre cllos, la region RRDR (rifampicin resistance-determining region) en el gen rpoB que contribuye
a la deteccion de resistencia a rifampicina(183,190,191). Para [soniazida, ¢l gen kaiG frecuentemente
s¢ identifica en los aislados resistentes(72,73,131). Por su parte, mutaciones en ¢l operon del gen
embCAB y de la region promotora y del gen pncd estan vinculadas con resistencias a
etambutol(99—103) vy pirazinamida(98,99,188,192,193). En nuestro estudio se identifico una alta
prevalencia de mutaciones candnicas en los genes antes mencionados, siendo las mas prevalentes las
mutaciones S450L en rpoB, S315T en kat(G, M3061/V, D354A, G406A/D/S, v -16C>T en los genes
embd v embB en el operon embCAB y HS5IR, HE82R, y VI25F en el gen pned. Ademads, se
identificaron mutaciones compensatorias que también han sido identificadas en aislados resistentes en
otros estudios(79,81,194,195).

En relacion con drogas de segunda linea, nuestro estudio reveld que los aislados resistentes a
fluoroquinolonas presentaron principalmente mutaciones conocidas en el gen gyr4 en la posicion 90 y
94, y un aislado presenté mutaciones en la posicion 89. Sin embargo,en la posicién 499 en el gen gyrB
s¢ detectd una sustitucion en un aislado identificado como sensible. No se detectaron mutaciones
compensatorias que restauren la sensibilidad a las FQ. Estudios previos han reportado que los cambios
en las posiciones 90, 94 y 499 estin asociados a resistencia a todas las FQs(74,109,196,197). Sin
embargo, la presencia de mutaciones relacionadas con aislados fenotipicamente sensibles podria
deberse a puntos de corte incorrectos en las pruebas microbiologicas cldsicas, heterorresistencia o la
presencia de diferentes clones con variados perfiles de mutaciones(198,199). Particularmente se

identificé un aislado resistente a Levofloxacina que no presenté ninguna mutacion canonica en la
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region QRDR, esto sugiere que la resistencia podria estar asociada con otros mecanismos, como por
¢jemplo la alteracion en la bomba de flujo, la cual se ha relacionado con la adquisicion de la
resistencia(200).

En cuanto a la resistencia a estreptomicina, se observo que el 60.7% de los aislados estudiados
presentaban mutaciones en el gen rpsL. La sustitucion mas comun fue K43R, lo cual concuerda con
hallazgos previos de otros estudios(109,118.201). Por otro lado, diferentes mutaciones en el gen rrs
(que codifica para el 16S rRNA ) han sido relacionadas con resistencia a estreptomicina y/o resistencia
cruzada con aminoglucosidos (amikacina, kanamicina,capreomicina), en nuestro estudio identificamos
cambios cn las posiciones 514A>C, 517C>T, 888G=A, 906A>G y 1401A>G del gen rrs, estos
cambios ha sido asociado con altos niveles de resistencia acorde a otros estudios(136,156,202-206),
mientras que la wvariacion eis:-12C>T esta vinculado con resistencia a Kanamicina(186). Nuestro
estudio confirma la importancia de monitorear mutaciones presentes en los genes rpoB, kat(G, embB y
pneA, asi como la relevancia de las mutaciones compensatorias, con el objeto de prevenir la
emergencia de aislados MDR. También resalta la importancia de una deteccion temprana de
mutaciones en la region QRDR, asi como en genes rpsL y rrs u otros en genes relacionados que tienen
un alto impacto en salud publica debido a su influencia en la salud del paciente, en los costos del
tratamiento y la complejidad del mismo como son los XDR.

La persistencia de la infeccion por TB puede ser atribuida a procesos de reactivacion de tuberculosis
latente (LTB) o la reinfeccion con aislados resistentes autoctonos o de mezclas multinacionales, sin
embargo, a pesar de que los aislados puedan presentar una alta relacion genética, tienden a diferir
acorde a su distribucion geografica, patrones de resistencia, transmisibilidad y virulencia(168). Debido
a esta complejidad, el andlisis de redes de dispersion usando la informacion generada mediante
secuenciamiento del genoma completo proporciona datos que permite conectar los eventos de
transmision en TB, evidenciando la dindmica temporal y espacial del evento, en el cual si se incluyen
datos epidemiologicos aportan a una mejor interpretacion del movimiento de los aislados durante un
brote epidemiologico (144,146,207,208). En nuestro estudio, empleando un umbral de <12 SNPs que
indica eventos de transmision cercanos, s¢ pudo evidenciar, dentro de un analisis que involucro 503

aislados de diferentes paises, que 17/88 aislados ecuatorianos, colectados entre 2019 y 2021,
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presentaron clonalidad con aislados de M. muberculosis caracterizados en pacientes colombianos y/o
migrantes latinoamericanos en Espafia entre 2014 y 2015, En algunos casos los aislados formaron
parte de redes de transmision (S2191) o se encontraban como parte de cluster genéticos (SO110,
S2186, S0106), lo cual podria plantear los posibles punto de transmision local luego de infectarse a
partir de los aislados de migrantes ya sea por estancias en ambientes laborales principalmente
ocupados por migrantes como son plantaciones, fabricas, restaurantes. Sorpresivamente algunos de los
aislados involucrados en estas redes provenian de pacientes de sexo femenino, lo cual podria sugerir
que pudo existir alguna relacion sentimental que pudo facilitar la transmusion. Nuestros hallazgos
aportan a la evidencia que la movilidad migratoria es un factor importante para la incidencia de TB en
areas donde la transmision es limitada y también puede contribuir a la reactivacion de la enfermedad
(209,210). Ademas, cstos hallazgos sugieren posibles eventos de transmision transnacional que
involucran a Ecuador y sus paises fronterizos, asi como destinos frecuentes de migracion. La
incorporacion de WGS y analisis de redes en las intervenciones de vigilancia puede ayudar a
identificar cuando y donde los pacientes adquirieron la TB dentro de una comunidad inmigrante y
orientar las intervenciones de salud publica dirigidas a controlar la transmision de la TB(211,212).

Diferentes estudios han evidenciado el potencial resolutivo que posee la secuenciacion de genoma
completo (WGS, por su siglas en inglés) dentro del estudio de diferentes microorganismos, en especial
en M. tuberculosis para la deteccion de la diversidad genética asociada a linajes, resistencia a fairmacos
y dinamicas de transmision(118,157,.213). Sin embargo, para que su aplicacion sea aceptada
completamente se debe sobrellevar las diferencias que existen especialmente para la estandarizacién
en la identificacion de mutaciones no-canonicas asociadas a resistencia(214). En este contexto en
2021, la OMS actualizo las guias de los criterios para la identificacion de mutaciones relacionadas y
presentes en aislados mono, multi y extremo drogorresistente, con el objeto que pueda ser considerada
dentro de los procesos de estandarizacion en los diferentes algoritmos de andlisis de secuencias
genomicas(215). Para evaluar la utilidad de los algoritmos, comparamos la exactitud, sensibilidad y
especificidad de cinco herramientas bioinformaticas disponibles en la web para inferir la resistencia de
M. tuberculosis frente al método microbiologico convencional. Nuestros resultados evidenciaron que

de las cinco herramientas analizadas, globalmente PhyReSse, TB-rpofiler, Mykrobe, v SAM-TB
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mostraron los mejores resultados (97.0% sensibilidad, 100.0% especificidad, y 97.7% exactitud), sin
embargo, cuando se analiza la capacidad de detectar resistencia de forma individual a las diferentes
drogas empleadas en el tratamientos, existe diferencias entre los resultados generados, probablemente
se deba a los diferentes umbrales empleados que consideran para la caracterizacion de las mutaciones.
Nuestros resultados resaltan la aplicabilidad de la secuenciacion de genoma completo y analisis
bioinformatico especialmente los algoritmos disponibles en la web, debido a su facilidad de manejos
para el estudio de la resistencia de tuberculosis dentro de los programas de vigilancia locales, pero
también pone a consideracion se tenga en cuenta los diferentes grados de confidencia que se aplican
¢n la identificacion de las diferentes mutaciones para una efectiva deteceion(216,217), especialmente

hasta que la estandarizacion de criterios se apliquen en los algoritmos.
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CONCLUSIONES

La diversidad filogenética de los aislados de M. tuberculosis en Ecuador estd principalmente
concentrada en el linaje Euroamericano (L4), con una destacada presencia de las familias LAM y
X-type. No obstante, se detectd la presencia de otros cuatro linajes. La presencia del linaje Beijing y
su relacion con brotes de aislados pre-XDR y XDR, evidenciado en otros estudios, muestran la
necesidad de ampliar el analisis de aislados de tuberculosis mediante secuenciamiento del genoma

completo, para develar la real distribucion de linajes circulantes en el pais.

Se observa una amplia diversidad genética en los aislados obtenidos, con variaciones especificas en
los patrones de resistencia a farmacos de primera y segunda linea de tratamiento. Estas variaciones son
identificadas de manera mas efectiva a través del secuenciamiento masivo, lo que permite un enfoque
mas preciso en el tratamiento de los pacientes. La identificacion de aislados pre-XDR requiere una
atencion cficiente para evitar la dispersion ¢ incremento de casos que afectaria el programa de

vigilancia.

La disponibilidad de herramientas web para el estudio genético de M. tuberculosis, con
actualizaciones basadas en las definiciones y consideraciones establecidas por la Organizacion
Mundial de la Salud, seria beneficioso para estandarizar la implementacion de procesos de vigilancia
genomica de la tuberculosis en el pais. Es fundamental capacitar al personal en el procesamiento de
muestras de laboratorio y en el andlisis ¢ interpretacion bioinformatica de la informacién, lo que

contribuiria al fortalecimiento del sistema de vigilancia nacional.

La movilidad migratoria hacia y desde Ecuador, genera un fuerte impacto en la vigilancia
convencional de esta enfermedad. En este sentido la aplicacion de herramientas genomicas basadas en
el analisis del genoma completo, junto con datos epidemiologicos y migratorios, tanto a nivel interno
como externo, podria ser de utilidad para identificar las posibles rutas de transmision entre las
poblaciones. Esto proporcionaria informacion sobre posibles puntos de ingreso de asilados de
importancia en salud publica en la vigilancia de la tuberculosis, contribuyendo a los esfuerzos

realizados en la vigilancia como aporte a la estrategia “End-TB 2030”.
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