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Genetic Diversity and Drug Resistance Pattern of Mycobacterium species among
Smear Negative Pulmonary Tuberculosis Patients in Addis Ababa, Ethiopia
ABSTRACT

Tuberculosis (TB) is being treated empirically in about 38% of patients globally due
to difficulty in detecting the Mycobacterium tuberculosis complex (MTBC) bacilli
with the routine laboratory diagnostic tests, including smear microscopy, GeneXpert
and culture. As a result, the situation with smear negative pulmonary tuberculosis
(SNPTB) has remained challenging, leading to diagnostic delays and making
monitoring treatment outcomes difficult. However, there is scarce information on the
actual burden, drug resistance pattern and the strains of MTBC involved in SNPTB.
Therefore, this study aimed to evaluate the genetic diversity and drug resistance
pattern of MTBC isolates recovered SNPTB patients. A health facility-based case
control study was conducted in Addis Ababa, Ethiopia, involving 313 pulmonary TB
patients (173 SNPTB and 140 Smear positive PTB (SPPTB)). Laboratory data was
generated by collecting sputum specimens from consenting study participant and acid
fast staining, GeneXpert and culture were done at Armauer Hansen Research Institute
(AHRI) laboratory. Molecular analysis, spoligotyping and whole genome sequencing
(WGS) as well as phenotypic drug susceptibility test were done for culture grown
MTBC isolates. The revised online MTBC molecular marker database SITVIT2 and
appropriate bioinformatics tools were applied to assign lineages and sublineages of
MTBC strains. Structured questionnaires were used to assess TB related factors,
clinical and imaging findings associated among SNPTB and SPPTB patients. SPSS
version 25 and Stata version 17 software were used for data analysis and a P-value <
0.05 was considered statistically significant. Of the 173 SNPTB patients 75 were

culture positive. The spoligotyping and WGS analysis of MTBC isolates identified



four major MTBC lineages including lineage 4 (Euro-American), lineage 3 (East-
African-Asian), lineage 1 (Indo-Oceanic) and lineage7 (Ethiopian) which had 80.2%,
16.7%, 2.4% and 0.8% proportion, respectively. Lineage 3 MTBC strains were higher
among SNPTB patients compared to SPPTB patients while the proportion of lineage 4
MTBC strain was higher among SPPTB than SNPTB (P-value <0.05). A higher
proportion of MTBC isolates from SNPTB 16.7% were resistant to one or more first-
line anti-TB drugs than SPPTB 12.9% (P-value >0.05). MDR-TB was detected from
single SNPTB patients 5.6% (1/18) by both phenotypic and molecular methods
whereas none in SPPTB patients (0/33) (P-value >0.05). Although, overall clinical
presentations of SNPTB patients resemble those seen in SPPTB patients, prior history
of TB was strongly associated with SNPTB (P-value <0.05). There was a significant
difference in MTBC strain distribution among SNPTB and among SPPTB patients,
which may be responsible for difficulty in MTBC laboratory detection that may need
further advanced analysis of sequenced isolates. There was also primary drug resistant
TB among culture positive SNPTB patients, which would be otherwise missed by
current national protocols. An additional study with larger sample size and more

sensitive TB detection approach is recommended for better understanding of SNPTB.
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1. INTRODUCTION

1.1. Background

Mycobacterium tuberculosis (MTB), as a causative agent of tuberculosis (TB), was
identified by the famous scientist R. Koch in 1882 (Koch, 2010) and it is one of the
two mycobacterial species of the genus mycobacteria known globally for their
mortality and morbidity. The person to person transmission of TB was suggested first
by the two famous Greece scientists Isocrates and Aristotle (Barbier & Wirth, 2017)
hence then TB has been responsible for more than a million deaths and ten million
illness annually worldwide though it is preventable and curable diseases (WHO,
2023b). According to the global TB report, Ethiopia suffers from a TB mortality rate
of 17 (10-25) per 100,000 and incidence rate of 126 (85-176) per 100, 0000
population. Smear negative TB or clinically diagnosed TB accounts for m38% of the
global TB burden and it has a similar percentage in Ethiopia (MOH, 2024; WHO,

2023D).

Tuberculosis potentially affects any organ of human body from skin to brain, and
hence is classified either as pulmonary TB or extra pulmonary TB. Pulmonary TB
(PTB) primarily involves the lung and can in some cases exhibit dissemination to
other organs, and shares the major global burden by accounting for the 6.2 million of
7.5 million reported cases (WHO, 2023b). PTB is uniquely known for its transmission
ability form individual to individual than the extra pulmonary TB which involves any

organs other than lung.

PTB can further be classified based on microbiological laboratory diagnosis based on
acid fast staining (AFS) as smear negative PTB (SNPTB) or smear positive PTB
(SPPTB). This classification has been used to categorize patients by the WHO and

national level guidelines for more than a century. Recently classification has been
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modified as a result of the widely implemented GeneXpert (Xpert) test, with SNPTB
and SPPTB alternatively classified as clinically diagnosed TB versus bacteriologically
confirmed TB alternatively according to the Ethiopian national guideline (MoH,

2021).

TB can be drug susceptible, if a patient responds for the anti-TB drug treatment or be
drug resistant, if a patient is unable to respond to the anti-TB drug treatment. Drug
resistant TB (DR-TB) can be classified as multidrug-resistant TB or extensively drug-
resistant TB. Multidrug resistant TB (MDR-TB) refers to resistance to both rifampicin
and isoniazid, the two most powerful anti-TB drugs; however, the recent consolidated
guidelines by WHO for MDR-TB treatment considers rifampicin resistant TB (RR-
TB) as MDR-TB and recommends management as MDR-TB. Extensively drug
resistant TB (XDR-TB) is MDR-TB plus resistance to at least one of the two most
important classes of drugs in an MDR-TB regimen, resistance to at least one
fluoroquinolone (levofloxacin or moxifloxacin) and resistance to at least one other

“Group A” drug (bedaquiline or linezolid) (WHO, 2022a).

The WHO’s “End TB” Strategy emphasizes early diagnosis of cases and universal
drug susceptibility testing (DST) (WHO, 2015). Thus, laboratory confirmation of TB
and its drug resistance pattern are essential for correct diagnosis and appropriate and
timely treatment for those individuals presenting signs and symptoms of TB.
Therefore, formulating a clear and evidence-based policy and strategy as well as the
implementation guidelines is essential in every country. However, there is less than
50% coverage of the WHO recommended diagnostic tests worldwide and 38% of
PTB patients (WHO, 2023b) are not confirmed bacteriologically while individuals

with SNPTB may have comparable disease transmission ability like SPPTB.



Moreover SNPTB patients are at a higher risk of treatment failure and death as a
result of loss to follow up than SPPTB patients (Camprubi et al., 2020; MOH, 2024).
Thus,effective TB management and control in the whole population will be
challenging without addressing SNPTB patients; yet a paucity of information is
available on molecular epidemiology and drug resistance of SNPTB globally as well

as nationally.

On the other hand, studies show that a noticeable number of SNPTB patients are not
really TB cases, and this could be related to the non-specific symptoms of TB and
poor specificity of chest X-ray screening. Many medical conditions such as other
infections (bacterial, viral, parasitic or fungal) carcinoma, lymphoma, asthma, chronic
obstructive lung diseases and other allergic conditions can present as SNPTB cases
(Fasih et al., 2915; Serap et al., 2015; Vaghasiya et al., 2016). This results in false
positive diagnoses and inappropriate management with TB treatment. Also, technical
errors of acid-fast staining can contribute to diagnostic errors. A number of factors
may contribute to SNPTB including mycobacterial strain type, host genetics, and

technical issues (Figurel).
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Figure 1. Contributing factors for SNPTB diagnosis and its outcome.
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Nontuberculous mycobacteria (NTM) pulmonary infections are among the factors that
can be misdiagnosed as SNPTB since it has a similar clinical and laboratory
presentation as well as a higher smear negativity rate. Although, NTM pulmonary
infection needs accurate clinical and laboratory diagnosis as well as different drug
treatment from MTBC infection as indicated in the American Thoracic Society (AST)
or the Infectious Diseases Society of America (ATS/IDSA) diagnostic guideline for
NTM infection (Griffith et al., 2007). However, during a routine culture isolation of
MTBC, most Ethiopian mycobacterial laboratories have been reporting NTM, more
than 7% prevalence among PTB patients (Alemayehu et al., 2022; Kahase et al.,
2021), without further characterization to species level which is important for

determining their clinical relevance and NTM disease management.

Therefore, all these gaps demand a continuous research work for evidence-based TB
control policy and strategy. However, MTBC molecular characterization and drug
resistance (DR) studies conducted in Ethiopia have not been addressed SNPTB
patients as well as NTM unlike SPPTB patients. Therefore, the current study aimed to
precisely characterize the mycobacterial isolates and their DR pattern among SNPTB

patients.

1.2. Genus Mycobacterium

It has been postulated that the genus Mycobacterium is originated before 150 million
years ago (Hayman, 1984) and it is in the family Mycobacteriacea, Order
Mycobacteriales, Phylum Actinobacteria. According the List of Prokaryotic names
with Standing in Nomenclature (LPSN) database, the genus has 280 registered species
until July 9 2024. Out of these, 211 are validly published under the International

Committee on Systematics of Prokaryotes (ICSP), 197 with correct name, and the



remaining 14 with synonyms (Parte et al., 2020). The genus consists of predominantly
free-living environmental species; however, a subset of them can induce infections of
diverse severity in both human and animal hosts. These include the NTM groups, the
Mycobacterium tuberculosis complex group (MTBC) and M. leprea, the causative
bacilli of leprosy. The phylogeny of the genus Mycobacterium with comprehensive

grouping of its species is shown in Figure 2.

Figure 2. The phylogenetic tree of the genus Mycobacterium (Orgeur et al., 2024).

Taxonomy IDs of selected Mycobacterium spp. are indicated in brackets



1.2.1. Nontuberculous mycobacteria (NTM)

NTM are environmental species of the genus Mycobacterium (Gupta et al., 2018) and
can be classified as a slow-growers including the M. avium Complex (MAC) and M.
simiae, that require more than seven days to form colonies like MTBC and rapid
grower such as M. fortuitum and M. abscesses complex which require less than seven
days to form colonies (Schiff et al., 2019). The majority of the NTM are recovered
from environmental sources including water and soil. Unlike other mycobacterial
infections, human to human transmission of NTM has not been widely reported and
hence human infection is thought to be acquired from environmental exposures
(Covert et al., 1999). However, whole genome sequencing (WGS) and
epidemiological studies have reported transmission of NTM among cystic fibrosis
patients, particularly M. abscess complex and MAC species (Bryant et al., 2013;

Hasan et al., 2021).

Moreover NTMs are becoming epidemiologically important since their clinical
significance is increasingly recognized (Lin et al., 2018; Ratnatunga et al., 2020). In
Western countries, MAC (Gopalaswamy et al., 2020; Lee et al., 2021) and in parts of
Africa, M. kansasii and M. abscessus complex (Okoi et al., 2017) have been the most
common NTM species that are responsible for pulmonary infections. However, unlike
in the developed countries, the distribution of NTM and their disease prevalence are

not fully understood in the developing countries, including Ethiopia.

1.2.2. Mycobacterium tuberculosis complex (MTBC) and its genome

MTBC, usually called ‘tubercle bacilli’, are a group of closely related bacteria
responsible for tuberculosis. This complex has different strains which are further

stratified into distinct lineages based on host adaptation i.e., human adapted lineages
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and animal adapted lineages. These lineages are evolved through clonal expansion
from a common ancestor of M. canettii-like tubercle bacilli as descendant clade
through a recombinogenic process. Currently, the MTBC consists of eleven species
including the human adapted M. tuberculosis (lineage 1, 2, 3, 4, 7 and 8) and M.
africanum (lineage 5, 6, 9 and 10) and animal adapted M. bovis and the Bacillus
Calmette—GuYPER (BCG) strain, M. microti, M. pinnipedii, M. caprae, and M.

canettii, M. orygis, M. suricattae and M. mungi (Guyeux et al., 2024).

It has been shown that the genome of MTBC has been evolving even in a controlled
environment (loerger Thomas et al., 2010). Recently, Chitale et al (2022) reported
the genome size of M. tuberculosis H37Rv as 4417942 bp, which is slightly higher
than the genome size of the M. tuberculosis H37Rv reference strain sequenced
initially in 1998 (Cole et al., 1998). The newly sequenced genome has additional
6.4kb of sequence consisting mainly repetitive Deoxyribonucleic acid (DNA)
encoding an insertions in PE/PPE genes, 1S6110 transposes, and new paralogs of
esxN and esxJ genes (Chitale et al., 2022) that were apparently omitted in the original
genome assembly (Cole et al., 1998). The genome is circular, comprising 4.4 million

base pairs and about 4,000 genes (Figure 3).
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M. tuberculosis

H37Rv
4,411,529 bp

Figure 3. A circular genome of M. tuberculosis H37Rv, an illustrative presentation
adopted from Cole et al. (1998).

The scale in M. tuberculosis genome is displayed in the outer circle, where 0 denotes the
replication origin. The external ring designates the locations of the direct repeat region (pink
cube) and stable RNA genes (tRNA are blue, others are pink). The second dark green ring
shows the coding sequence by strand (clockwise and anticlockwise, the light green ring).
Repetitive DNA (insertion sequences, orange) are represented in the third ring. The
13E12RFP family (dark pink, prophage blue) is represented in the fourth ring, the PPE family
members' positions (green), PF family members' positions (purple, excluding PGRS) in the
fifth ring, and the positions of the PGRS sequences (dark red) shown in the last ring. The
G+C content is shown by the histogram (middle), where < 65% G+C is denoted by yellow
bars and > 65% G+C is denoted by red bars.

The genome of MTBC is characterized by a high G-C content (65.6%), and 52% of its
genome encodes functional proteins (Camus et al., 2002; Cole et al., 1998). Although
most of the genes encode enzymes involved in lipid metabolism (Cole et al. 1998),
there are also the necessary genes for the catabolic TCA cycle, the anabolic pentose
phosphate pathway, and the glycosylate cycle, which converts lipids into carbon.
These all contribute to bacilli adaptation in a range of environments, including the
oxygen-rich lung, the center of a caseous granuloma, and within macrophages

(Swanepoel & Loots, 2014).



Moreover, the Insertion Sequences (IS), polymorphic G-C rich repetitive sequences
(PGRS), direct repeat (DR) regions and major polymorphic tandem repeats (MPTR)
are among the types of repetitive DNA sequences that are found in the genome
(Poulet and Cole, 1995) which enable the development of molecular genotyping

methods.

Despite variations in virulence determinants, host tropism and phenotypic attributes
members of the MTBC strain share identical 16S rRNA sequences at the nucleotide
level and have 99.9% similarity in DNA that contribute for sequence homogeneity
(Brosch et al., 2002) which is consistent even between different species of MTBC

like M bovis and M. tuberculosis (Garnier et al., 2003).

1.3. Phylogeny and global distribution of MTBC

In the genus Mycobacterium, including M. avium and the MTBC, a number of
transitions has been clarified. According to the analysis of deletions and sequence
polymorphisms in five selected genes, katG, gyrA, oxyR, pncA, mmpl6 and ThD1, the
evolutionary pathway of tubercle bacilli has been proposed (Barbier & Wirth, 2016).
The ancient MTBC lineages 1, 5, 6 and 10 have deletion in 1 region (TbhD1) whereas,
ThD1 is absent in lineages 2, 3, and 4 that are considered as evolutionary modern
lineages. Lineage 7 is considered an intermediate between ancient and modern

lineages (Barbier & Wirth, 2016; R. Brosch et al., 2002) (Figure 4) (Galagan, 2014).
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Figure 4. Evolutionary link between the MTBC and certain species of mycobacteria
(Galagan, 2014).

The dates of branching events are only rough calculation. TbD1 designates the deletion event
specific for modern lineages 2, 3 and 4. Evolutionary distances are not to scale. STBs: smooth
tubercle bacilli.

The advancement of molecular methods including genome sequencing has enabled
the delineation of MTBC species and clarification of strain evolution. For instance,
the animal-adapted M. bovis branched from human-adapted lineage of M.
africanum that is currently restricted to West Africa. Moreover, MTBC species
exhibit a remarkable similarity that suggests a common ancestor M. canettii. For
instance, differences in the genome size(Gutierrez et al., 2005) and colony
morphology (Jia et al., 2017). As well as gene transfer mechanism (Supply et al.,

2013) are detected between M. canettii and MTBC, a descendant lineages.

The evolutionary lineages of MTBC has been extended to ten lineages (Figure 5) and
85 sub lineages based on single nucleotide polymorphism (SNP) analysis (Guyeux et
al., 2024; Orgeur et al., 2024). These includes the six lineages of M. tuberculosis
sensu stricto i.e., lineage 1 (Indo-Oceanic), lineage 2 (East-Asian), lineage 3 (East-

10


https://www.nature.com/articles/nrg3664#Glos8
https://www.nature.com/articles/nrg3664#Glos8

African-Indian), lineage 4 (Euro-American), lineage 7 (Ethiopian) which also is
predicted as M. africanum based on spoligotyping method, lineage 8 initially
discovered in Rwanda and Uganda (Napier et al., 2020), M. tuberculosis var.
africanum involving lineage 5 and 6, found mostly in West Africa, but also
sporadically in eastern Africa, lineage 9 (Somalia and Djibouti), and the newly
identified lineage 10 that represents a sister clade to lineage 6 found in central Africa
and characterized by a new region of deletion, 1S6110 insertions, and 243 SNPs

(Guyeux et al., 2024; M. L. Silva et al., 2022).
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Figure 5. Global MTBC phylogeny including the newly identified lineage10 strains
(green) (Guyeux et al., 2024).

Phylogeny was rooted with M. canettii, subsequently removed for better visualization.
Bootstrap support was computed using 100 replicates and shown when >0.6. Circles indicate
the large support of almost all branches, especially of lineage10 and its sister branches. Scale
bar indicates nucleotide substitutions per site.
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1.3.1. Global distribution of MTBC lineages

As shown in figure 6, the map of MTBC geographic distribution, MTBC strains have
a distinct phylogeographic population structure. For instance, lineage 4 (Euro-
American) is the most prevalent MTBC lineage, believed to have originated in
Europe. The lineage's expansion to the other parts of the world may be as a result of
intercontinental trade and expansionism (Gagneux, 2018; Napier et al., 2020). This
lineage is notably associated with pulmonary TB, particularly in regions with high
HIV and TB co-infection rates (Wiens et al., 2018). Lineage 3 that originated in south
Asia, represents the most common lineage in Africa together with lineage 4, and is
prominently associated with drug resistance. Clades 3.5 and 3.1 are strongly
associated with eastern Africa, including Sudan and Ethiopia (Shuaib et al., 2022).
Beside lineages 3 and 4, Lineage 7, though less common in Ethiopia is unique to the

North and Western parts of the country (Getahun et al., 2024).

Lineage

Figure 6. The global distribution of MTBC isolates (Napier et al., 2020)
The most common spoligotype families populated globally as well as in the continent

are T, Haarlem (H), Latin-American-Mediterranean (LAM), EAIl, MANU, CAS,
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Beijing, Cameroon, X, S, Ghana, URAL, TUR, Uganda and H37Rv, AFRI, and West
African (Chihota et al.,, 2018; Salvato et al., 2019). The corresponding WGS
sublineages of some spoligotype families are shown in figure 7. MTBC sub-lineages
vary based on 1S6110 copy number, such as the variation in the EAI lineage
(lineagel) related to absence and presence of spacers. Absence of distinct spacers are
the specific spoligotype hallmark of the CAS, CAS1-Delhi (also referred to as
spoligotype international type 26 [SIT26]) and CAS1-Kilimanjaro (SIT21) family,

that is prevalent in East Africa including Ethiopia (Brudey et al., 2006).
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Figure 7. A neighbour-joining tree displaying the phylogenetic structure of the
MTBC lineages and sub-lineages (Niemann et al. 2016).
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1.3.2. Overview of MTBC lineages in Ethiopia

In Africa several previously unknown lineages of MTBC have been identified during
the past decade including MTBC lineage 7 (Ethiopia) in the Horn of Africa and
lineage 8 in the African Great Lakes region (Coscolla et al., 2021; Jean Claude
Semuto Ngabonziza et al., 2020). M. africanum lineage 9 was found only in Djibouti
and Somalia (Folliero et al., 2024), and M. africanum lineage 10 in Central Africa
(Guyeux et al., 2024). Beside the globally populated lineage 4 and 3, the well-
known M. africanum affiliated lineages, lineage 5 and lineage 6 contribute

significantly to TB burden, typically in West Africa (Guyeux et al., 2024).

According to a recent population genetics study in Ethiopia from spoligotyping and
MIRU-VNTR data base analysis lineage 4 (70.6%) followed by lineage 3 (25.9%),
lineage 1 (1.8%), and lineage 7 (1.6%) comprised the majority of lineages identified.
However, the proportion of lineages 4 and 3 varied from region to region (Getahun et
al., 2024). In different spoligotyping based studies including the study by Getahun
et.al. al. SIT149, SIT53, SIT25, SIT37 and SIT26 are the five most dominant patterns
in the country. Moreover, lineage 3, SIT21 and lineage 4, SIT149 and SIT53 were

reported as the SITs frequently associated with drug resistance (Getahun et al., 2024).

MTBC lineages are well studied either in the all TB patients or separately among
SPPTB which exhibits a similar lineage distribution with the general PTB patients in
Ethiopia including Addis Ababa i.e., MTBC lineage 4 is a predominant strain,
followed by lineage 3, lineage 7 and/or lineage 11 (Bedewi et al., 2017; Damena et
al., 2019; Mekonnen et al., 2023; Merid et al., 2021; Tilahun et al., 2018; Wondale et
al., 2020; Worku et al., 2022). However, there is no published data on MTBC lineage

distribution mong SNPTB in the study area or in the country as well as globally
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except some experimental analysis of AFB test positivity vs. MTBC lineage type
(Osei-Wusu et al., 2021). However, understanding MTBC strain diversity especially
in SNPTB is crucial for better recognition of TB disease pathogenesis or clinical
outcome (Du et al., 2023) , improve diagnostics and therapeutics since TB disease out
come and response to ant TB treatment affected by MTBC strain type(Ordaz-Vazquez
et al., 2023). Therefore, the current research sought MTBC strain diversity among

SNPYB patients.

1.4.Immunology of Tuberculosis

M. tuberculosis have a well-known virulence factors such as ESAT-6/CFP-10, heat
shock proteins, cord factor, mycolic acid etc., which enable the MTB bacilli to resist
desiccation and chemical damage, form granulomatous lesions, suppresses
macrophage function as well as evade and modulate the host responses (Rahlwes et
al., 2023; Ramon-Luing et al., 2023). The complex interaction between MTB and the
host immune system contribute for TB immunopathogenesis (Carabali-Isajar et al.,

2023; Sankar & Mishra, 2023; Wolf et al., 2008).

The pathogenesis of tuberculosis starts from acquiring the TB bacilli primarily via
respiratory droplets from individuals with active pulmonary TB during coughs,
sneezes, or speaks, that generates aerosols containing MTB bacilli that can be inhaled
via the respiratory route. This results in different out comes in a newly infected
individual whom ~50%-80% will completely clear the initial infection and the
remaining ~20%-50% will develop active TB (~5%) or latent TB (~95%) of which

~5%-10% will have a TB reactivation later in life (Dheda et al., 2010).

If individuals are diagnosed with TB within 1.5-2 years of newly acquired infection it
is called primary active TB. If not the other form of TB, latent TB will occurs in
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newly infected individuals whose TB does not develop during within 1.5- 2 years.
Latent TB can lead to one of three outcomes: staying infected indefinitely and never
getting sick; gradually recovering from their infection; or developing active TB
disease later which is commonly referred to as reactivation(Carabali-lsajar et al.,
2023) that frequently caused by factors like HIV infection, malnutrition, or

immunosuppressive therapy (D. R. Silva et al., 2018).

Primary Immune Response to Tuberculosis

The inhaled droplets carrying the bacteria reach the alveoli in the lungs which is the
initial stage of MTB infection that could result in ‘primary infection” which alveolar
macrophages engulf the bacilli, however, the bacteria will survive in the macrophage
mainly by inhibition of phagosome-lysosome fusion and replicate within the
macrophages. Then, the innate immune response primarily neutrophils and dendritic
cells are recruited with some infected macrophages migrate to regional lymph nodes,

activating the adaptive immune system followed by ‘granuloma’ formation.

Innate Immune Response to Tuberculosis

Limiting early bacterial multiplication is a critical function of the innate immune
system, which is the first line of protection against MTB. Alveolar macrophages in
the lungs are the main cells engulfing MTB bacilli. However, MTB survives
internalization within the phagosome by blocking the phagosome’s fusion with the
lysosome by arresting phagosome maturation and acidification by using its products
including lipoarabinomannan, trehalose dimycolate, or acyltrehalose-containing
glycolipids and other additional mechanisms (Pethe et al., 2004; Queval et al., 2017).
The other component of innate immune response, dendritic cells play a central role in

the early immune response by capturing and presenting MTB antigens to T cells.
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They activate the adaptive immune response and are essential for the development of
protective immunity (H. Kim & Shin, 2022; Mihret, 2012). Moreover, by releasing
reactive oxygen species (ROS), antimicrobial peptides and additional effector
mechanisms neutrophils try to eradicate MTB as the innate immune response
mechanism (Gaffney et al., 2022; E. Warren et al., 2017). However, it is reported that
neutrophils can facilitate local dissemination of granulomas and thereby enable the
spread of infection beside their influence in bacillary load during both innate and

adaptive immune responses (Gaffney et al., 2022; Hult et al., 2021).

In addition to the cellular components of innate immune response, TNF-a, IL-1, IL-
6, and IL-12 are examples of cytokines that are essential for immune response
coordination. TNF-a has a crucial role in the development of granulomas and

macrophage activation (Boni et al., 2022).

Adaptive Immune Response to Tuberculosis

Following the innate immune response, the adaptive immune system is triggered and
is essential for managing the infection. T lymphocytes especially CD4+ T cells, CD8+
T cells, and granuloma development are the main elements of the adaptive immune

response to tuberculosis.

In the lymph nodes, dendritic cells expose CD4+ T cells to MTB antigens. The
adaptive immune response is characterized by the activation of Thl cells, which
generate interferon-gamma (IFN-y). The activation of macrophages, which increases
their capacity to eliminate MTB, depends on IFN-y (de Martino et al., 2019). By using
MHC Class I molecules, CD8+ cytotoxic T lymphocytes (CTLs) are able to identify

infected cells that carry MTB antigens. These T cells destroy infected cells directly by
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producing granzymes and perforins, which cause the infected host cells to undergo

apoptosis (Grotzke & Lewinsohn, 2005; Wolf et al., 2008).

Granuloma development is one of the most important aspects of the immunological
response to tuberculosis. Granulomas are collections of immune cells, including
dendritic cells, T cells, and macrophages that stop the infection from spreading (Hult
et al., 2021; H. Kim & Shin, 2022) which has been also considered as host ‘disease
tolerance’ mechanism (Divangahi, 2018). Although MTB can persist in granulomas in
a dormant condition and cause latent tuberculosis infection, granulomas restrict
bacterial multiplication. Granulomas may sometimes degrade, which could result in
the infection spreading and the emergence of active TB (Elkington et al., 2022;

Gideon & Flynn, 2011).

Secondary Immune Response to Tuberculosis

When the immune system comes into contact with MTB again, either as a result of re-
exposure or the reactivation of a latent infection (D. R. Silva et al., 2018), the
secondary immunological response takes place. Because memory T cells and memory
B cells from the original infection are present, the secondary immune response is
quicker and more effective. Memory Thl cells and memory CD8+ T cells both
rapidly identify MTB antigens upon re-exposure, generating IFN-y and eliminating
infected cells directly, respectively. Granulomas may reawaken in latent TB patients
when the immune system is compromised, which can result in MTB proliferation and

the emergence of active TB disease.

In summary, both innate and adaptive immunity are involved in the complex immune
response to tuberculosis. Although macrophages, neutrophils, and cytokines are the
first defense components used by the innate immune system to try to manage MTB,
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the adaptive immune response in particular, T lymphocytes is ultimately responsible
for managing the infection. Although granuloma formation aids in bacterial
containment, MTB's capacity to live inside macrophages and develop latent infections
is still a problem. TB is a chronic and occasionally reactivating disease because of the
immune evasion strategies used by MTB, which also contribute to the chronic
infection.

Tuberculosis Immunopathogenesis among SNPTB and SPPTB patients

The clinical outcome of TB also affected by the host immune response (Carabali-
Isajar et al., 2023) and studies has been shown that the immunopathogenesis of
tuberculosis is different among clinically diagnosed individuals, SNPTB and those
who have bacteriological confirmation individuals, SPPTB. Although both groups
show immune responses to contain the infection, patients with bacteriological
confirmation frequently have more severe illness because of larger bacterial burdens
and a complex immune evasion used by MTB such as granuloma manipulation,
immune response regulation (e.g., via IL-10) (Muchsin et al., 2022; O'Leary et al.,
2011) and prevention of phagosome-lysosome fusion, enabling on going survival and
multiplication than SNPTB who have a higher levels of pro-inflammatory cytokines

(like TNF-o and IL-1pB) (X. Li et al., 2024).

It has been showed that change in lymphocyte subsets in SNPTB is different from that
of SPPTB is also, for instance a higher proportion of B lymphocytes are detected in
SNPTB unlike SPPTB whom dominated by CD4+ T lymphocytes (Yang & Feng,
2023). As a result the immunopthogenesis difference among SNPTB and SPPTB has

been explored by researchers to identify a potential immunological biomarkers for TB
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diagnostic and monitoring ant-TB drug treatment response in these group patients

(Carabali-lIsajar et al., 2023; Esmael et al., 2022).

1.5. Diagnosis of tuberculosis

The WHO recommended comprehensive diagnosis of PTB which involves patient’s
medical history, physical examination, chest imaging, TB blood or skin tests if
indicated, bacteriologic examination that includes sputum smear microscopy, nucleic
acid amplification testing, culture and drug susceptibility testing. However, each
country’s TB diagnosis guidelines can be customized based on the country’s disease
burden and socioeconomic level. Though smear microscopy has been utilized in areas
without functional Xpert machines beyond its use for monitoring primarily drug
susceptible TB, the updated national guide line recommends Xpert as the initial
diagnostic test (MoH, 2021). For PTB patients with smear microscopy or Xpert test
negative results, clinicians commonly use clinical assessment with imaging findings

to rule in or out PTB in Ethiopia (MoH, 2021).

1.5.1. Clinical diagnosis of pulmonary TB

The symptoms of PTB which affects the lower respiratory system yet can disseminate
and cause infection in other organs (named milliary TB) includes fever, sweats,
cough, blood stained sputum (Daniel, 2006; Pease, 1940), loss of appetite and
unintentional weight loss, chills, fatigue and malaise (WHO, 2024). In Ethiopia,
individuals with at least a two week history of cough, fever, night sweats, weight loss
or chest X-ray (CXR) infiltrates is suggestive of PTB and considered for further

laboratory assessment (MoH, 2021).
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1.5.2. Chest imaging findings

Consolidation and pulmonary cavitation was first identified as pathologic signs of
PTB in 1819 by the French Theophile Laennac (Barberis et al., 2017). TB screening
as well as diagnosis for microbiologically negative TB cases has been supported by
imaging technologies including chest X-ray (CXR) and Ultrasonography (Cozzi et al.,
2024; WHO, 2024), though these findings are not specific for PTB. PTB can be
classified as cavitary or non-cavitary based on imaging findings which has
implications on the disease severity and transmission potential. Though unable to
detect DR-TB and monitor patients anti-TB drug treatment outcome, chest imaging
findings has been the main radiological imaging tool for smear or Xpert negative
PTB supporting compatible clinical sign and symptom evaluation in Ethiopia (MoH,

2021).

1.5.3. Laboratory diagnosis of tuberculosis

Laboratory confirmation of TB was realized after R. Koch isolated and cultivated the
bacteria and further inoculated it into laboratory animals. Moreover the detection of
the bacillus for the first time was made possible by applying the methylene blue
staining recommended by Paul Ehrlich in 1882 (Barberis et al., 2017). Sputum smear
microscopy, Xpert MTB/RIF, Light Emitting Diode LED-Fluorescence Microscopy
(LED- FM), BACTEC Mycobacterium Growth Indicator Tube (MGIT) 960 system,
lateral flow urine lipoarabinomannan assay (LF-LAM), loop-mediated isothermal
amplification (LAMP), line probe assay (LPA) are the primary WHO recommended
TB diagnostic methods. Some of the methods need a higher proficiency and lab setup;
as a result rapid and accurate diagnosis of TB remains difficult in economically

deprived regions with a high TB burden (Prakruthi & Kavitha Sunil, 2022).
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In addition, the immune response to TB can be assessed using diagnostic tests that
detect the presence of memory immune cells or measure cytokine release for latent
TB detection. Tuberculin skin test, Interferon-Gamma Release Assays (IGRAs) and
T.SPOT are the common immunological diagnostics that have been used to detect
MTBC infection and differentiating active TB from latent TB (Islam et al., 2014;

Lagrange et al., 2007).

1.5.3.1. Microscopic diagnosis

Sputum smear microscopy for symptomatic individuals and those at risk was
endorsed in 1974 by the WHO Expert Committee on Tuberculosis (Daniel, 2006) and

yet it has been in use for more than half a century globally and in Ethiopia as well.

Scientists including Neelsen, Ziehl, Ehrlich, and Rindfleisch enhanced Koch’s
technique identifying the bacillus through reagent and procedure modification
resulting in the Ziehl-Neelsen (ZN) technique which was initially used by Ehrlich in
1882. The mordant carbolic acid (phenol) was introduced by Franz-Ziehl and the
primary stain changed to basic fuchsin by Friedrich Neelsen while retaining the
Ziehl’s mordant in ZN staining to facilitate the penetration of the crbol fuchsin into
the lipid enriched cell wall of the bacilli. Heat was employed (Hussey & Zayaitz,

2008) and named “hot staining”.

The modified ZN microscopic diagnosis light emitted diode (LED) microscopy is
endorsed by WHO for its increased sensitivity; however, there some study findings
reported a similar sensitivity to the ZN method (Anthwal et al., 2021; Davis et al.,
2013). The ZN staining method has been used for PTB patients’ classification as
"smear positive™ or "smear negative" based on the presence or absence of acid-fast

bacilli (AFB), and this classification is of particular relevance to the current study.
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1.5.3.2. Rapid molecular tests (GeneXpert MTB/RIF assay)

GeneXpert (Xpert) assay was recommended by WHO in December 2010 for use in
TB, multidrug-resistant TB, and TB/HIV co-infection in endemic settings to tackle
the limitations of sputum smear microscopy and culture. Currently, WHO has
recommended the utilization of other nucleic acid amplification tests (NAATS)
including Truenat (MTB or MTB Plus) for initial diagnosis of tuberculosis (TB) for

countries such as Ethiopia as well.

The highest sensitivity rate has been reported for GeneXpert in detection of adult PTB
patients; however, this may be impacted by the specific MTBC strains and DR
mutations detected in a particular geographic location. For instance, it had only 72%
and 42% sensitivity for SPPTB and SNPTB compared to culture (Alemayehu et al.,
2024) and it also falsely detected DR in significant number of patients (Akalu G et
al., 2023) . Moreover, both the updated Ultra and Xpert MTB/RIF assay exhibits
lower specificity in comparison to the conventional methods, culture and smear
microscopy which limits its use in monitoring treatment outcome of SPPTB or

bacteriologically confirmed PTB patients.

The assay uses single-use plastic cartridges with multiple chambers pre-loaded with
liquid buffers and lyophilized reagent beads for sample processing, DNA extraction,
and semi-nested real time-PCR (Blakemore et al., 2010). Briefly, after a specimen is
transferred into the MTB/RIF cartridge and entered into the Xpert machine, all the
following steps, including sample work-up, nucleic acid amplification, detection of
the target sequence and result interpretation is executed automatically by starting the

test on the system software.
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1.5.3.3. Culture

Theodor Albrecht and Edwin Kleb tried to isolate the TB bacillus in 1867 by seeding
tuberculous material on egg whites and culture in sterile flasks (Barberis et al., 2017).
Culture has been the most sensitive gold standard TB detection method globally, and
has facilitated the identification of all mycobacterial species including detection of
those MTBC with drug resistance and NTM. However, the lengthy time and the
sophisticated lab and resource requirements limit its use for routine TB diagnosis.
Though both solid and liquid culture medium has been recommended by WHO, the
liquid media BACTEC MGIT 960 system is superior than the solid (LJ media) due to

its higher sensitivity and reduced turnaround time.

1.5.4. Overview of TB control and laboratory diagnosis in Ethiopia

TB control in Ethiopia began in the early 1960s with the establishment of TB centers
and sanatoriums in 3 urban areas. In the next decade the Central Office of the
National Tuberculosis Control Program was established and was succeeded by the
National Tuberculosis and Leprosy Control program (NTLCP) in 1994. This
harmonized TB and Leprosy coordination and management at national level. In June
2000, the NTLCP became one team within the Disease Prevention and Control
Department of the ministry. Starting from 2013 this program was reorganized to
incorporate regional TB/HIV programs. More recently the program has evolve to

cover other lung diseases as well (MOH, 2023).

In Ethiopia it is estimated that a total of 4,000 public and 1000 private sector TB
diagnostic sites are available in 2024 (MOH, 2024). About 11 regions and selected
specialized hospitals provide MTBC culture facilities. The most sensitive diagnostic

tests remain limited with Xpert and smear microscopy as front line methods to detect
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TB (MOH, 2023). Culture is primarily indicated only for bacteriologically confirmed
DR suspected patients and for phenotypic confirmation of molecularly detected DR
even though more than 50% TB patients are negative by Xpert and smear microscopy

(MOH, 2023, 2024).

The Ethiopian national guidelines recommend Xpert for initial screening for 648
health facilities throughout the country for sputum examination for all presumptive
TB patients (MOH, 2024). However, it is not fully implemented due to limited
infrastructure, skill and cartridge shortages even within the capital Addis Ababa
(Mohammed et al., 2020). Therefore, patients wait more than a week for laboratory
results even though alternative microscopy is available for either diagnosis or anti-TB
treatment follow-up. Moreover, misclassification of patients as SNPTB based solely
on clinical evaluation without laboratory testing occurs in the Country (Alemayehu et
al., 2024) . In general TB laboratory diagnosis services has improved, yet more effort
is needed particularly regarding SNPTB or clinically diagnosed TB that can

potentially be minimized through adoption of more culture facilities.

1.6. Treatment of pulmonary tuberculosis

In 1854 Hermann Brehmer, described "TB is a curable disease™ for the first time
promoting treatment of many people in sanatoriums (Barbier & Wirth, 2017). The
discovery of the bacteriostatic agent para-amino salicylic acid and
thiosemicarbazonein and isolation of streptomycin, the first antibiotic and bactericidal
agent active against MTBC used to treat TB in a young woman (Daniel, 2006;
Gradmann, 2001) were important milestones in medical treatment of TB. However,
the discovery of the first oral anti-mycobactericidal drug isoniazid in 1952 and

rifamycins in 1957 (Barbier & Wirth, 2017) opened up a new TB treatment era that
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has since been supplemented with a number of other anti-TB drugs (Table 1) (WHO,

2022b, 2022c).

Beside the treatment-based approaches the sole approved TB vaccine, Bacillus
Calmette-Guerin (BCG), has been used as a preventive approach by WHO. BCG has
been used more than a century and it is primarily effective in infants against TB
meningitis and has insignificant protection in adults (McShane, 2011). Hence,
development of a new next generation vaccine has been a major objective of global
stockholders, and that in turn requires detailed investigation of the genetic basics of

the MTBC and the host.

Table 1. Updated list of drugs used to treat TB and DR TB and MTBC gene mutations

related to antibiotic resistance.

Drug name Genes mutations that confer Drug type

resistance

First-line drugs

Streptomycin (STN)  pncA, clpC1, panD Aminoglycide
Isoniazid (INH) katG, inhA, FabG, kasA Analogous to ETH
Rifampicin (RIF) RpoB Rifampicin
Ethambutol (EMB) embB, embAB, embC Bacteriostatic
Pyrazinamide (PZA)*  rpsL, gidB, murA Pyrazine

Second -line drugs

Ofloxacin (OFL) gyrA, gyrB Fluoroquilone
Kanamycin (KMC)  eis, murA Aminoglycide
Ethionamide (ETH) ethA, inhA, fabG Analogous to INH
Bedaquiline (BDQ)  pepQ, Rvo678, mmpL5, mmpS5, atpE  Diarylquinolines
Linezolid (LZD) RpIC, rrl Linezolid

* can be used in MDR-TB treatment (WHO, 2022c).
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1.6.1. Epidemiology of drug-resistant TB

Among the antimicrobial drug resistance (AMR) causes of death 1.5 million were
related with the lower respiratory tract infection and multidrug-resistant TB (MDR-
TB) is among the top five antimicrobial associated mortality (100,000-250,000) in
2019 globally (Murray et al., 2022). According to definition of WHO, MDR-TB is
resistance of TB to the two first line anti-TB drugs INH and RIF; the new WHO
consolidated guidelines for DR-TB treatment also included TB that is resistant to RIF
(RR-TB). Pre-XDR-TB, or pre-extensively drug-resistant TB, is characterized by
resistance to INH, RIF, and at least one second-line injectable medication (amikacin,
capreomycin, or kanamycin) or resistance to RIF and any fluoroquinolone (such as
levofloxacin or moxifloxacin). Extensively drug resistant TB, XDR-TB, is defined as
resistance to INH, RIF, a fluoroquinolone (levofloxacin or moxifloxacin), and either
bedaquiline or linezolid or at least one second-line injectable medication (amikacin,

capreomycin, kanamycin) (WHO, 2023b).

MDR/RR-TB was responsible for nineteen thousand deaths in 2022 globally, and it
was prevalent in 3.3% and 17% of newly and previously treated TB patients,
respectively, which decreased by 0.06% and 3% from DR levels reported before
seven years (WHO, 2023b). Ethiopia is among the 30 countries with the highest
burdens of TB or TB-HIV, but is now excluded from the list of the 30 countries with
the highest MDR/RR-TB burden together with Kenya and Thailand, while Zambia,

Mongolia, and Nepal have joined this high burden country list (WHO, 2023b) .

There are number of study reports on the level of DR and MDR-TB in Ethiopia recent
metanalysis by Reta et al., any drug resistance was 14.25% (95% confidence interval

(CI): 7.05-21.44%) and 2.64% (95%Cl: 1.46-3.82%) MDR-TB in newly diagnosed cases
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and 11.54% (95%Cl: 2.12-20.96%) respectively which depends on studied area and TB
type that the highest MDR-TB was reported in Addis Ababa (Reta et al., 2022). A
21.3% and 13.4% (3% in newly diagnosed TB patients) for any DR, and MDR-TB
respectively were reported by a recent multicenter study conducted. on PTB patients in
different regions of Ethiopia (Yenew et al., 2024). A resistance to any drug, 23% MDR-
TB 1.3% in newly diagnosed SPPTB was also reported in earlier study conducted in

the country.

In Addis Ababa recently a 14% DR and 5.8% MDR-TB were reported among
bacteriologically confirmed patients (Akalu G et al., 2023). Whereas, a limited
published data are available on the MTB-DR level among SNPTB patients. A study
report from China on newly diagnosed SNPTB reported 29.6%, 2.4% and 0.08% of
the isolates were DR, MDR and extensive drug resistance (XDR) respectively (CHEN
et al., 2020). An earlier institutional based study among SNPTB and SPPTB, study
from Ethiopia, Addis Ababa also reported a similar proportion of DR, 25% among
SPPTB and 29.8% among SNPTB while 13.5% and 8.3% MDR TB among newly
diagnosed SNPTB and SPPTB patients (Desta et al., 2008). Another similar study
conducted in the same area on SNPTB patients reported 8.6% MDR TB prevalence in
newly diagnosed and 33% in previously treated SNPTB patients (Sinshaw et al.,

2019).

All the study report results imply the equal importance of DR TB detection and
monitoring and control in SNPTB like SPPTB to end TB and DR-TB. Therefore the
current study aimed determining drug resistance pattern of MTBC isolates from this
group of patients which will nourish the scarcely available data on this group of

patients.
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1.6.2. Drug resistance mechanisms of MTBC

Besides its serious global and national impacts, MDR-TB treatment has been causing
a huge economic burden due to the high cost of the second-line anti-TB drugs and the
long-term hospitalization of patients (Ahmad et al., 2016; Sinanovic et al., 2015). In
addition, MDR-TB has a noticeable impact on psychosocial aspects of the affected
population (Peddireddy, 2016). Thus, MDR-TB control requires better therapeutic
and diagnostic methods, which in turn depends on a better understanding of the
mechanisms of MTBC drug resistance and the mutations associated with the first-line

anti-TB drugs.

There are two DR mechanisms in bacteria; a resistance that can occur through the
transmission of already resistant strains, called “primary resistance’’, or “acquired”
de novo resistance during treatment (Garcia-Basteiro et al., 2024) (Figure 8). The de
novo emergence of DR in patients can arise as a result of an insufficient drug regimen
such as sub-standard dosage and quality of drug, poor adherence to treatment, and
patient dependent pharmacokinetic and pharmacodynamics characteristics of the
given drugs (Gumbo, Angulo-Barturen, & Ferrer-Bazaga, 2015). Moreover, a study
demonstrated that prolonged continuous exposure of MTBC bacilli to lethal
concentrations of an antibiotic can lead to an antibiotic persistence phase which could
be a resource for the generation of genetically resistant mutants to the same antibiotic

or another antibiotic (Sebastian et al., 2017).
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Figure 8. Diagrammatic presentation of emergence of primary and acquired drug
resistance in bacteria (S: Susceptible R: resistance).

There are two distinct mechanisms of antimicrobial drug resistance; the intrinsic and
acquired drug resistance. The intrinsic resistance mechanism is the inherent ability of
MTBC to resist the activity of a particular antimicrobial agent through its innate
structural or functional features linked to the MTBC unique cell wall properties,
including the presence of mycolic acids, and B-lactamase enzymes and the efflux
mechanisms that play an important role in rifampicin and isoniazid resistance (Figure
9) (Nusrath Unissa & Hanna, 2017). The Mycobacterial ability to resist a particular
antimicrobial agent to which it was previously susceptible is called acquired drug
resistance. Unlike the situation in other bacteria, spontaneous mutations in
chromosomal genes encoding drug targets are the main mechanism in MTBC for both

first and second line drugs (Nasiri, Haeili, et al., 2017).
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Figure 9. Mechanisms of action of antimicrobial drugs and ways by which
mycobacteria become resistant to them (Nasiri et al., 2017).

In addition to the above drug resistance mechanisms, epigenetic drug tolerance may
arise either from the infected host cell or infecting MTB during anti-TB drug
treatment. In MTBC this has been observed frequently with latent or relapsed TB
cases that may contribute to higher rates of MDR in this group of patients. For
instance, epigenetic modifications in MTBC such as methylation of the 23S rRNA for
resistance to second line drugs (Manderwad, 2017; Maus et al., 2005) and histone-like
protein for resistance to first line anti TB drugs (Sakatos et al., 2018) enable the
bacilli to alter gene expression patterns through adaptation to changing environments

(J. Phelan et al., 2018; Shell et al., 2013).

The mechanisms involved to overcome the effects of first-line anti-TB drugs
particularly, rifampicin the most widely used first-line anti-TB drug and the current

surrogate diagnostic marker in global MDR TB control, will be discussed in detail
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with further exploration on the effect of drug resistance mutations on the drug

resistance detection, particularly the WHO endorsed Xpert MTB/RIF assay.

1.6.3. rpoB gene mutation as a primary acquired drug resistance mechanism

M. tuberculosis confers RIF resistance mainly through target alteration, i.e. mutation
in rpoB gene which encodes the beta subunit of RNA polymerase, as well as gene
mutations impacting drug cell wall permeability via efflux pumps. Furthermore,
enzymatic modification of the drug is the newly identified mechanism in which a
monooxygenase enzyme family rifampicin monooxygenase, inactivates rifampicin by

chemically modifying its structure and confers RIF resistance (Liu et al., 2018).

1.6.4. rpoB gene mutations as a surrogate marker of DR-TB detection

The gene rpoB, encodes the beta subunit of RNA polymerase and has 1172 amino
acids (Cloete et al., 2016). In MTBC the rifampicin resistance determining region
(RRDR), 81-bp long (codon 433-458 or codon 507— 533 as per Escherichia coli
coordinates), has been associated for RIF resistance. The most frequent mutations that
confer high level of RIF resistance without any fitness loss in MTBC strains are
substitutions within the codon number 441, 451 and 456 (516, 526 and 531 as per E.

coli coordinates) (Isakova et al., 2018).

Amino acid substitutions Ser531Leu, Asp516Tyr and His 526 Asp are also common
mutations conferring resistance (Figure 10). The proportion of detected mutations
(usually 75-100%) within the RRDR depends on geographic location and strain type

(Dookie et al., 2018; Ramasubban et al., 2015).
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Figure 10. Most frequent mutations occur at RRDR region of RpoB proteins (Nusrath
Unissa & Hanna, 2017).

Codon numbering based on E. coli (upper panel); codon number based on MTBC (lower
panel, CP: codon position, AA: amino acid.

Molecular studies have identified novel mutations within RRDR and regions outside
RRDR which are affected by strain type and geographic location. Different studies
reported RIF resistant isolates with mutations at codons 471, 490, 500, 502, 503, 504,
505, 506, 507, 508, 543, 547, 553, 555, 557, 559, 562, 564 and 572 outside the RRDR

(Akalu et al., 2022; Jaksuwan et al., 2017; Ramasubban et al., 2015).

Other than the alteration of RNA polymerase Il activity, rpoB mutation contributes
for intrinsic drug resistance mechanism and alters mycobacterial physiology. For
instance RpoB mutation H526D is linked to a change in cell wall physiology and

resistance to cell wall-related stress (Campoddnico et al., 2018).

A reduced fitness of the resistant mutants as a result of acquired antibiotic resistance
mechanisms affects the development stability and domination of the resistance
phenotypes. WGS analysis demonstrated compensatory mutations on rpoB mutant
MTBC isolates in the rpoA and rpoC genes. Studies reported about 47% of MDR-TB
patients in TB endemic regions have mutations in either rpoA or rpoC (Casali et al.,

2014). Both rpoC and rpoA compensatory mutations are predominantly associated
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with the predominant Ser450Leu rpoB gene mutation (Naidoo & Pillay, 2017; Yun et
al., 2018). Enhanced fitness and transmissibility of resistant strains are related with
these mutations. An in vitro culture study showed that resistant strains show poor

growth in normal culture media without RIF (Isakova et al., 2018).

To summarize, MTBC chromosomal gene mutations particularly the RRDR of rpoB
is considered as major mechanism of RIF resistance and is also the target for most
molecular assays particularly Xpert MTB/RIF, however there are mutations outside
these regions and other alternative mechanisms among drug resistant isolates which
are not the target for these assays. Though, Xpert sensitivity has been improved with
the newer assay (Ultra) that targets two different multi-copy genes, rpoB and 1S6110
which allows a better detection of TB and definitive identification of RIF
susceptibility and resistance (Chakravorty et al., 2017; Eldholm et al.). However, it
may be inefficient for isolates with low copy number of 1S6011 which is strain

specific (Figure 11) (Comin et al., 2022).
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Figure 11. 1S-6110 copy number distribution in lineages of MTBC.

Each lineages are denoted by a diverse colour as indicated in the figure legend
(Roychowdhury et al., 2015).
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Control of MDR-TB will likely require more sensitive assays allowing detection of
mutants which vary according to strain and geographic area (Andre et al., 2017). To
address both undetected DR-TB and false DR-TB detection, ideally WGS as a rapid
test if affordable will enable patient informed TB management for DR-TB patients as
well as for NTM infected individuals. Likewise, developing new molecular and non-
molecular diagnostic methods (e.g. serum biomarkers) that overcome the limitation in

MDR-TB diagnosis need to be identified.

1.6.5. Drug resistance detection methods

Drug resistance can be detected using either phenotypically (solid and liquid culture)
which is the most accurate method even though it takes more than a week or using
molecular DR detection methods which are time saving but less accurate and often

need confirmation by phenotypic testing.

Prior to the start of therapy for all TB patients, with new and previous history of TB
treatment, the use of the approved rapid molecular DST as the initial test to detect

drug resistance is endorsed by WHO.

Currently, many programs including in Ethiopia have been carrying out DST at least
for RIF at the start of TB treatment. This has been enabled by better detection through
improved access for rapid molecular DR testing, particularly Xpert. In addition to the
for RR testing using Xpert, LPA WHO approved a rapid polymerase chain reaction
(PCR) based method designed to amplify DNA from MTBC and immobilize
oligonucleotides on a strip to detect mutations commonly associated with resistance to

rifampicin, isoniazid, fluoroquinolones and second-line injectable agents.
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Beside its limited sensitivity, Xpert assay detect mutations within the RRDR which
may not confer phenotypic or clinical resistance. Along with NAAT, Xpert tests are
rapid, feasible, and accessible; however, do not identify mutations outside the rpoB
associated gene. Conversely, WGS, at 96% concordance with culture-based drug
sensitivity testing, offers a comprehensive analysis of the entire MTBC genome and
genotypic sensitivity data for most drugs used in the treatment of MDR-TB. However,
the full extent of the correlation between genotypic results of WGS and phenotypic

sensitivities remains underexplored.

Phenotypic DR detection is yet considered as the gold standard for identifying
antimicrobial susceptibilities. The modified proportion methodology works with
automated liquid culture equipment like the BACTECTM MGIT 960 and requires
fewer weeks than the conventional LJ culture beside its increased sensitivity for
MTBC isolation. Results from sputum smear microscopy are obtained in less than 24
hours even though limited by sensitivity and DR detection as well as NTM
identification from MTBC. NAAT has the ability to detect DR and has a relatively
shorter turnaround time (TOT); however, such assays have higher cost, require
advanced technique and higher infrastructure, and do not always correlate with
phenotypic drug resistance. Culture is the most acceptable method both in sensitivity
and specificity in TB and DR-TB detection, but it is limited by the time and resources.
Thus, there is a continuing need for better diagnostic tools, and this requires a
complete understanding of the bacterial genotype and mutations related to DR. In
particular there have been few studies which address DR in SNPTB which has been

viewed as a low priority.
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1.7. Molecular methods used for strain typing of MTBC

Due to the low DNA sequence diversity of MTBC strains, characterization of markers
like transposable and repetitive genomic elements have been attractive approaches
using modern MTBC genotyping. Thus, based on the position of insertion sequence-
6110 (1S-6110) throughout the genome and its variability in copy number, 1S-6110-
restriction fragment length polymorphism (RFLP) has been recognized as the first
fingerprinting technique used to define MTBC strains (McEvoy et al., 2007). IS based
typing is also used for NTM species and subspecies characterization. This includes
for example 1S901, 1S902, 151245, 1S900, 1S901, 1S902, and 1S1245 used for M.
avium species and sub-species molecular typing, and 1S6120 for M. smegmatis

(Jagielski et al., 2014).

Subsequent to RFLP, region of differences (RD) typing, RFPLP 1S610 60SrRNA
analysis, spacer oligonucleotide typing (spoligotyping) and MIRU-VNTR (Supply et
al., 2013) are techniques which are all based on the polymerase chain reaction (PCR)
were established (Kamerbeek et al., 1997) in cascade. Currently, next generation
sequencing particularly WGS has been the most powerful method for epidemiological
investigation of DR and MTBC strain typing(WHO, 2023b) . In this study,
spoligotyping and WGS were applied determine MTBC genetic diversity and DR

which will be discussed in detail.

1.7.1. Spacer Oligo Nucleotide typing (spoligotyping)

In 1997 the PCR-based genotyping method termed spoligotyping was described and
published for the first time (Kamerbeek et al., 1997). It is among the few molecular
typing technique with a globally standardized database, SpolDB4 and SITVIT2

(updated version), and allows easy interpretation of results. It is also a highly sensitive
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method that requires minimal genomic DNA and can be also used directly on clinical
samples (Mulualem et al., 2020). Currently, it has been in use combined with Micro-
satellite interspersed repetitive unit-variable number tandem repeats (MIRU-VNTR);
both use PCR based amplification of the target DNA of MTBC and WGS which
targets the entire genome (Figure 12) for MTBC epidemiologic investigations.
However spoligotyping is less powerful in distinguishing unrelated strains and is not

suitable for NTM strain typing which can be typed by WGS (Cannas et al., 2016).

Mtub, ETR,
QUB and
MIRU loci

Spoligtyping MIRU-VNTR WGS

Figure 12. Diagrammatic presentation of targets of the three genotyping methods on
the genome of M. tuberculosis H37Rv.

In spoligotyping, variation in the MTBC genome of direct spacer regions is detected.
The DR locus also called the CRISPR locus and is comprised of multiple identical
36bp long regions interspersed with non-repetitive "spacer DNA sequences” that vary
in length from 35bp to 41bp between each repeat as shown in Figure 13. The
combination of the DR and the surrounding spacer is known as a direct variable repeat

(DVR) (Kamerbeek et al., 1997).
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Figure 13. Diagrammatic presentation of direct variable repeat (DVR) composed of
spacers and direct repeat regions (Kamerbeek et al., 1997).

The DR locus exhibits good conservation among MTBC species and currently may
include up to 68 spacers, though the first recognized DVRs represented 43 distinct
spacers (Kamerbeek et al., 1997). Homologous recombination between adjacent or
distinct DRs as well as transformation brought by the insertion of 1S-6110 results

variation in DR regions (Goguet de la Salmoniere et al., 1997).

Lack of a specific spacer in different MTBC strains is the base for spoligotype defined
genotypes of MTBC (Kamerbeek et al., 1997). In membrane spoligotyping PCR
amplification, hybridization and chemoluminesent base radiography detection are the
wet lab procedures; binary code generation converted to octal code is the dry
laboratory procedure. An online database containing 111,635 clinical MTBC isolates
from 169 countries (Couvin et al., 2019) is continuously updated for the final

prediction of MTBC strains.

The subjective base interpretation of results and consideration of homoplasy between
strains; for example, a spoligotype designated as SIT4 had isolates belonging to
sublineages 4.1, 4.2, 4.3, 4.4 or 4.8 (Napier et al., 2023; R. Warren et al., 2002)
reveals limitation in the precise characterization of MTBC strains in spoligotyping
relative to other molecular typing methods including, SNP typing assays which are

used for molecular typing and DR predictions in MTBC (Stucki et al., 2012).
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1.7. 2. Whole Genome Sequencing

DNA sequencing was done for the first time for the ribonuclease gene from S.
cerevisiae by Holley et al and other scientists (Satam et al., 2023). Sanger's invention
of the chain termination-based sequencing technique dramatically accelerated
sequencing. This method produced sequence readings up to a few hundred nucleotides
long by using dideoxynucleotides which stop chain elongation of DNA strands during
replication (Sanger et al., 1977). Subsequently, with newer next generational
sequencing approaches, it became possible to rapidly determine the entire DNA
sequence of an individual's genome which is called whole genome sequencing

(WGS), a potent and thorough genomic analysis method(Satam et al., 2023).

WGS makes it possible to identify genetic differences, from single-nucleotide
polymorphisms (SNPs) to more significant structural alterations like insertions,
deletions, and rearrangements, by sequencing every nucleotide of an organism's
genome. Because WGS offers higher resolution it has been increasingly important in
the epidemiological examination of MTBC. Moreover, there are tools developed for
analysis of spoligotypes or other molecular markers which correlate with DNA
sequence results (J. E. Phelan et al., 2019), making it the most popular molecular
typing method. Most importantly, WGS has the highest discriminatory power but is
more technically complex than the other molecular typing methods including

spoligotyping (Cannas et al., 2016).

WGS has two types of sequencing approaches based on genome size: (1) large whole-
genome sequencing, which decodes larger genomes > 5megabytes (Mb) such as from
eukaryotes, and (2) small whole-genome sequencing which decodes smaller genomes

of < 5Mb, mainly of prokaryotes. Short-read sequencing which was used in this study
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is preferred for mutation calling, but long-read sequencing is preferred for genome

assemblies (Di Marco et al., 2023).

1.8. MTBC lineage type, drug resistance and TB diagnosis

There is growing evidence that genetic diversity in MTBC contributes to the
outcomes of infection and public health interventions, such as clinical disease
heterogeneity, and anti-TB drug treatment outcome. For instance, epidemiological
studies demonstrated that MTBC strains belonging to lineage 2 (Beijing family) was
associated with adverse clinical features of TB including hyper-virulence, treatment
failure, and vaccine escape (Carey, 2022). Strains of this lineage have also been
reported to have greater risk for developing resistance to all first line anti-TB
medications compared with other more ancient lineages (Zhou et al., 2017),
suggesting the generalization that modern lineage strains may be associated with

greater risk of drug resistance than ancient lineages.

The impact of MTBC strain diversity on the clinical outcome is also apparent from M.
africanum infections which are characterized by lower rates of progression from
exposure to active disease, but more severe disease among active cases compared
with other MTBC strains. Such findings may also relate to geographic or host

predisposition since it is primarily (but not exclusively) found in West Africa.

Similarly, MTBC lineage type has been found to be associated with disease severity
by chest X-ray grading; higher frequencies of radiographic consolidation among
patients infected with lineage 4 (LAM family) were observed relative to other
lineages. On the other hand, patients with lineage 2 strains presented with greater

numbers of cavitary lesions compared to other lineages (Peters, 2020).
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In vitro growth characteristics of MTBC are also related to strain diversity. For
example, MTBC lineage 4 showed faster growth rates compared to other lineages
including lineage 3. Similarly, patients that harbour lineage 4 tend to have higher
microscopic bacillary loads in relation to other strains such as lineage 3. Taken
together, MTBC strain diversity is an important factor along with host genetics and
environmental factors that impact TB clinical presentation, radiographic image
findings and laboratory evaluation that are associated with clinical outcome and drug
resistance. Though considerable research has been performed, basic and operational
research is required for further comprehensive understanding of TB and MTBC

contributing to evidence-based end TB strategy.

1.9. Statement of the problem

In Ethiopia, smear-negative TB (now referred as clinically diagnosed PTB) accounts
for a significant proportion of TB cases who are often left undetected and hence
leading to a significant number of morbidity and mortality (MOH, 2024). Addressing
this portion contributes to better understanding of the problem, its clinical significance
and molecular characterization of the causative bacterial strains. Several studies
conducted in Ethiopia included molecular characterization of circulating MTBC

strains that are isolated from bacteriologically confirmed PTB or SPPTB patients.

Very scarce information is available on drug resistance characteristics, and none on
genetic diversity of MTBC among SNPTB patient in Ethiopia which has a higher
proportions in the world of smear negative TB among all cases of pulmonary TB
(WHO, 2023b). Several factors could contribute to this including limited availability
of appropriate reagents and microscopes for smear tests, lack of training or technical

expertise, lack of ideal antibiotics for conventional bacterial pneumonia, as well as
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lack of adherence to WHO clinical algorithms for smear negative diagnosis
(Mohammed et al., 2020). In addition, it is also possible that there exist unique
microbiological features of the mycobacteria from smear negative cases, which
preclude ease of detection, since it is known that MTBC strain diversity contributes
for the outcome of laboratory diagnosis particularly, acid fast staining (AFS) bacillary
load, culture positivity and abundance of cell wall lipid metabolism proteins and

disease severity.

Moreover, the current available TB diagnostic tools are insufficient to achieve rapid
and accurate diagnosis of TB and DR-TB resulting in empiric treatment for 38 % of
the global PTB cases (MOH, 2024),. Thus, there is an urgent need for simple and
highly accurate TB diagnostic technologies. The current laboratory, clinical and
imaging based diagnosis of TB face certain challenges, such as delay in test result and
inadequate sensitivity in sputum examination, lower specificity of geneXpert,
inability to differentiate TB from other infections through imaging and clinical
scoring alone due to similar manifestations, and poor specificity. Moreover, from a
very limited published data, drug resistance among SNPTB was reported in a
significant proportion like SPPTB while a periodic study on DR level in a given
population is mandatory to monitor DR-TB. These all challenges require a periodic
study on the circulating MTBC strains and understanding differences in the lineage
composition of MTBC complex that could contribute for the laboratory diagnosis
outcome of TB as well as MTBC drug resistance profiles in different clinical forms of
TB that helps to recognize TB pathogenesis and associated diagnostic challenges for

better development of therapeutics and diagnostics to end TB.
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Our goals in this study were both to precisely characterize SNPTB patients according
to a comprehensive algorithm of diagnostic tests, exploring the genotypes of
pathogens responsible for SNPTB and determine the drug resistant profile of MTBC
in SNPTB patients which is a timely research area to end TB in the Country as well as
globally. The study outputs will be an impute for future improvements on the current
TB diagnostic tools including smear microscopy and geneXpert test through detecting
the MTBC strain difference between SNPTB and SPPTB using robust genotyping
method, WGS. Moreover it will be a base for future studies on developing more
accurate TB and DR-TB detecting tools. In addition, the output from drug resistance
pattern will give awareness and help policy makers and TB programmers to take

appropriate measures in controlling DR in SNPTB patents and the general population.

1.10. Hypothesis of the study

There is a difference in genotypes of Mycobactrium species and a similar drug
resistance pattern between smear negative and smear positive pulmonary tuberculosis

patients.
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2. OBJECTIVES OF THE STUDY

2.1. General objective

% To evaluate the genetic diversity and drug resistance patterns of

Mycobacterium species from SNPTB compared to SPPTB patients.

2.2. Specific Objectives

1.

To determine the MTBC genetic diversity in SNPTB and SPPTB patients using
spoligotyping and WGS.

To determine the phenotypic and molecular drug resistance pattern of MTBC
strains isolated from SNPTB and SPPTB.

To determine the accuracy of smear microscopy and Xpert MTB / RIF test for the
diagnosis of SNPTB compared to culture.

To assess the association between patient’s clinical and imaging findings as well
as anti-TB treatment outcomes between SNPTB and SPPTB.

To identify the NTM species isolated from PTB patients using Genotyping

CM/AS assay and assess their clinical significance in PTB patients.
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3. MATERIALS and METHODS

3.1. Study setting

The study was conducted in Addis Ababa, the capital city of Ethiopia, with an area of
527 square kilometres, a population of 46,987,000 and female comprised of
47,365,000 and male 94,352,000 in 2017 (CSA, 2017). The city is comprised of 10
sub-cities and 116 Woredas. According to the Addis Ababa Health Bureau, there are
more than 700 different level private clinics, 95 public health centres, 14 public
hospitals (AAHB) during the study period. A total of 155 health facilities have TB
laboratory services, of which 118 have direct AFB smear microscopy test, but Xpert
test and DST has been performed only in selected TB laboratory facilities through
referral systems during the study period. Since 2019 Xpert MTB/RIF has been
available in most TB laboratory facilities in Addis Ababa as a primary TB diagnostic

service (MOH, 2023, MOH, 2024).

According to the 2017 Annual TB and Leprosy Control Program Performance Report
of the Addis Ababa Health Bureau, the proportion of SPPTB SNPTB and extra-
pulmonary TB (EPTB) was 26%, 26%, and 38% respectively. Concerning GeneXpert,
only 17.5% of patients were positive for MBTC among those patients tested in the

Xpert MTB/RIF assay.

For this study, twenty-two health centers from eight sub-cities were selected based on
patient flow and availability of Xpert test laboratory as shown on the map (Figure 14)
however, only were feasible and the final destination for recruitment of study

participants (Figure 14).
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Figure 14. Map of the study area and health centres participated in the study (spotted
red) modified from (Destaab & Tulubc, 2015).

Retrospectively collected and archived samples were also retrieved from the
Ethiopian Public Health Institute (EPHI), which has a national TB reference
laboratory and located in the capital Addis Ababa, and used for the last objectives of

this study.

The study comprises four primary components: 1) Microscopic, Xpert and culture
analysis of sputum specimen; II) culture grown MTBC strain genotyping; IlI,
phenotypic drug resistance determination for strains of MTBC; and 1V) species typing

of NTM. Each component is described in details below.

3.2. Patient recruitment procedure

All newly diagnosed and untreated presumptive PTB patients were recruited by the
health personnel assigned for the study either from outpatient department (OPD) or
those referred to the TB clinic of the health facility. Patients were asked to participate

in the study following briefing about the study. Only patients who fulfilled the study
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eligibility criteria and who signed the informed written consent were included in the

study.

3.3. Study design

A health facility-based case control study with a six month follow up of patients was
used for the first four objectives and cross-sectional retrospective study was

conducted for the last objectives.

3.4. Sample size and sampling technique

The study was powered to according to the second aforementioned objective, to
determine if clinical features differed between cases (SNPTB) and controls (SPPTB).
Using the formula for an unmatched case control study built in Epi info version 3
(Dean, 2010; Jennifer L Kelsey et al., 1996), sample size was calculated assuming a =
0.05 and B = 0.8, cough presentation (as representative clinical feature) in 71% of
SPPTB and 54% of SNPTB (L. C. Campos et al., 2016) (supplementary Table 1), a
1:1 ratio of cases to controls, and over recruiting by 10% to account for incomplete
data collection. With these parameters, we calculated a sample size of 153 for each
group. Notably, a significant number of SNPTB patients were found to be smear
positive upon retesting at the research laboratory (AHRIL) with concentrated acid-fast
staining (CAFS) smear microscopy and vice versa; however, we included all the

eligible participants.

All consecutive patients who visited the health facilities selected based on patient
flow and availability of Xpert test during the study period were included until the
required sample size was attained. For the last two objectives all the patients fulfilling

the inclusion criteria were included.

48



3.5. Study population

Source population

The source population consisted of presumptive pulmonary tuberculosis patients
diagnosed at the study sites from August 2018 through August 2021. For the last two
objectives primarily PTB patients whom their sample were referred to EPHI for TB

culture were source population.

Study population

Individuals who visited the selected health facilities and satisfying the Ethiopian
national clinical and programmatic management of TB, leprosy and TB/HIV
(EGCPMTLH) case definition of PTB were enrolled in this study. For the last two
objective, the study population were PTB patient irrespective of their treatment status
whom their samples were referred to EPHI for MTBC culture and NTM was
recovered; primarily patients available from January 2017 to December 2017 and

their data was available in the EPHI TB database were the sample population.

3.6. Inclusion and exclusion criteria

Inclusion criteria

Criteria included: newly diagnosed PTB patients, aged 18 years and above, and who
were diagnosed either by smear microscopy as positive or smear negative PTB and
who were prescribed with a full course of anti-TB drugs based on Xpert MTB/RIF
result or clinical judgment, and willingness to sign written informed consent were

enrolled.
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Exclusion criteria

On the other hand, patients who were unable to produce sputum and who were
initiated on anti-TB treatment for more than five days or on TB prophylaxis
medication were excluded. For the last two objectives, NTM patients who had

incomplete data were excluded.

3.7. Operational definitions

Definition of cases and controls

During the study period the health centers have been used Xpert, smear microscopy
and/or for some patients, no laboratory testing result to diagnose PTB patients.
Therefore, to keep test accuracy and uniformity patient classification was based on
CAFS smear microscopy result done at Armauer Hansen Research Institute’s (AHRI)
research laboratory on all sputum samples. A previous study with such methodology
was shown to enhance AFB detection by over 10% (Bruchfeld et al., 2000).
Therefore, cases (SNPTB patients) and controls (SPPTB patients) were defined based

on the cAFS microscopy analysis findings at the AHRI research laboratory.

Briefly, SNPTB patients were defined as patients who have been clinically diagnosed
as SNPTB at health institutions based on the Ethiopian TB diagnostic algorithm
(MoH, 2017) and enrolled for anti-TB treatment and later were confirmed to be AFB
negative with cAFS smear microscopy analysis. Similarly, SPPTB patients were
defined as patients diagnosed as SPPTB at health institutions based on the Ethiopian
TB diagnostic algorithm (MoH, 2017) and enrolled for anti-TB treatment and were

also confirmed to be AFB positive with CAFS smear microscopy analysis.
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For the last two objectives on NTM study we just classified patients based on the

recorded AFB result i.e., AFB positive as SPPTB and AFB negative as SNPTB.

3.8. Data collection

3.8.1. Clinical, socio-demographic and anti-TB drug treatment outcome data

Structured and pre-tested questionnaire comprised of information on socio-
demographic characteristics, patient’s clinical history, chest imaging findings, and
specific and general predisposing factors was used; data collectors were provided

training both at AHRI and on-site prior to commencement of data collection.

All patients were followed for their anti-TB drug treatment outcome for 6 months and
treatment outcome were recorded according to the national guide line (MoH, 2021);
‘successful’ treatment outcome, if patients completed the 6 month full course of
therapy or cured AFB negative sputum conversion after 6 month whereas patients
classified ‘unsuccessful’ treatment outcome, if they have a treatment failure, death or

did not complete their six month anti-TB drug treatment regiemen (MoH, 2021).

For the fifth and sixth objectives, socio-demographic, clinical and laboratory data
were extracted from the EPHI’s database and the patients’ medical record. Briefly,
based on the recorded address of referring health facilities from the EPHI database,
patients who were diagnosed in hospitals located in Addis Ababa were included for
further the NTM clinical importance study. Patients’ medical records were critically
revised using a structured data collection format and the clinical significance of the
identified NTM species were determined based on the ATS/IDSA guideline (Griffith

et al., 2007) that includes both clinical and microbiologic findings.
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3.8.2. Specimen collection and processing

Sputum samples were collected and processed as shown in the flowchart (Figure 15).
All the required safety procedures for biological specimen collection were followed as

described in the global laboratory initiative biosafety manual (WHO, 2012).

Sputum specimens collected from 13 Health Centers
Smear microscopy LJ Culture Xpert MTB / RIF assay
Negative Positive
Spoligotyping Whole genome sequencing Drug sensitivity test

Figure 15. Flow chart for laboratory analysis of sputum specimen.
Five to ten millilitres of sputum were collected from each patient and transported to
the AHRIL using a cold box. Upon arrival, samples were decontaminated using N-

acetyl L-cysteine-sodium hydroxide (NALC-NaOH) and subjected to AFS, Xpert and
Lowenstein-Jensen (LJ) culture and any leftover samples were refrigerated (-20°C)

until further use. Xpert was performed for 109 consecutive samples according to the
WHO implementation manual (WHO, 2022a). All mycobacteriology laboratory safety
procedures were followed as described in the global laboratory initiative biosafety

manual (WHO, 2012).
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3.8.3. Microbiological analysis of sputum specimens

Smear microscopy

Acid fast staining, specifically the Ziehel Neelsen (ZN) staining method, a common
method to detect mycobacteria in clinical laboratories by microscopy was applied
(Hussey & Zayaitz, 2008). Briefly, the sediment of NALC-NaOH treated sputum
samples were applied to glass slides, air-dried, and subsequently heat fixed. Following
this, the samples underwent staining with 3% carbol fuchsin for duration of 5 minutes,
after heating until vapour rise. The slides with the samples were then subjected to
washing with tap water, decolourization using 3% acid alcohol, and then again
washed with tap water. Finally the counter stain methylene blue was applied, the
slides washed, air dried and visualized under oil immersion field (Hussey & Zayaitz,

2008).

Xpert MTB/RIF assay

MTBC complex DNA and mutations in the rpoB gene, which are associated with
rifampicin resistance, were detected in sputum samples simultaneously by applying
the following steps after sample preparation. To achieve the required sample volume
for the assay, a 3:1 ratio of additional sample reagent to the NALC-NaOH
decontaminated sputum pellet was employed. Manual agitation of the closed sputum
container occurred twice within a 15-minute interval at room temperature.
Subsequently, 2 ml of the inactivated material was then transferred to the test
cartridge, equating to 0.7 ml of untreated sputum or 0.5 ml of decontaminated pellet.
Following this, the cartridges were inserted into the instrument module. Finally after
the instrument completed, test result were read from the screen and interpreted

according to the manufacturer’s instruction (Boehme et al., 2010).
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Culture and identification of MTBC

LJ culture analyses were performed following a previously reported protocol (Uddin
et al., 2013). Briefly, the NALC-NaOH treated sputum samples were centrifuged and the

sediment was inoculated onto egg-based LJ culture medium. Two LJ medium tubes with
glycerol were prepared for every sputum sample inoculation. All inoculated tubes were
incubated at 37°C and the growth of MTBC was checked weekly for two months. Typical
MTBC colony morphology and subsequent AFS and Capilia neo-TB test (TANUS

Laboratories, Japan) were used for confirming MTBC (Arora et al., 2012).

3.8.4. Phenotypic drug sensitivity testing

The BD BACTEC MGIT 960 system and MGIT SIRE DST kit, comprised of the four
first-line anti-TB drugs including, rifampicin (RIF), isoniazid (INH), ethambutol
(ETH) and, streptomycin (STN) a second-line drug (WHO, 2019), was used for
MTBC drug sensitivity testing according to the manufacturer instructions (Siddigi &
Rusch-Gerdes, 2006). Briefly, LJ grown MTBC isolates were inoculated into MGIT
tubes, containing the drugs at a final WHO recommended critical concentration of
1.0pg/mL for STR and RIF, 0.1pg/mL for INH, and 5pg/mL for ETH. Resistance to
pyrazinamide (PZA) at 0.1ug/mL final concentration was performed using the MGIT

PZA drug kit separately according to the manufacturer's instruction.

3.8.5. Molecular analysis of MTBC isolates

3.8.5.1. Spoligotyping

The spoligotyping procedure was performed according to Kamerbeek et.al.
(Kamerbeek et al., 1997) using fresh heat-killed MTBC DNA. Briefly, DNA from

heat killed isolates were subjected to PCR amplification after mixing with the specific
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spoligotyping primers of the Direct Repeat (DR) region, DRa biotinylated at the 5’
end and DRb (Thermofisher Scientific, UK) and master mix (Hot StarTag Qiagen,
Germany) and molecular grade water (Qiagen, Germany). The amplified product of
each isolate was hybridized with the set of 43 immobilized oligonucleotides on
biodyne-C-membrane (Animal and Plant Health Agency, United Kingdom) followed
by subsequent treatment using the enhanced chemiluminescence method followed by
exposure of the membrane to the X-ray film. Finally, the hybridized bands developed
on the film were eye-visualized, investigated, verified, and entered into an Excel

spread-sheet for further database analysis.

The verified spoligotype patterns, recorded on Excel spreadsheet, were converted into
octal formats and compared with previously reported strains to define lineage,
families and spoligotyping international type (SIT) (Couvin et al., 2019) using the
revised online MTBC molecular marker database SITVIT2 (SITVIT2 MTBC
Genotyping Database, Pasteur-guadeloupe.fr) Of note, MTBC lineage 7, which is
unique to Ethiopia is predicted by spoligotyping to be M. africanum, also the lineage
is associate with lineages 5 and 6; in contrast, WGS which is currently considered the

gold standard classifies lineage 7 as M. tuberculosis sensu stricto.

The MTBC strains were considered ‘orphans’ if a single strain was found in the
SITVIT2 database and ‘new’ if their spoligotype pattern did not match with
preexisting patterns in the database. The TB-Insight online tool, Run TB-Lineage,
(http://tbinsight.cs.rpi.edu/run_tb_lineage.html) in particular the conformal Bayesian
network (CBN), was used to assign major lineages (Shabbeer et al., 2012), and
Knowledge-Based Bayesian Networks (KBBN) (Aminian et al., 2014), to assign

family or sub-family for those strains that were unidentified on the main website.
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3.8.5.2. Whole genome sequencing and bioinformatics analysis
DNA extraction and sequencing

The cetyltrimethyl-ammonium bromide (CTAB) method was used (Van Soolingen et
al., 1991) to extract MTBC genomic DNA from heat killed fresh MTBC isolates
grown on LJ solid culture media. The quality of extracted DNA was checked by gel
electrophoresis and Nano drop 2000 (Thermo Fisher, Singapore). Then it was
quantified by Qubit 4.0 fluorometer (Thermo Fisher, Singapore), and subjected to
library preparation using Illumina DNA library prep kit (Illumina, Inc.). Finally,
libraries with qualified fragment sizes checked using Bioanalyzer 2100 (Agilent,
Germany) were pooled and subjected to WGS using illumina Nextseq500 sequencer
(IMumina, Singapore) with paired-end read of 150 bp capacity. All procedures were
performed according to the Illumina DNA Prep protocol.
(https://support.illumina.com/content/dam/illuminasupport/documents/documentation/
chemistry_documentation/illumina_prep/illumina-dna-prep-reference-guide-

1000000025416-09.pdf).

Bioinformatics analysis

The quality of raw reads were checked using Fastgc tool, Fast QC (Andrews, 2010)
followed by trimming poor quality base an adapters with a Trimmomatic (Bolger et
al., 2014) quality score of < 20. All quality checks were combined and visualized with
Multi QC v1.11 (Ewels et al., 2016) (supplementary Figure 1). Contamination check
was done for all reads with Kraken 2 (Wood et al., 2019). Further analysis was
performed for sequence reads > 30bp depth coverage and samples with > 95%
reference genome coverage using SAMtools (H. Li et al., 2009). Duplicated reads
were identified using Picard Mark Duplicates (Boad-Institute, 2019). Burrows-

Wheeler Alignment Tool (BWA) (H. Li & Durbin, 2009) was used to align the raw
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paired end reads to the M. tuberculosis H37Rv reference genome (Gene bank

accession number: NC000962.3).

Variants were called using FreeBayes (Garrison & Marth, 2012) and annotated with
snpEff (Cingolani et al., 2012) for further downstream analysis. Lineage and drug
resistance were predicted using TB-Profiler (Coll et al., 2015). Using M. canettii as
root, Randomized Axelerated Maximum Likelihood (RaxML) with the general time
reversal (GTR) model and 1000 bootstrap value (Stamatakis, 2006) were applied for

SNP based phylogenetic reconstruction.

Lineage level strain discriminatory power of the genotyping methods were calculated
using the online Hunter-Gaston Discrimination Index (HGDI) (P. R. Hunter &

Gaston, 1988).

5

1

i.e., =

, Where N is the total number of isolates, s
is the total number of different patterns and nj is the number of isolates belonging to

the j™ pattern.

3.8.6. Clustering analysis

Spoligotyping based MTBC strain clustering was considered if two or more strains
harboring identical spoligotype pattern or SIT from different patients in the study.
Similarly, recent transmission index (RTI) was calculated using the formula described
previously, as the ratio of the difference between number of clustered patients and the

number of clusters to the total number of patients (Tessema et al., 2013).

RTI = number of patients in cluster — number of clusters

Total number of patients
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For WGS analysis strains clustering was considered based on < 12 SNPs distance
whereas recent transmission index was considered if < SNPs difference were detected

in the sequenced strains.

3.8.7. Genotyping of stored NTM isolates

Species identification was done from stored NTM isolates using Genotype CM Ver
2.0 and Genotype AS Ver 1.0 (Hain Life science, Germany) test kits. NTM species
were interpreted and decided according to manufacturer instructions. Briefly, DNA
extraction was performed after thawing and reconstructing the stored NTM isolates.
The 100ul of reconstructed colonies were diluted in 300ul distilled water and
inactivated at 95°C for 20 minutes and subsequently centrifuged for 15 minutes at
10,000xg. Then, the pellets were suspended in 100ul of molecular grade water. The
supernatant was discarded and immediately incubated in an ultrasonic bath for 15
minutes and again centrifuged for five minutes at 13,000xg. Finally, the supernatant
DNA was transferred into a sterile tube and stored at -20°C prior to subsequent
amplification. All the procedures were performed strictly following the manufacturer

instruction.

DNA amplification was performed accordingly using reagents supplied with the
GenoType mycobacteria CM/AS assay kit (Hain Life Scince, Germeny). A PCR
thermocycler (Applied Biosystems Model 2720, USA) was used for the amplification.
The hybridization and detection procedures were performed according to the
manufacturer’s instructions of Genotype CM/AS manually using a water bath with
shaker. All the procedures were performed and results interpreted according to the

manufacturer instructions (https://www.immunodiagnostic.fi/wp-
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content/uploads/GenoType-CM-V2_Kkit-insert.pdf) and

(https://www.immunodiagnostic.fi/wp-content/uploads/GenoType-AS_Kit-insert.pdf).

3.9. Data processing and statistical analysis

All data from questionnaire and laboratory analysis were cleared, checked and
captured onto Microsoft Access and Excel 2010 (retrospective data from TB
database), Redcap software of the AHRI database and SPSS version 25 (IBM, USA)
double checked and exported to Stata version 17 for analysis. Mean, frequency, and
proportion ware used to summarize data. Chi-square and Fisher’s exact crude odds
ratio (COR) and adjusted odds ratio (AOR) or multivariable logistic regression
analysis (MVVA) were calculated to determine associations between outcome and
predictor study variables. Variables with P-value < 0.2 in COR analysis and known
risk factors irrespective of P-value were included in the MVA. In all analyses a P-

value < 0.05 was considered statistically significant.

3.10. Quality control of laboratory analysis

Onsite training was given for data collectors before commencing the study. All
laboratory analyses were performed according to the internal standard procedures and
manufacturer instructions. Quality of LJ medium was assured by sterility checking
and quality control strains M. tuberculosis H37Rv (ATCC 27294), M. bovis BCG
laboratory strains and molecular grade water were used for DST and spoligotyping
procedures. All AFB negative samples were double rechecked by experienced
laboratory staff. All samples were processed in a Biosafety level 2 and 3 cabinet with
strict adherence of safe laboratory practice as per the guidelines (Van Klingeren et al.,

2007).
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3.11. Ethical consideration

Before commencing the work, the research proposal was evaluated and approved by
the Institutional Research Ethics Board of Addis Ababa University, College of
Natural & computational Sciences (IRB/030/2017), AHRI/ALERT institutional
ethical review committee (PO44/17) as well as Ethics committee of Addis Ababa city
administration health bureau. Respective health facility administration was requested
for official permission of support and cooperation before and during the study. All
study participants provided written informed consent before enrolment to the study.
An official letter of co-operation was written for EPHI, and respective health
institutions and permission was obtained. Confidentiality of patient’s data was

maintained.
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4. RESULTS

4.1. Characteristics of PTB patients

A total of 353 PTB patients were involved in this study; patients who had incomplete
data for either laboratory results or questionnaires were excluded and further analysis
was done for the 313 PTB patients. Men comprised 55.9% of the patients and mean
age of PTB patients was 33.1+£12.4 years. According to Table 2, more than 72% of the
patients were in the age group of 18-45 years. Those patients who came from urban
areas represented 86.1%, and among these 27.3% were working as daily labourers.

Regarding education, 71.4% of the patients completed at least primary school.

Table 2. Socio-demographic characteristics SNPTB and SPPTB patients, Addis
Ababa, Ethiopia 2021.

SPPTB SNPTB Total
Study variables No (%) No (%) No %)
Men 85 60.7 89 512 174 55.6
Gender
Women 55 39.3 84 48.8 139 44.4
18-24 39 21.7 33 192 72 23
Age group  25-34 68 48.2 76 4472 144 46
(Years) 35-44 15 10.6 25 145 40 12.8
>=45 19 13.4 38 221 57 18.3
_ Urban 130 92.2 152 88.4 282 90.1
Residence
Rural 11 7.8 20 116 31 9.9
Daily labourer 45 33.3 37 224 82 27.3
Farmer 10 7.4 16 9.7 26 8.7
) Student 7 5.2 11 6.7 18 6
Occupation
House wife 15 11.1 7 4.2 22 7.3
Gov’t
14 10.4 15 9.1 29 9.7
employee
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Unemployed 8 5.9 18 10.9 26 8.7

Illiterate 14 10.4 25 153 39 13.1

Read and write 11 8.2 25 153 36 12.1
Educational :

Primary 43 32.1 50 30.7 93 31.3
status

Secondary 34 25.4 32 19.6 66 22.2

Tertiary 32 23.9 31 19 63 21
Patient HIV  Positive 19 16.1 30 211 49 18.8
status Negative 99 83.9 112 789 211 81.2
Current No 91 68.9 128 77.6 219 73.7
alcohol use  Yes 41 31.1 37 224 78 26.3

No: number, Gov’t: Government

The minimum body mass index (BMI) of the patients was 12 and the maximum was
39.5. More than half of the PTB patients (58%) were diagnosed in a public health
facility and 37.1% were identified in private health facilities while the remaining
4.9% were screened by health extension workers who are front line health workers in

the current Ethiopian health service system.

4.2. Microbiological laboratory analysis result of SNPTB and SPPTB patient

Microbiology and molecular laboratory analysis results of the 313 PTB patients

included in this study are summarized and mapped as follows (Figure 16).
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Figure 16. A flow chart mapped for microbiology and molecular analysis result of
313 PTB patients, Addis Ababa, 2021.
MoDR: Mono-drug resistant, MDR; Multidrug resistant; Pos: positive, Neg: negative.

Among the 313 PTB patients who participated in this study, 173 were SNPTB and
140 were SPPTB. Sixty-six of the SNPTB patients who were diagnosed as AFB
negative at the health facilities were later found as AFB positive with cAFS smear
microscopy testing at AHRIL and were reclassified as SPPTB. On the other hand, 33
patients (23 Xpert positive) who were diagnosed as SPPTB at the facilities were
found to be negative following the re-examination with cAFS smear microscopy and

were regrouped as SNPTB (Table 3).
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Table 3. Patients’ classification based on concentrated smear microscopy and clinical
diagnosis (from Health Centers), Addis Ababa, Ethiopia 2021.

Classification of patients based on Classification of patients based on cAFS
diagnoses at Health Centers smear microscopy result at AHRI laboratory
SPPTB SNPTB Total
(Controls) (Cases)
No (%) No (%) No (%)
SPPTB AFS 23 29.9 3 91 26 23.6
Xpert 47 61.0 21 636 68 618
Not indicated 7 9.1 9 27.3 16 12.6
Total 77 70.0 33 30.0 110 100
SNPTB *Clinical and imaging 61 96.7 132 943 193 951
findings
Not indicated 2 3.2 8 57 10 49
Total 63 31.0 140 69.0 203 100

*Patients with negative laboratory result either by AFS, Xpert or classified as SNPTB without
any laboratory diagnosis at the Health Centers:

A total of 230 patients had Xpert MTB/RIF test result that was done either at the
health center or AHRI laboratory and 60.3% (139/230) were positive. About 38%
(47/134) of SNPTB patients and 86% (92/106) of SPPTB were Xpert positive (P-

value < 0.05) (Figure 17).
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Figure 17. GeneXpert test result of smear negative PTB and smear positive PTB
patients, Addis Ababa, Ethiopia 2021.
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More than 40% (75/173) of SNPTB patients were LJ culture positive and that of

SPPTB was 80.7% (113/140) patients (Figure 18). Xpert detected 70% (97/139) of

culture positive PTB patients.
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Figure 18. LJ Culture result of SNPTB and SPPTB patients Addis Ababa, Ethiopia,
2021.

4.3. MTBC genotypes among SNPTB and SPPTB patients

According to our operational definition, 173 and 140 participants were categorized as
SNPTB (cases) and SPPTB (control) patients respectively. A total of 188 MTBC
isolates were identified, 75 from SNPTB and 113 were from SPPTB. Of these a
randomly selected 116 (74 from SPPTB and 42 from SNPTB) and 51(33 from SPPTB
and 18 from SNPTB) isolates were spoligotyped and whole genome sequenced

respectively.

4.3.1. Spoligotypes of MTBC isolates among SNPTB and SPPTB patients

Out the 126 spoligotyped MTBC isolates 116 (74 from SPPTB and 42 from SNPTB)
had a valid result (supplementary Table 1). The overall spoligotype distribution

among PTB patients consisted of the Euro-American (EA) also known as lineage 4
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(75%), East-African-Indian (EAI) also known as lineage 3 (20.7%), other lineages,
including Indo-Oceanic (I10) also known as lineage 1 (2.5%) and Ethiopian lineage
also known as lineage 7 (identified with WGS) (1.7%). In this paper the serial lineage
naming of MTBC strains is applied to align with current similar publications
(Shitikov & Bespiatykh, 2023). A different MTBC lineage or clade pattern and
frequency was observed between SNPTB and SPPTB patients. Both groups had
predominantly strains of the lineage 4, but SPPTB had high proportions (82.4%) than
SNPTB (62%), whereas isolates of the lineage 3 were more common in SNPTB

(31%) compared with SPPTB (14.9%) (Table 4).

Table 4. Major spoligotype based MTBC lineages among SNPTB and SPPTB
patients, Addis Ababa, Ethiopia 2021

SPPTB SNPTB Total P-value
MTBC lineage type No (%) No (%) No (%)
Lineage 3 (East-African-Indian) 11(14.9) 13(31)  24(20.7)
Lineage 4 (Euro-American) 61(82.4) 26(62) 87(75) 0.048
Other* 227 3(7.1) 5(4.3)
Total 74(63.8) 42(36.2) 116(100)

*Qther strains included; three lineagel (Indo-Oceanic) and two lineage 7 isolate. No: number;
P-value was determined by Chi-square across all MTBC lineages.

The proportion of lineage 3, lineage 4 and other lineages had a statistically significant
difference among SNPTB and SPPTB (P-value < 0.05). Eleven spoligotype families
were identified among all PTB patients (supplementary Table 1). MTBC strain family
T, 50% (58/116) was the predominant followed by CAS, 18.1% (21/116) and Haarlem
(H), 10.3% (12/116). The relative proportions of MTBC spoligotype families among

SNPTB and SPPTB were 18/42 (42.9%) vs. 40/74(54%) for T and 12/42 (28.6%) vs.
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9/74 (12.2%) for CAS. However, these differences did not reach statistical

significance (P-value > 0.05) (Figure 19).
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Figure 19. MTBC spoligotype family’s distribution among SNPTB and SPPTB
patients, Addis Ababa, Ethiopia 2021.

* Spoligotype families/clades that include S, Zero, EAI7-BDG2, Cameroon and Unknown.
SNPTB: smear negative PTB, SPPTB: smear positive PTB.

Based on analysis of shared international type (SIT) among the 116 spoligotyped
MTBC strains, 84 /116 (72.4%) were pre-identified in the database, 26/116 (22.4%)
were new strains, and of these 8/42 (19%) were from SNPTB and 18/74 (24%) from
SPPTB. Six were orphans, four of which were from SPPTB. SIT 53 and SIT 149 were
the predominant predefined strains found in this study, each comprising 11.5%

(13/116) of the total spoligotyped MTBC strains (Supplementary Table 1).
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In this study 82 isolates had both Xpert and spoligotyping results (61 Xpert positive
and 22 Xpert negative) and the distribution of lineage 3 relative to lineage 4 differed
from that seen comparing SNPTB and SPPTB. A higher proportion of lineage 4
strains were found among Xpert negative PTB patients (86.4%) than Xpert positives
PTB patients (68.8%). In contrast, lineage 3 was higher among Xpert positives
patients (29.5%) than among Xpert negatives PTB patients (4.6%). Two isolates of

lineage 7 were identified and they were Xpert positive (P-value = 0.025) (Table 5a).

MTBC lineages were subsequently stratified according to both smear and Xpert
results of PTB patients (Table 5b), and this mode of presentation clarified the
differences observed when previously comparing SNPTB vs. SPPTB and Xpert
negative vs. Xpert positive. Importantly, among SNPTB cases, Xpert positive and
negative cases had significant differences, with the former being predominantly
lineage 3 and the latter lineage 4. In contrast, among SPPTB the vast majority of cases

were lineage 4 (P-value < 0.05).

Table 5a. Major Spoligotype lineages among Xpert positive and Xpert negative
patients, Addis Ababa, Ethiopia 2021.

Xpert tests result

MTBC lineage type  Xpert positive  Xpert negative Total P-value
No (%) No (%) No (%)

Lineage 3 18 (29.5) 1(4.8) 19 (23.2)

Lineage 4 42 (68.8) 18 (85.7) 60 (73.2) 0.025

Other* 1(1.6) 2 (9.5) 3(3.7)

Total 61 (74.4) 22 (25.6) 82 (100)

*QOther isolates included: lineage 1 (Indo-Oceanic) and lineage 7; No: number
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Table 5b. Spoligotype lineage distribution with respect to GeneXpert test result

among SNPTB and SPPTB patients, Addis Ababa, 2021

SPPTB SNPTB
MIBE g s s g
lineages = © = ©
3 o 3 S
b c _ 3 e c _ E
z & £ £ & & &g 2
X X — o X X — o
No(%) No(%) No(%) No(%)  No(%) No(%)
Lineage3 9(18) O 9 (16) 9(75) 10(7)  10(38)
Lineage 4 40(82) 6(86) 46(82) 0.016 2(17) 12(86) 14(54) 0.001
Lineage 7 O 1(14) 12 1(8) 1(7) 2(8)
Total 49(88) 7(13) 56 12(46)  14(54) 26
No: number

The spoligotype family distribution of MTBC had different proportions among

positive and negative patients Xpert test results. As shown in Figure 20, T (57% vs.

43%), AFRI (4.8% vs. 1.6%) and X (4.8% vs. 1.6%) families of MTBC strains were

higher among Xpert negative PTB patients than Xpert positive PTB patients. In

contrast, CAS, H, S and Manu were higher among Xpert positive PTB patients than

Xpert negative PTB patients. However, the overall distribution of spoligotype families

did not differ significantly between the two groups (P value > 0.05) (Figure 20).
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Figure 20. MTBC spoligotype families among Xpert positive and Xpert negative
PTB patients, Addis Ababa, Ethiopia 2021.
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4.3.2. WGS analysis of MTB strains among SNPTB and SPPTB patients

A total of 56 samples were sequenced and quality was checked including read length,
G-C content, and sequence quality. Of 56, 2 were duplicates and 3 were below 65%
GC content and did not passed the quality check. The quality fulfilled 51 samples
were considered for downstream analysis i.e. all the samples had an acceptable
sequence quality score which is greater than 30 and read length between 119bp and

138bp (supplementary Figure 1).

Among the 51 MTB isolates included in the genetic diversity and drug resistance
(DR) analysis 72.5%, 25.5% and 2.0% represented lineage 4, lineage 3 and lineage 7
respectively. A different MTB lineage and sublineage pattern and frequency was
observed between SNPTB and SPPTB patients mirroring the results with
spoligotyping. Lineage 3 was predominant among SNPTB 44.4% (8/18) vs. 15.5%
(5/33) among SPPTB (P-value = 0.056). Lineage 4 among SPPTB was 84.9% (28/33)
versus 50% (9/18) in SPPTB (P-value = 0.107), shown in Table 6. The strain
distribution among SPPTB and SNPTB was significantly different (P- value = 0.021)

between the two groups.

Table 6. WGS based MTB lineages among SNPTB and SPPTB patients based on
WGS analysis, Addis Ababa, Ethiopia 2021.

MTB lineages SPPTB SNPTB Total P-value
No (%) No (%) No (%)
Lineage 3 5(15.2) 8(44.4) 13(25.5)
Lineage 4 28(84.9) 9 (50) 37(72.6) 0.021
Lineage 7 0 1(5.5) 1(2)
Total 33(67.1) 18 (35.3) 51(100)
No: number
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The WGS based lineage distribution among Xpert positive and Xpert negative
patients also assessed in this study. Similar to what we had observed based on
spoligotype-assigned lineages; lineage 4 was proportionally higher among Xpert
negative patients 8/10 (80%) than Xpert positive 18/30 (60%) (P-value < 0.05) (Table
7a). This result was different than that observed when patients were grouped into
SNPTB and SPPTB. Table 7b summarizes the results of lineage associations
according to smear status with additional stratification by Xpert test result. It is clear
that a disproportionate number of Xpert positive SNPTB patients were evaluated by
WGS and notably these patients were primarily lineage 3 associated. The Xpert
stratification among SNPTB patients clearly delineates two subsets of patients, Xpert
positive SNPTB patients which were primarily lineage 3 associated 6/8 (75%) and
Xpert negative SNPTB patients which were primarily lineage 4 associated 6/8 (75%)

(P- value = 0.037).

Table 7a. WGS based MTB lineage distribution among Xpert positive and negative
PTB patients, Addis Ababa, Ethiopia 2021.

PTB patient classification

MTBC lineages  Xpert Xpert Total P-value
positive Negative
No (%) No (%) No (%)

Lineage 3 11(37) 2(20) 13(33)

Lineage 4 18(60) 8(80) 26(65) 0.488

Lineage 7 1(3.3) 0 1(2.5)

Total 30(75) 10(25) 40(100)

No: number
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Table 7a. WGS lineage distribution with respect to Xpert test result among SNPTB
and SPPTB patients, Addis Ababa, 2021

SPPTB SNPTB
MIE e g s g
lineages = b = b
8 2 8 2
s £ - &£ = £ _ &
g g £ S g g £ g
ped ped = o X ped — o
No(%) No(%)  No(%) No(%) No(%) No(%)
Lineage3 5(28) 0 5(21) 6(75) 2(25) 8(50)
Lineage 4 17(77) 2(100) 19(79) 0.449 1(13) 6(75) 7(44) 0.037
Lineage 7 0 0 0 1(13) O 1(6)
Total 22(82) 2(8) 24 8(50) 8(50) 16

No: number

The MTB strains in the three major lineages were further subdivided as fifteen
sublineages according to Figure 21 and compared between SNPTB and SPPTB
patients. A different MTBC lineage and sublineage pattern and frequency was
observed between SNPTB and SPPTB patients, mirroring the results with
spoligotyping. Among all PTB patients, sublineage 4.2.2.2 (27.4%) was the
predominant MTBC strain followed by sublineage 3 (19.6%). Sublineage
comparisons between SNPTB and SPPTB are depicted in Figure 21. Sublineage 3
was more common among SNPTB (27.8%) than SPPTB (15.3%). Most of the lineage
4 sublineages were more prevalent among SPPTB than among SNPTB patients; an

exception was sublineage 4.2.2.2 which had a similar distribution among SPPTB

patients (27.3%) and SNPTB (27.8%) (Figure 21).
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Figure 21. WGS based sublineage distribution of MTB isolates among SNPTB and
SPPTB patients, Addis Ababa, Ethiopia 2021.

4.6. Clustering analysis MTBC strains among SNPTB and SPPTB patients

4.7.1. Spoligotype based clustering analysis of strains of MTBC

Among the 116 spoligotyped isolates with 67 different patterns, 49% (61/116) were
clustered with a cluster density (number of isolates per spoligotype pattern) of 2-13.
The predominant strains clustered in the studied PTB population were SIT 53 and SIT
149, each with a frequency of 13 out of 69 patients (18.8%). The highest cluster
density size was observed among SPPTB within the EA lineage (lineage 4), SIT 149
and SIT 53, each with a frequency of 9 out of 67 patients (Supplementary Table 1).
There was no difference in the recent transmission index (a measure of the fraction of
clustered patients adjusted for the number of clusters, with higher fractions resulting
from lower cluster numbers presumed to reflect more recent evolution, and hence

higher RTT) among SNPTB (30.9%) and among SPPTB (32.4%) (Table 8).
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Table 8. Spoligotype-based MTBC strain clustering rate and recent transmission
index among SNPTB and SPPTB patients, Addis Ababa, Ethiopia 2021.

Patient  No. of Unique No of No of Clustering  RTI

type different Patterns  clusters clustered Rate (%) (%)
patterns patients

SPPTB 50 39 11 35 47.3 324

SNPTB 29 24 5 18 42.8 30.9

PTB* 67# 55 14 61 49.1 40.5

*All PTB patients either SNPTB or SPPTB; # includes number of different patterns identified
among PTB patients. Clustering rate is the percentage of clustered patients among total.
Recent Transmission Index (RTI) = (number of clustered patients - number of clusters) / total
number of patients. Isolates from SPPTB =74 and SNPTB =42,

4.7.2. WGS based clustering analysis of strains of MTB

A phylogenetic tree was constructed for the sequenced MTB isolates and lineage 4
and lineage 3 had more or less a similar clustering which was predominantly isolated

from SNPTB patients (Figure 22 and Figure 23).
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Figure 22. Phylogenetic tree of MTB strains recovered from SNPTB and SPPTB

patients, Addis Ababa, Ethiopia 2021.

Note: Sublineage names coloured red (e.g. L4.1.1.3) are from SPPTB, blue (e.g. L3) from
SNPTB, black for M. tuberculosis ancient (M. canettii) as a root for the phylogenetic tree
construction. Reference genome (H37Rv) and MTB major lineages were used as a control.
Randomized Axelerated Maximum Likelihood (RaxML) with the general time reversal
(GTR) model and 1000 bootstrap value were used for the construction.
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Of the 51 MTBC sequenced MTB strains 16% (8/51) of them were clustered (strains
within a given cluster having fewer than 12 SNPs differences) (Figure 23). The WGS-
based recent transmission index (where strains within a given cluster have fewer than

5 SNP differences) was about 8% (4/51).

SPPTB ’ 0 ISNPTB
SNPTB 5 SPPTB

SNPTB “ SNPTB . .
SNPTB 6 8 6PPTB

Figure 23. Clustering of MTB strains among SNPTB and SPPTB patients based on

SNP difference, Addis Ababa, Ethiopia 2021.

SNPTB: smear negative PTB, SPPTB: smear positive PTB; Purple circle: lineage 3 and green
circle: lineage 4, the numbers on the line indicates SNP distance.

Similar MTB lineage assignment was observed with WGS and spoligotyping with
98% concordance (44/45); except spoligotyping assigned lineage 7 as M. africanum.

Both genotyping methods had a higher discriminatory power which was above 70%.

4.4. MTB strain drug resistance pattern among SNPTB and SPPTB patients

4.4.1. Phenotypic and molecular drug resistance in SNPTB and SPPTB patients

In the current study, phenotypic drugs resistance tests for first-line anti-TB drugs
pyrazinamide (PZA), isoniazid (INH), rifampicin (RIF) and ethambutol (ETH) as well
as for streptomycin (STR), were performed for 51 sequenced MTB isolates with
molecular DST (WGS) result. More than 13.7% (7/51) of MTB isolates were
phenotypically resistant to one or more drugs. The proportion of MTB isolates with

any type of drug resistance was higher among SNPTB 16.7% (3/18) than among
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SPPTB 12% (4/33) though this did not reach statistical significance (P-value > 0.05).
A similar result was obtained for MDR-TB (resistance to at least RIF and INH) as
shown in Table 10, but again not statistically significant. The drug resistance test for
PZA was done separately for 51 isolates and three PZA resistant MTB strains
including one MDRTB were detected (5.9%) and all of them were from SNPTB
patients. The molecular drug resistance among PTB patients was 5.9% (3/51). Two
SPPTB patients had SPPTB mono-DR (6%) while one MDR-TB was detected from
SNPTB (5.6%) (P-value > 0.05) considering the composite of all drugs (Table 9).

Overall, the phenotypic DST detected 6/51 (11.8%) resistant MTB strains while

molecular DST (WGS) detected 3/51 (5.9%)

Table 9. Phenotypic and molecular first-line drug (SIRE) resistance of MTB isolates
among SNPTB and SPPTB patients, Addis Ababa, Ethiopia 2021.

DST Phenotypic method (MGIT) Molecular method (WGS)

result SPPTB SNPTB Total P- SPPTB  SNPT  Total P-
value B value

No (%) No (%) No (%) No (%) No (%) No (%)

MoDR 412)  2(11) 6(12) 2(6) 0 2(4)

MDR 0 15.6)  1(2) 0392 0 1(56) 21(2)

DS 29(88) 15(83)  44(86) 31(35)  47(65) 48(92) 0.232

Total 33(65) 18(35) 51 33(65) 18(35) 51

MoDR: Mono-drug resistant, MDR; Multidrug resistant, DS- Drug sensitive; No: number

4.4.2. Mutations associated with drug resistance

The known drug resistance mutations detected for RIF were rpoB_p.Ser450Leu and
for INH, katG p.Ser315Th. Strains with katG mutations had further ethanoamide

drug resistance mutation ethA_p.Met1Arg 50% (2/3) including the MDR-TB patient
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(Table 16). A new ethA_p.lle338Ser mutation was detected from a SNPTB patient that

was resistant to all the first-line anti-TB drugs and STN (Table 10).

Table 10. WGS based drug resistance conferring mutations detected among PTB
patient, Addis Ababa, Ethiopia, 2021.

Ser. Mutations detected for a particular anti-TB drugs
no
INH RIF PZA ETH STR Ethanoamide
1 KatG_ p. ethA p.
Ser315Thr Met1306Arg
2 katG_p. rpoB_p. pncA_p. embB_p. rpsL_p. ethA_p.
Ser3154Thr  Ser450Leu Vall39Ala Met306lle Lys43Arg  11e338Ser
3 katG_p.
Ser315Thr

All the DR mutations detected by WGS had more than 50% positive predictive value
and were concordant with the updated WHO drug resistance mutation catalogue

(WHO, 2023a) (Figure 24 ).
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katG_p.Ser | rpoB_p.Ser | pncA_p.Va | embB_p.M | ethA_p.lle
315Thr 450Leu 1139Ala et306lle 338Ser
SPPTB 2 0 0 1 0
mSNPTB 1 1 1 0 1
m PPV 0.98 0.98 0.92 0.63 0

Figure 24. Drug resistance conferring mutations and their predictive value among
SNPTB and SPPTB: according to the WHO 2023 DR mutation catalogue (WHO,

2023a).
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A discordant result was also found in drug resistance detection by phenotypic and
molecular methods. Any known mutations, including on panA4 gene were not detected
by WGS for the two phenotypically PZA mono-resistant strains from SNPTB patients.
Similarly mutations on katG gene for phenotypically INH mono-resistant strains from
another two SPPTB patients were not detected. A mono-drug resistant katG mutation
from a SPPTB patient was not detected by the phenotypic method. All the mutations
are listed in the revised WHO catalogue, except the mutation for ethanoamide drug

resistance (ethA_p.lle338Ser) (WHO, 2023a).

4.4.3. Drug resistance and MTB strain type

The drug resistance (DR) profile of 51 MTBC strains was assessed by both the
phenotypic and molecular DST methods. Out of 38 lineage 4 strains 2 were mono-
drug resistant compared with lineage 3, 0% (0/13), though this was not statistically
significant (P-value <0.05). A higher proportion of lineage 4 was mono-drug resistant,
2/38, than lineage 3, 0/13, whereas one multi-drug resistant lineage 3 strain from
SNPTB 5.6% was detected. These differences were not statistically significant. A

single strain of lineage 7 was tested and found to be drug sensitive (Table 11).

Table 11. Molecular and phenotypic drug resistance profile of 51 whole genome
sequenced MTB sub-lineages, Addis Ababa, Ethiopia 2021.

WGS MTBC Phenotypic DST Molecular DST (WGS)

lineages MDR MoDR Sensitive Total MDR MoDR Sensitive Total
Lineage3 1 0 9 10 1 0 9 10
Lineage3.1.1 0 0 3 3 0 0 3 3
Total (lineage 3) 1 0 3 13 1 0 12 13
Lineage4.1.1.3 0 0 1 1 0 0 1 1
Lineage4.1.2 0 0 2 2 0 0 2 2
Lineage4.1.2.1 0 1 3 4 0 0 4 4
Lineage4.2.1 0 0 4 4 0 0 4 4
Lineage4.2.2.1 0 0 1 1 0 0 1 1
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Lineage4.2.2.2

Lineage4.3.1

Lineage4.3.4.1

lineage4.6.3

lineage4.6.5

0
0
0
lineage4.6 0
0
0
0

lineage4.8

OO0 O|Oo|Oo|Oo]|ul
RIWINININ PP
oO|oOo|o|Oo|lo|Oo|o| o
oO|Oo|jo|Oo|lo|o|lo|N

lineage7 0

Total (lineage4) 0 6 41 38 0 2 36 38

Note: Phenotypic DS: the red colored is from SNPTB and blue colored is 2 from SNPTB
PZA resistant and 3 INH resistant from SPPTB; Molecular DST: the red colored is from
SNPTB and blue are 2 katG mutations from SPPTB

4.4.4. Drug resistance and anti-TB drug treatment outcome

The anti-TB drug treatment outcomes of the 116 patients were assessed and
unsuccessful treatment outcomes (failure or death) occurred in 6.9% (8/116).
Unsuccessful anti-TB drug treatment outcomes were higher among culture negative
SNPTB (6.7%) than culture positive SNPTB (3.5%) patients, though not of statistical
significance (P-value > 0.05) (Table 12).

Table 12. Treatment outcome of SNPTB patients with respect to LJ culture, Addis
Ababa, Ethiopia 2021.

LJ culture result

Treatment SNPTB SPPTB

outcome Positive  Negative Total P- Positive Negative Total P-
No (%) No(%) No (%) value No (%) No (%) No(%) value

Successful 50(88) 67(94.4) 177(91) 0.182 70(90)) 13(100) 83(91)

Unsuccessful  7(12.3)  4(5.6) 11(8.6) 8(10.3) 0 8(8.8)

Total 57(445) 71(55.5) 128 78(86) 13(14) 91 0.227

SNPTB: smear negative pulmonary tuberculosis: SPPTB: smear positive pulmonary
tuberculosis; No: number

Of the 8 SPPTB with unsuccessful treatment outcome (including 5 deaths), 5 were
initially classified as SNPTB at the health centers while among the 11 SNPTB
patients (including 6 deaths), 9 were classified as SNPTB at the health centers. Based

on health centers” TB patient classification the proportion of patients with
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unsuccessful treatment outcomes among SPPTB patients was 6.94% (5/72) and
among SNPTB was 9.52 % (14/147). Notably, the number of deaths was higher
among SNPTB, 6.12 % (9/117) than SPPTB, 2.78% (2/72), though this did not reach

statistical significance (P-value > 0.05).

Forty-five patients with both anti-TB drug treatment outcomes and DST result were
evaluated (Table 13a); the MDR-TB patients who were SNPTB patient successfully
completed the anti-TB drug treatment. Two SNPTB patients, who harbored a drug

susceptible TB had an unsuccessful treatment outcome (death) (Table 13b).

Table 13. Drug resistance pattern of MTB isolates according to anti-TB drug
treatment outcome of PTB patients, Addis Ababa, Ethiopia 2021.

DST result Treatment outcome
Completed Cured Failed/ Died Total P-value
No (%) No (%) No % No (%)
MoDR 3(14.3) 1(4.8) 0 4 (8.9)
MDR 1(4.8) 0 0 1(2.2) 0.513
Drug Sensitive 18 (85.7) 20(95.2) 2(100) 40 (89)
Total 21(50) 21 (45.7) 2 (4.4) 45 (100)

MoDR: Mono-drug resistance, MDR; Multidrug resistance; No: number

Table 13b. Drug resistance pattern of MTB isolates according to anti-TB drug
treatment outcome of PTB patients, Addis Ababa, Ethiopia 2021.

Drug Completed or cured Failed or death Total

sensitivity test

result SNPTB  SPPTB SNPTB  SPPTB SNPTB SPPTB
MoDR 3 1 0 0 3 1

MDR 1 0 0 0 1 0

Drug Sensitive 12 37 2 0 14 37
Total 16 38 2 0 18 38

MoDR: Mono-drug resistance, MDR; Multidrug resistance; No: number

82



4.5. TB related clinical presentations among SNPTB and SPPTB patients

The proportion of clinical and imaging findings as well as socio-demographic
characteristics of PTB patients are summarized in Table 14. Almost all TB-related
symptoms were present in both SNPTB and SPPTB patients in a similar proportion;
except for absence of fever, previous TB disease and normal body mass index (BMI),
which were more common among SNPTB patients compared to SPPTB patients. The
odds of being SNPTB among patients with previous TB was nearly three times higher

than being SPPTB (P-value < 0.05) (Table 4).
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Table 14. Univariate analysis of study variables among SNPTB and SPPTB patients, Addis Ababa, Ethiopia 2021.

Health Centers’ classification

SNPTB =1; SPPTB =0

CAFS smear microscopy based classification
SNPTB =1; SPPTB =0

Study variables SPPTB SNPTB SPPTB SNPTB
No(%) No(%) COR P-value No(%) No(%) COR P-value
Female 49(44.6) 89(43.8) 0.97 0.905 55(39.3 83(48) 1.43
Gender 0.124
Male 61(55.5) 114(56) 1 85(60.7) 90(52) 11
Age group <45 18(16.4) 51(25.1) 1.71 0.076 22(15.7) 47(27.2) 2 0016
(Years) <45 92(83.6) 152(75) 1 118(84) 126(73) 11 '
) Daily laborer 70(68.6) 146(75) 0.8 0.409 89(66.4) 127(77) 0.57
Occupation : 0.032
Non-daily laborer  32(31.4) 50(26) 1 45(33.6) 37(22.6) 11
No 0 8(4) 1 2(1.5) 6(3.5) 2.47
Cough 0.273
Yes 106(96) 193(95) 1 135(98) 164(96) 11
) No 15(14.6) 42(21.1) 1.57 0.171 23(17) 34(20.4) 1.24
Weight loss 0.464
Yes 88(85.4) 157(79) 1 112(83) 133(80) 1
No 27(25.2) 62(31.2) 1.37 0.239 35(25.6) 54(32) 1.45
Fever 0.139
Yes 80(74.8) 137(69) 1 102(75) 115(68) 1
Night sweats No 23(21.5) 41(20.8) 1 28(20.6) 36(21.4) 1 0.858
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Yes 84(78.5) 156(79) 1.04 0.889 108(79) 132(79) 0.95
_ No 40(38.5) 63(31.7) 0.74 0.236 48(35.8) 55(32.5) 0.86
Chest pain 0.55
Yes 64(61.5) 136(68) 1 86(64.2) 114(68) 1
No 38(13) 59(20.1) 0.72 0.201 47(36.7) 50(30.3) 0.75
Shortness of breath 0.248
Yes 62(62) 134(69) 1 81(63.3) 115(70) 1
_ No 87(87) 155(82) 1.51 0.24 103(80) 139(86) 0.63
Hemoptysis 0.142
Yes 13(13) 35(18.4) 1 26(20.2) 22(13.7) 1
_ No 101(92) 171(84.2 1 130(93) 142(82) 1
Previous TB 0.007
Yes 9(8.2) 32(15.8) 2.1 0.062 10(7.1) 31(17.9) 2.84
Positive 17(17.7) 32(19.2) 1.14 0.673 19(15.8) 30(21) 1.29
HIV sero-status i 0.39
Negative 79(82.3) 135(81) 1 101(84) 113(79) 1
) No 119(69) 84(60) 1.3 0.282 67(60.9) 136(67) 1.47
Underweight BMI 0.106
Yes 54(31.2) 56(40) 1 43(39.1) 67(33) 1
No 56(61.5) 120(67) 1.29 0.338 78(66.7) 98(64.5) 0.91
BCG scar 0.708
Yes 35(38.5) 58(32.6) 1 39(33.3) 54(35.5) 1
No 25(26) 43(23.9) 1 36(29.3) 32(20.9) 1
Alcohol use 0.111
Yes 71(74) 137(76) 0.89 0.693 87(70.7) 121(79) 0.64
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Further accurate analysis of the study variables for patients with a concordant
classification at the health centres and cAFS smear microscopy result at AHRI

research laboratory also exhibited a similar result (Table 15).

Table 15. Clinical and imaging findings of patients based on concordant
classification both at the health centers and at AHRI laboratory using cAFS smear
microscopy, Addis Ababa, Ethiopia 2021.

Study variables SPPTB SNPTB Total SNPTB=1;

SPPTB=0

No % No % No % COR P-

value

Gender Female 31 403 65 464 96 442 129 0.382
Male 46 59.7 75 536 121 558 1

Age> 45 Yes 11 143 40 286 51 235 24 0.02
years No 66 857 100 714 166 765 1

Daily No 24 316 29 212 53 249 058 0.094

laborer Yes 52 684 108 788 160 751 1 _
Cough No 0 0 6 4.3 6 2.8 1
Yes 75 100 133 957 208 972 1

Weight loss No 13 178 32 234 45 214 141 0.352
Yes 60 822 105 76.6 165 786 1

Fever No 19 25 49 355 68 318 165 0.116
Yes 57 715 89 645 146 682 1

Night Yes 61 813 109 801 170 806 0.93 0.835
sweats No 14 187 27 199 41 194 1

Chest pain  No 26 356 41 297 67 316 0.76 0.381
Yes 47 644 97 703 144 683 1

Shortness ~ No 26 406 38 594 64 338 065 0.165
of breath Yes 42 307 95 693 137 662 1

Hemoptysis No 10 143 19 145 29 144 102 0.967
Yes 60 857 112 855 172 856 1
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Previous Yes 4 52 26 186 30 138 4.16 0.011

B No 73 948 114 814 187 862 1

HIV sero-  Positive 13 169 29 207 42 194 129 049

status Negative 64 83.1 111 793 175 80.7 1

Underweig No 40 52 88 633 128 593 16 0.109

ht BMI Yes 37 481 51 367 88 407 1

BCG scar No 39 591 81 638 120 622 122 0.524
Yes 27 409 46 362 73 378 1

Alcohol yes 18 419 25 581 43 223 0.69 0.303

use No 50 333 100 66.7 150 777 1

COR: crude odds ratio, BMI: Body mass index, - variables with not enough sample size to
compute the statistics.

4.6. Imaging findings among SNPTB and SPPTB patients

A total of 175 patients had imaging finding results (Chest X-ray or CT scan). The
proportion of patients with cavitary lesions were significantly lower among SNPTB
patients, 18% (n=104) compared to SPPTB patients, 39% (n=71) (P-value < 0.05),
while imaging findings other than cavitary lesions, pleural effusions or
infiltration/consolidation, were four times higher among SNPTB than SPPTB patients

(P-value = 0.001) (Table 16).

Multivariate analysis of selected variables showed older age, absence of fever and
prior TB illness had a strong positive association with SNPTB (P-value < 0.05,
whereas presence of cavitary lesions was negatively associated with SNPTB (P-value

< 0.05) (Table 17).
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Table 16. Univariate analysis of imaging findings among SNPTB and SPPTB, Addis Ababa, Ethiopia 2021.

Health Center’s classification CAFS smear microscopy result classification based
Imaging outcomes SPPTB SNPTB SPPTB SNPTB
No (%) No (%) COR P-value No (%) No (%) COR P-value
Cavitary lesions Yes 16(47.1) 32(21.9) 0.32 0.004  28(39.4) 20(18.3) 0.34 0.002
No 18(52.9) 109(73) 1 43(60.6) 84(81.7) 1
Infiltration/ consolidation Yes 13(44.8) 43(59.4) 0.62 0.257 24(39.3) 32(33.3) 0.77 0.444
No 16(55.2) 85(66.4) 1 37(60.7) 64(66.7) 1
Pleural effusion Yes 1(3) 24(17.0) 6.77 0.066 9(12.7) 16(15.4) 1.25 0.616
No 33(76.1) 117(83) 1 62(87.3) 88(84.6) 1
Other” Yes 6(22.7) 44(44) 267 0.073  10(21.3) 39(52) 4.01 0.001
No 16(77.3) 56(56) 1 37(78.7) 36(48.5)

“Imaging findings other than listed in the table (includes discrete fibrosis, nodules (discrete, poorly defined), hilar lymphadenopathy, non-specific signs of
pneumonia and abdominal ascites).
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Table 17. Multivariate analyses of factors associated with SNPTB, Addis Ababa, Ethiopia 2021.

Study variables Health Center’s classification CAFS smear microscopy result Concordant classification both at
SNPTB=1; SPPTB =0 classification based on AHRIL Health center and AHRL

AOR [95% CI] P-value | AOR [95% CI] P-value AOR [95% CI] P-value
Female gender 081 035 188 0.627 1.25 0.61 2.57 0.542 1.7 0.5 5.76 0.394
Age > 45 years 193 0.6 6.24 0.272 2.7 1.04 7.04 0.042 9.59 1.05 87.38 0.045
Non daily laborer _ _ _ _ 0.63 0.28 141 0.263 2.09 0.54 8.04 0.284
No weight loss 0.74 028 1.98 0.548 _ _ _ _ _ _ _ _
No shortness of breath 049 021 118 0.112 _ _ _ _ 0.68 0.19 2.39 0.549
No fever _ _ _ _ 1.96 0.88 4.39 0.102 4.88 1.16 20.54 0.031
No hemoptysis _ _ _ _ 0.3 0.12 0.76 0.011 _ _ _ _
HIV positive 142 045 4.49 0.552 2.32 0.87 6.16 0.092 2.02 0.46 8.85 0.349
Previous TB 164 042 651 0.479 3.77 1.2 11.9 0.023 8.62 0.92 81.02 0.06
BMI > 18.5 _ _ B ~ 1.76 082  3.77 0.144 3.61 1.01  12.85  0.048
Cavitary lesions 035 013 0.92 0.034 0.33 0.14 0.77 0.011 0.26 0.08 0.86 0.027
Pleural effusion 1.38 045 4.19 0.573
Other imaging findings* _ ~ ~ ~ 2.78 062 1256  0.184 1.03 017  6.25 0.978

*Imaging findings other than that listed in the table include discrete fibrosis, nodules (discrete, poorly defined), hilar lymphadenopathy non-specific signs of
pneumonia and abdominal ascites (only 1 patient).
- Variables that did not have significant P-values in the univariate analysis
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When the clinical and imaging findings of PTB patients were stratified into culture
positive and culture negative patients the differences were more or less similar as
when classified as SNPTB and SPPTB. Forty present (125/313) of the TB patients
were diagnosed as negative on LJ culture media. Culture negative cases had an
increased proportion of chest pain (73%) compared with culture positive PTB
(CPPTB) (61%), and increased proportion of previous TB history (22% vs.7%). In
contrast, CNPTB patients were less likely to have cavitary lesions than CPPTB
patients (18.7% vs. 33%) (P-value=0.031) (Table 18). In multivariable analysis,
culture negativity was significantly associated with previous TB history (P-
value=0.014) and a borderline association with absence of cavitation (P-value =

0.0629) (Table 18).

Table 18. Univariate and multivariate analysis of factors associated with CNPTB,
Addis Ababa, Ethiopia 2021.

. cpPpTB  cNpTB | UMVAMa | tivariate analysis
Study variables analysis
CPPTB=0; CNPTB=1 5 [95% 5
- O -
0, 0,
No (%) No (%) | COR value AOR ClI] value

Female  79(42)  59(47.2) | 1.2
Gender 0.366
Male  109(57.8) 66(52.8) | 1

Yes  36(19.2) 33(26.4) | 15 18 08 42 0152
Age>4
ge=45 0.131
years No  152(80.5) 92(736) | 1
Daily Yes  57(31.3) 25(20.2) | 05 04 02 08 0018
0.032
laborer No  125(68.7) 99(79.8) | 1

Urban  163(87.6) 109(87) | 1.0
Residence 0.910
Rural  23(12.4) 16(12.8) | 1

Cough Yes  179(98.4) 120(9) | 25 0.218
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No 3(1.6) 5(4) 1
Yes  146(82.9) 96(84.2) | 0.9
Hemoptysis 0.779
No  30(17.1) 18(15.8) | 1
No  70(387) 33(27.1) | 0.6 0.7 03 14 0283
Chest pain 0.037
Yes  111(61.3) 89(72.9) | 1
: Yes  142(78) 98(80.3) | 1.2
Night 0.629
sweats No 40(22) 24(19.7) | 1
No 20(16)  28(23.1) | 16 19 09 43 0111
Weight loss 0.123
Yes  152(84) 93(76.9) | 1
Shortness _ Yes  116(655) 80(69) | 0.9 e
of breath No  61(345) 36(3) | 1
Previous Yes  13(6.9) 28(22.4) | 3.9 000 35 12 94 0014
B No  175(93.1) 97(776) | 1
Hlv.  Posiive  23(16.4) 35(20.3) | L1 22 09 51 0081
0.804
aerostats  “Negative 117(83.6) 138(79.8) | 1
Yes  64(34) 46(36.8) | 0.9
BMI > 18.5 0.617
No  124(66) 79(63) | 1
Cavitary Yes  33(33) 14(18.7) | 05 o 05 02 11 0.065
lesion No 67(67)  61(81.3)

BMI: Body mass index; No number, COR: crude odds ratio, AOR: adjusted odds ration

4.7. Association of MTBC lineages and patients clinical and imaging findings

The MTBC lineages were re-classified as either lineage 4 or non-lineage 4 and

assessed for any association with the pertinent TB clinical signs and symptom and

some related socio-demographic factors in the current study. While night sweats were

significantly associated with lineage 4 among smear positives, a positive HIV test was

also strongly associated with lineage 4 among SNPTB patients (P-value < 0.05)
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(Table 19). No associations were observed between other variables including gender,

residence, chest pain, hemoptysis, and cavitation and MTBC lineage type for both

SNPTB and SPPTB patients (Table 19).

Table 19. Association between spoligotype based MTBC lineages and patients clinical
and image findings among SNPTB and SPPTB patients, Addis Ababa, Ethiopia 2021

Study variables SNPTB SPPTB
Non- Lineage 4 P- Non- Lineage P-
lineage 4 value lineage4 4 value
No (%) No (%) No (%) No (%)
Sex Female  4(28.6) 14(50)  0.186 2(18.2)  25(39.7) 0.172
Male 10(71.4)  14(50) 9(81.8)  38(60.3)
Age >45 years Yes 2(14.3) 10(35.7)  0.147 1(9.1) 9(14.3) 0.642
No 12(85.7)  18(64.3) 10(90.9) 54(84)
Daily Yes 5(35.7) 7(28) 0.617 3(27.3)  18(29) 0.905
Laborer No 9(64.3) 18(72) 8(72.7)  44(71)
Cough Yes 13(92.9)  25(100) 0.176 10(100) 62(100) -
No 1(7.14) 0 0 0
Night sweats  Yes 10(71.4)  20(76.9) 0.702 5(50) 53(85.5) 0.009
No 4(8.6) 6(23.1) 5(50) 9(14.5)
Weight loss  Yes 3(21.4) 4(15.4) 0631 0 13(21.7) 0.103
No 11(78.6)  22(84.6) 10(100)  47(78.3)
Shortness Yes 6(50) 5(21.74) 0.087 1(10) 16(27.1) 0.245
of breath No 6(50) 18(78.3) 9(90) 43(72.9
Hemoptysis  Yes 0 3(11.1) 0211 1(125) 11(18.3) 0.684
No 13(100)  24(88.9) 7(87.5)  49(81.7)
Alcohol Yes 8(66.7) 24(88.9) 0.095 6(54.6) 41(74.6) 0.181
Use No 4(33.3) 3(11.1) 5(45.5)  14(25.5)
Previous Yes 1(7.14) 3(10.7) 071 0 4(6.35) 0.39
B No 13(92.9)  25(89.3) 11(100)  59(93.7
HIV Negative 14(100)  19(70.4) 0.023 9(90) 48(77.4) 0.363
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Positive 0 8(29.6) 1(10) 14(22.6)
Underweight  Yes 4(28.6) 9(33.3) 0.756 5(50) 22(35.5) 0.379
BMI No 10(71.4)  18(66.7) 5(50) 40(64.5)
BCG Yes 5(62.5) 9(40.9)  0.295 4(50) 17(28.8) 0.225
vaccinated No 3(37.5) 13(59.1) 4(50) 42(71.2)
Cavitary Yes 2(50) 12(28.6) 0.373 2(50) 12(28.6) 0.373
lesions No 2(50) 30(71.4) 2(50) 30(71.4)
No: number
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4.8. Genotypes of NTM isolated from PTB patients

From January, 2017 to December, 2017, a total of 3,834 samples were processed from
698 TB patients (50.6% female and 49.4% male) with a mean age of 32.4 (11 SD)
years. Of the total, 505 (76.3%) patients had a record of their address and majority of
them were from Addis Ababa City Administration 312 (63.4%) and the remaining
193 patients were from the different regions of the country: Tigray (19%), Oromia
(11%), Southern Nations Nationalities and Peoples (SNNP) (2.4%) and the rest
accounting for the 4.2%. These patients had been referred from outside clinicians to

EPHI for further TB workup including culture and sensitivity.

4.8.1. Frequency of NTM recovered from sputum samples of PTB patients

The mycobacterial culture result of 3317 (86.5%) samples were documented, among
these 401 (12%) samples from 41% (286/698) patients were positive for LJ culture
(Figure 25). NTM was isolated from 60/401 (15%) culture positive samples of
51/698 (7.3%) patients; among these 6 patients had MTBC co-isolation, and 8 patients
had a duplicate isolation of NTM from their samples. Of the 51 NTM culture positive
patients 21 (41%) were from health facilities located in Addis Ababa City

Administration.
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3834 respiratory speciemens from 698 TB
patients

|_I

Samples with documented cuculture result

3317
1 . 1
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401 samples of 286 patients 3433 samples from 412 patients
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MTBC NTM
341 samples from 235 patients 60 samples of 51 patients
I L 1
8 patients had 6 patients had
duplicate NTM isolation MTBC co-isolation

Figure 25. Flow chart for number of PTB patients and specimens identified with
NTM, from January to December 2017, Addis Ababa, Ethiopia

The majority of patients from whom NTM were recovered, 42/51 (82.4%), were AFB
smear negative (line 3, Table 20). The frequency of NTM isolation was determined
with respect to socio-demographic and TB related factors. The proportion of NTM
isolates recovered from PTB patients age group 20-29 years was the largest of all age
groups, 29% (15/51) followed by age group 30-39 years old PTB patients 25%
(13/51) (Table 20). Patients who had HIV positive result account for 16% (8/51); a
proportion difference was observed among SPPTB (22%) and SNPTB (14%). About
26% (14/51) of NTMs were recovered from newly diagnosed PTB patients, and 22%
(12/51) from relapsed PTB patients, The latter relapsed cases were higher among
SNPTB 26% (11/42) compared to SPPTB (1/9). Treatment failure was higher among

SPPTB patients, 33% (3/9) than among SNPTB patients, 10% (4/42) (Table 20).
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Table 20. Frequency distribution NTM isolated from SNPTB and SPPTB patients,
EPHI January to December 2017.

Study variables (n=51) SPPTB SNPTB Total
No % No % No %
Gender Women 22 24 57 26 51
Men 78 18 43 25 49
Total 42 51
NR 0 2 05 2 40

Age group <=19 22 8 19 10 20

20-29 0 15 36 15 29
30-39 11 12 29 13 25
40-49 11 4 10 5 10
50-59 22 1 2 3 6
>=60 33 0 O 3 6
Total 42 51

4 11 26 15 29
22 6 14 8 16
33 25 60 28 55
33 11 26 14 27
11 11 26 12 24

HIV status Non-reactive

Reactive
NR
Presumptive New
B Relapse
classification Default

33 4 10 7 14
22 15 36 17 33
22 4 10 6 12
56 34 81 39 76
22 4 10 6 12

Treatment failure
NR

Reason for Diagnosis

test Follow up
NR

N| O N N W O P Wl W N b © W N P| P O NV O ©Ol | DN

NR: Not recorded; No: number
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4.8.2. Species of NTM isolated from PTB patients

In addition to the aforementioned NTM isolates identified from the period of January
through December, 2017, additional samples were identified at EPHI from the
previous years (2014-2016). From that cohort, a total of 71 stored NTM isolates were
utilized for species identification including 21 isolates from patients evaluated in
hospitals found in Addis Ababa and 50 isolates recovered from referral samples sent
from different regions of the country. Among the 71 isolates, 25 had a valid positive
result, 20 of them were NTM and 5 were MTBC with the GenoType Mycobacterium
CM assay. The remaining 26 isolates were initially typed negative with this assay, and
18 isolates had invalid result. In a subsequent analysis of the 46 isolates typed as
negative or invalid using the GenoType Mycobacterium CM assay, 21 had a valid
result with GenoType Mycobacterium AS assay. Among these, 17 were positive for
NTM, 3 were MTBC, and 1 isolate had a negative result. Overall, among the 71
genotyped probable NTM isolates only 49.3% (35/71) were NTM. Among the 28/35
patients who has the record of AFS smear microscopy result about 75% of the NTM
patients had AFB negative result (SNPTB) and only 3/35 (8.7%) had an AFB positive

result (SPPTB).

The NTM genotyped in this study were generally grouped into nine species, 7 from
slow growers and 2 from rapid growers at temperature 37C growth temperature. All
the 4 groups of NTMs based on Runyon classification were identified in this study
(Figure 26). M. simiae, was the most frequently isolated slow grower NTM species
43% (15/35), followed by the rapid grower NTM, M. abscessus,14% (5/35), as shown

in Figure 26.
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Figure 26. NTM species isolated from PTB patients at EPHI, Ethiopia 2014-2017.

4.8.3. Clinical significance of the NTM species

Fifteen patients of the 35 NTM identified from the 2016 cohort who were treated for
presumptive PTB in hospitals in Addis Ababa city were further evaluated. The
medical records of only 6 of these patients (40%) were available and reviewed
accordingly. The medical records of 5 patients were not reviewed because of their
involvement in another clinical trial study performed by WHO. Medical records of 4

patients were not found.

Based on the American Thoracic Society/Infectious Disease Society of America

(ATS/IDSA) NTM disease diagnostic criteria, the NTM species identified from four
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of six patients were not found to be clinically important. These patients had a
favourable anti-TB drug treatment outcome and NTM was identified only from a
single clinical sample after therapy. The importance of the NTM species were not
determined in two patients since they did not fulfil the minimum criteria of
AST/IDSA. The clinical and microbiological information of the patients are shown in
Table 21. All patients were AFB negative (SNPTB), except the patient on serial

number six which is AFB positive (SPPTB).

Table 21. Microbiological and clinical findings of PTB patients identified with NTM,
Addis Ababa, Ethiopia 2014-2017.

z - '§ = @ o0 - - n
20 I Pp o508 & iiy f, 2% 7
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i dc . § & &g &ZSE0 £35 &8 %
I 19 New M. scrofilaceum  Yes Yes No Yes No No  NR 2"line Improved NR
2 19 Treatment failure M szulagi NR NR NR NR NR NR NR Both Cured  Negative
3 70 New M. abscessus Yes N No Yes NR DMII NR  2"line Improved NR

complex

4 22 Treatment failure M. fortuifum Yes Yes NN N NR NR  NR Both NR NR

5 40  Treatment failure M. simiae Yes Yes Yes Yes  Yes Yes 2"line  Improved Negative

6 30 Relapse M. simiae Yes Yes NN NR  Yes NN NR NR NR NR

DM: diabetes mellitus, NR: not recorded
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5. DISCUSSION

This study sought to evaluate the clinical, radiographic, and microbiologic
characteristics of smear negative TB in Ethiopia. A unique study design was applied,
in which patients were recruited based on classifications defined in standard
healthcare settings, and who later were evaluated and regrouped based on the
concentrated smear microscopy result performed at AHRIL. In addition, an
independent cohort representing stored patients’ samples sent to a mycobacterial
referral at Ethiopian Public Health Institute (EPHI) was tested to provide insight into

the possibility of NTM contributing to the diagnosis of TB.

Evaluation of clinical findings revealed similarities in clinical presentation with some
differences among SNPTB and SPPTB patients. SNPTB were more likely to have a
prior history of TB and this finding was consistent among culture negative patients
compared with culture positives. This has been noted in other studies (Khadka et al.,
2019; Tiamiyu et al., 2020) although not commonly reported. The underlying reason
for the association between SNPTB and previous TB is not clear although it was
reported that patients with SNPTB had persistently activated TB specific T cells after
therapy (Esmael et al., 2022), suggesting persistence of activating mycobacterial
antigens, implying a possible aetiology for future infection, yet why this would be
unique to SNPTB is not clear. Alternatively, it is possible that some of the culture
negative SNPTB patients with a prior history of TB had imaging findings representing
old treated disease rather than active disease, with the current respiratory illness non-
mycobacterial in aetiology (Mateyo et al., 2022). Further research will be required to

explore these and other possible explanations.
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We also observed that SNPTB patients had significantly fewer cavitary lesions as has
been previously observed. The mechanism of cavitation in TB is still unclear.
Whether resulting from liquefaction of caseation granulomas or following post
obstructive tuberculous pneumonia, either scenario results in a large release of
aerosolized bacilli in other regions of the lung and its environment (Urbanowski et al.,
2020), and leading to higher bacillary loads (J. H. Kim et al., 2019). That SNPTB has
substantially reduced cavitary lesions implies either a distinct mechanism of
pathogenesis, or alternatively reflecting an earlier stage in the process where bacilli

are less prominent.

Although SNPTB has been repeatedly shown to be more common in HIV infected
individuals (Leandro Cruz Campos et al., 2016), this was not the case in our study
population, where the proportion of HIV positivity was fairly similar in both groups.
Another study has also reported a similar observation (Sinshaw et al., 2019). The
earlier study reports on increased SNPTB in HIV may be related to a reduced cavitary
disease which depends on immunocompetence (R. L. Hunter et al., 2007). Currently,
the national policy of early anti-retroviral therapy initiation at high patient CD4+
counts is consistent with the notion that our cohort was probably not as
immunocompromised as those of earlier studies. This may explain the lack of
statistically significant difference between SNPTB and SPPTB and patients’ HIV
status. Consistent with this possibility, we did not see a significant difference in

cavitary disease in SNPTB and SPPTB in HIV patients.

Our finding that a significant number of PTB patients initially classified as smear
negative TB in health clinics, were found to be smear positive at AHRIL with
concentrated smear microscopy method may partly relate to differences in individual

laboratory procedures affecting sensitivity and specificity. The NALC-NaOH
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procedure AHRIL uses has been shown to typically enhance AFB detection by about
10% (Tadesse et al., 2016). However, this possibility does not alone account for the

discrepancies between labs, implying the contribution of additional factors.

Currently in Addis Ababa, AFB tests on smears are being phased out and replaced by
Xpert for initial diagnosis for TB. Although Xpert testing is free in government
clinics, it is not available in all diagnostic laboratories, and the national TB diagnosis
algorithms accommodate a lack of availability of Xpert testing, indicating AFB
testing as an acceptable alternative. As a result, it is common for patients to visit
multiple clinics, both public and private, in the course of their diagnostic workup;
thus, complex continuity of care issues may obscure diagnostic classifications.
Moreover, it is possible that some clinicians confidently gave the diagnosis of TB
without a smear test being done, categorizing the patient as smear negative to promote

rapid treatment initiation.

Although Xpert has been recommended because of its enhanced sensitivity for TB
diagnosis, some studies have shown that it fails to detect a significant percentage of
culture proven TB (Kiran et al., 2022; Simieneh et al., 2022). Our findings in this
study clearly confirm this, showing that only 38% of culture positive TB among
SNPTB patients were Xpert positive. This percentage is lower than other reports in
Ethiopia, and may reflect differences in lavatory approaches. Further studies should
be done to examine in detail the actual practices of health clinics versus the

recommended guidelines, and probe reasons for discrepancies.

Our finding that a significant number of patients were diagnosed as SNPTB based on
clinical and radiological findings only and were negative for all microbiological tests

has also been observed in previous studies (Kendall et al., 2019; Nguyen et al., 2019).
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In some cases, this may reflect the simple fact that even culture is not perfectly
sensitive, and may in part relate to ambiguities of obtaining consistent sputum
samples. On the other hand, more comprehensive samples like Broncho alveolar
lavage (BAL) and induced sputum have shown to detect over 80% of clinically
diagnosed smear and Xpert negative TB (Imtiaz & Batubara, 2022). This suggests that
part of the problem may be in obtaining an appropriate bacillus containing specimen

by routine sputum sampling methods.

On the other hand, it is also a matter of concern that SNPTB is over diagnosed. For
instance, community acquired pneumonia (CAP) elicited by bacteria not responsive to
commonly used empiric antibiotics (Berhe et al., 2021) but responsive to antibiotics
used in conventional or MDR TB therapy may be misdiagnosed as SNPTB. Atypical
bacteria such as Chlamydia pneumoniae or Mycoplasma pneumoniae well studied in
Westerns settings and characteristically treated with fluoroquinolones or macrolide
antibiotics (Metlay et al., 2019) are less responsive to commonly used empiric CAP
therapy in Ethiopia but potentially responsive to TB drugs like rifampicin (Kohlhoff

& Hammerschlag, 2015).

Such bacteria, as well as other standard pneumonia bacteria resistant to currently used
empiric therapy but responsive to TB therapy, may result in misdiagnosis of SNPTB
leading to unnecessary prolonged therapy. In addition to conventional bacteria, the
possibility that some diagnosed SNPTB in the clinical setting is due to non-
tuberculous mycobacteria (NTM) must also be considered. While our main cohort
consisted of patients recruited immediately after diagnosis, and when found to be
culture positive were confirmed to be MTBC our study of a separate cohort indicated
that NTM species are readily recovered in some patients, and these were

disproportionally present among patients initially diagnosed with SNPTB.
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This second cohort consisted of patients referred to a national diagnostic center, and
most were not new cases and referred after follow-up, and over represented with
treatment failure and relapse cases, thus likely not representative of our main cohort
of new cases. Nonetheless, the detection of NTM in this second cohort indicates that
in a typical clinic, certainly some cases of newly diagnosed SNPTB could be due to
NTM, representing another means of misdiagnosis and ultimately inappropriate
therapy. Therefore, further studies of SNPTB as well as investigations on other
possible aetiologies should be done, including studies using more sensitive sample

collection approaches such as induced sputum.

The overall lineage distribution among PTB patients is similar with other genotypic
studies in Ethiopian PTB patients (Bedewi et al., 2017; Mekonnen et al., 2023; Merid
et al., 2021; Worku et al., 2022) suggesting that lineage 4 and lineage 3 may have
higher capacity for growth and/or fitness, are more easily transmitted, or are not easily
cleared by the immune system (Osei-Wusu et al., 2021; Ramos-Martinez et al., 2019).
We show here that proportionally more lineage 3 and fewer lineages 4 are found

among smear negative compared with smear positive cases.

There are a number of possible explanations for this, including differences in genes
related to lipid metabolism, oxidative stress or TCA cycle. For instance, there is a
greater abundance of proteins involved in lipid metabolism in lineage 3 compared
with lineages 4 or lineage 7 (Yimer et al., 2020). This may result in reduced
penetration of the AFS reagent that precludes detection in lineage 4 isolates.
However, the observed strain differences between SNPTB and SPPTB in this study
will require confirmation in future experimental studies as well as studies with larger

sample sizes. Moreover the higher prevalence of lineage 3 in smear negative patients
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is particularly alarming since this lineage is reportedly associated with higher drug

resistant lineage in the study area (Diriba et al., 2021).

The proportion of lineage 4 among SNPTB cases which were Xpert negative is higher
than that of lineage 3. This could be partly associated with technical factors and
sensitivity of the test which is exclusively based on the detection of M. tuberculosis
specific rpoB gene and its flanking regions; however, the MTBC strain diversity may
have also an impact. For example, the copy number of 1S6110 varies between
lineages and sub lineages; lineage 4 strains have a lower copy number of 1S6110

compared to lineage 3 and other (Roychowdhury et al., 2015).

Though smear microscopy and Xpert assays utilize different approaches and differ in
sensitivity, the variability of MTBC strains which is apparently dependent on the

diagnostic test used, should be explored further in studies with larger sample sizes.

The predominance of MTBC spoligotypes SIT 53 and SIT 149 was similar to that
reported previously both in SNPTB and SPPTB patients (Bedewi et al., 2017;
Mekonnen et al., 2023; Merid et al., 2021; Worku et al., 2022). The comparable
clustering rate with the recent TB transmission index among SNPTB and SPPTB
detected in the current study might be partly associated with delayed TB diagnosis
and treatment or may be due to the genetic makeup of MTBC strain (lineage 3)
involved in SNPTB that precludes laboratory detection. However, further
investigation is needed to solidify these basic findings with larger sample sizes.
Ultimately, proof of differences in transmission rates will require prospective studies

with molecular evaluation of both index cases and contacts.

Many early studies suggested that the transmissibility of SNPTB was considerably

less than that of SPPTB, and provided justification for the focus of WHO on SPPTB
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as a major means of eliminating TB. More recent studies have challenged this view,
suggesting the SNPTB contributes to a greater degree of transmission than previously
suggested. Many factors contribute to transmissibility, but among these include
clustering capacity as well as diagnostic delay. Therefore, we were particularly
interested in defining clustering index of strains, using both spoligotype and WGS
approaches. With both approaches we observed similar clustering indices among
SNPTB and SPPTB. Though these studies need confirmation in future studies with
larger samples sizes, and in particular with studies able to directly trace person-to-
person transmission, our results are in keeping with the possibility that transmission

of SNPTB is greater than previously expected.

The clinical and imaging characteristics of patients with different MTBC lineages
were similar among SNPTB and SPPTB, except for HIV serostatus which had a
statistically significant association with MTBC lineages among SNPTB patients. This
supports a study report on Ethiopian HIV patients, showing that lineage 4 is more
prevalent among HIV patients than the other MTBC lineages (Chemeda et al., 2018).
Moreover, reports of greater ability of lineage 4 M. tuberculosis in stimulating host
immune response (Ramos-Martinez et al., 2019) may result in its preferential
elimination among immunocompetent or HIV negative patients leading at the
population level to a higher proportion of patients infected by lineage 3 bacilli. The
combination of the higher proliferative capacity of lineage 4 (Osei-Wusu et al.,
2021) and the compromised immune status of HIV infected individuals may result in

a higher fraction of lineage 4 strains causing SNPTB in HIV positive patients.

Due to small number of isolates the data on drug resistance did not reveal statistically

significant differences between SNPTB and SPPTB. There were some notable
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findings; however, a patient with MDR-TB identified on the basis of culture isolates
at the Armauer Hansen Research Institute research laboratory had been started on
conventional anti-TB drug treatment based on clinical and sputum criteria. Failure to
identify MDR-TB at the clinic level is of significant clinical relevance as it may
contribute to increased transmission of these stains. These results underscore the

continuing challenge of appropriate TB diagnosis.

The overall proportion of resistance to at least one of the anti-TB drug, 13.7 %
(16.7% of SNPTB vs. 12% of SPPTB) during the study period was lower than a
similar study conducted in Addis Ababa, Ethiopia, 30% of SNPTB vs. 25% of
SPPTB (Desta et al., 2008) . Similarly our findings on MDR-TB among SNPTB
patients 5.6% was similar with a another study (Damena et al., 2019) but lower from a
recent study report 10% (Sinshaw et al., 2019) which both conducted in the same
area. Though, these differences across the studies could be attributed to the DR
detection methods (MGIT vs. LJ), study period, or method used for PTB patient
classification (direct vs. concentrated smear microscopy). The reported, >5% DR
prevalence implies its public health significance warranting a periodic study on

MTBC drug resistance to end TB.

The current study determined PZA resistance among PTB patients and found it was
higher among SNPTB patients; conversely INH resistance was higher among SPPTB
patient isolates. This is the first study in Ethiopia, to our knowledge that has reported
such PZA resistance among SNPTB patients; however, an increased proportion of
PZA DR among SNPTB than among SPPTB was has been previously reported from

China (Xia et al., 2015). Our findings warrant further study with larger sample sizes.
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The most frequent gene mutations associated with INH and RIF resistance (katG_p.
Ser3154Thr and rpoB_p.Ser450Leu, respectively) were similar with other study
reports (Yenew et al., 2024). The newly detected ethA p.lle338Ser mutation of
lineage 3 isolate from a SNPTB but Xpert MTB positive patient who was resistant for
all the first line anti TB drugs implies the possibility of extensively DR-TB in this
group of patients that warrants future studies including both first and second line drug

resistance profile of MTBC strains with larger sample size.

Currently, DR mutations identified by WGS approaches is a research focus to
improve on limitations of DST approaches based on culture and molecular methods
such as GeneXpert assay. In our study all the mutations for multidrug resistant MTBC
isolate identified by WGS which have reportedly greater than 50% positive predictive
value indeed agreed with the phenotypic DR test, arguing for universal DST testing
on culture positive isolates particularly for clinically diagnosed or SNPTB patients.
However, among strains with defined phenotypic resistance, some isolates had no
defined mutations by WGS within resistance genes we evaluated. This could be due to
resistance genes such as efflux pumps, or mutations in cell wall proteins, but we did
not look for these possibilities (Jones et al., 2022). Similar findings were also reported
by a recent study (Naluyange et al., 2020). Rifampicin resistance of one MDR TB
isolate detected by both phenotypic and WGS methods was undetected by Xpert in
the current study, similar to the recent study reports from and Tanzania and Ethiopia
(Alemu et al., 2020; Torokaa et al., 2024). These could be associated with the type of
sputum specimen (fresh vs. stored; processed vs. raw) (Steingart et al., 2014), low
amount of DNA in the sputum specimens (Jean Claude S Ngabonziza et al., 2021;

Ocheretina et al., 2016).
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Importantly, our identification of NTM in this study dependent on the cohort
evaluated. In our study of newly diagnosed cases from multiple outpatient clinics in
Addis Ababa, the mycobacteria we isolated consistent exclusively of MTBC for both
SNPTB and SPPTB. However, in a second cohort, which consisted of patients
referred during follow-up to EPHI from outside, we were able to identify NTM at a
prevalence of 7.3% which is similar with a previous study from the same institution
(6%) (Mathewos et al., 2015). This prevalence was lower than recent studies reported
from St. Paul’s Hospital Millennium Medical College, Addis Ababa, Ethiopia of
10.3% (Kahase et al., 2021), a studies from Tanzania, 9.7% (Hoza et al., 2016), and
India,8.6% (Umrao et al., 2016). The discordance in the magnitude of isolation from
our study may be due to the difference in the study period, population (PTB patient
versus PTB suspects) and country versus city. Although, it is important to stress that
in these studies, the patient populations under study are likely subject to significant
referral bias, collectively they indicate that NTM do contribute to pulmonary
infections which can easily be confused with TB. It will be important in future studies
to arrive at a more accurate estimate of the prevalence of NTM among newly

diagnosed cases of presumptive PTB, in particular SNPTB cases,

The majority of NTM isolates were recovered from presumptive TB patients with an
AFB smear negative result. This might be due to the lower sensitivity of AFS for
NTM detection or increased sensitivity of fast-growing NTM to the decolourizing
reagent used during the procedure (Singhal & Myneedu, 2015). Alternatively, the
source of culture grown NTM recovered from smear negative patients in some cases
might be from the environment since M. simiae, the most frequently isolated species

in this study, is primarily found in water (Griffith et al., 2007)
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M. avium complex (MAC) has been the most frequently isolated NTM in the majority
of studies conducted in both developed and developing countries, including Africa
(Gopalaswamy et al., 2020). In contrast, in this study M. simiae was the predominant
isolate. This is similar to results from Pakistan and Iran (Karamat et al., 2021; Nasiri,
Dabiri, et al., 2017). However, our results contrast with other reports from Ethiopia
wherein MAC, was most commonly identified in an Adama study (Agonafir et al.,
2020), M. peregrinum was the commonest in other Ethiopia studies (Kahase et al.,
2021) (Workalemahu et al., 2013) and Kenya, M. fortuitum the predominant isolate in
India (Kaguthi et al., 2019), and MAC the commonest in India (Thangavelu et al.,

2021), and Gabon (Epola Dibamba Ndanga et al., 2022).

Unlike MTBC, most NTM are not transmissible via person-to-person means (with the
exception of M. abscessus complex) and their distribution varies with respect to time,
geographical location and the studied population (Honda et al., 2018). For instance,
studies from Jimi, Ethiopia and Kenya were conducted on infants, and both found M.
fortuitum as the most frequent species. On the other hand, M. simiae the predominant
NTM in this study and reports from Asian countries (Nasiri, Dabiri, et al., 2017) was
isolated from presumptive MDR-TB patient placed on second line anti-TB drug
treatment highlighting the similarities of M. simiae pulmonary infection with PTB in

clinical presentation, radiologic findings plus its culture growth characteristics.

M. abscessus complex was the second most frequently isolated NTM species in this
study, different from the study reports from Ethiopia (Kahase et al., 2021) and India
that observed MAC (Thangavelu et al., 2021), Kenya that found M. scrofulaceum
(Kaguthi et al., 2019) and Iran that observed M. fortuitum (Nasiri, Dabiri, et al.,
2017) but similar with a study report from China (Duan et al., 2016). This variation

could be due to the difference in the study population between the studies (Duan et
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al., 2016). Nevertheless, it is well understood that M. abscessus complex is the most
frequent rapid growing NTM (80%) isolated from pulmonary samples and associated

with clinical diseases (Griffith et al., 2007).

M. fortuitum was the third most frequent isolate in this study, which is different from
studies in Adama, Ethiopia (Agonafir et al., 2020), China and Iran (Duan et al., 2016;
Nasiri, Dabiri, et al., 2017). Similarly, the above-mentioned factors may contribute
for the variation between the study reports. M. fortuitum was the predominant NTM
isolated from pulmonary samples from infants (Kaguthi et al., 2019; Workalemahu et
al., 2013). Identification of this NTM from infants may be of critical clinical

importance.

For patients who had clinical and microbiologic information, clinical importance of
the identified NTM species was determined based on ATS/IDSA NTM diagnosis
criteria. Thus, none of the isolated NTM species identified were clinically important
after critical assessment of individual patients. However, many study reports have
indicated all of the clinically evaluated NTM species, M. abscessus complex, M.
fortuitum (Wilson et al., 2019), M. simiae and M. szulgai, have been involved in
pulmonary infections particularly in immunocompromised individuals while M.
abscessus complex and M. fortuitum may cause infection irrespective of individuals
immune status (Gido et al., 2019; Kurokawa et al., 2020; Nasiri et al., 2018; Victoria

etal., 2021).

Unfortunately, the clinical significance of the identified NTM was assessed in only 4
patients out of 35 whereas the remaining 31 patient’s medical record was not
accessible and/or available. In addition, insufficient data recorded in the available

patient records, a problem inherent to retrospective study. The majority of patients
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were treated as presumptive MDR-TB, as has been previously described (Cadmus et
al., 2016), and compatible with a study report showing similarities in the clinical,
radiological and laboratory findings between MDR-TB and NTM pulmonary
infections (Kahkouee et al., 2013). Our results show the value of definite diagnosis of
presumptive PTB confirmed by laboratory tests including species identification of the

isolated NTM.

The WGS based analysis of genetic diversity and drug resistance (DR) detection for
PTB (both SNPTB and SPPTB), as well as the comprehensive comparison of clinical,
microbiological and genetic features of SNPTB and SPPTB, both of which are the
first such studies in Ethiopia could be the strength of the current study. However, he
sputum-based sampling which is less sensitive for SNPTB patients and the
concentration method used to classify patients may impact the genetic diversity and
the magnitude of DR-TB. Inaddition, the clinical importance study on the genotyped
NTM from larger cohort of referred patients is also the first such study in Ethiopi will
be important in future studies to define the prevalence of NTM infections in a cohort
of new presumptive PTB cases, as this may be significantly different,, than that
observed in the current studies cohort which was referred after therapy thatmay also

have biased the distribution of NTM species in the population.
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6. CONCLUSIONS

The study revealed that a history of prior TB, non-cavitary lesions, normal
BMI and increased age are characteristics of SNPTB. There was also a
significant discrepancy in classification of SNPTB in different settings
reinforcing that the challenge in SNPTB diagnosis.

The existing MTBC strain distribution among SNPTB appeared to differ from
that of SPPTB in the current study.

In addition, we observed that smear negative MTBC isolates could be further
stratified into Xpert positive and negative which magnified the differences in
strain distribution, specifically lineage 3 and lineage 4.

MTBC clustering was detected in a significant number of SNPTB patients,
and cases of MDR-TB of SNPTB were found only by culture and not by
analysis of fresh sputum.

The NTM study identified M. simiae as the most frequent isolate from
pulmonary samples of PTB patients followed by M. abscessus complex;
however, in a small sample of NTM with adequate clinical records, none were

associated with concerning clinical disease.
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7. RECOMMENDATIONS
The finding on the association of history of prior TB and non-cavitary lesions with
SNPTB can be used by clinicians for better selection of SNPTB patients for anti-
TB drug treatment.
The discrepancies in classification of SNPTB between facilities laboratories
signify the timely revision of the national TB diagnosis guideline that needs
further operational research for better recommendation.
Results from the genetic diversity and drug resistance study warrants yet further
improvement of the existing detection methods including GeneXpert.
Ideally, cost permitting, more widespread more sensitive molecular TB detection
tools facilities should be available PTB patients who have smear and Xpert
negative tests as soon as possible for better detection of TB and DR-TB to end TB
in general.
Additional prospective studies with larger sample size and more sensitive sample
are recommendable for a better understanding of the impact of lineage distribution
and DR-TB among SNPTB.
Further prospective studies with robust genotyping method are recommended to
better understand NTM distribution and their clinical significance among PTB

patients.
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APPENDIX

Appendix 1. Sample size calculation

Sample Size for Unmatched Case-Control Study

For:
Two-sided confidence level(1-alpha) 95
Power (% chance of detecting) 80
Ratio of Controls to Cases 1
Hypothetical proportion of controls with 71
exposure
Hypothetical proportion of cases with 54
exposure:
Least extreme Odds Ratio to be detected: 0.48
Kelsey Fleiss Fleiss with CC
Sample  Size - 128 127 139
Cases
Sample — Size - 128 127 139
Controls
Total sample size: 256 254 278

CC = continuity correction

Results are rounded up to the nearest integer.
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Appendix 2. Supplementary Table 1. Spoligotypes of 116 MTBC isolates, Addis Ababa, Ethiopia,2021.

SPPTB SNPTB

Ser.o Octal SIT Family Lineage name  Octal SIT Family Lineage name
703777740003771 Orphan CAS1-DELHI EAI 377777I77760771 7 T EAI
703777740003771 26 CAS1-DELHI  EAI 703377400001771 21 CAS1-KILL EAI
703777740002171 26 CAS1-DELHI  EAI 703377400001771 21 CAS1-KILL EAI
703777700003771 26 CAS1-DELHI  EAI 703377400001771 21 CAS1-KILL EAI
7737777760771 37 T3 EA 703377400001771 21 CAS1-KILL EAI
7773777776077 37 T3 EA 703777740003171 26 CAS1-DELHI EAI
TT7777404760771 41 TUR EA 703777740003171 26 CAS1-DELHI EAI
T77777404760771 41 TUR EA 703777700003771 26 CAS1-DELHI EAI
TT7777404760771 41 TUR EA T77737777760771 37 T3 EA
T77777607760771 42 LAM9 EA T77777607760771 42 LAM9 EA
7777777760731 52 T2 EA Trr7TTT77720771 50 H3 EA
T77777777760731 52 T2 EA T77777777760771 53 T EA
7777777760771 53 T EA T77777777760771 53 T EA
7777777760771 53 T EA T777T7777760771 53 T EA

146



7T7777777760771 53 T EA 777777777760771 53 T EA
777777777760771 53 T EA 7777777776077 53 T EA
7777777760771 53 T EA TI7777777763771 54 UNKNOWN EA
7T7777777760771 53 T EA TI7777777763771 54 MANU2 EA
7777777776077 53 T EA 777777777720631 134 H3 EA
7777777760771 53 T EA 777000377760771 149 T3_ETH EA
7777777763771 54 MANU2 EA 777000377760771 149 T3 ETH EA
7777777763771 54 MANU2 EA 777000377760771 149 T3 ETH EA
777776777760771 119 X1 EA 777000377760771 149 T3_ETH EA
7777775720771 121 H3 EA 777737777760601 158 T3 EA
777776777760601 137 X2 EA TI7777777760671 245 T EA
777000377760771 149 T3_ETH EA TIATTT777420771 262 H3-URAL-1 EA
777000377760771 149 T3 ETH EA 777776777760731 336 X1 EA
777000377760771 149 T3_ETH EA 700000007177771 910 AFR MA
777000377760771 149 T3_ETH EA 777777774000000 1353 H1 EA
777000377760771 149 T3 ETH EA 777777403760771 1688 LAM (T) EA
777000377760771 149 T3_ETH EA 777777403760771 1689 LAM EA
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777000377760771 149 T3_ETH EA 777347777760771 1821 T EA
777000377760771 149 T3_ETH EA 703777700003171 2392 CAS1-DELIH EAI
777000377760771 149 T3_ETH EA 000017777760771  New T3-0OSA EA
777737777760601 158 T3 EA 513767777603771  New MANU2 10
737777777760771 205 T EA 713377400001771  New CAS1-KILL EAI
777777603760771 230 LAM EA 713777740003171  New CAS1-DELHI EAI
777775777760731 554 T2 EA 713777740003171 New CAS1-DELHI EAI
777757777720771 764 H3 EA 003777777761171  New MANU2 EA
777757777720771 764 H3 EA 627737740003171  New CAS1-DELHI 10
7r7TrTILT760771 771 T EA 773757777763671  New MANU2 EA
7777777420771 777 H3-URAL1 EA 777375777760771  Orphan T EA
7777777420771 777 H3-URAL1 EA

700000007177771 910 AFR MA

777737777420731 1134 H3-URAL-1 EA

703777600003771 1093 CAS1-DELIH EAI

703673740003171 New CAS1-DELIH EAI

777377777760771 1166 T EA
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777777403760771 1690 T EA
703777700003171 2392 CAS1-DELIH EAI
777737757760771 2409 T3 EA
TI7777777763431  New MANU2 EA
571046177763771  New MANU2 EA
303777740003571  New CAS1-DELHI EAI
TI7775777762771  New MANU2 EA
400004757760771  New T1-RUS2 EA
777767677760660 New T EA
403200077760771  New T3-ETH EA
511047377760771  New T3-0OSA EA
777737777763731  New MANU2 EA
773775777760731  New T2 EA
411703777760671  New T3-0OSA EA
476737777760771  New T3 EA
777000377761771  New T3 ETH EA
777342377760771  New T EA
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777740370000000 New ZERO EA

474137777760771  New S EA

713777747763771  New MANU2 EA

777377677420771  New H3-URAL1 EA

777737477760771  Orphan  H37RV(T) EA

701777740003171 Orphan CAS1-DELHI EAI

777777703760771  Orphan CAMEROON EA

777000177760771 Orphan T3-ETH EA

777777740003171  Orphan EAI7-BDG2 10

EA: Euro American, EAI East African Indian, And 10: Indo Oceanic MA; M. africanum, SNPTB: smear negative PTB, SPPTB: smear positive PTB
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Appendix 3. Supplementary Table 2. Spoligotyping and whole genome sequencing data of 44 PTB patients, Addis Ababa, Ethiopia, 2021.

WGS lineage Spoligotyping PTB type
AHRI No SIT family/ clade Lineage name
1. Lineage 4.2.2.2 53 T EA SPPTB
2. Lineage 3 26 CAS1-DELHI EAI SPPTB
3. Lineage 4.2.1 53 T EA SNPTB
4. Lineage 4.2.2.1 42 LAM7-TUR(Turkey) EA SPPTB
5. Lineage 4.2.2.2 53 T EA SPPTB
6. Lineage 4.1.2 53 T EA SNPTB
7. Lineage 3.1.1 ORPHAN  CASI1-DELHI EAI SPPTB
8. Lineage 4.2.2.2 134 H3 EA SNPTB
9. Lineage 4.3.1 ORPHAN Cameroon EA SPPTB
10. Lineage 3 2392 CAS1-DELHI EAI SNPTB
11. Lineage 4.8 53 T EA SNPTB
12. Lineage 4.2.2.2 149 T3_ETH EA SNPTB
13. Lineage 4.6.3 53 T EA SPPTB
14. Lineage4.8 262 H3-Ural-1 EA SPPTB
15. lineage4.6 554 T2 EA SPPTB
16. lineage 4.2.2.2 149 T3_ETH EA SNPTB
17. lineage3 NEW CAS1-DELHI EAI SNPTB
18. lineage 4.1.2.1 50 H3 EA SNPTB
19. lineage 4.2.2.2 336 X1 EA SNPTB
20. lineage 3.1.1 21 CAS1-KILL EAI SNPTB
21. lineage 4 7 T EA SNPTB
22. lineage 7 910 AFR MA SNPTB
23. lineage3 NEW CAS1-DELHI EAI SNPTB
24, lineage4.2.2.2 119 X1 EA SPPTB
25. lineage4.2.2.2 149 T3_ETH EA SPPTB
26. lineage 4.2.2.2 149 T3_ETH EA SNPTB
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217. lineage4.1.2.1 54 MANU2 EA SPPTB
28. lineage4.1.1.3 NEW MANU2 EA SPPTB
29. lineage4.6 NEW T1-RUS2 EA SPPTB
30. lineage 4.1.2.1 121 H3 EA SPPTB
31. lineage4.2.1 1134 H3-Ural-1 EA SPPTB
32. lineage3 NEW MANU2 EA SPPTB
33. lineage4.2.2.2 52 T2 EA SPPTB
34. lineage4.3.4.1 771 T EA SPPTB
35. lineage3 NEW CAS1-DELHI EAI SPPTB
36. lineage4.1.2 ORPHAN H37Rv(T) EA SPPTB
37. lineage 3.1.1 21 CASI-KILL EAI SNPTB
38. lineage4.6.3 2409 AMBIGIOUS; T3, T5 EA SPPTB
39. lineage4.2.2.2 149 T3 _ETH EA SPPTB
40. lineage4.2.2.2 149 T3 _ETH EA SPPTB
41. lineage4.8 NEW T EA SPPTB
42. lineage4.2.1 53 T EA SPPTB
43. lineage 3 NEW MANU2 EA SPPTB
44, lineage4.2.2.2 52 T2 EA SPPTB

EA: Euro American, EAI East African Indian, MA; M. africanum
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Appendix 4. Supplementary Table 3. Clinical and laboratory data of patients that NTM was isolated from their specimens

Serial Age Sex HIV Status TB classification Previous Reason for Follow-up Specime AFB Smear Culture
No Treatment test Month n Type Result Result
1. 40 Female  Non-Reactive  New case NR Follow up 3 Sputum Negative NTM
2. 20 Female NR NR First line Follow up 5 Sputum Negative NTM
3. 38 Female  Reactive NR New Follow up 15 Sputum Negative NTM
4. 36 Female  Unknown Relapse case NR NR NR Sputum Negative NTM
5. 30 Male NR NR First line Diagnosis NR Sputum Negative NTM
6. 35 Female  Reactive NR NR Follow up 16 Sputum Negative NTM
7. 84 Male NR New case NR Follow up 2 Sputum Scanty NTM
8. 18 Female  Non-Reactive  New case second line Follow up 15 Sputum Negative NTM
9. 25 Female  Unknown Relapse case First line Follow up 15 Sputum Negative NTM
10. 20 Female NR Treatment failure second line Follow up 7 Sputum Negative NTM
11. 18 Female NR New case Follow up 5 Sputum Negative NTM
12. 14 Male Reactive Treatment failure second line Follow up 2 Sputum Positive +2  NTM
13. 25 Female  Non-Reactive NR NR Follow up 12 Sputum Negative NTM
14. 28 Male NR Treatment failure First line Follow up 0 Sputum Positive +2  NTM
15. Male NR New case 3=second line  Follow up 5 Sputum Negative NTM
16. 9 Female NR second line Follow up 15 Sputum Negative NTM
17. 22 Male Non-Reactive  New case First line Follow up 0 Sputum Negative NTM
18. 54 Male Non-Reactive First line NR Sputum Positive +3  NTM
19. 55 Male Non-Reactive  Treatment failure New Follow up 14 Sputum Positive +2  NTM
20. 55 Male NR New case First line NR 6 Sputum Positive +3 NTM
21. 55 Male Unknown NR NR NR Sputum Positive +1  NTM
22. Female  Non-Reactive  New case First line Follow up 3 Sputum Negative NTM
23. 30 Male Unknown Relapse case second line Diagnosis NR Sputum Negative NTM
24. 22 Female  Non-Reactive Follow up 5 Sputum Negative NTM
25. 22 Female NR NR First line Follow up 7 Sputum Negative NTM
26. 28 Male Reactive New case Follow up 2 Sputum Negative NTM

153



27. 26 Female  Reactive Treatment failure First line Follow up 13 Sputum Negative NTM
28. 25 Male NR NR NR Follow up 17 Sputum Negative NTM
29. 30 Female  Reactive Relapse case second line Follow up 22 Sputum Negative NTM
30. 21 Male Unknown Treatment failure First line Diagnosis NR Sputum Negative NTM
31. 41 Male NR NR New Sputum Negative NTM
32. 20 Female  Unknown NR First line Follow up 3 Sputum Negative NTM
33. 38 Female  Unknown Return after default  First line Follow up 11 Sputum Negative NTM
34. 24 Female  Reactive New case Follow up 0 Sputum Negative NTM
35. 23 Female  Non-Reactive  New case New Follow up 15 Sputum Negative NTM
36. 42 Male Unknown Relapse case First line Follow up 13 Sputum Negative NTM
37. 43 Male Relapse case First line Follow up 7 Sputum Negative NTM
38. Male Non-Reactive  New case NR Follow up 20 Sputum Negative NTM
39. 32 Female  Unknown Relapse case First line Follow up 21 Sputum Negative NTM
40. 60 Male Non-Reactive  New case First line Diagnosis NR Sputum Scanty NTM
41. 70 Male Unknown New case First line Follow up 4 Sputum Negative NTM
42. 22 Male NR NR NR Follow up 19 Sputum Negative NTM
43. Male Non-Reactive  Relapse case second line Follow up 2 Sputum Negative NTM
44. 15 Male Non-Reactive  NR First line Follow up 5 Sputum Negative NTM
45. 30 Male Non-Reactive  Relapse case First line Follow up 7 Sputum Negative NTM
46. 50 Female NR Relapse case second line Follow up 15 Sputum Negative NTM
47. 49 Male Reactive Relapse case First line 0 Sputum Positive +1 NTM
48. 52 Female  Non-Reactive NR NR 0 Sputum Positive +1 NTM
49. 41 Male Unknown New case First line NR NR Sputum Negative NTM
50. 31 Male NR New case NR Diagnosis NR Sputum Positive +2 NTM
51. 38 Male Reactive NR First line Follow up 10 Sputum Negative NTM
52. 13 Female  Non-Reactive NR Follow up 0 Sputum Positive +2 NTM
53. 5 Male Non-Reactive  Relapse case second line Follow up 5 Sputum Negative NTM
54. 5 Male Non-Reactive  Relapse case second line Follow up 6 Sputum Negative NTM
55. 30 Male NR Relapse case second line Follow up 3 Sputum Negative NTM
56. 32 Male NR Treatment failure NR Follow up 17 Sputum Negative NTM
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57. 14 Female  Unknown New case NR Follow up 18 Sputum Negative NTM
58. 25 Male NR NR First line Follow up NR Sputum Negative NTM
59. 12 NR NR NR Follow up 24 Sputum Negative NTM
60. 28 Male Reactive Relapse case second line Follow up 4 Sputum Negative NTM

NR: Not recorded.

155



IS & CF

Appendix 5. Quality control reads of sequenced isolates

7/18i24,5:42 PM MultiQC Report

FastQC: Per Sequence Quality Scores
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Supplementary Figure 1. Sequence quality score plots of the 56 MTBC isolates, Addis Ababa,
2021. (A: the quality score per sequence B: mean sequence quality score, C: G-C content.)
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Appendix 6. Data collection tools

$mP U: NADGTE MPAA A28 AT P+AFL NTOIRTF AR)Aen, R

eykCON:  PATN AN A9Pee  UPH (TRENNAELL) PHC ARTHT dRRYLF PARPAMARE: it A&N ANN @AM
N7% N NAZ 1N, PA+TTNFO. 04N, Yd-aqF aehhA

PRTENANTE AAT® AATIPU

PN&UBFE NAARIPHLAC ALTN DAE NMEACNPLA AXAC AT oAhAC NS PH/T N&A NATARE
MLACNEAE NFLI° PANTE ARF PANTE 8,914 +9¢

NAhemC: +251979989713/ + 251916120451
ALY »GF £I& PR/ N7IACE ACTIDC YINT PIRCIPC AINtHRT AT A/N ANN RLACAL
A& ¢-A: AHRI/ALERT AAERC secretariat : Tel: +251-11-34-81-28-9
AAU, CNS Ethical Review Board: Tel 251-5-95-92-16
AT1LPPTPA/RLS?

NHU AUZ AT KRR ANHNNZTE NTRLLIM: MTE @AM AT8A+E 4 PLATFPY APMPPT 10 ANNPFT PHE@YID
@AY NAPDATP NLF ehde PHZNMT AOZE 1H MARM- NLYIN LHINM=AAMG+ TFMmI® ALY MPE NAPT
APaRYE BMm B

A% NARN ANN RLNZAEL NTLNCNLA ANAC AT PPANAC NEAE PTIRUCT NEA DM PTATE +Ts APTTM,
AATR AAGIRL AGPAGH B “PATN N ATRek UPH (TILNNAELP) PHC ARYHS ARy T PARAGYARE: (F1d A8 N
ANN @AM NTYTF N, AR £N LA+TTNF@ PN, Ya™aRF adhhd” Na9A CAN ATRLLCHT MGt NARLE
ANANTF APNLU 1O-:NHU MG +AF4 A1 PR PACAPT PhTRTRTE 828 NAANCT AMRSAL: mie PHZND-T
NAMGTEST NG+ BN NATPCPT +ATE N+MAN+ aBLE AAM™F ADSAU-:

<) P:NA0F LN PATTTNF PEN NAF MAT PAIN N, VT NMEACANT PAFIRCEL MMt PEN, ATP6R APN
PLATTTINF 1IC Y YaRge+Fam- NAPM- PYARA JRARSTF AT B¢ IoCaRs MMt ATRUI® NAAT AJH PANGT¢
goLaRsPF +AOACTE PR FNGR PATN +N, ARTT 1E=NAFER L NAMPAL PATN LN NCEF LU PN, ARTT 50 %
LRHA:NANF tN, LATTTNF PATN N, ALY UMIR+ET ThAAFMY UNIPT /ALY 1T NP+ AT8PTTF ML
NtN NAF ePDC AL FAP +998CF APUY 1M

NAUPTIR 82U maF PHUY 4N A9Reee UPN PHC ARYTF AT dRRYLT PAPAMRARE (Fid ATIMGT AATY A& (A4:
NHeLI® MG+ PFha My PYNIR JoCaRLIPMENCNAEST ATRTAE Mt N NAhF NA+HTTNFOS
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tNARZF NH1TNFO. PN, Ya™ay aPhnd 1RREP ARLE PAPyemAz: NHU MTT 518 APE PN, UT>TTY ATIA+&
FPLA=LU mTT NA&N ANN RLACALT PHLMC ALTIN NAE PIRCICC NI9RING 19°29%, NCEINACTIML Y70
TPIRCIRC AINEERTF PIRCIRC N19RAING 792790 hagt AT NARN ANN M NLC PRCIRE NT FRoINC 79279, hag,+:
PIRCIRC NITROINC ML I8 AThEA=MG+E ANNTLMTPP &N PhAR. AT AUS £IKT DML ARAPMLID:

PaZEMm-AANNN $LI° +h+A/RNYE: PIRCLP MMt/ d +N NARF £N PATTTNF@ PN 027 / +N,
NAAZ P+TTNF@ PN, 027%F (ATIIRRLLIT) AALT NHU BTF AT8A+T4 APINHFPF 1M:NHY MG AT ATRA+E
4PEE PO NPT £UTT PATRIRIT R ABLSTF AT AP4 /TR BRCNFA: NNTPTRI+H APALT AT PACA “9 NP (10-
15) @A, PPy AT PhhZ 906 A AL PAR @33N P (5 a1, A. ) PRIRG d™¢ BAMA=UATS PANLSL
gRCaRsPF NAGP 18 TFONHU N+tene NN NAF +IASRIF IC +0OH PUE MPEPT EMPPA: A PMEE
10- 15 2¢¢ PMOAL AU7Y 1H AD+@ AT8+NNET AMLSFAL=MRLEDY PIRPANNND: $L9° NAD- P+R4
MPEPFT ATNADT ADPEPE NTULAMT FhAAT aeAN RUTA=ATUI® ArT PUNIRGT dD/BEPFP AT P45
QMAP ADG+ INAT BPTA: PAT. AR, A JPCORL ATRLZAP PARNRA™ NPy PPLAD-GRCADL. AT PLUL-
goCans. PgRNC ATAAT NNATSPPT 4G9 BAM FA:

N®SEMA+EPM PaMM-ALIT PIFFAR3LA: PHU PTF ANA PID NARA+&P PARLCANPT F9C NMI°
TR 1m=PRIR gag NATLP N MALNT 1H PIPFF aP3LA ANTPT FAA:=NHU AA PO L2PPTT NAPTF
1 AL APA CPMEER NATONLENPTF ANATE £TFAN:

NAGHMEA+EPMLAITO-PI® INHYU DTF NAHEP PAY)Y S+ PR RRFLIC:TIC 17 NANSLFE Mt
AR +EACE TS UNTRT AT ATANNN RORFTAFA:RU mGT N+HTILT PN, AP UPNT EyLT
paRA@AD e (Fid AT NTIINLAA @AM PARHADE AG PAD&PT MNLT ATIDE PATFAA:LUT® ADLL+ PN NAFT
AT®NANAST AdPhANA AT8U9° ND&+ ATING® P8, N4t EPTT ATIMMT & MPTIA:

N&E L/ MNLFF I NHU DFTTF NAPA+EP 77HN NP MRI® PARYT NLFF ARFCIP:

PRTETMADLRTHFNAMNPE MITMI® PACAPT MYF PIAR dOCEPT MAMEPIt P+mNe 10
m/BPIOE PPAMEP €PC NAPAMT LPHA ATE NTPP ALRENTI® N+eRTILT® PHU MGTF +AFLPT ABLE NATE
AR PR PIAR ATE PATR +AFL aOLE NF +idde ARPCNIC:NMST NAT™ P AT N+ARLTLP NA+PC PHE D
MAMEP €PC PPHEMD- NP ATLLT T9Y FPMMP ALTFAI:

PG hEANFLPTFM@NE NHU DTF PAPA+&EID P PARA+E A aONF AAPF:LYID NHUI® Y NAA PMS
+egD Ny P74 AYYFMID A7AAT IC PARLITTE 110 PAIR:I AT IR NI MID A0TF MmG+T ALCME APMMF
LFAA=LUID NMG +Ed> PADIATA CONFPFT APAMPFID::

MAANLE 7A% PALT BLI® MITD-TI° M PR AMPP AT AGRARAN £ $LF NAUT PR N+AMY AL LA APMPID
BFAA:

PGk PT LML RE AT AATD AATIPU: NIPNLA NAR €I 0916120451
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PHP A: PATN E£N, AANTFD +AFLPT CHHIE 0L PLHT T+ MLII0 PR

ek CON: PATN LN, AT UPN (TIRNNNELE) PHC ARTFS RRY1F PAPAARE: 13 AN ANNM. N NTRTTF
tN, NAAF £ PA+TTNF@ PN, YTy dohing

AL N9 NHU NFF PHIARD: P+AFLPT aOLE & ATNINAAL /HINAGA: U JRCIRC "NEMN A6 UPH PHC
ARG Ao Y1t PARAMRAR L (b ARN ANN AAD N+ NARF PATTTNTF®- PN, Yamaqy adhnd” defry
HEFAL=ADTHID AT PARF @LID \ AT PLIR qa™q AYLICAMI ATRUTS PA APMELP ATLMELLT
+MLRAAL=NHY GTF NARA+L PIITT@ $+E PR ATLMELC 11CT NANGFS @Mt AL +ARNCT T3¢
Uh9Rs AT ATANNN ATLMAFFAT +LEFAU PUATR COLEPT MADLRIT dh NA™A ATLTMNS +19CF A
paRA+E AT8 9D PACRATE 8L P4A N ATRLT N IFM-9° LH MT+T PAIRLA AT PAT dRPrY AT 2UTP
NAL AR PARLECAM: F19™ F9C ATRAA +191CTA=LUTY PAIRIRIF 90760, & NARL LM N4 NE 1H MNE,
ATSNNNT ALA FADFTA=NEUPRI® NHU DTF ARATE NA, £ P& DALY NLLTIR ALITMAU:

P+AFL &CT ey
panss ANAN, N9°F &L $7
PATYE &9 1. &7

2 7

MANNL: £U NIRRT PARRLTIM, ™5 NTLANANG A®. NANT APUPY AANT
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Annex 2. Data collection formats

Data collection formats for studying mycobacterial genetic diversity and drug
resistance pattern among smear negative PTB patients

Part I.

A. Patient Enrolment assessment form

1. Patients Code T
2. Date of . | | | | | ] -enrolment:(dd/mmly )

3. CLINIC Card Number T T 17T T ]

4. TBtype SPPTB [ ] SNPTB [ ]

B. Enrolment Acceptance Criteria

Inclusion criteria: Y N

NA

e Willing to consent to study |

e Aged >18 years

e Newly diagnosed TB patients |

e Patient sign Informed Consent:  Yes No |:|
e Date Informed Consent signed: (dd/mm/yy) / / EC

Final dicition : Patient Included [ | Patient Excluded [ ]

Part 11

Demographic data

1. Gender : M |:| F |:|

2. Age [ [ ]

3. Residence:  Urban [ ] Rural [ ]

4. Where doyou live ? In my owen house |:| With relatives ]
In elderly care center [ ] In prison ] Onthe Strait [ |
In rehablitation center [ ] Other, specify ------------m-mmrmmmmmeeo-

5. Occupation : Daily labourer D Farmer |:| Student D House wife [ ]

Merchant Governn|__} employee {_Jemployed ]
Unemployed 1011 ]] (u—

6. Educational level: lllitrate [ ] Read & writ local language [ ]

Primary [ _pecondary [ Teritiery
7. Monthly income (ETB)| |
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Part 111

A. Patient’s symptoms

CoughY|:| N |:|Duration at enrollm (tick one) mo (] wk DdayD

Score Severity (intermediate scores per interviewer’s discretion)

1 point: mild (infrequent, intermittent, shallow cough)
5 points: moderate (day cough, every two hours)
10 points: severe (day/night cough, frequent--every 15-30
minutes, deep, associated with pain
or vomiting or gasping for breath
between coughs)
Sputum Y [ ] N[] Ifyes, amount per day:Tea spoon (5cc) [ | table [ ]
spoon (15cc)
Sputum container (30cc) D Ethiopian coffee cup (200cc) D
More than Ethiopian coffee cup (> 200cc)

Blood Sputum Y D N D If yes, amount per day: D specks only |:|
teaspoon (5cc) tablespoon (15cc) D Sputum container (30cc) D

Ethiopian coffee cup(>200cc) D More than Ethiopian coffee cup (>200cc) D
Night sweats (soak linen) Y N

Chest pain Y N D l:l

if YES, score severity:(intermediate scores per interviewer’s discretion)

10 points: worst pain in my life, can’t function
7 points: Not worst pain but very difficult to function
5 points: Modereate pain, distracting, can function with some difficulty
3 points: Mild pain, able to functi
1 point: barely noticable pain
o Fever Y D N D If yes, How many days

e Lossofweight Y [ [N [_]Ifyes, estimate weight loss (kg)

e Shortnessofbreath Y [ |N [ ]
o Ifyes, Classl [ _]Classll [_] Class I |:|Class \Y; |:|
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Amended 1994 Update of NYHA classification of functional capacity

Class I. Patients with no limitation of physical activity. Ordinary physical activity does not cause
undue dyspnea.

Class Il. Patients with slight limitation of physical activity. They are comfortable at rest. Ordinary
physical activity ( climbing stairs, cleaning house) results in dyspnea.

Class I11. Patients with marked limitation of physical activity. They are comfortable at rest. Minor
activity ( making bed, getting dressed) causes dyspnea .

Patient History

1. Medical history ( Use back of page if inadequate space)

a.Ever had TB before? Y ] U Jpwn [ ]
If YES, did you treated for TB Y |:| N |:| Unknown |:|

b. Underlying co-morbid condition
Diabetes mellitus

Malignancy

COPD

Use of corticosteroid

End-stage renal disease

Liver cirrhosis

AIDS
Other, Specify---=-=-=-=mnmemmemmem oo eeeeeee

|
Ooopoot

3. Patients HIV status Posetive |:| Negative [ ]

4. Histry of antibiotic exposure Y [] N [ Unknown |:|

If yes , for how many days did you take the antibiotics ---------------------- days
If yes, indicate name of antibiotics -------------------=--mmmemse -

Part IV: Substance use

A. History of cigarette smoking

1. Never smoked |:|

2. Currently smoking [ ]

3. Smoked in the past but stopped |:|)ate stopped if known:
(EC dd/mmlyy, leave blank if unknown) /[
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If precise date unknown, estimate how long ago: _ years,
months ago
If currently smoking or smoked in the past, type of smoking
Y N Average no of cigarette/pipes

smoked/day
Cigarettes |:| |:| -
Home made cigarettes 0] -
Pipe Tobacco 0] _

If smoking history, how long have/had you smoked ?  Years
B. Drug use: (eg chat, cannibis, etc)
Never used drugs [ |
| stopped using drug|:| Date stopped (EC dd/mmlyy, leave blank if
unknown) [/ [/
If precise date unknown, estimate how long ago: _ years,  months ago
| currently use drugs v N_ |

If yes, use: Y N
Fill out info  Chat I
days/week 1]
at right if Cannibis s
days/week 1L
drug user Shisha e
days/week [ ] []

Other (specify) e
days/week

C. Alcohol use: Do you drink alcohol?
1. Never [ ]

2. luse alcohol [ ]
3. Previousy used > 6 months ago [ ]

If you have used alcohol, indicate which beverage? If yes, check frequency

Y N
Tej [y —— days/week
11| N I [ N SeS—— days/week
Beer ] [ e days/week
Whiskey/ 1 days/week
Hard liquor
Wine [ I S— days/week
Arake [ I —— days/week
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Part VvV
A. Examination ( Clinician)

Temp (°C): PR: RR:

(If subject temp is 37.0 write 37.0 not 37)
BCG scar y [ ] N[ ]

Anthropometry

Karnofsky score: %

Weight:

Height: cm
BMI: Database Unit .l (kg/m?)

B. Pertinent signs of disease
Capchexia
Dyspnea
Lymphadenopathy
Abdominal tenderness
Ascites
Abnormal genitourinary
findings ( eg orchitis)
Abnormal skin findings
Bone (eg spine) tenderness
Abnormal heart sounds
Audible breath sounds
(eg wheezing)

Clubbing
Pallor
Other

If other, describe:

Karnofsky score:

100% - normal, no complaints,
no signs of disease

90% - capable of normal activity,
few symptoms or signs of disease
80% - normal activity with some
difficulty, some symptoms or
signs

70% - caring for self, not capable
of normal activity or work

60% - requiring some help, can
take care of most personal
requirements

50% - requires help often,
requires frequent medical care
40% - disabled, requires special
cd help

C. Positive findings on auscultation:
a. crepitation (fine or course)
b. bronchial breath sounds
c. Decreased air entry
d. pleural friction rub
e. Other findings

If yes, specify:
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Part VI

CXR Reading Report : Date performed: (dd/mm/yy) [ [
Findings. tick all that apply
Yes No

] [] Infiltrate or consolidation

Any Cavity lesion

Nodule with poorly-defined margins

Pleural effusion

Hilar or Mediastinal Lymphadenopathy

Discrete fibrotic scar or linear opacity g

Discrete nodule(s) without calcification

Discrete fibrotic scar with volume loss or retr

If Other, specify:
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TB diagnosis confirmed by (tick all that apply)

X-ray|:| AFB Smear |:| Xpert |:| Culture |:| Expert dicition |:| Other---

ESR result  -------------emeee mm/hr

Sputum AFS Staining result: AFS +Y I:l N I:l If yes, 1+ | |2+ L 3+ L |
Not Indicated |:|

AFS-Y I:I N I:I
Gene Xpert result: MTB not Detected Y |:| N I:l
Detected MTB only Y |:| N |:|
Detected MTB+ RRD Y I:l N |:|
Indeterminate result Y I:l N |:|
Not available Y I:l N |:|
Samples Collected: Yes No Date
Sputum 1 I:I I:I Y R
Sputum 2 [ ] [ ] _
BAL 1 ] I
Blood /Serum (2 tube) [ ] [ ] I

Signature PI/Col
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