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ABSTRACT

Mycobacterium tuberculosis (Mtb) is the causative agent of human tuberculosis (TB) which
remains one of the deadliest pathogens worldwide. The observed genetic diversity among Mtb
lineages has been associated with differences in virulence, pathogenicity and drug resistance.
However, a better understanding of Mtb strain diversity and its implications for Mtb biology
will inform the development of TB control tools, including diagnostics, drugs, and vaccines.
Through the application of ‘omics approaches, this thesis presents a comprehensive analysis
of whole-genome sequence (WGS) data from Mtb clinical isolates to improve the understand-
ing of the pathogen biology and inform on pathogenicity and drug resistance. The integrated
analysis of the genome, transcriptome and methylome of ancient and modern lineages of Mtb
revealed genetic variants and methylation patterns with a potential role in gene expression
regulation. Through the analysis of the frequency and distribution of mutations associated
with resistance to the new anti-TB drugs (bedaquiline, delamanid and pretomanid) in a large
data set (~30k isolates), mutations pre-dating the introduction of these drugs with likely func-
tional effects were observed. This result suggests possible intrinsic or cross-resistance, and
potential threats to the effectiveness of MDR-TB treatments. Moreover, by using long-read
sequence data, it was possible to characterise the genetic diversity of the 169 pe/ppe genes,
which are loci traditionally removed from WGS analysis due to their repetitive GC-rich regions.
Structural variants in pe/ppe genes with lineage-specific patterns were found. Finally, with
sequencing technologies gaining traction as diagnostic tools, the use of the MinlON portable
and long-read platform was assessed. The results support its suitability for epidemiological
applications and drug resistance detection, with the potential to characterise pe/ppe genes
through improved coverage of GC-rich regions. Overall, this thesis demonstrates the potential

of sequencing platforms to inform TB control and improve the understanding of Mtb biology.



The application of different ‘omics provides with a comprehensive analysis of the different
Mtb lineages showing distinct genomic and transcriptomic profiles that translate into different

behaviours, with diagnostic and treatment implications.
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Introduction
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1.1. Global burden of tuberculosis disease

Human tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) bacteria, has been
present throughout the history of humankind, and caused the most mortality of any pathogen.
During the 20%" century, due to the introduction of the Bacilli Calmette-Guérin (BCG) vaccine,
antibiotic treatments and better public health policies, TB morbidity and mortality trends de-
creased. However, these rates increased again at the end of the century, in part as a result
of the AIDS epidemic and the emergence of anti-TB drug resistance [1], including rifampicin-

(RIF) (RR-TB), multidrug- (MDR-TB) and extensively drug- (XDR-TB) resistant Mtb.

Nowadays, TB remains a global health problem being one of the deadliest infectious dis-
eases worldwide [2]. One third of the world’s population is considered to be infected; how-
ever, only 10% of these infected individuals will eventually develop the active form of the
disease [3]. A total incidence of 9.9 million people was estimated for 2020, with most TB cases
being found in South East Asia (43%), Africa (25%) and the Western Pacific (18%) World Health
Organisation (WHO) regions (Figure 1). The number of deaths in 2020 showed an increase
from 2019, with 1.3 million deaths among HIV-negative and a further 214,000 deaths among
HIV-positive people [2]. Moreover, the emergence of resistant strains to the current anti-TB
drugs threatens efforts to control the disease, accounting for 132,222 and 25,681 MDR/RR-TB

and pre-XDR/XDR-TB cases respectively [2].

1.1.1. Tuberculosis and COVID-19

Although incidence and mortality rates have been declining in recent years, the COVID-

19 pandemic has dramatically affected access to TB diagnosis and treatment, and therefore
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Figure 1. Estimated TB incidence rates per 100,000 population per year (taken from the WHO

Global Tuberculosis Report 2021) [2].

substantially slowed down the progress achieved until 2020 in reducing the burden of the dis-
ease [2]. The number of TB cases notified in 2020 compared to 2019 has been reduced by
18% in average and up to 24% in high TB burden countries, showing a significant impact in
case detection as a consequence of the COVID-19 pandemic [2, 4]. The acute reduction in de-
tected cases points towards a reduced access to diagnosis rather than a result of decreased
transmission. However, interventions such as lockdowns and mask-wearing may have had an
impact in transmission whose extent is still unknown [4]. To mitigate some of the effects of the
COVID-19 pandemic, the combined screening of COVID-19 and TB in high-burden settings has
been suggested as a strategy to improve case-detection and reduce the potential risk of active
TB associated with COVID-19 [4]. Modelling analyses have estimated an increase by 5-15%

in TB mortality over the next 5 years [5]. Many of the TB-endemic countries have been the
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most affected by COVID-19, with substantial economic impact that will probably translate into
a long-term increasing trend in TB cases. Limited treatment support, reallocation of resources
and restriction of movement have disrupted TB health services, especially in the most vulner-
able settings [5]. Altogether, the COVID-19 pandemic has reversed gains in the fight against
TB, which unfortunately, will force some TB-endemic countries to revise the 2025 milestones

of the WHO End TB Strategy [2].

1.2. Disease aetiology, risk factors and host susceptibility

TB is an airborne infection transmitted by inhalation of aerosols containing viable bacilli
from infected humans with active pulmonary disease. When the bacilli reach the host alveoli,
they face the innate immune response mediated firstly by alveolar macrophages that phago-
cytose the bacteria (Figure 2). This first contact of the bacteria with the host is the beginning
of a complex and yet not entirely understood interaction with the immune system. Although
alveolar macrophages can eliminate the bacteria through the production of nitric oxide and re-
active oxygen species, they play a dual role, also enabling the establishment of the bacilli [6].
Mtb bacteria becomes then resistant to clearance through different strategies of immune eva-
sion, from inhibition of phago-lysosome fusion to dormancy [7, 8]. Replication of the bacteria
within the macrophage leads to cytolysis and infection of neighbouring cells [6]. In this early
stage, lymphatic and haematogenous dissemination to other organs may occur [9]. The delay
experienced in the initiation of the adaptive immune response (CD4 T Cells) enables the expo-
nential growth and contributes to the survival of the bacilli [6]. Recruitment and confluence
of lymphocytes, neutrophils and other immune cells at the primary site of infection forms the

granuloma, and the consequent granulomatous inflammation that occurs in the periphery of
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the lung constitutes what is known as “Ghon complex” [10]. Although granuloma formation
has been associated with host protection, there is also growing evidence of its role in mycobac-
terial expansion [11]. These events represent the primary TB infection, usually asymptomatic,
but sometimes the cause of non-specific symptoms, common with lower respiratory tract in-
fections [10]. The Th1 cell-mediated immune response is believed to be principally responsible
for containment of the initial infection, with the potential of Mtb elimination. However, im-

mune evasion mechanisms by Mtb can trigger a gradual shift towards Th2 responses [12].

After primary infection, tubercle bacilli can remain in a dormant state for a long time, which
is known as latent TB, the most common form of TB infection. The interior of the granuloma
becomes necrotic and hypoxic, which triggers different metabolic adaptive pathways in the
bacilli to enter a quiescent state. In this phase, a low proportion of the bacterial population,
named “scouts”, become active and replicative, being constantly killed by the host immune
response [9]. Interestingly, persistent bacteria has been found not only in the lung lesions, but
also in different host locations, such as fat tissue [13]. When temporary or permanentimmuno-
logical impairment occurs, tubercle bacilli replicate in an uncontrolled manner, so that the la-
tent form of the disease shifts to active TB [9]. This post-primary TB infection can manifest as
pulmonary (most common) or extrapulmonary, which includes tuberculosis meningitis or dis-
seminated TB. Symptoms during this phase include fever, anorexia, reduced appetite, weight

loss, night sweats, anaemia, persistent cough, sputum production and haemoptysis [14].
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Figure 2. Transmission and granuloma formation during TB infection, taken from Cambier et

al., 2014 [15].

The main risk factors for the progression and development of the active form of the disease

include HIV co-infection and drug-mediated immunosuppression. However, age, sm

betes, malnutrition and other co-morbidities have also been reported to increase susceptibility
to active TB [9, 16]. Additionally, socioeconomic levels, such as poverty and poor access to di-

agnosis and treatment are important aspects that can affect the population vulnerability [17].

Finally, several studies have demonstrated the impact that genetic factors have on

or susceptibility to TB. Twin and family studies have indicated evidence of heritable compo-
nents of TB susceptibility [18]. Furthermore, polymorphisms in HLA genes related to ethnic

and geographical differences have also been associated with increased susceptibility [19, 20],
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as well as other variants identified in, for instance, genes involved in immune response and
inflammation signalling pathways [21]. Along with host determinants, it is important to high-
light pathogen factors, such as Mtb strain differences in virulence or drug resistance, that can
influence the outcome of the infection, as a consequence of the dynamic host-pathogen inter-

action.

1.3. Diagnosis

A prompt and accurate diagnosis is crucial for the control of the TB disease. Different tech-
niques are used for the diagnosis of the active and latent forms of TB. Although chest radio-
graphies can be informative to identify pulmonary TB lesions, abnormalities in the lungs are
often indicative of other pathologies [22], and therefore, bacteriological confirmation is re-
quired for the diagnosis of active TB. The mycobacterial culture is still the gold standard in
many countries. This method can be performed in solid or liquid media, but due to the low
replication rate of Mtb, it is highly time consuming (4-6 weeks in solid and 10-21 days in liquid
media) [23]. Moreover, it requires trained personal and specific infrastructure. The sputum
smear microscopy technique is also widely used. It is an inexpensive and simple method, al-
though diagnostic quality is highly operator dependent. Its sensitivity is relatively low (~70%),
increased by the application of LED fluorescent microscopy [24], and conditional on bacil-
lary concentration, which limits its reliability in, for instance, HIV-positive patients [25]. For
the early and correct diagnosis of active TB, the WHO currently recommends the use of en-
dorsed molecular techniques as initial diagnostic tests [2]. The Xpert MTB/RIF, used world-
wide, has shown good sensitivity and specificity. This test requires minimal processing and

can be performed on sputum samples with the simultaneous detection of Mtb and resistance
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to rifampicin [26]. Other nucleic acid amplification tests (NAATs) like line probe assays (LPAs),
useful to detect resistant genotypes, have also been in use for a decade now [27]. Moreover,
the recent development of NAATs has led to several other assays, like TB-LAMP [28] or True-
nat MTB, which are also among the recommended tests in latest WHO guidelines [29]. The
use of next-generation sequencing (NGS) for the detection of drug resistance significantly re-
duces the time of traditional phenotypic culture or culture-based testing [30,31]. Thus, several
countries have already implemented NGS technology for surveillance of drug resistance [32].
Among the different approaches, target amplicon sequencing shows promising results and
cost-effectiveness; however, only used for research purposes so far [32, 33]. Although Mtb
culture is usually necessary prior to sequencing, the development of techniques performed
directly from sputum have already been successful [34]. Finally, immunological tests are the
methods of choice for the diagnosis of latent TB. There are two methods available: (i) the
tuberculin skin test (TST) or Mantoux, and (ii) the interferon-y release assays (IGRAs). One ad-
vantage of the latter over the TST is its improved specificity so it does not cause false positives
after BCG vaccination [35]. However, due to its cost, the TST is still the preferred option in low-
income regions [36]. With the present COVID-19 pandemic, fears of underdiagnosis of TB have
grown. As they share common symptoms, suggestions on combined diagnostics for both in-
fections have been proposed [32]. Additionally, research on host transcriptomic biomarkers of

TB infection and progression poses an interesting field towards a pathogen-free diagnosis [37].

1.4. Treatment and vaccines

In view of its airborne transmission and the emergence of drug resistance, effective treat-

ment is important for the management and control of tuberculosis. The anti-TB armamentar-
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ium consists of first and second-line drugs (Table 1). First-line drugs include isoniazid (INH) and
ethambutol (EMB) that target the synthesis of mycolic acids; pyrazinamide (PZA) that inhibits
the synthesis of coenzyme A; and rifampicin (RIF) that inhibits RNA synthesis [38]. On the
other hand, second-line drugs comprise different groups of drugs with various mechanisms of
action, such as fluoroquinolones, injectable aminoglycosides, capreomycin class polypeptides,
cycloserine and p-aminosalicylic acid (PAS) [38]. Recently, novel potent drugs like bedaquiline
(BDQ), delamanid (DLM), linezolid (LZD) and pretomanid (PTM), have also been included for
the treatment of drug resistant cases in different combination regimens [38, 39]. Second-line
drugs are classified in three different classes (Table 1) based on their relative benefits and

harms, and their use is reserved for the treatment of drug-resistant TB.

Current anti-TB treatment involves long regimens of a combination of bactericidal and ster-
ilising drugs. This approach is based on the principle of a two-step treatment, with an initial
bactericidal phase where replicative bacilli are killed, leading to clinical recovery, followed by
a sterilising phase where semi-dormant bacilli are eliminated [40]. For susceptible cases, this
regimen is composed of the combination of 4 first-line drugs for 6 months, consisting of 2
months with INH, PZA, EMB and RIF, followed by 4 months with RIF and INH [41]. The treat-
ment of latent TB cases is recommended for high-risk patients (e.g., HIV co-infection or house-
hold contacts of a bacteriologically confirmed TB case), where a 6-months monotherapy of
INH is usually prescribed [42]. The emergence of drug resistance and consequent treatment
failure requires the use of second-line drugs, which have a higher toxicity and side effects, and
thus promote lower compliance. Moreover, in HIV-positive patients or those with other co-
morbidities, the management of the disease can be more complicated due to pharmacological

interactions [40]. This is of concern as ultimately it can lead to poor treatment outcomes and
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Table 1. Drugs used for TB treatment

First-line drugs

Isoniazid (INH); Ethambutol (EMB); Pyrazinamide (PZA);
Rifampicin (RIF)

Second-line drugs

Levofloxacin (LFX); Moxifloxacin (MFX); Bedaquiline (BDQ);

Class A
Linezolid (LZD)
Ethambutol (EMB); Delamanid (DLM); Pyrazinamide (PZA);
Class B Imipenem-cilastatin (IPM-CLN); Meropenem (MPM); Amikacin
(AMK); Streptomycin (STR); Ethionamide (ETO); Prothionamide
(PTO); p-aminosalicylic (PAS)
Class C Kanamycin; Capreomycin; Gatifloxacin; High-dose INH;

Thioacetazone; Clavulanic acid

a higher risk of development of further drug resistance. The recommendation for multidrug-
resistant TB (MDR-TB) cases is dependent on the resistance profile to the different anti-TB
agents and the eligibility of each patient for the specific treatment, often requiring longer reg-
imens of 18 months or more [39]. Although the introduction of the new drugs, such as BDQ
or DLM, has brought promising results, efforts towards the discovery of novel compounds for

the treatment of MDR-TB are still necessary.

Prevention of TB is based on the interruption of the transmission through early diagno-
sis and treatment of active TB. Although its effectiveness has been reported to be very vari-
able [43], the BCG vaccine is the only one currently available and still widely used, as several
studies support its protection against the most severe forms of childhood TB [16]. Ongoing ef-
forts in the vaccine development pipeline are focused on different types, from attenuated or
inactivated to subunit vaccine candidates, with more than a dozen of them undergoing clinical
trials [2,43]. An effective vaccine would be crucial in achieving the WHO goal of TB eradication

by 2050 [44]. However, attempts to develop a more effective vaccine have been unsuccessful
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so far.

1.5. Drug resistance

The emergence of drug resistance to the first and also second-line drugs is a public health
concern that threatens the current therapeutic arsenal. TB drug resistance is classified into
five categories as follows: (i) INH-resistant TB; (ii) RR-TB or rifampicin-resistant TB; (iii)) MDR-TB
or multidrug-resistant TB (resistant to RIF and INH); (iv) pre-XDR-TB or pre-extensively drug-
resistant TB (additional resistance to any fluoroquinolone); and (v) XDR-TB or extensively drug-
resistant TB (additional resistance to BDQ or LNZ) [2]. The detection of drug resistance requires
culturing and further phenotypic drug susceptibility testing (DST), which can delay significantly
the start of an adequate treatment. Nevertheless, in Mtb, drug resistance is mainly conferred
by single nucleotide polymorphisms (SNPs) and small insertions and deletions (indels) located
in genes coding for drug targets or enzymes responsible of activating prodrugs [45]. More-
over, acquisition and accumulation of resistance conferring mutations sometimes entails fit-
ness loss, which triggers putative compensatory mechanisms [46,47]. Through the compara-
tive analysis of DST and genomics, mutations causing resistance have been characterised [48],
and this has enabled the rapid detection of resistant genotypes with NAATs, such as Xpert
MTB/RIF or others. However, these techniques are limited so that phenotypic tests involving
culture are still being used for many drugs. In recent years, to overcome the limited number
of loci tested by molecular techniques, whole-genome sequencing (WGS) has been proposed
as a rapid alternative method of detection [48-50], even with the possibility to be performed
from sputum samples [34]. With whole-genome sequence data, bioinformatic tools such as

TBProfiler can predict drug resistance, based on known genetic markers [51].
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Thanks to phenotypic-genotypic studies, mutations associated with resistance to several
drugs have been well characterised, despite the lack of understanding of some mechanisms
of action. For instance, mutations in katG and inhA are known to confer resistance to INH;
mutations in rpoB to RIF; mutations in embB to EMB; mutations in pncA to PZA; and mutations
in gyrA and gyrB to fluoroquinolones [38, 52]. Moreover, even though the roll-out of BDQ
and DLM is relatively recent, the appearance of mutations conferring resistance to these new
drugs in clinical isolates has already been reported [53, 54]. These include mutations in atpE
for BDQ and mutations in ddn and the enzymes involved in the F,,¢ coenzyme system for DLM
[38,52]. It is also important to highlight the potential cross-resistance that can be given by
shared mechanisms of action (e.g., DLM and PTM [55]), or by the activity of efflux pumps
on specific drugs. The latter situation can be exemplified by the cross-resistance of BDQ and
clofazimine (CFZ), where mutations in the transcriptional repressor mmpR5 of the efflux pump
encoded by mmpL5-mmpS5 leads to increased minimum inhibitory concentrations (MIC) to

both drugs [56].

1.6. Mycobacterium tuberculosis

1.6.1. Mycobacterium tuberculosis complex and strain diversity

Mycobacterium tuberculosis, the aetiological agent of human tuberculosis, is a slow-growing
acid-fast bacteria with a peculiar lipid-rich cell envelope structure. Despite being classified
as Gram-positive bacteria, its cell wall contains an outer membrane similar to Gram-negative
bacteria, composed by an asymmetric lipid bilayer with the characteristic mycolic acids, and
a layer of peptidoglycan in the periplasmic space [57]. This particular mycobacterial cell wall

provides protection against hydrophilic compounds, conferring natural resistance to specific
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drugs. Moreover, some components of the cell wall, such as the well-known ESAT-6 secretion
system (ESX1-5), play an important role in virulence and host-pathogen interaction [9, 58—60].
Mtb belongs to the M. tuberculosis complex (MTBC) along with other human-adapted species,
such as M. africanum, animal-adapted lineages and the denominated “smooth tubercle bacilli”
[61]. The phylogenetic classification of the main human-adapted Mtb strains consists of 7 lin-
eages, 5 within the M. tuberculosis sensu stricto (L1-L4 and L7) and 2 M. africanum (L5-6), with
a different geographical distribution: Indo-Oceanic (L1), East Asian including Beijing (L2), East
African-Indian (L3), Euro-American (L4), Ethiopian (L7), West African 1 (L5) and West African 2
(L6) [61, 62] (Figure 3A). These lineages have also been divided into two clades based on the
presence or absence of the TbD1 deletion [63], being L2-4 considered the “modern” lineages,
whilst L1 and L5-6 the “ancient” ones. In this classification, L7 holds an intermediate position.
Despite the temporal connotation, all MTBC lineages have simultaneously evolved from the
common ancestor, and therefore it does not necessarily indicate an evolutionary time dimen-
sion [64]. In recent years, two other lineages designated L8 and L9 have been discovered in
East Africa [65, 66], the latter as a divergent group within M. africanum. Interestingly, viru-
lence and pathogenicity across the different lineages have shown to be variable. For instance,
specific characteristics of Beijing strains (L2) result in a notably higher virulence and spreading
capacity [67-71]. Overall, the study of the genetic diversity in the different strains has shed

light on transmission dynamics, virulence, pathogenicity and acquisition of drug resistance.

1.6.2. Genomic diversity

The sequencing of Mtb in 1998 revealed a 4.4 Mb genome with a high GC content (~65%)
that comprises more than 4,000 genes [72]. Due to the low mutation rate observed [73] and

the lack of horizontal gene transfer, the Mtb genome has traditionally been considered to have
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limited variability and, compared to other bacteria, to be stable and largely clonal [61, 74, 75].
In general, the maximum SNP distance between any two human-adapted strains is approxi-
mately 1,200 SNPs [76]. A strong linkage between sites is one of the consequences of its clon-
ality, resulting in genetic hitchhiking and background selection, phenomena where variants
are selected or deleted according to its linkage to, for example, selection of drug resistance
mutations or deletion of deleterious variants respectively [77, 78]. Although MTBC popula-
tions have shown an overall purifying selection (average pairwise dN/dS = 0.57), the ratio of
non-synonymous SNPs (nsSNPS) to synonymous SNPs (sSNPs) (dN/dS) is higher than in other
bacteria [79, 80], with evidence of some genes being under positive selection [81]. It is inter-
esting that a large proportion of nsSNPs present in coding regions in Mtb have been found to
be highly conserved among other mycobacteria species or to be fixed within a lineage, thus
suggesting functional consequences [79, 80]. Drug resistance conferring mutations are often
found under positive selection [82, 83] and convergent evolution, evolving independently in a
phylogenetic tree multiple times [84]. These mutations frequently involve deleterious effects
and fitness costs that are compensated by the appearance of other mutations, for example,
compensatory mutations in rpoA and rpoC in RIF resistant strains [85]. Even though the muta-
tion rate is low, the acquisition of drug resistance mutations in bacterial sub-populations can
happen within weeks of treatment, and some studies have shown how different genotypes
can coexist within the host, with the associated risk of misdiagnosis on detection of drug re-
sistance [86, 87]. Moreover, evidence of co-divergence between MTBC lineages and human
mitochondrial populations suggests the existence of co-phylogenies of MTBC and the human

host [66].

Genetic differences between and within lineages have been widely described, being driven

24



by SNPs, small insertions and deletions (indels), large genomic deletions, large duplications,
and mobile and repetitive elements. Among the MTBC, L1 holds the highest genetic diversity
followed by L4 and L6 (Figure 3B) [76]. Some of these variants have been traditionally used
for the genotyping of MTBC strains. For example, 1S6110 is an MTBC-specific insertion ele-
ment whose position and copy number has been used for strain characterisation [88]. The
presence/absence of specific spacer regions between conserved repeated sequences, called
direct repeats (DR), or the length of tandem repeats have also been utilised (Spoligotyping
and MIRU-VNTR typing, respectively) [89]. Finally, large deletions relative to the H37Rv refer-
ence genome denominated as regions of difference (RDs) have been identified in the different
lineages defining the currently used phylogeny, often associated with deleterious effects or at-
tenuation [90,91]. The current availability of whole-genome sequencing technologies provides
with a more comprehensive, precise and informative genotyping method. The whole-genome
characterisation of different lineages and sub-lineages motivated the development of SNP bar-
codes that, in combination with in silico profiling tools such as TBProfiler, can be used for the

phylogenetic and resistance classification of MTBC strains [51,92,93].
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Figure 3. (A) Maximume-likelihood phylogenetic tree with 249 representative MTBC genomes
from L1-9, taken from Coscolla et al., 2021. [66] (B) Pairwise SNP distance within lineage (on
the left) and between lineages (on the right) calculated for each pair of strains (total n=217
MTBC genomes; L1=44, L2=37, L3=36, L4=64, L5=16, L6=17, L7=4), taken from Coscolla et al.,

2014 [76].
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1.6.3. Transcriptomics

Transcription is the next step in the central dogma of molecular biology, and thereby ge-
netic diversity is likely to have a role in gene expression with potential phenotypic impact and
implications in pathogenicity and clinical outcomes. The regulatory mechanisms of gene ex-
pression under different environmental cues have been broadly studied in Mtb. One of the
most intriguing questions of the Mtb biology is the adaptation of the bacteria to the dormant
state. Thereby, the investigation of the transcriptomic profiles under the conditions found
within the granuloma, such as hypoxia or nutrient starvation, has revealed insights into the
adaptation of the different metabolic pathways to these conditions [94]. Drug exposure has
implications in gene expression too, with drug resistant isolates showing different transcrip-
tomic profiles to susceptible ones [95, 96]. In spite of these observations of differential gene
expression under environmental cues, Gao et al. showed how ten clinical isolates grown in
liquid culture differed in their expression profiles, demonstrating the strain-to-strain variation
at a transcription level [97]. Furthermore, lineage-specific transcriptomes, with a significant
number of genes differentially expressed between ancient and modern strains, have been re-
ported in vitro and during survival in macrophages [80, 98]. The DosR regulon, which com-
prises 48 genes involved in metabolism, anaerobic respiration and stress responses, closely
related with dormancy and latent infection, represents a characteristic aspect of Beijing iso-
lates, being constitutively over-expressed [99—-101]. This transcriptional alteration has been
suggested to be the result of a sSNP in the dosR-dosS operon [102], although a 350 kb gene
duplication including the dosR operon probably has implications in the increased expression
too [103,104]. Therefore, genomic variants can have a direct impact on gene expression. The
overexpression of the MmpS5/MmpL5 efflux pump as a result of mutations in its transcrip-

tional regulator mmpR5 is another example of mutations with expression consequences, and
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in this case, associated drug resistance [105]. Nevertheless, little is known about the effect of
genomic variants on gene expression levels at a genome-wide scale in Mtb, with a single study
investigating the effect of mutations on transcriptional regulators and promoter regions [80].
Such studies can be performed through association analysis known as expression quantitative

trait loci (eQTLs).

1.6.4. Epigenetics: DNA methylation

Epigenetic mechanisms involve changes in the chromosome, without altering the genetic
sequence, which regulate different cell processes. One of these mechanisms is DNA methyla-
tion. In prokaryotic cells, epigenetic mechanisms control different biological processes such as
timing of DNA replication and repair or chromosome partitioning, by regulating specific DNA-
protein interactions, essentially via DNA methylation [106, 107]. Different types of methyl-
transferases (MTases) are involved in DNA methylation, sometimes as part of restriction-modifi-
cation systems that constitute a defence mechanism against, for example, exogenous viral DNA
[108]. In contrast to eukaryotic cells, these bacterial MTases target specific motifs, which are
often found methylated in high proportions [106, 109]. The recent development of long-read
sequencing platforms, such as PacBio single-molecule real time (SMRT) or Oxford Nanopore
Technologies (ONT) has significantly facilitated the study of bacterial methylomes. Two types
of DNA modification are predominantly established in bacteria: Né-methyl-adenine (6mA) and
C*-methyl-cytosine (4mC). However, 6mA is better characterised as an epigenetic regulator
in bacteria [106], and the only one found within the modified motifs identified in the MTBC:
CTCCAG and GATN4RTAC and their partner motifs, methylated on both strands, and the hemi-
methylated CACGCAG [109, 110]. Three MTases are responsible for the methylation of those

motifs: MamA, HsdM and MamB, respectively. MamA and MamB are predicted to be type
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Il MTases, whilst HsdM is a type | MTase, with two specificity subunits (HsdS.1 and HsdS.2)
[109-111]. Nevertheless, all of them are considered to be orphan enzymes, like Dam MTase
in E. coli, as they do not have any cognate restriction enzyme associated. The recent study of
different lineages across the MTBC revealed lineage-specific methylation profiles, where not
all the three motifs were modified in some strains [110]. The concomitant identification of
potential loss of function (LoF) mutations in the respective MTases has been proposed as an

explanation of the absence of methylation patterns [109, 110].

Several studies have shown how methylation plays a role in gene expression regulation in
bacteria through alteration of the DNA structure or steric hindrance so that binding to regu-
latory proteins becomes affected [106, 108]. Methylation-induced phase variation and phase-
variable MTases that can cause genome-wide gene-expression changes and consequent phe-
notypic differences, as well as direct regulation of specific genes, have been described [108,
112,113]. One notable consequence of epigenetic regulation recently reported is the emer-
gence of drug resistance [114]. Thus, environmental cues can alter gene expression through
competition between transcription factors and MTases [113]. Unlike eukaryotic cells, where
DNA methylation is often associated with repression of gene expression, down-regulation of
certain genes as a consequence of the absence of methylation has also been observed in bac-
teria [111, 112]. In Mtb, Shell et al. showed how disruption of the mamA gene decreased
expression of several genes and affected survival during hypoxia [111]. Methylation sites were
also found to overlap with sigma factor binding sites, all together suggesting its role in tran-
scription. Moreover, changes in the transcriptome and methylome of INH or RIF resistant Mtb

has given insights on the epigenetics mechanisms of induced antibiotic resistance [115].
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1.7. The pe and ppe genes

With the sequencing of the whole genome of Mtb in 1998, the unique pe and ppe gene
families were discovered [72]. The pe (100 loci) and ppe (69 loci) genes are found scattered
throughout the genome and constitute approximately the 10% of the coding potential. They
were characterised by the presence of their conserved N-terminal domains with the distinc-
tive PE (proline-glutamate) and PPE (proline-proline-glutamate) motifs [72], which are found
in the first ~110 and ~180 residues respectively. In comparison, the C-terminal domains vary
significantly in size and sequence among members of these two families, often sharing partic-
ular motifs that classified them in further subfamilies [116]. Moreover, some of these genes
are distinguished by their content on repetitive regions, like the polymorphic GC-rich repet-
itive sequences (PGRS) or the major polymorphic tandem repeat (MPTR) [117] (Figure 4A).
Evolution studies of the pe/ppe genes have shown their close association with the ESX secre-
tion system [116]. Their expansion has been proposed to occur through duplication of the
ESAT-6 gene clusters, where insertion, deletions and homologous recombination are thought
to have played a role too [116,118, 119]. Thus, five sub-families can be distinguished in each
family, with the pe_pgrs and the ppe_mptr being the most polymorphic and most recently
originated [116] (Figure 4B and 4C). Interestingly, some of these genes, especially members
of the subfamilies V (pe_pgrs/ppe_mptr), comprise some of the most variable regions of the
Mtb genome, with hot spots for polymorphisms and recombination having been found among
them [120-124]. For this reason, the accurate alignment and analysis of these genes is difficult

and they have been systematically excluded from whole-genome studies [124-126].

Although the function of the PE/PPE proteins is still widely unknown, their cellular locali-

sation together with their higher abundance in pathogenic mycobacteria compared to sapro-
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phytic or avirulent strains, has suggested an important role during infection [116, 127, 128].
The study of individual genes has revealed their highly immunogenic nature, demonstrating
their role in host-pathogen interactions and potential use as targets for vaccine and diagnos-
tic development [129]. Moreover, due to their hypervariability, they have been proposed as
mechanisms of antigenic variation and immune evasion [122, 127, 130], although the loca-
tion of predicted T-cell epitopes in the highly conserved PE domains counters this hypothe-
sis [131]. Additionally, PPE38 seems to play an essential role in the secretion of PE_PGRS and
PPE_MPTR proteins, whose disruption in Beijing isolates and consequent lack of secretion is
proposed to result in hypervirulence [132]. The known functions of PE/PPE proteins are vari-
ous, from preventing phagosome maturation enhancing survival like PE_PGRS30 [133], to trig-
gering autophagy like PE_PGRS29 [134], driving anti-inflammatory Th2 immune responses like
PPE34 [135] or inducing pro-inflammatory cytokines like PE_PGRS33 [136]. Several pairs of
pe and ppe genes are organised in operons, being transcribed together and are suggested to
interact with each other forming heterodimers [137, 138]. For instance, the crystal structure
of the PE25/PPE41 pair has been solved, demonstrating how protein folding is dependent on
the protein interaction [139]. Nevertheless, structural data of PE/PPE proteins is scarce, which

hinders the elucidation of the functional consequences of their variability [117].
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1.8. Whole-genome sequencing and ‘omics

1.8.1. Next-generation sequencing: short- and long-read sequencing technologies

The founding method of sequencing was Sanger technology, developed in 1977 [140],
which, after improvements and automation processes, still remains the method of choice for
some applications, like verification of plasmid constructs [141]. However, Sanger sequencing is
inefficient for high throughput applications, and thus the relatively recent introduction of new
whole-genome sequencing (WGS) technologies has provided the means to perform research
at a faster and larger scale. On the basis of Sanger sequencing, the so called “next-generation
sequencing” (NGS) technologies have recently expanded. These include mainly two types: (i)
sequencing by synthesis (SBS), and (ii) single-molecule sequencing (SMS). NGS relies on the
same principles of Sanger sequencing: fragmentation of the DNA/RNA of interest, generation
of the sequencing library with the attachment of platform-specific adapters, and sequencing
by template amplification [142]. But overall, NGS has an enhanced data-generation capacity,
with the possibility of parallel sequencing of multiple genomes (“multiplexing”) at a reduced

cost and higher throughput when compared to Sanger sequencing [142].

There are different approaches within the SBS methods, such as 454 pyrosequencing, lon
Torrent or lllumina sequencing, the latter being the most popular to date. In general, they
separate the DNA molecules in millions of wells where they undergo PCR or isothermal ampli-

I”

fication prior to sequencing in order to achieve the “massively parallel” principle of the tech-
nology. They generate short reads (~150-500 bp) with very high sequence coverage (millions
of reads) [141, 142]. Nevertheless, one pitfall of SBS methods derives from the amplification

process, where artefacts due to the inherent error rate of polymerases, can lead to false pos-

itive variants. Moreover, the performance of these technologies on repetitive regions and
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high or low GC content fragments drops, which also limits the read lengths that can be ob-
tained [126, 142]. For this reason, short-read data is more suitable for alignment to reference

genomes than de novo assembly [142].

The development of SMS technologies has tried to overcome the drawbacks of SBS short-
read. These methods have been mainly commercialised by Pacific Biosciences (PacBio) [143]
and Oxford Nanopore Technologies (ONT) [144]. SMS methods attempt to sequence long DNA
molecules and thus obviate the amplification step required in SBS, through a single molecule
approach. Although they can produce longer reads (>15 kbp), they usually have a higher error
rate than short-read technologies [142]. But overall, long-read data can lead to high quality
de novo assembly and helps to characterise repetitive regions, such as the pe/ppe genes in
MTBC [145]. The PacBio SMRT (Single Molecule Real Time) sequencing immobilises an en-
gineered DNA polymerase together with the template DNA molecule inside small chambers,
where incorporation of fluorescent labelled nucleotides is detected, thereby enabling real-
time base-calling [143]. One advantage of this platform is that the inter-pulse duration (IPD)
or speed at which each nucleotide is incorporated, can be captured and methylation of adenine
and cytosine bases can be identified [146]. On the other hand, Nanopore technology method
is based on characteristic electronic signals produced by the nucleotides as they travel through
a pore. Methylated bases can also be distinguished, but in contrast to the modification detec-
tion by the polymerase kinetics from PacBio, Oxford Nanopore platforms rely on converting
electric signal to base calls [141]. As a benefit of Oxford Nanopore, it is important to high-
light the portable nature of the MinlON device, powered only by a laptop, which reduces the

infrastructure needed and facilitates its application on-site [147].
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1.8.2. Application in ‘omics

The use of NGS has brought several applications that arise from the access to whole-genome
sequence data in combination with bioinformatic pipelines. These ‘omics approaches, such as
genomics and transcriptomics, together with multi-omic strategies have facilitated research
in different fields. In pathogen genomics, genotyping methods were significantly improved
with the introduction of NGS, which has enabled a better characterisation of different organ-
isms and their genomic variation [148]. For instance, in Mtb, the establishment of a genetic
barcode built with a subset of SNPs has been successfully achieved for lineage identification
and implemented for profiling purposes [51,92,93]. Moreover, whole-genome sequence data
have assisted with more accurate phylogenetic reconstructions and a better understanding
of transmission dynamics [149]. An important application is also the in silico prediction of
drug resistance, which can be accomplished with the use of NGS along with mutation libraries,
previously identified through genotype-phenotype studies. TBProfiler constitutes an exam-
ple of a bioinformatic tool for drug-resistance prediction based on whole-genome data [51].
Additionally, transcriptomics studies have also been benefited by NGS technologies, with the
development of RNA-seq. With improved accuracy and resolution than the previous microar-
ray methods, RNA-seq studies have been used for the better understanding of the biology of
organismes, in this case, Mtb. One application of multi-omics is the study of eQTLs, which are
genomic markers, in general SNPs, associated with the up- or down-regulation of a specific loci,
classified as cis or trans depending on the physical distance from the gene they regulate [150].
Finally, as previously mentioned, DNA methylation analysis has become more accessible as a
result of the SMS technologies, which, integrated with expression data, can inform on epige-

netic regulation mechanisms.
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1.8.3. Analysis of NGS data

The development of NGS technologies has been in parallel with the expansion of bioin-
formatic pipelines for its analysis. Sequencing outputs are generated as raw reads stored in
different formats depending on the sequencing platform (e.g., fastq files from Illumina, or
fast5 files from MinlON). Based on the desired downstream analysis, these reads can be ei-
ther aligned to a reference genome or assembled to generate a complete genome without
a reference (de novo assembly). There are multiple programs that perform de novo assem-
bly, e.g. HGAP [151] or Flye [152], which overlap the reads creating longer “contigs” in an
attempt to complete the genome. Similarly, different programs exist for mapping, BWA [153]
being one of the most commonly used for short-read data, and minimap2 [154] for long-reads.
The approach consists of algorithms that find the best possible alignment position of a read
against the reference, generating a BAM file where this information is stored. Variants can be
extracted from these BAM files, as well as obtained from assembled genomes through their
alignment to a reference and are usually stored in a variant call file (VCF). Different steps of
variant filtering can be performed prior to downstream analysis to discard the low-quality vari-
ants. Moreover, they can be used for the reconstruction of maximume-likelihood phylogenetic
trees or population genetics analysis. RNA-seq data analysis involves the same methodology,
where reads are aligned to an annotated reference, so that the number of reads mapped to
each gene can be quantified. Programs like HTSeq [155] and DESeq2 [156] can be utilised for
counting, normalising and carrying out differential expression analysis. For the DNA methyla-
tion analysis, PacBio provides a Motif and Methylation software pipeline, whilst different tools
have been developed for the extraction and analysis of similar data from MinION reads. Over-
all, there is a wide range of bioinformatic programs and pipelines that enable and facilitate the

analysis of high throughput NGS data.
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CHAPTER 2

Objectives and Structure of the Thesis
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2.1. Objectives

Through analysis of WGS data from different ‘omics approaches, this thesis focuses on the
investigation of the diversity observed in clinical isolates of Mtb to improve our understanding
of the pathogen biology and inform in aspects such as pathogenicity or drug resistance. The

guestions addressed in this thesis include:

(i) the role of genetic and DNA methylation diversity on regulation of gene expression

(Chapter 3);

(ii) the frequency and distribution of drug resistance associated mutations to bedaquiline,

delamanid and pretomanid in a large set of clinical isolates (Chapter 4);

(iii) characterisation and investigation of the diversity in the pe and ppe gene families across

different lineages by using long-read sequencing data (Chapter 5);

(iv) and the application of cost-effective sequencing technologies for epidemiological and

drug resistance detection investigations (Chapter 6).

For the completion of this work, well characterised Mtb clinical isolates from the Karonga
Prevention Study were cultured and DNA/RNA extracted in the Biosafety Level 3 containment
facilities at LSHTM. The sequencing was outsourced through The Applied Genomics Centre and
involved lllumina HiSeq4000, PacBio and Oxford Nanopore Technologies (ONT) platforms. The
generated and collected data, together with publicly available sequences, was analysed using

a range of bioinformatic tools and resources.
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2.2. Structure of the Thesis

The thesis is divided in four chapters corresponding to individual manuscripts (2 published,

2 submitted). The research papers and manuscripts included in this thesis are the following:

Status, journal and

Chapt Titl
apter e year of publication
An integrated whole genome analysis of Mycobacteri . L
& ) . g_ . ¥ ) .yco ac e”“’? Published; Scientific
2 tuberculosis reveals insights into relationship between its
. Reports 2019
genome, transcriptome and methylome
Genetic diversity of candidate loci linked to Mycobacteri . L
) .y . yFo acterium Published; Scientific
3 tuberculosis resistance to bedaquiline, delamanid and
. Reports 2021
pretomanid
Functional genetic variation in pe/ppe genes contributes to Submitted:
4 diversity in Mycobacterium tuberculosis lineages and '
. . . Genome Biology
potential interactions with the human host
5 Portable sequencing of Mycobacterium tuberculosis for Submitted; Briefings

clinical and epidemiological applications

in Bioinformatics

The role of DNA methylation in transcription has been described in bacteria, including few

studies carried out in Mtb. Changes in gene expression affect the bacterial phenotype, and

therefore are likely to have clinical implications. On this premise, the understanding of the

different existing methylation patterns among lineages and their consequences is important.

Chapter 3 presents a joint study of the genome, transcriptome and methylation profiles of

three of the major lineages of Mtb to interrogate the role of genetic variants and modification

patterns in the regulation of gene expression at a genome-wide scale. For this purpose, PacBio

long-read sequencing and Illlumina RNA-seq data are analysed to obtain variants, methylated

motifs and gene expression levels. Through statistical associations established by expression

guantitative trait loci studies (eQTLs), this analysis aims to provide candidate variants and

methylated sites potentially involved in changes in expression.
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The availability of WGS data from different strains, collection times and geographical loca-
tions enables the performance of large-scale analysis. In Chapter 4, a collection of WGS from
> 30k Mtb isolates is used for the study of 9 drug resistance associated candidate loci to the
new anti-TB drugs bedaquiline, delamanid and pretomanid. With reports of resistant strains
to these drugs soon after their roll-out, there are increasing concerns on the rapid acquisi-
tion of resistant mutations or the existence of intrinsic conferring-resistance variants leading
to treatment failure. The lack of drug susceptibility testing (DST) for the new drugs limits the
sample sizes for association studies and discovery of new mechanisms of resistance. Chapter 4
describes a comprehensive analysis of the frequency and distribution of variants in candidate
loci by applying phylogenetic methods and using the phenotypic information available in the

literature.

Some long-read sequencing technologies have high error rates, however, their applica-
tion can provide better resolution of complex regions with high GC content and repetitive se-
guences, as well as the base modifications mentioned earlier. These regions include the pe and
ppe gene families. Chapter 5 describes an analysis looking at the organisation and diversity of
the 169 pe/ppe genes using >70 high quality PacBio genomes representing different lineages.
For improved resolution, hybrid assembly approaches that combine PacBio and Illlumina data
are used, and population genomics methods are applied to inform on the conservation across
the two gene families, and ultimately, improve the knowledge of these immunogenic proteins,

often targeted as vaccine candidates.

Although WGS platforms have been implemented for the standard diagnosis of resistant-
TB in countries like the UK, their high cost limits its accessibility in, for example, high burden TB

settings. Nevertheless, these economic and infrastructure restrains can be overcome by cost-
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effective and portable platforms, such as the ONT MinlON sequencer. Based on recent reports
that have suggested the use of MinlON for detection of drug resistance mutations, Chapter 6
assesses its application for epidemiological analysis and in silico drug resistance prediction.
MinlON performance is compared to the gold standard Illumina platform. Moreover, the abil-
ity to identify variants in pe/ppe genes (analysed in Chapter 5), loci typically excluded from
analysis, is assessed, with the impact of additional characterised variants on phylogenetically

resolution evaluated. Chapter 7 contains the thesis discussion and conclusions.
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CHAPTER 3
An integrated whole-genome analysis of
Mycobacterium tuberculosis reveals
insights into relationship between its

genome, transcriptome and methylome
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An integrated whole genome
analysis of Mycobacterium
tuberculosis reveals insights into
vt relationship between its genome,
e transcriptome and methylome

Paula J. Gomez-Gonzalez?, Nuria Andreu®?, Jody E. Phelan(®?, Paola Florez de Sessions?,
Judith R. Glynn®?3, Amelia C. Crampin®*, Susana Campino?, Philip D. Butcher®,
Martin L. Hibberd'? & Taane G. Clark(®*3

Human tuberculosis disease (TB), caused by Mycobacterium tuberculosis (Mtb), is a complex
disease, with a spectrum of outcomes. Genomic, transcriptomic and methylation studies have
revealed differences between Mtb lineages, likely to impact on transmission, virulence and drug
resistance. However, so far no studies have integrated sequence-based genomic, transcriptomic and
methylation characterisation across a common set of samples, which is critical to understand how
DNA sequence and methylation affect RNA expression and, ultimately, Mtb pathogenesis. Here we
perform such an integrated analysis across 22 M. tuberculosis clinical isolates, representing ancient
(lineage 1) and modern (lineages 2 and 4) strains. The results confirm the presence of lineage-specific
differential gene expression, linked to specific SNP-based expression quantitative trait loci: with 10

- eQTLsinvolving SNPs in promoter regions or transcriptional start sites; and 12 involving potential

. functional impairment of transcriptional regulators. Methylation status was also found to have a role

. intranscription, with evidence of differential expression in 50 genes across lineage 4 samples. Lack

. of methylation was associated with three novel variants in mamaA, likely to cause loss of function of

. this enzyme. Overall, our work shows the relationship of DNA sequence and methylation to RNA

. expression, and differences between ancient and modern lineages. Further studies are needed to verify

. the functional consequences of the identified mechanisms of gene expression regulation.

Human tuberculosis disease (TB), caused by Mycobacterium tuberculosis (Mtb), is a major global public health
issue!. A deeper understanding of the biology of Mtb should reveal new insights that may help to improve diag-
: nostics, treatments, vaccines and other much needed control measures. Mtb belongs to the M. tuberculosis com-
plex (MTC), which consists of seven main lineages classified into modern (lineages 2-4), ancient (lineages 1, 5
. and 6), and intermediate (lineage 7) strains®. The lineages vary in their geographic distribution and spread, with
. lineage 2 being particularly mobile with evidence of recent spread from Asia to Europe and Africa. Lineage 4 is
. common in Europe and southern Africa, coinciding with regions of high TB incidence and high levels of HIV
co-infection. The lineages may vary in their propensity to transmit and to cause disease, and in the site and sever-
ity of disease®>. A set of SNPs in the Mtb genome (size 4.4 Mb) has been identified that can be used to barcode
sub-lineages®, leading to informatic tools that position sequenced samples within a global phylogeny”.

Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, London, United
Kingdom. 2Genome Institute of Singapore, Biopolis, Singapore. *Faculty of Epidemiology and Population Health,
London School of Hygiene and Tropical Medicine, London, United Kingdom. “Malawi Epidemiology and Intervention
Research Unit, Lilongwe, Malawi. *Institute for Infection & Immunity, St George’s University of London, London,
United Kingdom. Martin L. Hibberd and Taane G. Clark jointly supervised this work. Correspondence and requests for
materials should be addressed to T.G.C. (email: taane.clark@Ishtm.ac.uk)
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Genetic diversity, accessible through whole genome sequencing, plays an important role also in transcrip-
tion. Gene expression differences have been observed, with 15% of the genes found to be differentially expressed
among different Mtb clinical isolates®, and lineage-specific transcriptome differences have been observed in vitro
and during survival in macrophages®!?. The mechanisms controlling expression of candidate genes, such as the
upregulation of the dosR operon specific to Beijing strains, have been broadly investigated'!~'>. However, little
is known about the effect of genomic variation on transcription at a whole genome scale. These effects can be
explored through an association analysis of polymorphisms, such as single nucleotide polymorphisms (SNPs),
and gene expression levels to determine expression quantitative trait loci (eQTL). eQTLs are genetic variants that
explain variation in gene expression levels, and can be classified as cis or trans depending on the physical distance
from the gene they regulate'®. In Mtb, one previous study focusing on lineage 1 and 2 strains, highlighted two
types of mechanisms where polymorphisms may change gene expression: through impairment of transcriptional
regulators or by affecting the promoter regions'’.

In addition to genomic variants, epigenetic mechanisms such as DNA methylation have an effect on gene
expression. Several lines of evidence have revealed N6-methyladenine (m6A) and 5-methylcytosine (m5C) meth-
ylation mechanisms within Mtb genomes, and these can be characterised using single-molecule real time (SMRT)
sequencing from Pacific Biosciences technology'>!®. Motifs within three DNA methyltransferases (MTases),
mamA, mamB, and hsdM are responsible for m6A modification'*-'”. In Mtb it has been shown that the loss of
mamA MTase can decrease gene expression and affect survival during hypoxia!”. Methylation sites have been
found to overlap with sigma factor binding sites, suggesting that if methylation affects sigma factor binding,
methylation status may play a role in transcription'’. Lineage-specific methylation patterns have been reported
for Mtb strains'®, which indicates the potential for novel functional differences between them. In eukaryotic cells,
DNA methylation is often associated with repression of gene expression; however, in prokaryotes, methylation
has been associated with both induction and repression of gene expression'”!s.

To date, no studies have integrated sequence-based genomic, transcriptomic and methylation characterisation
across a common set of samples. This integration is critical to understand how DNA sequence and methylation
affect RNA expression and, ultimately, Mtb pathogenesis. Here we seek to investigate the relationship between the
genome, transcriptome and methylome in a panel of 22 Mtb isolates, belonging to the Karonga Prevention Study,
alongitudinal epidemiological project focused on mycobacterial disease!®. We present a differential gene expres-
sion study correlated with lineage, as well as an eQTL study linked with SNPs and methylated bases at a whole
genome scale. Differential transcription between lineages was found, and genetic variants revealed as potential
candidate eQTLs. Methylation status was also found to have a potential role in transcription, with evidence of
differential gene expression between samples with non-methylated and methylated genes.

Results

Genomic analysis. Mtb was isolated from 22 sputum samples from 22 different TB patients collected
between 2003 and 2009 in Karonga, a northern district of Malawi. The majority of individuals were HIV pos-
itive (16/22). Genomic DNA was extracted and sequenced using PacBio single-molecule real time (SMRT) and
Ilumina sequencing technologies. One ancient (L1, n = 8) and two modern lineages (L2 and L4, n = 14) were
represented (Supplementary Table S1). For each isolate, the raw sequence data was aligned to the H37Rv reference
genome, leading to >100-fold average coverage. Across all samples 9,384 unique SNPs were characterised, with
~40% of them identified in single isolates. Only 1,446 of the 9,384 SNPs were located in intergenic regions. The
average number of SNPs per isolate varied by lineage (L1: 2,613; L2: 1,675; L4: 1,101); the sub-lineage 4.9 (H37Rv-
like) was the least polymorphic (~600 variants). Using the 9,384 SNPs, a maximum-likelihood phylogenetic tree
was constructed (Fig. 1) and the isolates clustered by lineage as expected.

Transcriptomic analysis and lineage-specific expression. Mth RNA was extracted from the 22 clin-
ical isolates following liquid culture at mid-log phase growth and sequenced using Illumina HiSeq technology.
Short reads were aligned to the H37Rv reference genome and counts per gene were obtained. A total of 3,987
genes were transcribed in at least two clinical isolates with a minimum of 10 counts. The average number of tran-
scripts in the sample set is 3,864. A differential expression test was performed by clade, between the ancient (L1;
n=28) and the modern (L2 and L4; n= 14) strains in our sample set (Supplementary Fig. S1A). At a significance
level of p < 1.24 x 10° (corresponding to a Bonferroni adjusted p < 0.05), 105 genes were revealed as differ-
entially expressed (Fig. 2, Supplementary Table S2). Five of them (Rv1524-wbbL2, Rv2652c-Rv2653c-Rv2658¢)
correspond to known deletions in ancient isolates. PE_PGRS57 was also absent in ancient genomes of our sam-
ples, which has also been observed to be deleted in other ancient (L5; M. Africanum) strains in other studies®*?!.
As expected, Rv1524-wbbL2, Rv2652c-Rv2653c-Rv2658¢c and PE_PGRS57 transcripts were down-regulated in
ancient strains. Forty-eight of the 105 (45.7%) genes found to be differentially expressed by clade have been
reported in previous transcriptomic analyses performed between ancient and modern strains or L1 and L2*'°,
leading to 57 newly described genes here. The main functional ontological categories for the 105 identified genes
were conserved hypotheticals and intermediary metabolism and respiration. Enrichment in nitrogen metabo-
lism (p=2.75 x 10~°) and PE-PGRS (p =7.2 x 1073) associated genes was found. Within clade-specific patterns,
genes associated with transcriptional regulation were also identified. For ancient strains, Rv0273c, Rv0275¢c, and
Rv2160A were the most under-expressed, whilst pknH, Rv2282c, virS, and Rv3167c, were over-expressed. In addi-
tion, several of the 105 differentially expressed genes were associated with virulence. Three of them belonged
to the vapBC toxin-antitoxin system (vapB10, vapCI0, vapB22), which were up- or down-regulated in ancient
strains. Also, the mce4A gene, involved in cholesterol uptake during macrophage survival and associated with
long term persistence?, and yrbE4B, forming part of the mce4 operon, were found over-expressed in ancient
isolates. Finally, genes associated with drug resistance, such as the efflux pump Rv2994 and the isoniazid related
iniA and iniB genes, were revealed as differentially expressed between the ancient and modern lineages studied.
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Figure 1. Phylogenetic tree of the 22 Karonga strains. Maximum-likelihood phylogenetic tree of the 22 isolates
analysed, covering lineages 1 (L1), 2 (L2) and 4 (L4).

Rv2994 has found to be over-expressed in multi-drug resistant isolates?’, and the iniA and iniB genes are related
with higher persistence under isoniazid conditions?***.

Identification of Expression Quantitative Trait Loci (eQTL). An eQTL analysis was performed at a
whole genome scale across the 22 isolates, and we attempted to associate SNP alleles with differential transcrip-
tion signal. Association testing was performed between 9,384 SNPs and 3,987 transcripts using a linear regression
modelling approach (Supplementary Fig. S1B). We identified potential eQTLs from the 38,949 significant asso-
ciations between 5,608 SNP positions and 118 differential transcribed genes (p < 1.32 x 10~% adjusted p < 0.05).
The 5,608 SNPs considered as eQTLs were located in 2,279 genes and intergenic regions. Forty-two of the 118
(35.6%) genes were differentially expressed due to large deletions and were subsequently excluded from fur-
ther analysis (Supplementary Table S3), leaving 76 genes as potentially affected by SNP eQTLs (Supplementary
Table S4). More than half of these 76 genes had a lineage or sub-lineage-specific expression profile. Moreover, a
large number of the eQTLs associations were due to both lineage-specific SNPs and expressed genes. Thereby, a
group of 790 common SNPs across all ancient isolates was associated with the expression of 24 genes; a group of
169 SNPs present in all L1 and L2 isolates was associated with the expression of 9 genes, and 584 SNPs present in
Beijing (L2) isolates were associated with the expression of 3 genes (Supplementary Table S4). To assign the most
likely causative genetic variation of the eQTLs, we investigated SNPs with a potential cis regulatory function and
those within transcriptional regulatory proteins.

Cis-regulatory eQTLs. A cis-eQTL analysis was performed at SNPs, within each gene or < 200 bp upstream from
their start codon, tested for differential expression (Supplementary Fig. S1C). This analysis identified 99 potential
cis-eQTLs associated with the differential expression of 83 genes (p < 4.04 x 107, adjusted p < 0.05), involving
92 SNPs (Supplementary Table S5). The majority (65/92) of these candidate cis-eQTL SNPs were located within
the gene, 15 were located in the upstream intergenic region and 8 within the upstream gene. Among those in the
upstream intergenic region, 8 were in predicted promoter regions. Eleven upstream SNPs (11/15) were common
(allele frequency >5%) in a global set of strains (n=6,218)*. Also, 6 SNPs within the upstream gene (6/8) were
common (Table 1). Among them, the antitoxin vapB22, is known to be over-expressed in ancient isolates when
compared to modern strains, and was found to harbour a SNP in its promoter (T3137237C) in all ancient isolates,
thereby providing a possible explanation for the change in expression. Further, all the SNPs identified as potential
cis-eQTLs were aligned to a map of transcriptional start sites (TSS)*. We found that three were located within
the TSS of three genes shown to be differentially expressed in L1 compared to modern strains, with PE_PGRS38
(A2424864G) and fadD31 (T2177073C) under-expressed, and virS (A3447480C) over-expressed in ancient iso-
lates. Overall, five SNPs present in ancient strains identified in this study as potential cis-eQTLs have already been
reported as potentially associated with variation in gene transcription'’, giving us confidence in our approach.

Transcriptional regulatory proteins. We next considered candidate SNP eQTLs with non-synonymous muta-
tions in transcriptional regulatory proteins (Supplementary Fig. S1D). These mutations could affect the DNA
binding function of the protein. In total, 46 SNPs in 38 different transcriptional regulatory proteins (Table 2)
were associated in the eQTL analysis with the differential transcription of 56 genes, accounting for a total of 376
potential eQTL associations. Ten of these 46 SNPs have been previously reported as having a potential effect in
transcriptional regulation'®. Functional effects were investigated through the SIFT algorithm, and 16 of the 38
(42.1%) transcriptional regulators were predicted to have SNP mutations affecting functional impairment. For
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Figure 2. Gene expression differences between modern (lineage 2 and 4) and ancient (lineage 1) strains. A
heatmap showing the 105 genes differentially expressed between ancient and modern strains, constructed

with the gene expression distances between rows. Rows and columns are ordered based on row or column
means. Over-expressed genes are coloured in red whilst under-expressed ones in green. Ancient strains (n =8)
represented on the left of the white vertical line and modern strains (n = 14) on the right. Lineage 1 represented
in violet, Lineage 2 in blue and Lineage 4 in red.

the majority of the regulatory genes (20/38; 52.6%), the SIFT software did not predict a functional consequence
of the mutations, due to the lack of homology with sequences in its database.

Mutations in the sirR and Rv0195 genes resulted in stop codons and led to truncated proteins. The stop codon
in sirR, a manganese-dependent transcriptional repressor?®, was observed in all L1 samples. While, mutations
in Rv0195, a LuxR family regulatory gene, were observed in one L1 sample. Some of the 38 transcriptional reg-
ulators belonged to other known regulatory families such as TetR. The TetR family of transcriptional regulators
(TFTRs) are one-component prokaryotic signal transduction systems controlling different biochemical functions.
Although they were thought to be expression repressors, work in other bacteria has shown that they can act also as
activators®. The TFTR Rv2160A carried a SNP (C155R) and an insertion (304insGGAA) causing a change in the
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mce2D
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G226676A IGR —105 — Up 1 0.973 0
T392261C Rv0325 —12 — Up 1,2 0.978 0.324
T454295C Rv0376¢ —126 — Up 1,2,4.1,4.3.4,4.849 1 0.994
T655986G IGR —37 P Up 1,2 0.976 0.324
A690450C mce2C =51 — Up 1,2 0.976 0.324
T769663G IGR —66 Down 4.3.3 0 0.050
C1069871T IGR —12 Up 1.1.3 0.220 0
T1224367C IGR —18 Down 1,2,4.1,4.3,4.8 1 0.976
A1694547C IGR -3 Up 1 0.973 0
T2177073C IGR —14 TSS/P Down 1 0.973 0
C2282058T Rv2035 —41 — Up 1.2.2% 0.157 0
A2421816G Rv2160A —151 — Down 1,2 0.977 0.323
A2424864G IGR —18 TSS Down 1 0.973
C3025431T IGR —103 P Up 1 0.971
T3137237C IGR —13 P Up 1 0.973
G3920109T yrbE4A —47 — Up 1 0.971
T4137190C IGR —16 — Down 1 0.973

o~ e~ -]
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Table 1. Putative functional SNPs associated with expression (cis-eQTLs with allele frequencies >5%;

adjusted p < 0.05). Table showing the candidate transcripts differentially expressed due to SNPs in upstream
intergenic regions (IGRs) or within the upstream gene. Annotation of the transcript differentially expressed:

1 - Conserved hypotheticals, 2 — Cell wall and cell processes, 3 - Intermediary metabolism and respiration,

4 - Lipid metabolism, 5 - Virulence, detoxification, adaptation, 6 - Regulatory proteins, 7 - PE/PPE, 8 -
information pathways. Distance of the SNP location from the start codon of the transcript is showed as negative
when it is upstream and positive when it is located within the gene. TSS = Transcriptional Start Site. *Only

one or two samples from the lineage out of the 3 analysed. **Allele frequency refers to the fraction of strains
harbouring the SNP in a larger data set (n=6,218)""; “—*“ when not available.

reading frame in isolates from L1 and L2. Rv2160A is likely to form part of the operon Rv2159¢c/Rv2160A/Rv2161c.
In our analysis, Rv2159c and Rv2161c were revealed as highly down-regulated in ancient strains compared to
modern ones, and marginally down-regulated in L2 compared to L4 isolates. These observations suggest the
operon may act as an activator, and that the mutations may lead to a loss of its function.

In Streptomyces it has been shown that TFTRs can regulate divergently oriented neighbouring genes®, and
previous studies in Mtb'3! have found differential expression of genes adjacent to TFTRs. We looked for sim-
ilar effects in Mtb TFTRs carrying potential eQTLs. Rv0275c¢ is a potential regulator of its divergent oriented
neighbouring gene Rv0276. The ancient strains carried a mutation (524L) in Rv0275c¢, which was associated with
the under-expression of Rv0276. Similarly, Rv3167¢ is a potential regulator of its divergent oriented neighbour
gene Rv3168. Although, the ancient strains carried a mutation (P17Q) in Rv3167c, and Rv3168 appeared slightly
over-expressed, this effect did not reach the stringent significance cut off imposed in the eQTL analysis.

In order to study the consequential effects of mutations in the transcriptional regulators of the genes found
as being differentially expressed, network gene regulation was analysed through the Environment and Gene
Regulatory Influence Network (EGRIN) model from the MTB Network Portal®? and the regulatory network
map from the TB database®*. We compared the predicted induced and repressed genes by the transcriptional
regulators harbouring non-synonymous SNPs with the differentially expressed genes in our samples. This anal-
ysis revealed the association of genes differentially expressed with five of our candidate transcriptional regu-
lators (Supplementary Table S6). Rv0275¢, which is predicted to auto-induce its expression, was found to be
down-regulated in ancient strains (with S24L mutation), although this effect did not reach the statistical sig-
nificance cut-off. In addition to the under-expression of Rv0276, discussed above, three other genes (Rv0520,
Rv2162¢ and Rv0826) were found to be under-expressed in ancient strains and are predicted to be regulated
by Rv0275c. Genes regulated by ramB, were up- or down-regulated in ancient strains carrying ramB P91Q and
QI21R mutations. Other genes were regulated by the transcriptional regulators Rv1776¢, Rv3167c and Rv3249c,
which harboured potential impairment mutations, leading to under- or over-expression in those isolates carrying
the mutations. For the remaining regulators within known control networks, no statistically significant associa-
tions of variable gene expression with mutations were found.

Sigma and anti-sigma factors are critical to the gene expression regulatory network, and here we hypoth-
esised that polymorphisms in these factors might affect the transcription of those genes regulated by them. We
found three anti-sigma factors (rseA, rskA and rsfA) harbouring non-synonymous SNPs that were considered as
potential eQTLs (adjusted p < 0.05) associated with six genes differentially expressed between the isolates carry-
ing and not carrying the mutations (Supplementary Table S7).
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whiB5 $21G whiB 1.2.2%% 0.021 0
Rv0023 G217D 4.9%% 0 0.001
Rv0042¢ L186R* MarR 4.9%* 0 0
Rv0144 P36L* tetR 4.9%% 0 0
Rv0195 C41STOP LuxR 1.2.2%% 0.021 0
Rv0275¢ S24L tetR 1 0.973 0
iniR E23K 1.2.2%% 0.019 0
Rv0377 P302R* LysR 1 0.973 0
Rv0386 L475R* LuxR/UhpA 4.1.1.3 0 0.003
P91Q 1 0.973 0
ramB T118A 4.9%% 0 0.001
QI2IR 1 0.973 0
Rv0576 R233H* ArsR 1,2 0.978 0.334
Rv0691c A140T 2 0.003 0.114
Rv081S P227L* 4.1.1.3 0 0.003
E246K* 4.1.2 0 0.009
narL G169R* 2 0.003 0.147
Rv0890C E234G* LuxR 2 0.003 0.111
E303K* 4.1.2 0 0.009
Rv0891c V37G* 1,2,4.1,4.3,4.8 1 0.974
kdpE G60S* KDPD/KDPE 2 0.003 0.111
Rvi219c RIIT 1.2.2%% 0.148 0
embR A70S 4.1.2 0 0.009
C110Y 1 0.973 0
D208N 113 0.230 0
Rvi453 D218N 1.2.2%* 0.021 0
P405Q 1,2,4.1,4.3,4.8 1 0.974
Rv1674c E189G* 4.3 0.014 0.281
V59A 1 0.974 0
o A1258 CRP/ENR 1.1.3* 0.072 0
Rvi776¢ R154S 1.2.2%% 0.019 0
blal L57R 1 0.970 0
mce3R D148Y* tetR 1.1.3%* — —
Rv2017 A262E 1,2,4.1,4.3,4.8 0.998 0.973
Rv2160A CI55R tetR 1,2 0.977 0.323
zur H64R* 1 0.973 0
Rv2488¢ D184Y* LuxR 1.2.2%% 0.018 0
Rv2621c Al10V 2 0.003 0.148
sirR QI31STOP 1 0.973 0
Rv3060c G420D GntR 4.1.2 0 0.009
vir§ L316R* AraC/XylS 1 0.973 0
Rv3167¢ P17Q tetR 1 0.973 0
Rv3249c T154A tetR 4.1.1.3 0.003 0.049
whiB4 S2L whiB 113 0.223 0
Rv3736 G144R* AraC/XylS 1 0.971 0
whiB6 G71D whiB 1.2.2%% 0.014 0

Table 2. Non-synonymous variants in transcriptional regulatory genes with eQTL associations, with potential
functional impairment. Table showing non-synonymous mutations in transcriptional regulatory genes found
as potential eQTLs. *Sorting Intolerant from tolerant (SIFT) predicted scores (p value) < 0.05 and considered
to have functional impact; whilst for the others the SIFT software was unable to predict functional effects of
mutations; **Only one or two samples available from the lineage. Allele frequency refers to the fraction of
strains harbouring the SNP in a larger data set (n=6,218)%.

Methylation analysis. Motif and methylation finding was performed through the Modification and Motif
Analysis pipeline provided by the SMRT portal (https://github.com/PacificBiosciences/SMRT- Analysis). By ana-
lysing the kinetic variation through the inter-pulse duration ratio (IPD) at each nucleotide in the genome, a large
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Distance from Regulation in non-

Gene Position strand | Motif start codon (bp) | Pr /TSS hylated sampl
Rv0565¢ 657533 - CTGGAG | —63 - Down

ompA 1002711 + CTCCAG | —101 - Down

Rv1371 1543277 + CTCCAG | —-82 - Up

scpB 1938088 + CTCCAG | —58 P, TSS Up

moaC3 3710411 - CTCCAG | —163 - Up

Rv3324A 3710411 - CTCCAG | —-32 - Up

Rv3325 3710408 + CTGGAG | —-25 - Down

PE_PGRS60 | 4093563 + CTGGAG | —69 - Down

Table 3. cis-eQTLs located in upstream intergenic regions linked with methylation in Lineage 4 strains. Table
showing genes differentially expressed potentially due to the lack of methylation in the upstream region. The
name of the gene, the position of the eQTL (methylation site), strand, motif, distance of the methylated base
from start codon of the transcript (negative shown as upstream), prediction of promoter or TSS (P = promoter
region, TSS = Transcriptional Start Site), and type of regulation of the gene in non-methylated samples is
shown.

number of modifications were identified. Only high quality 6-methyl-adenine (m6A) levels were found within
motifs, where m6A is a well characterised epigenetic regulator in other prokaryotes*. The three motifs pre-
viously reported in Mtb'>"'7 were identified: CTCCAG and GATN,RTAC and their partner motifs (CTGGAG
and GTAYN,ATGC, respectively), and the hemi-methylated CACGCAG. The distribution and numbers of the
different motifs were similar across the samples regardless of lineage and sub-lineage, with an average number of
1,934 for CTCCAG, 357 for GATN,RTAC and 813 for CACGCAG. However, the fraction of methylated motifs
varied across isolates and (sub-)lineage patterns (Supplementary Table S8), consistent with a previous report'®. In
particular, within L4, two sub-lineages patterns were found with methylation in GATN,RTAC and CACGCAG
motifs. Moreover, the CTCCAG motif was not methylated in either of the two L2 isolates. Among L1, methylation
in CTCCAG and CACGCAG motifs was absent in some samples. When methylated, the percentage of motifs
modified across all the samples varied from 50% to ~100%.

To explain the lack of methylation observed in some isolates, the presence of SNPs in the MTases genes was
investigated. Three SNP mutations were identified: (i) E270A in mamA in L2, (ii) P306L in hsdM in sub-lineages
4.3, 4.8 and 4.9, and (iii) S253L in mamB in sub-lineage 1.1.3; which have been reported previously to be asso-
ciated with the loss of function of the enzymes'>'° (Supplementary Table S9). Two novel mutations (Q340K and
G1528) and a deletion (1232delG) were also identified in mamA, potentially associated with the lack of methyla-
tion of CTCCAG in two isolates belonging to L1 and L4. For the remaining samples with an absence of methyla-
tion in any of the three motifs, there were no SNPs uniquely found in these samples that could be correlated with
the loss of function of the enzyme.

Differential gene expression linked with methylation. In order to understand how the methyla-
tion status of the genes affects their expression, a differential transcription analysis was performed on the L1
and L4 strains (n = 20) (Supplementary Fig. S1E). The analysis involved stratifying by lineage to overcome the
lineage-specific transcriptional profiles seen above. L2 was discarded due to the low number of clinical isolates
represented. Firstly, 5,326 different intragenic methylation sites were used. A linear regression analysis was
applied to obtain the correlation between methylation status and gene expression level at a whole-genome scale.
Across L4, 44 genes were found to be differentially expressed (Benjamini-Hochberg (BH) adjusted p < 0.05),
whose over- or under-expression was potentially associated with their methylation status. Twenty-eight (of the
44; 63.6%) genes, mostly down-regulated, were deficient in methylation only in the CTCCAG motif in one sam-
ple, which was associated with the presence of the mutation G152S in mamA (Supplementary Fig. S2). These
genes were enriched for metabolic pathways (p < 0.05). The remaining 16 genes differentially expressed in L4
were non-methylated in >1 isolate and mostly in the CTCCAG motif (Supplementary Fig. $3). For L1, none
of the genes that were found to be differentially expressed were significantly associated with methylation sta-
tus. Methylation of the upstream intergenic regions may have a role in gene expression, and we performed a
lineage-stratified cis-eQTL analysis with the 393 unique methylation sites located within 200 bp upstream from
the start codons of the genes. In L4, seven eQTLs (BH adjusted p < 0.05) for 8 genes differentially expressed were
revealed (Table 3, Supplementary Fig. $4), including one located in the predicted promoter region and overlap-
ping with the TSS. Among ancient strains, none of the genes that were found to be differentially expressed were
significantly associated with methylation of upstream regions.

Overlap between eQTLs linked with SNPs and methylation.  Finally, we assessed whether there is a
link between the SNPs and methylated motifs associated with the differentially expressed genes identified. To this
end, we evaluated the degree of overlap between the different associations (Fig. 3). We considered three types of
association: (i) genes differentially expressed due to SNPs in promoter regions, TSS or within the gene, denoted
as cis-eQTLs; (ii) genes differentially expressed due to potential impairing mutations in transcriptional regulators
that are predicted to control their expression, denoted as tr-eQTLs; and (iii) genes differentially expressed as a
consequence of methylation of either the promoter, TSS, upstream region or the gene, denoted as mod-eQTLs. We
found that 5 genes with variable transcription were associated with both, mod-eQTLs and cis-eQTLs, and another
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cis—eQTL trans—eQTL

mod-eQTL 3853

Figure 3. Venn diagram showing the overlap of genes differentially expressed (from the 3,987 investigated)
associated with the different eQTL types (cis, trans and modified). The numbers represent the number of genes
differentially expressed associated with the different types of eQTLs: cis-eQTLs, SNPs in promoter regions,
transcriptional start sites (TSS), upstream (up to —200bp) or within the gene; tr-eQTLs, potentially impairing
non-synonymous SNPs located in transcriptional regulators; and mod-eQTLs, methylated bases located either
within the gene or upstream including promoter regions and TSS.

9 were associated with cis-eQTLs and tr-eQTLs. There was no overlap between genes differentially expressed due
to tr-eQTLs and mod-eQTLs, and the majority of the genes were uniquely assigned to one of the mechanisms
responsible for their differential expression.

Discussion

Genetic mutations and variations in gene expression have an important impact on MTC virulence and path-
ogenicity*®. Previous studies have shown how genomic variants or methylation can affect the level of gene
expression”!®!7, but have not shown how one analysis may influence another. In this study, for the first time, we
performed an integrated analysis of the genome, methylome and transcriptome, across 3 major Mtb lineages. We
have revealed clade-specific differences in the core transcriptomes between ancient and modern strains, as previ-
ously observed’, but in addition our analysis has revealed genes linked to virulence and pathogenicity (e.g. vapBC
family), drug resistance and efflux pumps (e.g. Rv2994% or iniA and iniB***°). An eQTL analytical approach
revealed 5,608 SNPs associated with differential gene expression (a total of 38,949 candidate eQTLs) and rein-
forced the lineage-specific genetic diversity and its effects on transcriptomes. To achieve improved resolution,
cis-eQTLs based on regions upstream or within the genes differentially expressed were considered. This approach
revealed ten SNPs within the promoter regions or TSS of genes differentially expressed, as well as others within
coding regions of the genes, doubling the number of previously reported associations'’. Among these variants,
lineage-specific SNPs were associated with the genes differentially expressed, thereby revealing a potential expla-
nation for the differential core transcription.

The high proportion of non-synonymous mutations present in coding regions in Mtb has been suggested
to have a functional impact?, with consequences for transcription when found within transcriptional regula-
tors'?. In our study, functional impairment was predicted for sixteen of the transcriptional regulators found
among the 38,949 potential eQTLs, including in sirR and Rv0195 that contained premature stop codons. The
number of regulators found is likely to be an under-estimate, as databases accessible to SIFT are incomplete,
leading to no prediction for the vast majority of loci. Most of the potential impairing mutations were found to
be lineage-specific. In particular, we identified a mutation and an insertion in L1 and L2 strains in Rv21604,
which act as a transcriptional activator of the adjacent genes Rv2159¢ and Rv2161c, with which it likely forms
an operon?®. Similarly, the protein encoded by Rv3167c was predicted to function as a repressor of its contigu-
ous gene Rv3168, over-expressed in ancient samples with the P17Q mutation. Whilst Rv0275¢ was shown as a
candidate activator of the adjacent gene Rv0276, and under-expressed in the L1 strains with the S24L mutation,
consistent with previously reported associations!®*!. The analysis of the regulatory networks of the transcriptional
regulators was performed in order to look for trans-eQTLs, and found 11 of the genes differentially expressed
from the primary eQTL analysis were regulated by one of the transcriptional regulators harbouring potential
impairing mutations. Three mutations affecting the function of three anti-sigma factors (rseA, rskA and rsfA)
were associated with the up-regulation of 6 genes. This result suggests that the functional impairment of sigma
and anti-sigma factors can be the cause of variable gene expression.
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Our study confirmed the same motifs and patterns of methylation as previously reported'>!¢ but in addition
identified three novel variants (Q340K, 121delG and G152S) in mamA, which could explain the lack of meth-
ylation in the CTCCAG motif in the samples harbouring them. DNA methylation has been hypothesised to
affect gene expression in bacteria®®, and the disruption of mamA in Mtb has been shown to result in altered gene
expression'’. In E. coli it has been suggested that an overrepresented motif in the genome is more likely to be
involved in gene expression regulation mediated by methylation®. Different hypotheses concerning the control
of gene expression by dam MTase have been proposed, including regulation by motifs found in promoter* and
coding regions®. Further, it has been suggested that DNA methylation is a mechanism of switching regulatory
states in phase variation systems®. Across the three lineages studied here, CTCCAG was the most abundant motif
and was predominantly found in coding regions. An investigation of the relationship between the methylation
status and gene expression levels revealed that the CTCCAG motif has the highest impact. In L4, the differential
expression of 38 genes was potentially associated with CTCCAG methylation status, compared to 4 and 2 genes
associated with CACGCAG and GATN,RTAC methylation, respectively. A subset of these genes (28/44), mostly
down-regulated, were found to be uniquely non-methylated in the sample with the mamA G152S mutation. These
included genes associated with metabolic pathways or regulatory proteins (e.g. Rv0348, virS or Rv1359), and
from the pe/ppe families (e.g. PE17, PPE17 or PE_PGRS2). We also found that non-methylated CTCCAG motifs
in upstream regions and TSS have an effect on gene expression, which is consistent with previous work'”. In L1
no genes significantly associated with methylation were found. Overall our results show that methylation in the
promoter regions and coding regions is likely to be involved in gene expression, with the CTCCAG motif as the
main candidate with a role in regulation.

The functional impairment of MTases may have implications in biological processes of the Mtb controlled by
genes whose expression is affected by the methylation status. This could eventually influence the Mtb’s virulence,
pathogenicity or drug resistance. For instance, variable methylation status was found to be related to the differ-
ential transcription of genes associated with metabolic pathways, among others, which suggests the potential role
of methylation on regulation of biological processes related with growth or persistence. However, further work is
needed to understand how methylation regulates gene expression under different environmental cues including
those encountered by Mtb inside the host.

In Mtb, virulence and the ability to become drug resistant vary across lineages***!. Hence, the study of
lineage-specific transcriptomic profiles and the mechanisms that regulate gene expression can give insights into
mechanisms underlying these biological differences. Such insights will be useful to identify potential targets for
the development of new anti-tuberculosis drugs or vaccines. The small sample size is a potential limitation of the
study, but our integrated analysis has detected known variants and methylated motifs, and putative candidate
eQTLs for follow-up experiments. Future studies should consider larger sample sizes, including more lineages
(e.g. other ancient lineages, such as L5 and L6), in order to confirm the candidate associations found in this anal-
ysis. In addition, there is a need for complementary proteomic analyses, to perform a comprehensive integrated
study of Mtb genetic and epigenetic mechanisms of gene expression control. Overall, our data has identified
common functional variants that affect transcriptional control, which gives further support to differential patho-
physiology in ancient and modern Mtb lineages.

Materials and Methods

Bacterial strains, DNA and RNA sequencing.  All 22 Mtb isolates listed in Supplementary Table S1 were
sourced from 22 TB patients from Karonga (Malawi) between 2003 and 2009, and cultured in the LSHTM. Mtb
isolates were grown by liquid culture (in the absence of antimicrobial drugs) from frozen stocks of Lowenstein-
Jensen or liquid cultures derived from patient’s sputum specimens already isolated. Mtb strains were grown to
mid-log phase (OD =0.6-0.8) in Middlebrook 7H9 supplemented with 0.05% Tween 80 and 10% albumin-dex-
trose-catalase (ADC) at 37 °C in standing 25 cm? vented tissue culture flasks and subcultured in 75 cm? vented
tissue culture flasks. DNA and RNA were extracted from the same cultures (passage 34 from original sputum
sample) using the phenol-chloroform-isoamyl alcohol method and the trizol method with bead-beating as previ-
ously described*>*. The samples were sequenced at the Genome Institute of Singapore. Single-molecule real time
(SMRT) sequencing from Pacific Biosciences (PacBio) RSII long read technology was used with the parameter of
6hours per SMRTcell (PacBio RS I SMRT Cells 8Pac). The library preparation involved the use of the template
prep kit 1.0, and the binding chemistry involved the use of DNA/Polymerase binding kit P6. The sequencing kit
used was the DNA Sequencing Reagent Kit 4.0.

For RNA sequencing, total RNA extracts were run on the Agilent 4200 Tapestation System (Agilent
Technologies, Santa Clara, CA, USA) using the RNA Tapestation Assay to determine the RNA integrity values.
TruSeq Stranded mRNA sample preparation was used according to the manufacturer’s instructions for next gen-
eration library preparation. Briefly, library preparation started with purification of mRNA using poly-T oligo
attached magnetic beads, fragmentation of mRNA, 1st and 2nd strand cDNA synthesis, A-tailing and ligation
of adapters with multiplex indexes. Samples were enriched with 15 PCR cycles followed by Agencourt AMPure
XP magnetic bead (Beckman Coulter, Brea, CA, USA) clean up as per the manufacturer’s instructions. Quality
of cDNA libraries was checked with Agilent D1000 Tapestation Assay (Agilent 4200 Tapestation System, Agilent
Technologies, Santa Clara, CA, USA). Next generation sequencing was performed using Illumina Hiseq4000 flow
cell, with 2 x 151 base pair-end runs. PhiX was used as a control.

Bioinformatic and association analysis. PacBio long reads were analysed using the pipelines provided by
the SMRT Portal software. Briefly, raw sequence data were aligned to the H37Rv (GCA_000195955.2) reference
genome and small variants (SNPs and indels) were called over the consensus sequences. Single nucleotide poly-
morphisms (SNPs) were used to build the maximum-likelihood phylogenetic tree using RAxML software*!. The
Modification and Motif Analysis pipeline was used then for the methylation study and motif finding. Detection of
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base modification was performed with a minimum QV score of 30 and coverage of 20-fold. Six-methyl-adenine
(m6A) was determined within motifs with an inter-pulse duration ratio (IPD ratio) between 3 and 10. Statistical
enrichment analysis was performed using DAVID software®. Functional impairment prediction for proteins har-
bouring non-synonymous mutations was performed using the Sorting Intolerant from tolerant (SIFT) algorithm*.

Pair-end short reads generated by Illumina HiSeq technology for RNA sequencing were assessed for qual-
ity and trimmed using Trimmomatic v0.36*”. High quality reads were mapped to the H37Rv reference genome
(GCA_000195955.2) using the Burrows-Wheeler Alignment (BWA-mem) v0.7.15 tool*s. HTSeq. 0.9.1*° was used
to quantify the number of reads per transcript. Lowly expressed genes were filtered out by a minimum count
per million (CPM) value of 0.6, equivalent to 10 counts. For differential transcription analysis, counts were then
normalised using the trimmed mean of M-values normalization (TMM) method*. To compare expression levels
between ancient and modern strains as well as for the eQTL studies linked with SNPs and methylation, significant
differences were obtained through linear regression tests. Adjusted p values for multiple testing were calculated
through the Bonferroni and Benjamini-Hochberg corrections for statistical significance. The prediction of pro-
moter regions was performed using Neural Network Promoter Prediction (http://www.fruitfly.org/seq_tools/
promoter.html). The EGRIN model from the MTB Network Portal** and the regulatory network map from the TB
Database™ were used for the study of the association between transcriptional regulators and genes differentially
expressed. The allele frequencies of variants identified in the eQTL analysis were calculated in an independent set
of ancient and modern strains using a large published dataset (n =6,218), described previously*.

Data Availability
All pathogen raw sequencing data is available from the ENA short read archive (accession number PRJEB29197).
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Supplementary Table S1

Characteristics of the strains analysed

Isolate ID Year of Sub-lineage* Number  Number of HIV Age Gender INH STR
collection of SNPs transcripts**  status
RBB389 2008 1.1.2 (EAI3; EAIS) 2751 3836 + 35 F S S
RBB395 2009 1.1.2 (EAI3; EAIS) 2612 3950 + 37 F S S
RBB398 2009 1.1.2 (EAI3; EAIS) 2583 3961 + 31 M S S
RBB383 2007 1.1.3 (EAl6) 2320 3934 + 35 M S S
RBB385 2007 1.1.3 (EAl6) 2619 3948 + 40 M S S
RBB388 2008 1.2.2 (EAID) 2632 3935 - 36 F S S
RBB394 2009 1.2.2 (EAID) 2612 3765 + 53 M R S
RBB397 2009 1.2.2 (EAID) 2643 3953 + 33 F Shx* Shx*
RBB401 2010 2.2.1 (Beijing) 1651 3891 + 46 F S S
RBB402 2010 2.2.1 (Beijing) 1676 3937 - 74 M S S
RBB384 2007 4.1.1.3 (Haarlem X1, X3) 1473 3931 + 43 M S S
RBB399 2010 4.1.1.3 (Haarlem X1, X3) 1423 3934 + 26 F S S
RBB404 2004 4.1.1.3 (Haarlem X1, X3) 1217 3950 - 33 F S S
RBB387 2007 4.1.2 (X-type) 1482 3933 + 45 M S S
RBB392 2008 4.1.2 (X-type) 1426 3953 + 63 M S S
RBB386 2007 4.3.3 (LAM) 1298 3345 + 50 F S S
RBB396 2009 4.3.3 (LAM) 1102 3950 - 33 M S S
RBB403 2003 4.3.4.2.1 (LAM) 1063 3929 - 67 M S S
RBB391 2008 4.8 (T) 857 3950 + 34 M S S
RBB390 2008 4.9 (T1-H37Rv) 528 3967 + 35 M R R
RBB393 2008 4.9 (T1-H37Rv) 635 3083 - 49 F S S
RBB400 2010 4.9 (T1-H37Rv) 634 3965 + 18 M Shx* Shx*

* Lineages are underlined; isoniazid (INH) and streptomycin (STR) drug susceptibility test (R: resistant; S: susceptible); ** number of genes transcribed with

at least 10 counts; *** inferred by whole-genome sequencing.
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Supplementary Table S2
105 genes found to be differentially expressed between ancient (lineage 1) and modern (lineages

2 and 4) isolates

Log2 Fold-change

Gene . Adjusted p value
(ancient vs modern)

Rv0028 0.930 3.48x10™
Rv0060 1.260 1.22x10°
ephF (Rv0134) -1.215 1.53x10°3
Rv0192 0.240 5.67x10°3
Rv0193c 1.663 2.94x10°3
nirB (Rv0252) 2.701 7.38x10*
nirD (Rv0253) 2.661 5.12x10°3
Rv0273c -1.642 8.89x10°®
Rv0275c -2.572 9.48x10°
Rv0276 -5.341 1.89x10°
PPE3 (Rv0280) -2.303 5.11x10°3
iniB (Rv0341) -4.054 6.23x10°
iniA (Rv0342) -2.367 3.36x10*
iniC (Rv0343) -2.388 3.35x10”
icl1 (Rv0467) 2.587 2.85x10?
fadB2 (Rv0468) 1.426 6.48x10°3
umaA (Rv0469) 1.563 9.27x10”
Rv0520 -2.961 3.65x10°®
galTb (Rv0619) 3.691 3.84x10°
galK (Rv0620) 5.493 2.81x10°®
recB (Rv0630c) 1.550 4.31x10°
Rv0687 -1.190 4.83x10°
rpIN (Rv0714) 0.509 1.17x107
Rv0826 -3.974 3.82x10?
rpfA (Rv0867c) 1.647 3.96x10*
Rv0906 -1.416 7.57x10°
Rv0966¢ -1.646 1.14x10°3
Rv0997 0.981 5.84x10°3
Rv1101c -1.319 2.58x10°3
narH (Rv1162) -2.399 6.90x10°3
narJ (Rv1163) -2.577 2.19x10°3
narl (Rv1164) -1.682 1.78x10*
deaD (Rv1253) -1.116 1.41x10°3
Rv1261c 0.313 4.52x107
pknH (Rv1266c) 1.069 5.04x10°
Rv1319c -0.796 1.58x107
PE_PGRS25 (Rv1396¢c) -2.440 2.14x10?
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vapC10 (Rv1397c) -3.070 6.82x10°
vapB10 (Rv1398c) -3.289 1.86x10™*
Rv1503c 1.836 1.98x10°3
Rv1504c 2.443 5.41x10°
Rv1505c¢ 2.284 8.78x10°3
Rv1524* -2.051 2.57x107
wbbL2* (Rv1525) -7.438 1.67x10°
plsB1 (Rv1551) 2.205 1.391x10*
cya (Rv1625c¢) -0.956 3.67x107
Rv1627c -0.585 4.60x1072
malQ (Rv1781c) 1.548 2.24x1072
PE_PGRS34 (Rv1840c) -1.116 5.21x10°3
Rv1842c -0.860 9.05x10°
Rv1895 2.647 3.33x10°
IppD (Rv1899c¢) -4.085 1.19x10°%
PPE35 (Rv1918c) -1.220 4.30x10°3
fadD31 (Rv1925) -2.890 7.10x10"
Rv1976¢ 0.753 1.08x10°°
Rv2059 -1.244 1.14x10°
Rv2159c -5.676 3.92x10°3
Rv2160A -5.798 7.13x10*
Rv2161c -5.754 5.41x107
PE_PGRS38 (Rv2162c) -4.112 9.36x10™"?
pimB (Rv2188c) -3.360 7.74x10°
Rv2271 0.950 6.28x10*
Rv2272 0.984 3.94x10°
Rv2282c 0.801 1.96x10°°
narK1 (Rv2329c) 1.844 3.99x1072
Rv2337c -2.377 6.43x10*
PE_PGRS42 (Rv2487c) -1.238 3.06x102
Rv2652c* -2.103 4.43x1072
Rv2653c* -2.666 4.22x1072
Rv2658c* -2.663 4.22x102
Rv2712c 1.896 1.98x10°
Rv2719c 1.951 1.99x10°
Rv2765 4.360 1.14x10°®
vapB22 (Rv2830c) 1.551 2.03x10°3
amt (Rv2920c) 1.091 3.90x102
Rv2994 -1.690 3.48x107
Rv3007c¢ -2.168 2.43x10°

virS (Rv3082c) 3.052 3.34x10°3
PPE51 (Rv3136) 2.571 1.23x10°®
Rv3137 2.665 2.45x10*
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pflA (Rv3138) 1.119 2.17x10?
PPE52 (Rv3144c) -0.995 1.33x107
Rv3165c¢ 0.592 6.34x10°
Rv3167c 2.247 2.70x10°
Rv3168 2.106 4.94x10’
Rv3169 2.295 2.65x10™
Rv3233c -1.733 6.25x107
Rv3446¢ 2.177 4.47x10°
mce4A (Rv3499c) 0.616 1.96x10°
yrbE4B (Rv3500c) 1.697 5.17x10°
PE_PGRS57* (Rv3514) -2.748 1.52x10°
Rv3527 -1.003 4.06x10’

PE33 (Rv3650) 1.136 3.74x102
PE_PGRS60 (Rv3652) 3.675 3.69x10
PE_PGRS61 (Rv3653) 4.647 1.49x10°
Rv3679 -4.162 3.05x1022
Rv3680 -3.146 7.88x101
Rv3695 -2.202 1.58x10°
Rv3740c 1.246 2.69x10™
Rv3741c 1.682 2.60x107
Rv3742c 2.550 3.70x10°
accD4 (Rv3799¢) -1.195 7.26x10°
pks13 (Rv3800c) -1.390 6.95x10"
PE_PGRS62 (Rv3812) 1.249 1.82x107
Rv3915 0.244 5.50x10°

* Genes deleted in ancient (lineage 1) isolates.

Adjusted p value obtained by Bonferroni correction.
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Supplementary Table S3

42 genes found to be under-expressed (adjusted p < 0.05) and associated with large genomic

deletions
Gene Lineage/sub-lineage with the deletion
Rv0072 L2
Rv0073 L2
msrA (Rv0137c) 43421
Rv0195 4.1.2
aac (Rv0262c) 1.2.2*
Rv0265¢ 1.2.2*
oplA (Rv0266¢) 1.2.2*
Rv1524 1
wbbL2 (Rv1525) 1
gabD2 (Rv1731) 1.1.3
PE18 (Rv1788) 1.2.2*
PE26 (Rv1789) 1.2.2*
Rv1993c 43.4.2.1
cmtR (Rv1994c) 43.4.2.1
plcC (Rv2349c¢) 1.1.3
plcB (Rv2350c) 1.1.3
plcA (Rv2351c) 1.1.3
PPE39 (Rv2353c) 2
Rv2645 1*
Rv2646 1*
Rv2647 1*
Rv2651c 1*
Rv2652¢ 1*
Rv2655¢ 1*
Rv2656¢ 1*
Rv2657¢ 1*
Rv2658c 1*
Rv2819c 2
PPE55 (Rv3347c) 43.4.2.1
Rv3349c 43.4.2.1
PPE56 (Rv3350c) 43.4.2.1
Rv3351c 43.4.2.1
lytB1 (Rv3382c) 2%
cmaA1l (Rv3392c) 4.9*
PPE58 (Rv3426) 1,2,4.8,4.9
Rv3468c 4.8
mhpE (Rv3469c) 4.8
ilvB2 (Rv3470c) 4.8
Rv3471c 4.8
Rv3472 4.8
bpoA (Rv3473c) 4.8
kgtP (Rv3476c¢) 4.8

* Not all the clinical isolates from the lineage or sub-lineage.
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Supplementary Table S4
76 genes found to be differentially expressed (adjusted p < 0.05) through eQTL analysis

Gene Numbe.r of SNPs Line:age/sub- Regulation
associated** lineage
Rv0273c 798 1 Down
Rv0276 790 1 Down
iniC (Rv0343) 790 1 Down
umaA (Rv0469) 790 1 Up
Rv0520 790 1 Down
Rv0576 4 1.1.2%,1.2.2% Up
mce2R (Rv0586) 1 1.1.2*%,1.1.3*% Up
mce2D (Rv0592) 169 1,2 Up
galK (Rv0620) 790 1 up
recB (Rv0630c) 7 1* Up
mazF2 (Rv0659c) 297 4.1.2 Down
mazE2 (Rv0660c) 297 4.1.2 Down
Rv0687 84 1 Down
Rv0750 368 4113 Up
Rv0958 398 1.1.3 Up
Rv0959 398 1.1.3 Up
Rv1096 93 1,2,4.1,43,4.8 Up
Rv1101c 169 1,2 Down
bpoB (Rv1123c) 368 41.1.3 Down
narH (Rv1162) 6 1* Down
narJ (Rv1163) 7 1* Down
narl (Rv1164) 7 1* Down
Rv1318c 137 4.3 Up
Rv1371 93 1,2,4.1,43,4.8 Up
vapC10 (Rv1397c) 7 1* Down
vapB10 (Rv1398c) 7 1* Down
Rv1429 368 4113 Up
bisC (Rv1442) 484 1.2.2% Up
Rv1489 297 1.2.2% Down
Rv1489A 297 1.2.2% Down
Rv1490 297 1.2.2% Down
Rv1491c 297 1.2.2* Down
Rv1764 94 1,2,4.1,43,4.8 Down
Rv1895 798 1 Up
IppD (Rv1899c) 791 1 Down
fadD31 (Rv1925) 805 1 Down
Rv1976¢ 169 1,2 Up
vapC36 (Rv1982c) 121 4.1 Up
Rv2077c 127 1,2,4.1,4.3 Down
Rv2159c 170 1,2 Down
Rv2160A 169 1,2 Down
Rv2161c 963 1,2 Down
PE_PGRS38 (Rv2162c) 790 1 Down
Rv2271 1 1 Up
Rv2324 4 1.1.2*,1.2.2* Up
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Rv2337c 7 1* Down

vapB38 (Rv2493) 121 4.1 Up
vapC38 (Rv2494) 121 4.1 Up
arsC (Rv2643) 226 1.1.3* Up
Rv2712c 790 1 Up
Rv2719c 790 1 Up
Rv2765 797 1 Up
Rv2915c 226 1.1.3* Up
Rv2972c 1 1,2 Up
recG (Rv2973c) 1 1,2 Up
Rv2974c 169 1,2 Up
Rv2994 790 1 Down
Rv3007c 790 1 Down
PPE51 (Rv3136) 797 1* Up
Rv3169 7 1* Up
Rv3233c 790 1 Down
Rv3322c 1 41.2,4.9 Down
moaC3 (Rv3324c) 93 49 Down
spoU (Rv3366) 584 2 Up
fadD17 (Rv3506) 177 4.9* Up
PE_PGRS60 (Rv3652) 790 1 Up
PE_PGRS61 (Rv3653) 790 1 Up
Rv3679 791 1 Down
Rv3680 790 1 Down
Rv3695 790 1 Down
Rv3706¢ 198 1.1.3* Up
Rv3750c 127 4.8,4.9 Up
tcrX (Rv3765c) 198 1.1.3* Up
PE_PGRS62 (Rv3812) 790 1 Up
Rv3829c 584 2 Up
Rv3830c 584 2 up

* Not all the clinical isolates from the lineage or sub-lineage.
** Number of common SNPs in isolates with a gene over- or under-expressed compared to the rest of
isolates not carrying the SNPs. All the lineage or sub-lineage specific SNPs are therefore associated

with genes differentially expressed by lineage or sub-lineage.

82



Supplementary Table S5

Functional SNPs located in the upstream intergenic region, upstream gene or within the gene associated with differential expression (cis-eQTLs, adjusted

p <0.05)
Position SNP Allele
frequency**
Transcript Distance ]
differentially Annotation SNP (bp) Regulation -Straln
expressed Gene from Promoter tineage Ancient Modern
(P)/TSS
start
codon
Rv0068 3 C75231T IGR -70 P Up 4.1.2 0 0.009
Rv0193c 1 G226676A IGR -105 - Up 1 0.973 0
gpdA1l 4 T655986G IGR -37 P Up 1,2 0.976 0.324
Rv0669c 3 T769663G IGR -66 P Down 433 0 0.050
Rv0750 1 C841924T7 IGR -109 - Up 4113 0.003 0.038
SNPs in Rv0958 3 C1069871T IGR -12 P Up 1.1.3 0.220 0
upstream Rv1096 3 T1224367C IGR -18 P Down 1,2,4.1,4.3,4.8 1 0.976
Intergenic Rv1503c 1 A1694547C IGR -3 - Up 1 0.973 0
region fadD31 4 T2177073C IGR -14 TSS/P Down 1 0.973 0
(IGR) PE_PGRS38 7 A2424864G IGR -18 TSS Down 1 0.973 0
Rv2712c 1 C3025431T IGR -103 Up 1 0.971 0
vapB22 5 T3137237C IGR -13 Up 1 0.973 0
Rv2923c 1 G3238516A IGR -17 - Up 4.1.2 0 0.009
Fpg 8 G3239476A IGR -6 - Up 4.1.2 0 0.008
Rv3695 2 T4137190C IGR -16 - Down 1 0.973 0
Rv0060 1 C64028T Rv0060 119 - Up 1 0.973 0.002
ephF 5 G162226A ephF 455 - Down 1 0973 0
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SNPs
within
gene or
upstream
gene

Rv0193c 1 C225668T Rv0193c 903 Up 1 0.971 0
Rv0275c 6 G331588A Rv0275c 70 Down 1 0.973 0
Rv0276 1 G331588A Rv0275c 160 Down 1 0.973 0
PPE3 7 C339508T PPE3 144 Down 1 0.968 0
PPE5 7 C370229T PPE5 2535 Down 1.1.3 0.230 0
Rv0326 - T392261C Rv0325 -12 Up 1,2 0.978 0.324
iniA 2 T412280G iniA 1442 Down 1 0.973 0
Rv0376¢ 1 T454295C Rv0376¢ 77 Up 1,2,4.1,43.4,48,4.9 1 0.994
Rv0377 6 T454295C Rv0376¢ -126 Up 1,2,4.1,43.4,48,4.9 1 0.994
UmaA 4 C560664T umal 776 Up 1 0.973 0
A560666G 778 0.973 0
mce2R 6 C684611T mce2R 201 Up 1.1.2* 0.024 0
mce2C 5 A690450C mce2C 1391 Up 1,2 0.976 0.324
mce2D 6 A690450C mce2C -51 Up 1,2 0.976 0.324
recB 8 G722852A recB 2161 Up 1 0.973 0
Rv0669c 3 A768395G Rv0669c 1202 Down 4.3.3* 0 0
rpIN 8 C811492G rpIN 119 Up 1 0.970 0
Rv0750 1 C842111G Rv0750 78 Up 4113 0.029 0.060
Rv0906 1 C1009490T Rv0906 546 Down 1 0.971 0
Rv0966¢ 1 C1077754T Rv0966¢ 81 Down 1 0.971 0
Rv1048c 1 G1171183A Rv1048c 970 Up 1.2.2* 0.021 0
bpoB 5 G1246845A bpoB 207 Down 4.1.13 0 0.003
deaD 8 A1400396G deaD 426 Down 1 0.971 0
Rv1318c 3 G1480024T Rv1318c 800 Up 4.3 0.013 0.277
Rv1319c 3 T1481602G Rv1319c 899 Down 1 0.970 0
vapC10 5 T1574206C vapC10 307 Down 1 0.970 0
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Rv1429 1 C1605149T Rv1429 271 - Up 4.1.1.3 0.005  0.049
bisC 3 G1619841A bisC 50 - Up 1.2.2% 0.157 0
Rv1505c¢ 1 G1695674A  Rv1505c 272 - Up 1 0.973 0
vapB11 5 G1764812A vapB11 57 - Up 4.3.3* 0 0
vapC11 5 G1764812A vapB11 -167 - Up 4.3.3* 0 0
Rv1773c 6 G2007502A  Rv1773c 264 - Up 4.1 0.003  0.176
Rv1776¢ 6 G2010096T  Rv1776¢ 459 - Up 1.2.2% 0.019 0
lldD2 3 C2123181T Rv1873 -30 - Up 4.1.2 0.022  0.025
IppD 2 A2145878G IppD 367 - Down 1% 0.973 0
fadD31 4 G2177968T  fadD31 881 - Down 1 0.973 0
Rv1982c 5 A2225456T  Rv1982c 376 - Up 4.1 0.003  0.176
Rv2036 3 C2282058T Rv2035 -41 - Up 1.2.2% 0.157 0
Rv2077c 2 A2334007G  Rv2077c 287 - Down 1,2,4.1,4.3 1 0.882
Rv2159c 1 A2421816G  Rv2160A -151 - Down 1,2 0.977  0.323
Rv2160A 6 A2421816G  Rv2160A 462 - Down 1,2 0.977  0.323
PE_PGRS38 7 C2423785T  PE_PGRS38 1053 - Down 1 0.962  0.001
pim . G2450045A i 1105 - Down . 0.971 0
C2451081G 69 - 0.973 0
Rv2263 3 C2536599T Rv2263 958 - Down 2 0.003  0.126
plcC 3 G2627377T plcC 1321 - Down 1.1.3 0.232 0
Rv2719c 2 A3031285T  Rv2719c 252 - Up 1 0.973 0
Rv2765 3 C3074830T Rv2765 194 - Up 1 0.973 0
Rv2994 2 G3351472A Rv2994 203 - Down 1 0.973 0
Rv3027c 1 G3386782A  Rv3027c 137 - Up 4.1.2 0 0.009
Rv3081 1 C3446699G Rv3081 659 - Up 2 0.011  0.159
virS 5 A3447480C virs 946 TSS Up 1 0.973 0
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RV3167c 6 G3536008T  Rv3167c 49 - Up 1 0.973 0
RV3180c C3549576A  Rv3180c 112 - Up 1.1.2* 0.013 0

Ihr 8 C3678298T Ihr 1523 - Up 4.1.2% 0 0.004
PPE55 7 A3746409G PPE55 077> ) Up 1,2,4.1,4.3.3,4.8,4.9 ) )
A3752207G 977 - - -

spoU 8 GG3778011AT  spoU 274 - Up 2 0.003  0.147
PPE57 138424254 PPE57 186 ) Down 4.1/4.3 ) )
AG3842581GT 342 - - -
Rv3446¢ 1 G3864041A  Rv3446c 490 - Up 1 0.970 0

kgtP 2 A3892671G kgtP 1049 - Up 1,2,4.1,4.3,4.9 1 0.999
yrbE4B 5 G3920109T  yrbE4A 47 - Up 1 0.971 0
fadD17 4 C3925702T  fadD17 812 - Up 4.9* 0.003 0
PPE65 7 A4060742G PPE65 1147 - Down 4.3.3* 0 0
PE_PGRS60 7 G4093719A  PE_PGRS60 87 - Up 1 0.971 0
RV3679 2 T4119246C  Rv3679 470 - Down 1 0.968 0
PE_PGRS62 7 G4277032C  PE_PGRS62 461 - Up 1 0.971 0

* Only one or two samples from the lineage out of the 3 analysed; ** Allele frequency refers to the proportion of strains harbouring the SNP in a larger data

set (n =6,218)°.
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Supplementary Table S6

Genes differentially expressed (adjusted p < 0.05) associated with transcriptional regulators carrying

candidate impairing mutations

Genes Allele
Mutation Differentially Regulation Lineage frequency**
Expressed Ancient Modern
Rv0276,
Rv0520,
Rv0275c S24L Rv2162c, Down 1 0.973 0
Rv0275c*,
Rv0826
Rv1895,
Rv3233c,
Rvii64* Up/Down 1 0.973 0
Rv1163%*
Rvi1162*
Rv1048c,
Rv1776¢ R154S Rv1776c, Up 1.2.2 0.019 0
Rv3136
Rv3167c P17Q Rv1895 Up 1 0.973 0
Rv1429,
Rv1123c

Transcriptional
Regulator

Q121R
P91Q

ramB

Rv3249c T154A Up/Down 4113 0.003 0.049

* Genes that are differentially expressed but didn’t reach the cut off (adjusted p < 0.05).

** Allele frequency refers to the proportion of strains harbouring the mutation in a larger data set (n

=6,218)%.
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Supplementary Table S7
Mutations found in anti-sigma factors (as per H37Rv reference annotation) related with differential

gene expression

Sigma ] . Genes differentially ) Allele frequency
Mutation Lineage Regulation -
Factor expressed Ancient Modern
rseA A23T 4113 Rv0750, Rv1429 Up 0.003 0.049
spoU, Rv3829c,
rskA E81D 2 Up 0.003 0.126
Rv3830c
rsfA L125R 1.2.2* bisC Up 0.148 0

* Not all the clinical isolates from the lineage or sub-lineage; Allele frequency refers to the proportion

of strains harbouring the mutation in a larger data set (n = 6,218)*.
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Supplementary Table S8

Fractions of methylation for each identified motif

Sample CTCCAG CTGGAG GATN4RTAC GTAYN,ATC CACGCAG Lineage
N
s
woosss || OB gugsgg | ST aes 7S,
RBB383 21(3/::[[?)12 193/1911 (0.1) 3(66315;2 3(3/3:)1 (é/ggf) 1.1.3
s SO0 e e sha [T
e eSSl aeng b s,
oosss  2UB/1SI9 T35 s5/sss 6355 g g 15
S wby O,
RBB401 0/1937 (0) 0/1935 (0) 2?01{;36)0 17(2/:)60 48((5)/:)15 2.2.1
RBB402 (zét%?ﬁ 4/1938 (0.002) 3?512356)0 3?02{;6)0 6?(;)/8841)5 2.2.1
e L0 Vi s e e
e RSP0
o S0 MO0 s b e
s
N A
RBB386 10(:;/;;30 10(?)/32)33 0/361 (0) 0/362 (0) 6(702//8831)2 433
RBB396 14?07./7179)44 13?02./619?43 0/363 (0) 0/363 (0) 7(302/8891)9 433
RBB403 15(806.{3129)27 14?§é13?28 0/362 (0) 0/362 (0) 6(5(?/8891)6 433
RBB391 17?;./9119)35 16?;{315?36 0/357 (0) 0/358 (0) 0/813 (0) 4.8
RBB390 18(207./9149)46 176(8{;)947 0/363 (0) 0/363 (0) 0/819 (0) 4.9
RBB393 17(1(?.{3189)43 15?;{3:;?45 0/360 (0) 0/361 (0) 0/819 (0) 4.9
RBB400 18(15/9139)46 175((1){91)946 0/362 (0) 0/362 (0) 0/820 (0) 4.9

Methylated motifs/Total motifs (fraction of methylation). Cells coloured in red correspond to isolates

with non-methylated motifs. Underlined in the motif shows the methylated nucleotide (m6A).
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Supplementary Table S9
Mutations found in each Mtb MTase

Sample mamA hsdM mamB Lineage
RBB389 - VI3V W47R, D154G, 1515delC 1.1.2
RBB398 - VI3V W47R, D154G 1.1.2
RBB395 Q340K, 121delG VI3V W47R, D154G, 1515delC 1.1.2
RBB383 - VI3V WA47R, D154G, S253L 1.1.3
RBB385 - VI3V WA47R, D154G, S253L 1.1.3
RBB388 - VI3V, T450T, K211Q W47R, D154G 1.2.2
RBB394 - VI3V W47R, D154G 1.2.2
RBB397 - VI3V W47R, D154G 1.2.2
RBB401 E270A - W47R, D154G, S232S 2.2.1
RBB402 E270A - W47R, D154G, S232S 2.2.1
RBB384 - - W47R, D154G 4.1.1.3
RBB399 - - W47R, D154G, 1515insG 4.1.1.3
RBB404 - - W47R, D154G 4.1.1.3
RBB387 - - W47R, D154G 4.1.2
RBB392 - - W47R, D154G 4.1.2
RBB386 G152S, G72G P306L W47R, D154G 4.3.3
RBB396 G72G P306L W47R, D154G 4.3.3
RBB403 - P306L W47R, D154G 4.3.3
RBB391 - P306L W47R, D154G 4.8
RBB390 - P306L W47R 4.9
RBB393 - P306L W47R 4.9
RBB400 - P306L W47R 4.9

Mutations found in the three methyltransferases (MTases): mamA, hsdM and mamB. In bold,
mutations involving amino-acidic changes potentially associated with the loss of function of the
MTases, with novel candidates that might impact function of MTases underlined. Cells in red

correspond to strains that did not present any of the motifs modified by those MTases methylated.
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Supplementary Figure S1
The analytical workflow. (A) Differential gene expression analysis by clade (between ancient and modern strains). (B) eQTL analysis at whole-genome scale,

looking for statistical associations between the 9,384 SNPs and 3,987 transcripts in the 22 samples. (C) cis-eQTL analysis using intragenic or <200 bp upstream
SNPs from genes tested for differential transcription. (D) tr-eQTL analysis looking at the association between transcriptional regulators harbouring potential
impairing mutations and differential transcription of genes found within their regulation networks. (E) Differential gene expression analysis linked with
methylation status (intragenic or in promoter regions).
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Supplementary Figure S2

Differential expression of genes non-methylated only in sample with G152S mutation in lineage 4
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Heatmap with the 28 genes differentially expressed among L4 isolates, associated with the lack of
methylation in the sample harbouring the mutation G125S in mamA (RBB386), constructed with the
gene expression distances between rows. Over-expressed genes are coloured in red and under-
expressed ones in green. The isolate with none of the CTCCAG motifs methylated is bordered on the

left of the white vertical line.
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Supplementary Figure S3

Differential expression of genes that non-methylated in Lineage 4 samples
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Heatmap with the 16 genes differentially expressed among Lineage 4 samples associated with the lack
of methylation of the different motifs, constructed with the gene expression distances between rows.
The 28 genes that were non-methylated only in the strain that contained the G152S mutation are not
shown. Over-expressed genes are coloured in red whilst under-expressed ones in green. Bordered
cells represent the non-methylated samples for each gene. Bordered in orange are CTCCAG motifs, in

yellow are CACGCAG motifs, and in white are GATN4RTAC motifs.
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Supplementary Figure S4
Comparison of expression levels of genes differentially expressed in lineage 4 clinical isolates with

methylated and non-methylated motifs in intergenic regions upstream.
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Boxplots showed the quartiles and median of the log10 of the expression levels for each gene labelled
in the x-axis. Red boxplots represent those clinical isolates where the motif found in the upstream
intergenic region is not methylated, whilst blue ones represent the isolates where it is methylated.
Black points represent the number of samples falling in each of the two groups. When showing a line

instead of a boxplot, only one sample is in the group.
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Genetic diversity of candidate
loci linked to Mycobacterium
tuberculosis resistance

to bedaquiline, delamanid
and pretomanid

Paula J. Gdmez-Gonzalez?!, Joao Perdigao?, Pedro Gomes?, Zully M. Puyen?,
David Santos-Lazaro?, Gary Napier', Martin L. Hibberd?, Miguel Viveiros*, Isabel Portugal?,
Susana Campino?, Jody E. Phelan® & Taane G. Clark*5**

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is one of the deadliest infectious diseases
worldwide. Multidrug and extensively drug-resistant strains are making disease control difficult,

and exhausting treatment options. New anti-TB drugs bedaquiline (BDQ), delamanid (DLM) and
pretomanid (PTM) have been approved for the treatment of multi-drug resistant TB, but there is
increasing resistance to them. Nine genetic loci strongly linked to resistance have been identified
(mmpR5, atpE, and pepQ for BDQ; ddn, fgd1, fbiA, fbiB, fbiC, and fbiD for DLM/PTM). Here we
investigated the genetic diversity of these loci across >33,000 M. tuberculosis isolates. In addition,
epistatic mutations in mmpL5-mmpS5 as well as variants in ndh, implicated for DLM/PTM resistance
in M. smegmatis, were explored. Our analysis revealed 1,227 variants across the nine genes, with the
majority (78%) present in isolates collected prior to the roll-out of BDQ and DLM/PTM. We identified
phylogenetically-related mutations, which are unlikely to be resistance associated, but also high-
impact variants such as frameshifts (e.g. in mmpR5, ddn) with likely functional effects, as well as non-
synonymous mutations predominantly in MDR-/XDR-TB strains with predicted protein destabilising
effects. Overall, our work provides a comprehensive mutational catalogue for BDQ and DLM/PTM
associated genes, which will assist with establishing associations with phenotypic resistance; thereby,
improving the understanding of the causative mechanisms of resistance for these drugs, leading to
better treatment outcomes.

Mycobacterium tuberculosis (Mtb) remains one of the deadliest single infectious agent, leading to 10 million
human tuberculosis (TB) cases and 1.4 million associated deaths in 2019'. Most TB cases are found in Asia,
Africa, and Western Pacific regions. Drug resistance is one of the major threats to control the disease, especially
Mtb resistant to rifampicin (RR-TB), and multi-drug resistant (MDR-TB; isoniazid and rifampicin). MDR-TB
with further resistance to at least one fluoroquinolone and second-line injectable drug has been defined as exten-
sively drug resistant Mtb (XDR-TB), but the definition has recently changed, in part due to a need to include
bedaquiline (BDQ) and linezolid (LNZ)?. More than 3% of new TB cases are RR- or MDR-TB, and among
MDR-TB, more than 6% are XDR-TB. In 2019, approximately half a million people developed MDR-TB, and
~ 12,000 patients had XDR-TB'.

BDQ, delamanid (DLM) and pretomanid (PTM) comprise the most recent additions to the anti-TB drug
armamentarium and therefore constitute alternative effective drugs for resistant cases®. BDQ has been in use
since 2013', and is a diarylquinoline that inhibits the proton pump ATP synthase, more specifically, the subunit ¢

!Department of Infection Biology, Faculty of Infectious and Tropical Diseases, London School of Hygiene
and Tropical Medicine, Keppel Street, London, UK. 2Faculdade de Farmécia, Universidade de Lisboa, Lisbon,
Portugal. 3Instituto Nacional de Salud, Lima, Peru. “Global Health and Tropical Medicine, GHTM, Instituto de
Higiene E Medicina Tropical, IHMT, Universidade Nova de Lisboa, Lisbon, Portugal. *Faculty of Epidemiology
and Population Health, London School of Hygiene and Tropical Medicine, London WC1E 7HT, UK. *email:
taane.clark@Ishtm.ac.uk
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encoded by the atpE gene (Rv1305)*. DLM is a nitro-dihydro-imidazooxazole derivative that targets the synthesis
of the cell wall mycolic acids. It is a pro-drug that is activated by the enzyme deazaflavin dependent nitroreduc-
tase encoded by the ddn gene (Rv3547)°, which requires the F,,, coenzyme system for its activity. DLM started
to be used to treat MDR-TB patients in 2014°. By the end of 2018, more than fifty countries were using BDQ
and DLM. However, resistance to BDQ and DLM emerged quickly, with reports of resistance in vitro”® and
then clinically”!, as well as reported cross-resistance between BDQ and the repurposed antimycobacterial drug
clofazimine (CFZ)"". There are fears for wider emergence and spread of drug-resistant Mtb to these new drugs,
particularly among MDR-/XDR-TB strains, which will impose new obstacles that threaten global TB control.
PTM was introduced in 2019 in a joint regimen with BDQ and LNZ'.

Acquired drug resistance in Mtb is almost exclusively due to spontaneous mutations, including single nucleo-
tide polymorphisms (SNPs) and insertions and deletions (indels), in genes coding for drug-targets or drug-
converting enzymes'”. Acquisition and accumulation of resistance conferring mutations sometimes entails fitness
loss, which triggers putative compensatory mechanisms'*!*. Drug resistance can be determined by phenotypic or
genotypic methods, and new mutations are being found using genome-wide association and convergent evolu-
tion studies'®. Putative molecular markers of resistance to BDQ include mutations in the drug target afpE, and
off-target mutations in mmpR5 (Rv0678) and pepQ (Rv2535c¢). The mmpR5 gene encodes for a transcriptional
repressor of the MmpS5-MmpL5 efflux pump, whose upregulation has been associated with BDQ resistance®.
Loss of function of MmpR5 leads to the de-repression of this efflux pump, thereby mediating increased values
of minimum inhibitory concentrations (MICs) for BDQ. Some mutations in mmpR5 have been observed in
isolates that pre-date the introduction of BDQ, and may be linked to the use of CFZ or other azoles for fungal
infections'>'®. Epistatic interactions through loss of function mutations in mmpL5 that counteract the effect of
mmpR5 mutations have been suggested'”'®. Resistance caused by mutations in the peptidase encoded by pepQ
has also been reported with increased BDQ MIC values'’; but the exact mechanism is unclear. Other off-target
genes investigated for BDQ resistance include Rv1979¢, atpB and ppsC, but only mmpR5 and pepQ have strong
experimental evidence of developing mutations under drug exposure in vitro or in vivo'>%.

As pro-drugs, the nitroimidazoles DLM and PTM require activation by the deazaflavin (F,,,)-dependent
nitroreductase Ddn. Mutations in the essential genes required for the F,,, cofactor biosynthesis and recycling,
including ddn, fgd1, fbiA, fbiB, fbiC, and fbiD, are putative resistance markers that directly hamper DLM/PTM
activation or, work indirectly through F,,, depletion®?'~?*. Important residues for the interaction of Ddn-PTM
are known, which may differ from those involved in Ddn-DLM activation?. The role of Fgd1 as a F,,,-dependent
glucose-6-phosphate dehydrogenase is to reduce F,,, which is essential for the correct performance of Ddn. FbiA,
FbiB and FbiC are also proteins involved in the activation of DLM and PTM through their role in the synthesis
of Fyy, cofactor. Mutations in these 3 genes have been shown to alter the production of F,,,**. Similarly, it has
been recently demonstrated the essential role of FbiD for the biosynthesis of F,,, and thereby its participation
in DLM and PTM resistance. The contribution of ndh, a NADH dehydrogenase, in isoniazid and ethionamide
resistance involves retaining an appropriate NADH/NAD" ratio that enables the formation of adducts with NAD*,
necessary for their activity”. The same mechanism of adduct formation has been recently suggested for DLM,
with evidence of increased MIC values in ndh mutants in a M. smegmatis model®.

For phenotypic derived resistance, BDQ and DLM drug susceptibility testing use provisional critical con-
centration values defined by the WHO or the European Committee on Antimicrobial Susceptibility Testing
(EUCAST), where the thresholds are highly variable and/or limited?’. There is currently no established MIC
cut-offs for PTM and BDQ by the EUCAST reference method, but ongoing work is attempting to establish
these??. Studies involving genetic-phenotypic functional analysis for resistance have been of limited sample
size, and those looking at candidate region genomic variation have considered small numbers of populations. To
provide a global view, we perform an analysis of nine candidate genes and their mutations associated with BDQ
(atpE, mmpR5 and pepQ) and DLM/PTM (ddn, fgd1, fbiA, fbiB, fbiC and fbiD) resistance in > 33,000 clinical
Mtb isolates, sourced from all WHO regions, and with whole genome sequencing data. In addition, we investi-
gated potential epistatic mutations in mmpL5 and mmpS5, as well as variants in ndh. Our goal was to establish
the frequency of putative resistance markers across geographical regions and, where possible, rule in or out
putative mutations based on source population and date of DLM and BDQ roll-out, individual drug-resistance
profiles and phenotypic data, and application of phylogenetic methods and protein structural modelling. In lieu
of large-scale studies with phenotypic susceptibility testing, we present evidence for mutations involved in BDQ
and DLM/PTM putative genotypic resistance, where possible validated by quantitative data on resistance levels.
Ultimately, we aim to present a variant catalogue with important mutations that could potentially reduce BDQ,
DLM and PTM drug effectiveness globally.

Results

The samples. Our study consists of 33,675 publicly available Mtb isolates with complete whole-genome
sequencing data, collected between 1991 and 2018 across 114 countries®. These strains represent the main Mtb
complex lineages, with the majority in lineage 4 (52%), followed by lineages 2 (25%), 3 (11%) and 1 (10%). Using
genotypic resistance prediction®, the majority of strains (65%) were pan-susceptible, while 22% were at least
MDR-TB, with the remainder being non-MDR but resistant to at least one drug (termed “other drug resistance”)
(S1 Table). The vast majority (91%) of isolates were collected before the roll out of BDQ and DLM, and we have
used the definition of XDR-TB before the recent WHO update. The most represented geographical areas were
Europe and Central Asia, followed by Sub-Saharan Africa, East Asia, and Pacific regions. The highest proportion
of MDR-TB strains were from the Latin American and Caribbean region (63%) (S1 Table).
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Total # samples Ave. mut. Ave. mut. Ave. mut.
Gene SNPs | Prom. SNPs | analysed [# | with1[>1] Susc. MDR XDR Ave. mut.

Gene Drug [Indels,fs*] | [Indels] known**] i Lineag pl pl pl DR sampl Diversity x 1075
atpE BDQ 15 [1,0] 5[5] 26 [1] 48[1] 1-4, bov | 0.002 0 0 0.002 0.87
mmpR5 BDQ 116 [25,29] | 14 [4] 163 [38] 555 [17] 1-6, bov 0.008 0.040 0.079 0.017 32
pepQ BDQ 117 [2, 3] 0[0] 120 [0] 482 [4] 1-6 0.018 0.010 0.004 0.009 24
fed1 DLM/PTM | 118 [4,9] 11 (1] 139 [4] 4229 [35] 1-7,bov | 0.141 0.095 0.075 0.124 23
ddn DLM/PTM | 86 [16,27] | 18[2] 132 31] 743 [21] 1-5 0.025 0.019 0.015 0.023 7.6
fhiA DLM/PTM | 113 [2,3] 31[0] 119 [4] 991 [0] 1-5,bov | 0.037 0.016 0.007 0.019 5.5
fbiB DLM/PTM | 135 [1] 0[0] 136 (3] 851 [3] 1-6,bov | 0.025 0.022 0.012 0.033 3.6
fvic DLM/PTM | 280[9,17] |26 [4] 326 [4] 2413 [45] 1-6, bov | 0.079 0.052 0.058 0.091 3.8
fbiD DLM/PTM | 57 [0,0] 9 0] 66 [0] 223 [2] 1-4,bov | 0.008 0.004 0.004 0.007 1.8

Table 1. Number of variants per analysed gene across the 33,675 isolates, with the average number of
mutations per sample and by resistance profile. Indels = insertions and deletions; DLM = Delamanid;

PTM =Pretomanid; BDQ =Bedaquiline; Prom. = promoter; Susc. = Susceptible; DR = Other drug resistance;
fs =frame shifts; bov = M. bovis; * number of indels that lead to frameshifts; ** see S3 Table; *** Nei’s Pi
nucleotide diversity per site (only non-synonymous SNPs considered).

Mutational diversity and prevalence across resistance associated genes. Across the three BDQ
resistance candidate genes (atpE, mmpR5 and pepQ), we observed 467 unique variants, and focused the analysis
on the 309 non-synonymous or indel mutations, distributed across 1,085 (3%) isolates representing all geo-
graphical regions and lineages (except lineage 7) (Table 1, S1 Table). Synonymous mutations changing the start
codon of mmpR5 or pepQ were not identified. Co-occurrence of multiple mutations in the same candidate gene
in an isolate was rare (2% of isolates (n =22) with > 1 mutation; maximum of 3). Similarly, only 2% (n=22) of iso-
lates had a mutation in 2 of the 3 BDQ candidate genes (Fig. 1). Most mutations were found in mmpR5 (n=163,
53%) and pepQ (n=120, 39%) loci, and the majority of indels (29/33) were present in the former and lead to a
high proportion of frameshifts (25/29) (Table 1). Nucleotide diversity in the coding regions of atpE was slightly
lower than in mmpRS5 and pepQ (S2 Figure). The distribution of variants along the mmpR5 and pepQ genes was
broadly uniform, but the atpE promoter region has a high density of mutations (n=10, 39% of total mutations
in atpE), especially between 28 and 41 bp upstream (n=8, 80% of promoter mutations in atpE) (Table 1; S2
Table). In the case of mmpR5, there was a greater risk of mutations in MDR-/XDR-TB isolates (adjusted odds
ratio >3.7; P<0.0001), as well as those sourced after year 2014 (adjusted odds ratio 2.574, P=0.002) (Table 1,
S2 Table). Most of the BDQ candidate variants (n=180, 58%) were unique mutations, present in single isolates
across the whole data set. Only 17 (6%) of the mutations found in BDQ candidate genes occurred in 10 or more
samples (Fig. 1). Of 144 mutations identified previously as associated with increments in MICs (S3 Table), 33
(23%) were identified in our ~33,000 Mtb dataset.

Across the six DLM/PTM candidate genes (ddn, fgd1, fbiA, fbiB, fbiC and fbiD), we observed 1,595 unique
mutations, and focused the analysis on 918 (58%) non-synonymous or indel variants found within 8,622 iso-
lates (26% of the samples, all lineages present) (Table 1). Synonymous mutations changing the start codon of
the genes starting with amino acids V or L were not identified among our isolates. The fbiC gene, which is the
largest of the loci considered, accounted for the highest number of different mutations (n =326, 36% of the total
variants identified), with a high density of variants in the promoter region compared to the rest of the coding
area (S3 Figure). However, fgd1 was the most polymorphic gene per isolate, accounting for the higher nucleotide
diversity when compared to the other genes (Table 1). The ddn, fgd1 and fbiD genes also harboured more than
8% of their variants in the intergenic promoter region. Both ddn and fbiC harboured a higher number of indels
(44/57) along the whole coding region, compared to the other genes (13/57), where more than half (56%) led
to a frameshift. For the six genes, the average number of mutations per sample among susceptible isolates was
higher than in MDR- or XDR-TB, which could be due to a higher representation of the different sub-lineages
among susceptible samples, or the effects of clonality. For the ddn gene, there was a marginally greater risk of
mutations in MDR-/XDR-TB isolates (adjusted odds ratio >1.5; P<0.02; S2 Table). Co-occurrence of variants
in genes in the same sample was rare (83 (1%) samples with > 1 mutation; maximum of 3 mutations) (Fig. 1).
Likewise, only 828 (10%) isolates with mutations in DLM/PTM candidate genes had at least one mutation in
two or more of the genes considered (Fig. 1), where the most prevalent combination of mutations involved fbiC
with either ddn or fgd1. A total of 117 (13%) mutations were present at higher frequencies (> 5 samples; note,
62 (7%) mutations with > 10 samples). Of 198 mutations reported previously as associated with some degree of
resistance (S3 Table), only 26 associated with DLM or PTM were in our dataset. Co-occurrence of mutations
in at least one BDQ and one DLM/PTM candidate gene was also rare, with only less than 2% (n=153/9,538) of
samples harbouring these variants.

Eight mutations in candidate genes (7 DLM/PTM, 1 BDQ) were considered as phylogenetic deep branching
variants at high frequency within single sub-lineages (> 50% allele frequency) (S4 Table). Isolates harbouring each
of these mutations were collected from > 10 different countries and had a high pairwise SNP distance (>200).
All eight mutations were mostly found in susceptible samples and, where available, date of collection pre-dated
the introduction of BDQ and DLM. Seven of these mutations have been previously reported as phylogenetically-
related or -informative!”. These strain specific mutations have been incorporated within the TB-Profiler tool’'.
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Figure 1. (A), (B) Frequency of mutations identified across data set. The vertical axis is the number of
mutations that are found in 1 to 10 or more isolates (horizontal axis). Colours represent the different genes, each
bar showing the distribution of those mutations in the candidate genes for each drug (A =Bedaquiline (BDQ),

B =Delamanid (DLM)/Pretomanid (PTM)). (C), (D) Intersection of mutations in the different genes by sample.
Bars represent the number of samples that hold mutations in each gene, or combination of them (horizontal
bars show total samples with mutations in each gene); C=BDQ, D=DLM/PTM.

Nonetheless, the 326 (27%) mutations detected in > 1 isolates and a single homoplastic distribution may denote
potentially advantageous polymorphisms with impact at the phenotypic level.

Diversity and phylogenetic distribution of BDQ-associated variants. Twenty-two of the 37 most
frequent mutations (> 5 isolates, S5 Table) were present in isolates in a single monophyletic cluster. Two muta-
tions (pepQ T354A, mmpR5 M146T) were present in isolates within potential transmission chains (maximum
of 11 SNPs difference) (Fig. 2). The majority (13/15) of mutations that showed evidence of convergent evolution
were observed in mmpR5, of which 8 have been previously associated with increased MICs (Table 2, S3 Table),
including 6 variants in high frequency (>80%) in MDR-/XDR-TB clinical isolates. Two mutations in mmpR5
(-11C>A, D5G) not linked to in vitro resistance (S3 Table) were also found in high frequency among our
isolates, where intergenic —11C> A was prevalent in MDR-/XDR-TB isolates. The —11C> A mutation has been
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Figure 2. Phylogenetic tree of high frequency (=10 isolates) mutations in bedaquiline candidate genes. The
outer track (c) shows the resistance phenotype; the second track (b) shows the convergent mutations that have
arisen in more than one clade; the third track (a) shows the clades formed by isolates harbouring the same
phylogenetic-related mutations. Branches are coloured by lineage as per legend.

reported in hyper-susceptible strains'®. The two other high frequency mutations (2/15) in multiple lineages were
found to occur in the pepQ (G197R, K94N) gene, and predominantly in susceptible strains with one (G197R)
predicted to have functional effects by Provean and SNAP2 scores.

atpE and pepQ. Most mutations in atpE (20/26; 77%) were found in single isolates (S7 Table), and those
with higher frequencies did not show evidence of convergent evolution, being part of single clades (S5 Table,
Fig. 2). Of twenty-five novel mutations found in atpE, 15 were non-synonymous SNPs, of which 9 were predicted
to confer resistance using SUSPECT-BDQ software (S5 Table, S7 Table). Only the 166V mutation is present in
residues involved in BDQ-atpE interactions (S4 Figure). The E44D mutation, predicted as conferring resistance,
was present in 17 mostly pan-susceptible Beijing (lineage 2.2.1) isolates.

The 120 novel mutations identified in pepQ included 117 non-synonymous SNPs (S5 Table) and 3 indels, 2
of them leading to frameshifts found in single isolates (S7 Table, S5 Figure). These frameshifts are likely to be
involved in the functional loss of pepQ, consistent with others that have been found (see S3 Table). In the absence
of a crystal structure of PepQ, SNAP2 and Provean scores revealed 9 mutations with a potential functional effect
(S5 Table), and 3 were present in MDR-/XDR-TB isolates.

mmpR5 mutations. Of the 163 mutations (116 non-synonymous SNPs, 29 indels and 18 promoter vari-
ants) found in mmpR5, 32 and 14 have been previously associated with MIC incrementation or no change,
respectively (S3 Table). A high density of variants (n=64) in the DNA binding domain was observed, including
14 frameshifts (S6 Figure). In addition, 3 SNPs were translated into stop codons (E13*, W42* and R156%; S5
Table; S7 Table), which are likely to alter the protein function. Three frameshifts (192_193insG, 193_193del,
141_142insC) have a high number of independent occurrences (range: 5-11) in a phylogenetic tree (Table 2,
Fig. 2), all previously associated with higher MICs in vitro to BDQ*. The 192_193 indel (sometimes denoted as
167fs), involving a premature stop codon, appears in 44 isolates through 10 independent acquisitions. The largest
subclade (34 isolates) consists of resistant lineage 4 strains, with all except one sourced from Peru and collected
between years 2009 and 2012, prior to the introduction of BDQ in that country (Table 2; S7 Figure). A potential
epistatic effect involving the 605_605 deletion in mmpL5 was found in 33 of these isolates, confirming recent
work!”!®. In addition, two isolates from Malawi belonging to lineage 4.3.4.2.1 with a pan-susceptible profile had
the beginning and most of mmpR5 deleted (778866_779429del), which could have similar epistatic effects.
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Sub-lineage (# # Independent Functional
Mutation Gene Freq | isolates) # sub-lineages | Max SNP dist.* | Occurrences Susc. % | MDR or XDR % | Pre-2014%** | support**
2.2.1(122);
-11C>A mmpR5 | 124 | 43.2.1(); 3 207 3 121 76.6 93.1
1.1.1(1)
4(34); 2.2.1(4);
(119627?:)93‘“56 mmpR5 | 44 i(é()l;*z(sl()m 7 60 10 0 86.4 100
LL1(1)
GI97R pepQ 38 ‘2*2‘1*(11()3 7 2 168 2 52.6 47.4 722 S.p
K94N pepQ 23 [3.1.1(2)4.12(1) | 2 24 2 95.7 0 100
M146T mmpR5 | 21 ‘21;:;'(11()20); 2 11 2 0 100 SM
D5G mmpR5 | 18 ‘21%;(11(71)) 2 33 2 94.4 0 75.0
4.3.4.2(10);
193_193del mmpRS | 16 |2.2.1(3);472); |4 17 5 0 100 83.3
(1671s) 43.3.1(1)
2.2%(8);4.1.2°(2);
141_142insC mmpR5 | 15 | 43%(2);4.4.1.1(1); | 8 11 6.7 86.7 85.7
3(2)
4.12.1(8);
V20A mmpR5 | 10 | 4.3.2.1(1); 3 23 3 90 10 83.3 M
22.1(1)
L117R mmpR5 | 9 i(g)z‘é'ﬁi'%g;; 4 98 5 444 444 100 S
L328 mmpR5 | 8 |22.1(8) 1 21 3 0 87.5 50 SM
GI21R mmpR5 7 421:3:%.(15();)3(1); 3 4 3 0 100 100 S,P
DI141H mmpR5 | 7 |22.1(6);1.13(1) |2 130 2 143 57.1 100 S.p
R90C mmpR5 | 7 |22.1(6);4.1.13(1)| 2 24 4 85.7 0 50
4.12.102);
N98D mmpR5 | 5 | 4.4.11(2) 3 5 3 0 80 100
2.2.1(1)
Table 2. Mutations in bedaquiline candidate genes occurring in at least 5 samples and more than one
independent clade. Sub-lineages: * = more than 1 sub-lineage; # =number; * Maximum SNP distance calculated
in clades of > 5 isolates; Drug resistance (%): Susc. = Susceptible; ** % of number of samples pre-2014/total
number of samples with available collection date; *** Functional support: S =snap2 score > 50; P = Provean
Score < —4; M=mCSM predicted stability change (AAG) below — 2. Mutations associated with increased MIC
for BDQ in previous studies in bold; mutations associated with susceptibility to BDQ underlined (see S3
Table).

The mmpR5 193_193 deletion (167fs) was present in XDR-TB isolates from Portugal (lineage 4.3.4.2; n=10)
and present in the phylogenetic tree an additional 4 times independently in modern strains within different
sub-lineages (Table 2, Fig. 2). To investigate the contribution of this mutation to BDQ resistance levels, we
screened for it in a recently published dataset focused on the evolutionary history of MDR-TB in Portugal®.
One clinical isolate (MTB1) was available with a BDQ MIC value of 0.25 mg/L, which is at least 6- to 8-fold
higher in comparison to wild-type strains, including one isolate from the same phylogenetic clade and M.
tuberculosis H37Rv (ATCC 27,294) (S9 Table). CFZ MICs determined in parallel showed a 4- to 6-fold increase
for the mmpR5 mutant strain, which corroborates the high impact of this variant on MmpR5 function, and is
consistent with previous findings in South Africa'®. Further, our analysis confirmed the presence of the mmpR5
M146T mutation within a transmission cluster in Eswatini®’, as well as in an independent XDR-TB (lineage
2.2.2) strain (Table 2, Fig. 2). Twenty-one of the remaining SNPs in mmpR5, including high frequency D5G,
V20A, L117R, L32S, G121R, D141H, R90C and N98D, were in the same residue where mutations associated
with increments in MIC have been observed; however, mutations V20A and D141H have associated MIC values
within a susceptibility range®.

Mutational diversity in Delamanid and Pretomanid associated genes. Thirty four of the 117
mutations were found in>4 isolates and occurred in at least two sub-lineages, appearing up to 4 times in the
phylogenetic tree (Table 3, Fig. 3, S6 Table). Eleven of the mutations (fgdl K270M, K296E; ddn P45L, G81S,
G34R, R72W, D113N; fbiB D9ON, K448R; fbiC T273A, W678G) have been identified previously in susceptible
samples (S3 Table). The ddn L49P mutation, found to be associated with an increment in DLM and PTM MIC?*,
was identified in Beijing strains occurring in genomic clusters from Vietnam, the Netherlands and Mexico, high-
lighting an ability to disseminate with low fitness impact at an epidemiological level. These isolates were mostly
assessed genotypically as non-MDR, and all pre-dated the introduction of DLM as a TB treatment (Table 3). L49
is involved in activation of both DLM and PTM, and L49P is thought to confer cross-resistance to both drugs*.
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Sub-lineage (# Max SNP # Independent
Mutation Gene | Freq | isolates) # sub-lineages | distance* Occurrences Susc. % | MDR or XDR % | Pre-2014%** | Functional Support***
K270M fedl | 3136 ‘21';'?(*1;3135); 3 1329 2 70.1 18.1 842 .
5,6, Bov(634);
-32A>G fbiC 639 | 2.2.1(2);4.3.3(1); |7 3264 5 60.1 8.3 63.1 -
4.2(1);4.9(1)
T273A fbiC 626 | 4.8(625);1.1.1(1) |2 330 2 97.9 0.3 93.6 -
K448R fbiB 293 | 3(293) 1 496 3 57.7 30.0 51.1 -
D113N ddn 267 |5(264);22.1(3) |2 1402 2 70.7 154 91.7
K296E fedl1 162 | 6(161);4.1.2.1(1) |2 933 2 87.0 3.7 85.7 -
. 4.1.2(121);
1208V SbiA 122 412.1(1) 2 524 2 70.5 11.5 96.9 -
W678G SfbiC 96 | 4.3.3(88);1.1.1(8) 87 2 8.3 81.3 90.9 P
1128V fbiC 79 |2.2.1(79) 0 91 2 0 81.0 100 -
R72W ddn 75 | 1.1.2(75) 1 345 2 76.0 10.7 70.2 S,P
A31T fbiB 71 | 22.1(70);2.22(1) | 1 238 3 54.9 9.9 100 -
4.3.2(44);
G34R ddn 47 43.4.2(3) 2 147 2 89.3 8.5 0.0 S,p
4.1.2.1(31);
-11G>A fvic 37 [4.1.1303);6(2); |4 244 4 56.8 16.2 100
4.4.2(1)
. 2.2.1(25);
-14G>GA SbiC 34 43.4.2.1(9) 2 30 2 26.5 73.5 94.7 -
G81S ddn 21 |222(12);2.109) |2 277 2 33.3 524 100 S,p
L49p ddn 21 |22.1.1(21) 1 226 3 57.1 9.5 94.4 S,P
GI139R SfbiA 18 |2.2.1(17);1.1.2(1) | 2 30 2 94.4 0 75.0 P
W20* ddn 17 | 4.5(11); 5(6) 2 241 2 100 0 75.0 R
4.1.2.1(12);
K296R fedl 16 48(3); 4.4.1.1(1) 3 75 3 18.8 31.3 37.5 -
DION fbiB 14 |3(14) 1 419 2 50.0 14.3 14.3 N
R265Q fbiB 13 |22.1012); 1.1.2(1) | 2 77 3 30.8 0 100
A178T foiA 10 ;(21‘)1(8);45(1); 3 141 4 70 0 66.7
5(4); 4.2.1(3);
-43G>A ddn 9 22.1(2) 3 244 3 77.8 22.2 100
4.8(8);
P131L ddn 9 43.42.1(1) 2 50 2 88.9 0 100 S,P
G655S fbic 9 [22.1(8);4.1.2(1) |2 24 2 333 0 100 -
R247W fedl 8 |3(7);4.5(1) 2 62 2 100 0 50 p
V3481 fbiB 8 [222(7);4.1(1) |2 17 2 100 0 100 -
R304Q SbiA 8 |3(8) 2 203 2 87.5 0 50 -
. 2.2.1(5); 4.9(1);
G3258 fbiB 7 412.101) 3 63 3 100 0 83.3 -
P182L fbiB 6 |4.3.42.103);6(3) |2 320 2 66.7 16.7 100 -
4.9(3); 4.1.2.1(2);
M93I fed1 6 155210 3 3 3 83.3 0 -
4.4.1.13);
P45L ddn 5 3(1%L1.1(1) 3 63 3 80 0 100 S,P
. 4.6.1.1(2);
L326F fbiB 5 41242); 4.8(1) 4 - 4 100 0 - -
T455A fvic 5 |3(4); 1.1.1(1) 2 236 2 80 0 100 -

Table 3. Mutations in delamanid candidate genes occurring in at least 5 samples and more than one
independent clade. Sub-lineages: *=more than 1 sub-lineage; # = number; * Maximum SNP distance calculated
in clades of > 5 isolates; Drug resistance (%): Susc. = Susceptible; ** % of number of samples pre-2014/total
number of samples with available collection date; *** Functional support: S=snap2 score >50; P =Provean
Score < —4; M=mCSM predicted stability change (AAG) below —2; Mutations associated with increased MIC
for DLM/PTM in previous studies in bold; mutations associated with susceptibility to DLM/PTM underlined
(see S3 Table).

ddn and fgd1l mutations.
indels, 4 large deletions and 20 mutations in the promoter region. Of these, 10 and 30 have been previously

Mutations identified in ddn included 86 non-synonymous SNPs, 23 small
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Figure 3. Phylogenetic tree of high frequency mutations (> 10 isolates) in delamanid and pretomanid candidate
genes (fgd1 K270M and Ré4S, fbiC —-32A > G and T273A, fbiA T302M and fbiB K448R found in >290 isolates
not represented). Clades formed by isolates harbouring the same mutations are differentiated by colour. The
outer (c) track shows the resistance phenotype; the second track (b) shows the convergent mutations that have
arisen in more than one clade; the third track (a) shows the clades formed by isolates harbouring the same
phylogenetic-related mutations. Branches are coloured by lineage as per legend.

associated with DLM/PTM resistance and susceptibility, respectively (S3 Table). In general, ddn amino acid
changes were dispersed along the coding region (S8 Figure). Twenty-seven of the (100) novel mutations were
indels with 16 causing frameshifts along the coding region (S6 Table; S7 Table; S8 Figure). These indels included
4 large deletions (> 100 bp), identified in low frequencies in MDR-TB isolates (except for 1 susceptible isolate)
sourced from China in 2007, before the introduction of DLM as a treatment. Most frameshifts and large dele-
tions were identified in single isolates. Moreover, 6 amino acid changes leading to stop codons and the resultant
truncated proteins were identified, including 3 reported (W88*, W27* and Q58*; S3 Table) and 3 unreported
variants (W20%, W139%, Y133*). W20* was present in clades consisting of lineage 4.5 (n=11) and 5 (n=6) iso-
lates (Fig. 3), where all 16 samples were pan-susceptible. The maximum pairwise SNP difference between lineage
4.5 isolates harbouring ddn W20* was 241, suggesting that the variant established itself in that population some
time ago. The W88* mutation, which has in vitro evidence of resistance to DLM (S3 Table), appeared within a
potential transmission cluster of Beijing MDR-/XDR-TB isolates. Other SNPs known to cause an increment in
DLM/PTM MIC (M1T, W88R, Y65S and G53D) were found in 3 or less isolates.

Of the 139 mutations identified in the fgdI gene (S9 Figure), six SNPs have been described previously, includ-
ing two phylogenetically-related (K270M lineage 4.1.2; K296E lineage 6) (S4 Table) with no association with
resistance, and two known to increase PTM MIC (G71D and E230K) (see S3 Table). Four frameshifts with
disruptive functional consequences for the protein were identified in low frequencies. One isolate was found to
harbour K259E, which is a residue involved in F,,, binding®. Of the other mutations, only F79S had a predicted
destabilizing effect on the protein (S7 Table).

fbiA, fbiB, fbiC and fbiD mutations. Intotal, 119, 136 and 326 mutations were identified in fbiA, fbiB and
biC respectively (S6 Table; S7 Table). Several mutations that are known to increase DLM/PTM MICs in vitro (S3
Table) were identified (fbiA K2E, V1541, 1208V, 1209V, K250%, S126P, R304Q; fbiB P361A; fbiC C105R, L228E,
L377P, A856P, A835V, S762N), some of them in high frequency, including fbiA 1208V (n=122)%. Other vari-
ants with likely functional impairment of the Fbi proteins comprised one SNP translating into a premature stop
codon (fbiC G310*) and 12 frameshifts (fbiA 2, fbiB 1, fbiC 9) (S10 Figure; S11 Figure; S12 Figure). In addition,
two isolates harboured a 28 amino acid deletion in fbiA. One SNP in fbiA and 5 SNPs in fbiC were found in
residues known to be involved in conferring resistance, although different alternate alleles were found compared
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to those previously reported (S3 Table). Variants previously associated to susceptibility were identified in fbiA
(Q120R, n=6; T302M, n=355), fbiB (F220L, n =2; K448R, n=293), and fbiC (T273A, n=626; T6811, n=9) (see
S3 Table). Some of these are phylogenetically related (e.g., fbiA T302M, fbiC T681I). Protein structural model-
ling revealed predicted deleterious novel mutations in fbiA (6), fbiC (31), and fbiB (4), which may have an impact
on the function of their proteins, but not necessarily an association with resistance. For fbiD, 66 variants were
found, but all are absent in strains from lineages 5, 6 or 7. No deletions or SNPs leading to stop codons were
identified in our analysis (S6 Table; S7 Table), including an absence of the 79_80insC indel, which leads to loss
of function of the protein and an increase in DLM and PTM MIC values (S3 Table).

ndh mutations. Three non-synonymous SNPs in ndh demonstrated to increase DLM MIC values in M.
smegmatis (G84V, A175T and M221R)%*, were not identified in the corresponding residues of our Mtb isolates.
Five amino acid changes leading to premature stop codon were identified in the data set, and 20 indels leading
to frameshifts and 7 large deletions with potential deleterious effects were found. Only the 304_304 deletion was
identified in high frequency, namely in 82 MDR-TB isolates from Australia and Papua New Guinea, collected
between 2010 and 2015 (S8 Table).

Discussion

BDQ and DLM are among the last anti-TB drugs approved for the treatment of MDR- and XDR-TB, and have
been in use since 2013. Soon after the introduction of BDQ and DLM, resistance to both drugs emerged, and
concerns about intrinsic resistance have been raised through the identification of mutations in isolates pre-
introduction of both drugs. Similarly, spontaneous resistance-associated variants have been found in BDQ/DLM
naive isolates'>!¢223%3% Recently, PTM has been introduced in combination therapy with BDQ and LNZ for the
treatment of XDR-TB cases. A 6-month regimen of PTM, BDQ, and LNZ for XDR-TB or MDR-intolerant TB
has been demonstrated to be 90% effective up to 6 months post-treatment, with no event of acquired resistance
to PTM*. However, the potential for cross-resistance between DLM and PTM exists.

Our study, consisting of > 33,000 isolates, is the largest study to date, and characterised 1,227 variants in
nine drug resistance candidate genes for BDQ and DLM. Most mutations (78%), including frameshifts with
likely functional effects, were present in isolates collected prior to roll-out of BDQ and DLM. Our analysis has
identified phylogenetically related mutations that are unlikely to be drug resistance associated, including in
large clades mostly encompassing sensitive profiles to first- and second-line drugs, as well as several mutations
that were not considered strain-specific (e.g., fbiA G264R, fbiB L558R or fbiC E224G). As resistance to BDQ
and DLM/PTM is relatively rare, newly associated mutations are likely to be discovered through sequencing of
resistant isolates in studies of small samples sizes. A potential pitfall of this approach is the spurious association
of lineage-defining mutations to drug resistance in candidate genes. An example of this is the G269S mutation
in kasA, which was initially suggested to cause isoniazid resistance*', but in subsequent large studies is associ-
ated with T family isolates rather than resistance*’. To aid researchers in tackling this issue, a list of mutations
at high frequency in lineages is provided, and automated detection and annotation of these mutations has now
been built into TB-Profiler software®’. One limitation of our analysis is the relatively low number of sequenced
isolates from lineages 5 to 7.

We found mutations known to increase BDQ or DLM MICs in isolates predating the introduction of the three
drugs as TB treatments. These included 192_193insG, 193_193del (167fs) and M146T mutations in mmpR5 and
L49P in ddn, with all four variants found in > 20 isolates. Although some studies have observed a correlation
between the length of BDQ treatment and the acquisition of mutations in atpE or mmpR5*, the pre-existence
of such mutations in BDQ/DLM/PTM naive isolates has also been described®!¢2>3%344 The use of CFZ, which
is known to cause cross-resistance through mutations in mmpR5%, has been proposed as a potential explanation.
The M146T mutation in mmpR5 has been identified in a transmission cluster from Eswatini in 2009, where the
use of CFZ by some patients could have selected for this variant®. Similarly, in Portugal the use of CFZ in the
treatment of MDR-/XDR-TB patients may have selected for the mmpR5 frameshift detected'. In the absence of a
previous history of CFZ or BDQ use, the treatment of fungal respiratory infections with azoles (i.e., fluconazole or
voriconazole) may explain the presence of mmpR5 mutations®. The mmpR5 192_193 insertion (167fs) appears in
10 independent clades, with the largest cluster involving lineage 4 Peruvian samples. High pairwise SNP distances
within this clade suggest that this mutation became fixed in this strain pre-2013. The suggested epistatic effect of
ammpL5 deletion identified in these Peruvian strains!” could counteract the potential associated resistance due
to 167fs, although there is currently no supporting phenotypic DST data accounting for the 2 mutations (mmpR5
192_193ins-mmpL5 605_605del). The 167fs frameshift has also been reported in South Africa'®. A high density
of indels were identified along the DNA binding domain of mmpRS5, which could increase the production of the
MmpS5-MmpLS5 efflux pump. Fourteen frameshifts were found in the mmpR5 DNA binding domain, including
2 within the known 192-198 bp hotspot®.

For the cross-resistance of DLM and PTM, although both pro-drugs are nitroimidazole derivatives that share
the activation pathway, the binding of DLM to Ddn might differ from PTM?*!. However, alteration of specific
residues in ddn, such as L49P, found in 21 isolates in this study, seemed to confer cross-resistance to both drugs®.
Nevertheless, as the introduction of PTM in TB treatment regimens is very recent, its use does not provide an
explanation for the acquisition of DLM resistance mutations in pre-2014 isolates, but there is evidence of pre-
exposure resistance and naturally occurring polymorphisms**.

Frameshifts and nonsense non-synonymous mutations are more likely to have a higher functional impact.
We have identified several SNPs causing premature stop codons that have already been associated with incre-
ments in MIC (mmpR5 W42*, ddn W88* and fbiA K250*), as well as others unreported, including one present
in eleven lineage 4.5 isolates collected between 2013 and 2015 (ddn W20%). Considering the drug susceptibility
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profile of these isolates and the high SNP distance within the cluster, it seems unlikely that ddn W20* emerged
from the use of DLM. The ddn locus harboured 16 frameshifts mostly in single isolates, likely associated with
loss of function. Ddn may have an essential role in recovery from hypoxia, and mutations that keep its native
activity would be favoured over those leading to a loss of function®’.

Protein stability predictions can help to elucidate whether the function of these genes might be altered by
non-synonymous SNPs. By using the SUSPECT-BDQ prediction tool, we identified 9 mutations in atpE predicted
to confer resistance. Among these mutations, E44D was present in a clade of Beijing strains with collection years
ranging from 2016 to 2019. However, the sensitive profile of the samples and the monophyletic distribution of
the substitution, mean that the acquisition of E44D is unlikely to be a consequence of drug selective pressure,
although it could be a naturally occurring polymorphism potentially leading to intrinsic elevated MICs to BDQ
for this clade. Moreover, all isolates with the E44D variant also had a SNP in mmpR5 (D5G) which was predicted
not to alter protein stability. Using conservative SNAP2, Provean and mCSM software tools and available crystal
structures, we found 51 SNPs with predicted alteration of protein function due to their associated amino acid
changes. However, further advanced protein modelling analysis or DST data is required to establish evidence of
association with BDQ or DLM/PTM resistance. Similarly, a significant number of SNPs in mmpR5, ddn, fgd1, fbiA
and fbiC were found in residues where amino acid changes leading to increments in MICs have been detected.
However, the alternate amino acids identified in this analysis were different. Since differing amino acid changes
lead to different values of MIC**%, further investigation is necessary to establish their drug resistance links.

Co-occurrence of mutations in the same gene by isolate was rare. This finding matches previous studies that
observed combinations of mutations in atpE and mmpR5 for isolates selected in vitro, whilst clinical isolates tend
to harbour unique mutations*. For DLM candidate genes, the combination of variants in fbiC and ddn or fbiC
and fgd1 were the most common, potentially due to the greater diversity of these genes, especially fbiC and fgd1.
Since, only one mutation per sample across the nine genes considered was the most prevalent scenario, any addi-
tive effects of mutations to reach BDQ and DLM/PTM resistance maybe unlikely. Nevertheless, one limitation of
the study is the higher number of samples with a pre-2014 collection date, and therefore the lack of isolates that
may have undergone selective pressure under BDQ or DLM/PTM drug regimens. Some of the variants linked
to phenotypic drug susceptibility are considered to confer low-level resistance (0.25-0.75 mg/L) or decreases in
susceptibility that reach the MIC breakpoint value established by EUCAST (i.e., some frameshifts in mmpR5)'>*
for MIC determination using the agar proportion method on Middlebrook 7H10/7H11 medium. Noteworthy,
evaluation of MIC values by other studies have shown discrepancies between the methods used®****. Even
assuming that a significant number of these known variants elevate the MICs, some values remain within suscep-
tible ranges, their clinical importance is yet unknown, and they could lead to suboptimal treatment regimens*.
Moreover, a higher risk of relapse was observed in patients with isolates holding increased MICs but below
standard resistance breakpoints for rifampicin and isoniazid*. Finally, for mmpR5, we observed an elevated risk
of mutations among MDR- and XDR-TB isolates, which together with the high proportion of pre-2014 strains,
could pose a significant complication for the treatment of BDQ naive infections.

In summary, we have shown that there are highly frequent resistance-associated variants pre-dating the
introduction of BDQ, DLM and PTM, suggesting an intrinsic resistance of these strains, which could constitute
a problem for the treatment of MDR-/XDR-TB patients. The use of CFZ and other azoles before the introduction
of BDQ could explain the presence of mutations in mmpR5 in MDR-/XDR-TB isolates. However, the treatment
history of some patients is unavailable, including missing sampling dates, making the phylogenetic-based infer-
ence of the ages of mutations inaccurate, and the evolutionary pressure by which these mutations have been
selected is unclear. Moreover, several frameshifts and nonsense mutations with likely resistance effects have been
identified. Since one limitation of the study was the lack of drug susceptibility test data, further investigation is
necessary to establish the association between these candidate variants and the phenotypic resistance profiles;
ultimately, to elucidate the causative mechanisms of resistance for these new drugs and to achieve better treat-
ment outcomes.

Methods
Candidate genes for BDQ, DLM and PTM drug resistance were selected based on a review of the literature. Only
those genes with experimental evidence of developing mutations under drug exposure either in vitro, in vivo or
in M. tuberculosis clinical isolates were considered. Specifically, we included 3 genes for BDQ (the target atpE
and off-targets mmpR5 (Rv0678) and pepQ), and 6 genes for DLM/PTM (ddn, fgd1, fbiA, fbiB, fbiC and fbiD) for
genetic analysis. Loss of function mutations in the ndh gene were considered, as well as in mmpL5-mmpS5 for
epistatic effects with mmpR5. Phenotypic drug resistance to CFZ and BDQ was assessed for Portuguese clinical
isolates by broth microdilution in Middlebrook 7H9 medium supplemented with oleic acid, albumin, dextrose,
catalase (OADC) as per the guidelines of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST)*¥. BDQ and CFZ concentrations tested ranged between 4 and 0.016 pug/mL. These Portuguese clinical
isolates were retrospectively selected from the Faculty of Pharmacy of the University of Lisbon TB strain bank
by screening for isolates with available whole genome sequencing (WGS) data and bearing the mmpR5 167fs
mutation. Only one isolate met these criteria and four additional mmpR5 wild-type isolates were included for
comparative purposes, including one isolate from the same phylogenetic clade as the mutant isolate (L4.3.4.2/
SIT20/LAM1/Lisboa3; SNP distance of 34)*. M. tuberculosis H37Rv ATCC 27,294 was included as a susceptible
reference strain for quality control purpose. Work involving the manipulation of viable M. tuberculosis strains
and cultures was performed under strict Biosafety Level 3 containment facilities and processed using methods
in accordance with the relevant WHO guidelines and institutional regulations.

Publicly available Illumina WGS data for 33,675 Mtb isolates spanning 114 countries and all seven main line-
ages were analysed (see® for raw data accession numbers). Only WGS data with a minimum average coverage
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of 30, >90% of reads mapping to H37Rv and >90% of the genome covered were included. Metadata including
collection date and geographical region were incorporated where available. The bioinformatics pipeline for pro-
cessing raw sequence data is described previously™. In brief, raw sequences were aligned with bwa-mem (v0.7.17)
software to the H37Rv reference sequence (Genbank accession: NC_000962.3). SNPs and small indels with an
allele frequency >0.95 were identified using GATK HaplotypeCaller (v4.1.4.1). Bcftools csq was used to call
amino acid changes. This software handles multiple mutations in the same codon better than alternatives, and in
the case of mmpR5, some codon numbers differ slightly to previously used nomenclature, and we highlight these
(e.g., 193_193del being the same as previously reported 167fs). Large deletions were detected using Delly (v0.8.3,
-T DEL) software, and confirmed manually using the IGV (v2.4.9) visualisation tool. TB-Profiler (v3.0) software
was used to predict lineage and drug resistance to first and second line drugs*"***°. All high-quality variants
identified in the nine candidate genes were extracted. Phylogenetic trees were constructed using concatenated
SNP alignments using IQ-Tree (v1.6.12, -m GTR + G + ASC) and visualised together with annotations in iTOL
(v5) software. The number of independent acquisitions of variants was calculated by phylogenetic reconstruction
followed by ancestral state reconstruction implemented in IQ-Tree (v1.6.12) software.

The R (v3.4.3) statistical package was used to generate the maps. It was also used to perform all statistical
analysis, including the fitting of logistic regression models to assess the association of the presence of mutations
in candidate genes with the sample collection period, drug resistance status and lineage, where odds ratios and
P-values were estimated. The functional effect of SNPs was assessed using SNAP2 and Provean score calcula-
tors, and where crystal structures of the Mtb proteins were available (PDB: 4NB5, 3R5P, 3B4Y, 4XOM, 6BWG)
the mCSM stability predictor was used. For atpE SNPs, SUSPECT-BDQ* was used. The protein structures were
visualised and annotated using UCSC chimera (https://www.cgl.ucsf.edu/chimera/).

Data availability
Raw sequencing data is available from the ENA short read archive (see® for a list of accession numbers).
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S1 Table. Geographical region breakdown summary of isolates analysed.

# # pre-
. Susc. MDR XDR DR .
Region count Lineages 2014*
ries samples # (%) # (%) # (%) # (%) .
i
South Asia 6 941 327(34.8) 456(48.5) 23(2.4) 135(14.4) 1-4 305
Europe &
. 36 11323 7414(65.5) 2240(19.8) 427(3.8) 1242(11.0) 1-6 3202
Central Asia
Middle East &
. 9 239 108(45.2) 83(34.7) 23(9.6) 25(10.5) 1-4, 6-7 149
N. Africa
Sub-Saharan
Afri 34 8118 6011(74.1) 1175(14.5) 259(3.2) 673(8.3) 1-4,6-7 5784
rica
Latin America* 13 1463 209(14.3) 923(63.1)  78(5.3) 253(17.3) 1-4 800
East Asia &
Pacif 14 6068 3214(53.0) 1371(22.6) 130(2.1) 1353(22.3) 1-4,7 3874
acific
North America 2 1962 1730(88.2) 27(1.4) 0(0) 205(10.5) 1-5 1658
Unknown - 3561 2762(77.6) 228(6.4) 23(0.7) 548(15.4) 1-6 -
Overall 113 33675 21775(64.7) 6503(19.3) 963(2.9) 4434(13.2) 1-7 15772

* and Caribbean; # = number, Susc. = Susceptible; MDR = multidrug resistant; XDR = extensively drug
resistant; DR = Other resistance; ** Number of isolates with date of collection data before 2014.
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S2 Table. Analysis of the odds of gene mutations.

95% Lower 95% Upper
Gene Variable Odds ratio* confidence confidence P-value
limit limit

mmpr5 Sensitive 1.000

Other DR** 2.040 1.367 3.044 <0.0001
MDR 3.781 2.765 5.171 <0.0001
XDR 9.937 6.626 14.904 <0.0001
ddn Sensitive 1.000
Other DR** 1.019 0.684 1.517 0.926
MDR 1.559 1.104 2.202 0.012
XDR 2.268 1.150 4.474 0.018

* adjusted for lineage and year of collection; ** non-MDR; MDR multi-drug resistant; XDR extensively
drug resistant
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S3 Table. Mutations reported in the literature

Drug Phenotype Gene Mutation* PMID Author

BDQ Resistant atpE G25S PMDI:31981638 Peretokina et al., 2020
BDQ Resistant atpE D28A PMDI:30165087 Ismail et al., 2018
BDQ Resistant atpE D28G PMDI:30165087 Ismail et al., 2018
BDQ Resistant atpE D28P PMDI:20038615 Huitric et al., 2010
BDQ Resistant atpE D28V PMDI:30165087 Ismail et al., 2018
BDQ Resistant atpE D28N PMDI:31981638 Peretokina et al., 2020
BDQ Resistant atpE E32V PMDI:20038615 Huitric et al., 2010
BDQ Resistant atpE L59V PMID:22354303 Segala et al., 2012
BDQ Resistant atpE E61D PMDI:30165087 Ismail et al., 2018
BDQ Resistant atpE A63V PMDI:31981638 Peretokina et al., 2020
BDQ Resistant atpE A63P PMDI:15591164 Andries et al., 2005
BDQ Resistant atpE 166M PMID:17496888 Koul et al., 2007

BDQ Resistant atpE 166V PMDI:30029911 Martinez et al., 2018
BDQ Resistant mmpR5 -13insIS6110 PMID:28031270 Villellas et al., 2017
BDQ Resistant mmpR5 V1A PMID:26559594 Bloemberg et al., 2015
BDQ Resistant mmpR5 s2i PMID:28320727 Xuetal., 2017

BDQ Resistant mmpR5 16_16del PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 16_17del PMID:28182568 Veziris et al., 2017
BDQ Resistant mmpR5 27_28insC PMID:32907992 Battaglia et al., 2020
BDQ Resistant mmpR5 30_30del PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 37_38insA PMID:25010492 Andries et al., 2014
BDQ Resistant mmpR5 43 _44insA PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 V20G PMID:31262765 Ghodousi et al., 2019
BDQ Resistant mmpR5 E21D PMDI:30165087 Ismail et al., 2018
BDQ Resistant mmpR5 E21Q PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 Q22L PMID:30642938 Ismail et al., 2019
BDQ Resistant mmpR5 65_66insIS6110 PMID:30833432 Xu et al., 2019

BDQ Resistant mmpR5 M23L PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 71_72insGC PMID:30833432 Xu et al., 2019

BDQ Resistant mmpR5 G25D PMID:30833432 Xu et al., 2019

BDQ Resistant mmpR5 G25C PMID:30833432 Xu et al., 2019

BDQ Resistant mmpR5 Y26* PMID:28387862 Zimenkov et al., 2017
BDQ Resistant mmpR5 94insIS6110 PMID:30833432 Xu et al., 2019

BDQ Resistant mmpR5 T33A PMID:30642938 Ismail et al., 2019
BDQ Resistant mmpR5 A36T PMID:31138569 Ismail et al., 2019
BDQ Resistant mmpR5 A36V PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 L40S PMID:31981638 Peretokina et al., 2020
BDQ Resistant mmpR5 Ismail et al., 2019 PMID:31138569 Ismail et al., 2019
BDQ Resistant mmpR5 L43P PMID:30833432 Xu et al., 2019

BDQ Resistant mmpR5 133_134delGT PMID:30833432 Xu et al., 2019
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BDQ Susceptible  mmpR5 V85G PMID:31981638 Peretokina et al., 2020
BDQ** Susceptible  mmpR5 A86T PMID:28031270 Villellas et al., 2017
BDQ** Susceptible  mmpR5 G87R PMID:30029911 Martinez et al., 2018
BDQ** Susceptible  mmpR5 D88G PMID:28031270 Villellas et al., 2017
BDQ Susceptible  mmpR5 ROOL PMID:28031270 Villellas et al., 2017
BDQ Susceptible  mmpR5 Y92D PMID:31981638 Peretokina et al., 2020
BDQ Susceptible  mmpR5 A101T PMID:28031270 Villellas et al., 2017
BDQ Susceptible  mmpR5 Al110V PMID:33239092 Beckert et al., 2020
BDQ Susceptible  mmpR5 M111V PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  mmpR5 D116N PMID:28031270 Villellas et al., 2017
BDQ Susceptible  mmpR5 V120M PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  mmpR5 L136V PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  mmpR5 D141H PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  mmpR5 Y145N PMID:28031270 Villellas et al., 2017
BDQ Susceptible  mmpR5 M146R PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  mmpR5 457 _458insC PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  mmpR5 S157E PMID:28031270 Villellas et al., 2017
BDQ Susceptible  pepQ -31C>T PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ -12G>C PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ H3Y PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ R7Q PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ P69L PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ A78V PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ A90V PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ VI2M PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ D93E PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ D136E PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ A152T PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ R167L PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ mM180vV PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ V214A PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ V214F PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ T236A PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ A305V PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ G309R PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ T341A PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ A370T PMID:32907992 Battaglia et al., 2020
BDQ Susceptible  pepQ L372v PMID:32907992 Battaglia et al., 2020
DLM Resistant ddn M1T PMID:32032366 Lee et al., 2019

DLM Resistant ddn 2_2del PMID:32907992 Battaglia et al., 2020
DLM Resistant ddn P2Q PMID:32907992 Battaglia et al., 2020
PTM Resistant ddn 24 24del PMID:26100695 Haver et al., 2015
PTM Resistant ddn S11* PMID:26100695 Haver et al., 2015
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PTM Resistant fbiA 211_211del PMID:26100695 Haver et al., 2015
PTM Resistant fbiA 222_223del PMID:26100695 Haver et al., 2015
PTM Resistant fbiA 227_228insC PMID:26100695 Haver et al., 2015
PTM Resistant fbiA W79* PMID:26100695 Haver et al., 2015
PTM Resistant fbiA 242_243insC PMID:26100695 Haver et al., 2015
PTM Resistant fbiA A88D PMID:26100695 Haver et al., 2015
DLM Resistant fbiA 272_273insCAGG PMID:29523322 Fujiwara et al., 2018
PTM Resistant fbiA 337_338insT PMID:26100695 Haver et al., 2015
PTM Resistant fbiA 347_347del PMID:26100695 Haver et al., 2015
PTM Resistant fbiA L119P PMID:26100695 Haver et al., 2015
DLM/PTM Resistant fbiA Q120pP PMID:33077652 Rifat et al., 2020
PTM Resistant fbiA S126P PMID:26100695 Haver et al., 2015
PTM Resistant fbiA W136R PMID:26100695 Haver et al., 2015
PTM Resistant fbiA T146A PMID:26100695 Haver et al., 2015
DLM Resistant fbiA 452_452del PMID:29523322 Fujiwara et al., 2018
DLM Resistant fbiA V154l PMID:32907992 Battaglia et al., 2020
DLM Resistant fbiA P159Q PMID:32907992 Battaglia et al., 2020
DLM Resistant fbiA G164fs PMID:26100695 Haver et al., 2015
PTM Resistant fbiA W172R PMID:26100695 Haver et al., 2015
PTM Resistant fbiA 562_563insT PMID:26100695 Haver et al., 2015
PTM Resistant fbiA 571_572insA PMID:26100695 Haver et al., 2015
DLM Resistant fbiA 1208V PMID:32907992 Battaglia et al., 2020
DLM Resistant fbiA 1209V PMID:32907992 Battaglia et al., 2020
PTM Resistant fbiA A238E PMID:26100695 Haver et al., 2015
DLM Resistant fbiA K250* PMID:27076101 Schena et al., 2016
PTM Resistant fbiA C259R PMID:26100695 Haver et al., 2015
PTM Resistant fbiA G283R PMID:26100695 Haver et al., 2015
DLM/PTM Resistant fbiA D286A PMID:33077652 Rifat et al., 2020
DLM Resistant fbiA C287* PMID:32907992 Battaglia et al., 2020
DLM Resistant fbiA R304Q PMID:32907992 Battaglia et al., 2020
DLM/PTM Resistant fbiA L308P PMID:33077652 Rifat et al., 2020
PTM Resistant fbiA G323V PMID:26100695 Haver et al., 2015
PTM Resistant fbiB 36_37ins17bp PMID:26100695 Haver et al., 2015
PTM Resistant fbiB W39* PMID:26100695 Haver et al., 2015
PTM Resistant fbiB G153V PMID:26100695 Haver et al., 2015
DLM Resistant fbiB G221S PMID:32907992 Battaglia et al., 2020
DLM Resistant fbiB D224N PMID:32907992 Battaglia et al., 2020
DLM Resistant fbiB G273R PMID:32907992 Battaglia et al., 2020
PTM Resistant fbiB P361A PMID:26100695 Haver et al., 2015
DLM Resistant fbiB 1148_1155del PMID:29523322 Fujiwara et al., 2018
DLM Resistant fbiB 1263_1264del PMID:29523322 Fujiwara et al., 2018
PTM Resistant fbic 52_52del PMID:26100695 Haver et al., 2015
DLM/PTM Resistant fbic 60_60del PMID:33077652 Rifat et al., 2020
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DLM Susceptible  fbiD Q114R PMID:33077652 Rifat et al., 2020

DLM Susceptible  fbiD 385_387del PMID:33077652 Rifat et al., 2020
DLM Susceptible  fbiD C152R PMID:33077652 Rifat et al., 2020
DLM Susceptible  fbiD A198P PMID:33077652 Rifat et al., 2020

* In Bold: present in our data; ** where there are discrepancies between different studies in
MIC; Delamanid (DLM); Pretomanid (PTM)
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S4 Table. Phylogenetic mutations with >50% of allele frequency within a sub-lineage.

. Freq (% Max 4 MDR  Pre-
Mutation Gene Freq Sul?-lmeage (# in :u(b-) #S.Ub- ’ Inde Susc. /XDR 2014
isolates) . lin. SNP %
lineage . Occur. % % *
dist.
K270M fgd1 3136 4'12'.2;'(;113)5); 96.0 3 1329 2 70.1 18.1 84.2
5,6,Bov(634);
-32A>G fbic 639 2.2.1(2); 98.4 7 3264 5 60.1 8.3 63.1
4.3.3(1); 4.2(1);
4.9(1)

R64S fgd1 471 1.1.17(471) 54.4 515 77.9 2.1 99.1
T302M fbiA 355 4.1.1.1(355) 99.7 337 82.8 9.9 84.8
D113N ddn 267 5(264); 2.2.1(3) 100 1402 70.7 154 91.7
K296E  fgdl 162 4.61(.126.12;1) 98.2 2 933 2 870 3.7 857
AS505T fbiC 135 2.1(135) 100 1 486 1 61.5 20.0 95.1

P69L pepQ 141 4.4.1.2(141) 100 1 284 1 89.4 1.4 92.1

Drug resistance (%): Susc. = Susceptible; * % of number of samples pre-2014/total number of samples
with available collection date; mutations associated with no significant change in minimum inhibitory
concentration are underlined (with MIC usually <0.06 mg/L for BDQ and <0.2 mg/L for DLM/PTM; see

S3 Table); Bedaquiline (BDQ), delamanid (DLM); pretomanid (PTM).
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S5 Table. All mutations (in >1 isolate) in bedaquiline (BDQ) candidate genes found in the 33k isolates

Funct
# # Susc MDR Pre- ional
Mutation Gene Freq Sub-lineage(# isolates) Sl:Jb- Indep. o /XDR 2014 Supp
lin. Occur. % % * ort
% %
P69L pepQ 141 4.4.1.2(141) 1 1 894 14 921 P
11C>A mmpR5 124 2‘2'1(11?1)5 11'13)'2'1(1)‘ 3 3 121 766 931 -
192(723; ')"SG mmpR5 44 4(34‘23'(;;2'41‘(54()1')? (12)1?(251) 7 10 0 84 100 -
G197R pepQ 38 4.3.4.1(37); 2.2.1(1) 2 2 526 474 722 SpP
R7Q pepQ 35 3(35) 1 1 686 229 667 -
T354A pepQ 27 3(27) 1 1 100 0 0 -
K94N pepQ 23 3.1.1(22); 4.1.2(1) 2 2 957 0 100 -
M146T mmpR5 21 4.4.1.1(20); 2.2.2(1) 2 2 0 100 - SM
D5G mmpR5 18 2.2.1(17); 4.1.2.1(1) 2 2 944 0 750 -
E44D atpE 17 2.2.1(17) 1 1 91 0 750 BS
A242T pepQ 17 2.2.1.1(17) 1 1 588 59 100 -
19?%17?:;"3' mmpR5 16 4'3'4'2(12?"3'23'_21'(11()3 har@k oy 5 0 100 833 -
D20G pepQ 15 4.6(15) 1 1 100 0 200 P
141_142insC  mmpR5 15 2'2+(84)_;4‘.Tﬁ;(;§ é')y(z)‘ 8 11 67 867 857 -
-49T>C mmpR5 12 3.1.2.1(12) 750 8.3 0 -
G87R mmpR5 11 1.1.2(11) 100 0 8.0 SP
V20A mmpR5 10 4'1'2‘152‘. f('f)‘z'l(l)" 3 3 900 100 833 M
L117R mmpR5 9 36) 4'3'1"21((21))‘ 4.2.2(1); 4 5 444 444 100 S
N4T mmpR5 9 3(9) 1 1 555 333 - -
V3l mmpR5 9 4.3.4.2(9) 1 1 222 667 - -
V211A pepQ 9 3.1.1(9) 1 1 100 0 100 -
E115A pepQ 8 4.1.2.1(8) 1 1 100 0 0 -
1325 mmpR5 8 2.2.1(8) 1 3 0 875 500 SM
138_139insG mmpR5 7 2.2.1(7) 1 1 0 100 100 -
D141H mmpR5 7 2.2.1(6); 1.1.3(1) 2 2 143 571 100 SpP
R90C mmpR5 7 2.2.1(6); 4.1.1.3(1) 2 4 87 0 500 -
418 419insG  mmpR5 7 4.1.2.1(7) 1 1 0 0 ; -
G121R mmpR5 7 2.2.2(5); 3(1); 4.4.1.1(1) 3 3 0 100 100 SpP
T341A pepQ 6 2.1(6) 1 1 50 333 100 P
D119E mmpR5 6 4.9(6) 1 1 100 0 0 -
S2R mmpR5 6 3(6) 1 1 333 667 - -
G126D mmpR5 5 1.2.1(5) 1 1 100 0 50 -
V298 pepQ 5 4.8(5) 1 1 100 0 100 -
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A153G
N98D

V85G
T363lI
E55D
G162E
S99R
V149I
A224V
D26A
A196V
1193T
N148H
V39l
-29G>A
R109W
M111T
T341l|
-377>C
G41A
G41C
A243V
G126S
-3C>CT
S53L
Vi20M
16_16del
T56I
-30CG>C
-21T>C
S63N

31GGCTACC
AGA>G
A59T

38ATACCGA
ACG>A
L163V
T2K
A128V
D283G
D26G

pepQ
mmpR5

mmpR5
pepQ
mmpR5
mmpR5
pepQ
mmpR5
pepQ
pepQ
pepQ
pepQ
mmpR5
atpE
mmpR5
mmpR5
mmpR5
pepQ
mmpR5
mmpR5
pepQ
pepQ
mmpR5
mmpR5
mmpR5
mmpR5
mmpR5
pepQ
mmpR5
mmpR5
mmpR5

atpE
mmpR5
mmpR5

pepQ

pepQ
mmpR5

pepQ
pepQ

(2 BN, |

W W W W W W w w wwwwwwwwwprrps~ppspP~AMAPPAAEPPEAPP>DPPDuuv

w w w w w

4.7(5)
4.1.2.1(2); 4.4.1.1(2);
2.2.1(1)
2.2.1(5)
4.8(5)
2.2.1(4)
1.1.2(4)
4.2.1(4)
1.1.2(4)

5(2); 2.2.1.1(1); 1.2.2(1)
4.3.3(4)
2.2.1(4)

3(4)
1.1.2(4)
4.3.3(4)

3(2); 1.2.2(1)
3(2); 1.2.2(1)
1.1.2(3)

3(2); 1.1.2(1)
4.3.4.1(3)
4.3.2(3)
4.7(3)

5(3)
1.2.1(3)
4.3.3(3)
4.1.1.3(2); 2.2.1(1)
4.1.1(1); 1.1.2(1); 1.2.1(1)
2.2.2(1); 2.2.1+(2)
4.5(2); 2.2.1(1)
4.5(3)
4.5(3)
4.4.2(2)

4.4.2(3)
2.2.1(3)
1.1(3)

1.1.1(3)
4.2.2(3)
1.2.2(3)
4.1.2.1(3)
3(2); 2.2.1(1)
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25.0
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66.7
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100
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33.3
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100

66.7
66.7
33.3
33.3

66.7

100
66.7
100
100
33.3

80.0
100

25.0

25.0
100
75.0
25.0

33.3
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100
100

66.7
66.7
100
100
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100

50
100
100
100
100
100
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V343L
M23V
-9G>C
PO7L
T78I
V80A
M139T
A84V
Y145H
-41C>G
V85|
P129S
V158L
T91I
L74M
Y92C
FO3L
Y229C
R105G
-41T>C
R156*
R50Q
E54A
V214F
R109L
V101A
R30S
Q22E
L44pP
-7G>GA
136_137insG
V101L
R206Q
P366T
P359L
A12T
A90V
R96G
F27v
V85A
D165N
A153P
M17V

pepQ
mmpR5
mmpR5
mmpR5
atpE
atpE
mmpR5
mmpR5
mmpR5
mmpR5
mmpR5
mmpR5
pepQ
mmpR5
mmpR5
mmpR5
mmpR5
pepQ
mmpR5
atpE
mmpR5
mmpR5
mmpR5
pepQ
mmpR5
pepQ
mmpR5
mmpR5
mmpR5
mmpR5
mmpR5
pepQ
pepQ
pepQ
pepQ
pepQ
pepQ
mmpR5
mmpR5
mmpR5
mmpR5
mmpR5
mmpR5

N N NN NN NNNDNDNMNDMDNNMDNDNDNNDNDNDNDNDDNDNNNDNDNDNDNDDDNDNNDNDNDDNDNDNDNDNDNDNDNNNDNDNDNDNDDNDWWW

1.2.2(3)
2.2.1(3)
4.1.2(3)
4.1(1); 3(1)
3(2)
3(2)
4.5(1); 2.2.1(1)

4.3.4.2.1(1); 2.2.1(1)

3(2)
4.1.2.1(2)
4.8(2)
4.8(1); 2.1(1)
4.4.1.1(2)
5(2)

6(1); 4.2.2.1(1)

4.3.3(1); 4.4.2(1)
4.4.1.1(1); 4.2.2(1)

4.8(2)

1.2.1(1); 2.2.1(1)

1.1.2(1); Bov(1)
5(1); .4.2(1)
2.2.2(2)

1.1.1(1); 4.1.2.1(1)

4.2.1(2)
3(2)
4.4.2(2)
4.5(2)
2.2.1(2)
2.2.1(2)
2.2.1.1(2)
2.2.1(2)
4.5(2)
1.1.1(2)
1.1.1(2)
1.1.1(1); 6(1)
1.2.2(2)
4.1.1.1(2)
4.2.1(2)
4.3.3(2)
1.2.2(2)
3(2)
2.2.1(2)
4.9(2)
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100

100
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50.0

100
100
100

(0]
O O 0o © oo o o
o

o

50.0
100
100

100
100
100

< @™ W ©

S,M

P,M
S,P
S,P



G116V pepQ 2 4.1.1.3(2) 1 1 0 100 -
128_137del  mmpR5 2 4.1.1.3(1); 4.1.2.1(1) 2 2 0 100 -
A124V pepQ 2 4.1.1.3(1); 1.1.1(1) 2 2 50.0 50.0 100
L117P mmpR5 2 2.2.1(2) 1 1 0 100 100
V1A mmpR5 2 2.2.1(1); 4.2.2(1) 2 2 50.0 50.0 100
K241T pepQ 2 4.1.2.1(2) 1 1 100 0 100
465_466insC  mmpR5 2 4.1.2.1(2) 1 1 0 100 -
274_275insA  mmpR5 2 4.3.4.2.1(1); 2.2.1(1) 2 2 50.0 50.0 100
77?;;2—;79 mmpR5 2 4.3.4.2.1(2) 1 1 100 0 100
G58S pepQ 2 4.3.4.2.1(2) 1 1 100 0 100
1220L pepQ 2 4.3.4.2(2) 1 1 0 100 0O
D151G pepQ 2 4.4(2) 1 1 0 100 100
Q22R mmpR5 2 4.4.2(2) 1 1 0 0 100

Sub-lineages: * = more than 1 sub-lineage; # = number; Drug resistance (%): Susc. = Susceptible; * %
of number of samples pre-2014/total number of samples with available collection date; ** Functional
support: S = snap2 score >= 50; P = Provean Score =< -4; M = mCSM predicted stability change (AAG)
below -2; B = Predicted as resistant by SUSPECT-BDQ (only available for atpE). Mutations associated
with increased minimum inhibitory concentration (MIC) for bedaquiline (BDQ) in previous studies in
bold; mutations associated with susceptibility to BDQ underlined (see S3 Table).
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S6 Table. All mutations (seen >1 samples) in Delamanid (DLM) /Pretomanid (PTM) candidate genes
found in the 33k isolates.

# Func
' " Ind MD Pre- tion
Mutation Gene Freq SU?S:;::ZS; t Sllll: g::)c CS u(ys; T)/: i(:/t S:|Iap
o %ot o
K270M fgd1 3136 4'12"2;'(?(113)5); 3 2 701 181 84.2 -
5, 6, Bov(634);
-32A>G fbic 639 2.2.1(2); 4.3.3(1); 7 5 601 83 631 -
4.2(1); 4.9(1)
T273A fbic 626  4.8(625);1.1.1(1) 2 2 979 03 936 -
R64S fgd1 471 1.1.1%(471) 2 1 779 21 991 -
T302M fbiA 355 4.1.1.1(355) 1 1 828 99 8438 -
K448R fbiB 293 3(293) 1 3 577 30 511 -
D113N ddn 267 5(264); 2.2.1(3) 2 2 707 154 91.7 -
G264R fbiA 261 2.2.1(261) 1 1 919 6.1 100 P
E224G fbic 210 4.1.1.3(210) 1 1 748 10 80 S
K296E fgd1 162 6(161); 4.1.2.1(1) 2 2 87 3.7 857 -
L447R fbiB 148 4.8(148) 1 1 736 23 959 -
A505T fbic 135 2.1(135) 1 1 615 20 951 -
1208V fbiA 122 441122(112(3' 2 2 705 115 96.9 -
W678G fbic 96 4.3.3(88); 1.1.1(8) 2 2 83 812 90.9 P
D90ON fbiD 80 4.9(80) 1 1 875 6.25 100 -
1128V fbic 79 2.2.1(79) 1 2 0 81 100 -
M93T fgd1 76 1.2.2(76) 1 1 855 9.2 100 -
R72W ddn 75 1.1.2(75) 1 2 76 10.7 70.2 S,P
A31T fbiB 71 2.2.1(70); 2.2.2(1) 1 3 549 99 100 -
4.3.2(44);
G34R ddn 47 4.3'4;(33) 2 2 893 85 0 S,P
D315A fbiB 40 Bov(40) 1 1 0 5 0 -
V17A fbiB 39 Bov(39) 1 1 100 0 0 -
R187H fgd1 39 4.1.1.1(39) 1 1 100 0 100 -
L323F fgd1 38 Bov(38) 1 1 100 0 0 -
4.1.2.1(31);
-11G>A fbic 37 4.1.1.3(3); 6(2); 4 4 56.8 16.2 100 -
4.4.2(1)

-14G>GA fbic 34 423241§215' ();) 2 2 265 735 947 -
Y163C fgd1 32 4(32) 1 1 813 156 286 P
E83D ddn 24 4.2.1(24) 1 1 333 459 100
G81S ddn 21 2.2.2(12); 2.1(9) 2 2 333 524 100 S,p
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P607L
L49P
A111V
G199R
27T>G
256_261de
G139R
E278D
W20*
Q121H
K183M

K296R

AllvV
-77_-9del
R23W
G145R
D9ON
G839A
S56C
R265Q
A524G
V58iL
R14G
V170M
P18L
P6S
T255A
R4095
-26G>T
v4lel
PeT

Al178T
A84G
-43G>A

A199T
R230Q

2546_2547insCACAT

ACGCCCTGCTTGCG
W589R
R30S
P131L

fbiC
ddn
ddn
fgd1

fgd1
ddn

fbiA
fgd1
ddn
fbiD
fgd1

fgd1
fbiC
fgd1
ddn
fbiD
fbiB
fbiC
fgd1
fbiB
fbiC
fbiC
fbiA
fgd1
fbiC
ddn
fgd1
fbiB
ddn
fbiB
ddn
fbiA
fgd1
ddn
fbiA
fbiB
fbiC

fbiC
ddn
ddn

21
21
20
20
20
19
18
18
17
17
16

16

15
15
15
15
14
14
14
13
13
12
12
12
11
11
10
10
10
10
10

10

10

4.4.1.1(21)
2.2.1.1(21)
4.4.2(20)
4.4.2(20)
4.6(20)
4.8(19)
2.2.1(17); 1.1.2(1)
4.3.3(18)
4.5(11); 5(6)
4.5(17)
2.2.1(16)
4.1.2.1(12); 4.8(3);
4.4.1.1(1)
1.1.2(15)
1.2.1(15)
4.3.2(15)
4.1.1.1(15)
3(14)
4.5(14)
4.3.4.2(14)
2.2.1(12); 1.1.2(1)
4(13)
2.2.1(12)
4.8(12)
2.2.1(12)
4.8(11)
1.1.1(11)
3(10)
3(10)
3(10)
1.1.3(10)
3(10)
1.2.1(8); 4.5(1);
3(1)
2.2.1(10)
5(4); 4.2.1(3);
2.2.1(2)
2.2.2(9)
1.1.3(9)

4.6(9)

4.3.4.2(9)
2.2.1(9)
4.8(8);4.3.4.2.1(1)
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100

57.1
90
90

100
94.4
66.7
100
76.5
43.8

18.8

66.7
40
33.3
86.7
50
85.7

30.8
53.8
58.3
100

72.7
100
60
80
70
100
80

70

30.8

100
77.8

100
111
88.9

9.5
10
10

50
31.3

13.3

20

46.7

14.3

100

7.7
16.6

100

10

20

100
94.4
100
100

75
66.7

75
100
100

37.5

53.8
100

80
14.3
85.7

100
100
100
100
33.3
100
100

100
100
100

66.7
100
100

100
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100
100
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S,P
S,P

S,P
S,P



16811
363_386de
A143V
G655S
113L
A197V
G572C
R247W
V348l
R304Q
-24C>A
T687M
A349V
A345G
A2V
S762N
D312G
-13A>G
V188F

G325S

P420L
was*
G71D
P182L

Ma3l

-41G>T
1693V
Q120R
L67P
Y167H
K279E
T695K
D224N

PASL

G5085S
-23C>T
P607A
-6A>C

L326F

A206T

fbiC
ddn
fbiC
fbiC
fbiC
fbiD
fbiC
fgd1
fbiB
fbiA
ddn
fbiC
fbiC
fbiC
fgd1
fbiC
fbiA
fbiC
fbiA
fbiB
fbiC
ddn

fgd1
fbiB
fgd1
fbiC
fbiC
fbiA
ddn
fbiC
fbiC
fbiC
fbiB
ddn
fbiC
ddn
fbiC
ddn

fbiB

FbiA

N N N NN N NN N0 oo o oo

v O O OO O OO OO OOy O O O O N N

v 0 »n

2.2.1(9)
4.5(9)
4.3.4.2.1(9)
2.2.1(8); 4.1.2(1)
Bov(9)
1.1.3(9)
2.2.1(8)
4.5(1); 3(7)
4.1(1); 2.2.2(7)
3(8)
4.1.1.2(7)
1.1.2(7)
1.1.1(7)
4.3.4.2.1(7)
4.2.2(7)

3(7)

4.8(7)
2.2.1(7)
1.2.1(7)

4.9(1); 4.1.2.1(1);
2.2.1(5)
2.2.1(7)
2.2.1(6)

3(6)

4.3.4.2.1(3); 6(3)
4.9(3); 4.1.2.1(2);
2.2.1(2)
1.2.2(6)

3(6)

4.8(6)

4.8(6)

3(6)
4.1.2.1(6)
4.1.2.1(6)

2.2.1(6)
4.4.1.1(3); 3(1);

1.1.1(1)

1.2.2(5)

4.8(5)

4.7(5)

4.8(5)

4.6.1.1(2);
4.1.2.1(1); 4.1.2(2);

4.8(1)
2.2.1(5)
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100
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100
87.5
85.7
42.9
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100
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71.4
85.7
28.6

100

14.3
11.1
66.7
66.7

83.3

83.3
83.3
33.3
83.3
100
100

33.3
80

20
100
100

40

100

80

111

111

111

75

28.6
14.3
14.3
14.3

85.7
88.9

16.7

16.7
33.3

100
16.7

80

60

100

100
100

100
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100
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100

100
100

100
100
33.3

83.3
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66.7

100
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100
100
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V188l
R409C
T455A
A132T
A835V
K183T
T302A
A201P
85_87del
1302P
508_509insT
A380S
Q69R
V61l
W139*
P438S
D126Y
G168R
D168E
R72Q
R154H
118V
R177H
P438L
R45C
V123l

283 303de
3986845_3987298de
|
T218A

R293W
Q170H
G839D
D263N
V301L
D387N
R334Q
D78N
-377>C
G145A
-38G>A
-3C>T

A111T

fbiA
fbiB
fbiC
fbiC
fbiC
fgd1
fbiA
fbiA
ddn
fbiA
fgd1
fbiB
fbiB
fgd1
ddn
fbiC
fbiC
fgd1
fbiC
ddn
fbiC
fbiB
fbiA
fbiC
fgd1
fbiB
ddn
ddn
fbiC
fbiB
fbiA
fbiC
fgd1
fbiA
fbiC
fbiB
fbiD
fbiC
fgd1
fgd1
fgd1

ddn
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2.2.1(5)
1.2.1(5)
3(4); 1.1.1(1)
2.2.1(5)
1.1.3(5)
4.3.3(5)
2.1(5)
2.1(5)
2.2.1(4)
2.2.1(4)
4.1.1.3(4)
3(4)
3(1); 4.2.2(3)
1.1.3(4)
4.1.2(4)
4.3.4.2(4)
4.8(4)
4.1.1.1(3); 2.2.2(1)
4.1.2(4)
4.8(4)
4.6.1.2(4)
4.6.1.2(4)
4.1.2.1(2); 4.5(2)
4.4.1.1(4)
4.3.2(4)
4.6.2.2(4)
4.5(4)

2.2.1(4)

2.2.1.1(4)
1.2.1(4)
1.1.1(3); 1.2.2(1)
1.1.1(4)
1.1.3(4)
4.4.1.1(4)
2.2.1(4)
1.1.1.1(4)
4.5(4)
2.2.1.1(3)
5(3)

3(3)
4.1.2.1(3)
1.2.2(1); 4.5(1);
3(1)
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40
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75
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50
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75
75
100
100
33.3
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100

o

66.7
100
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50
100
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A333V
N556D
G310*
G70V
D542N
V621l
V6lG
-40C>A
V241l
-33G>A
V46G
V740A
-31T>C
A237V
G26S
D406A
E474A
R137H
V389L
-10G>C
K236N
A77T
R330P
-10G>A
Al0V
A206S

L723F

$42G
A404V
A620T
P15S
527_534de
G74C
s78Y
V37G
A29T
-48C>T
-40C>T
L228F
K2E

W88R
V625A

fbiC
fbiC
fbiC
ddn
fbiC
fbiC
ddn
ddn
fbiA
fbiC
ddn
fbiC
fbiC
fbiB
fbiB
fbiB
fbiC
fbiB
fbiC
fbiC
fbiC
ddn
fbiC
fbiC
fgd1
fbiA
fbiC

fhiA
fbic
fbic
fbic
fgd1
fbic
ddn
fgd1
fgd1
fbic
ddn
fbic
fbiA
ddn

fbic
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3.1.2(3)
1.2.1(2); 3(1)
1.2.1(3)
1.2.2(3)
4.1.2(3)
4.8(2); 2.2.1(1)
4.1.2(3)
3(3)
5(3)
1.1.1(3)
5(3)
4.1.2.1(3)
4.1.2.1(3)
1.2.2(3)
4.1.2.1(3)
4.1.2.1(3)
Bov(3)
4(3)
4.8(3)
4.3.2(3)
4.8(3)
4.8(3)
1.2.1(3)
4.3.4.2(3)
1.1.2(3)
2.2.2(3)
2.2.1(1);
4.3.4.2.1(2)
2.2.2(3)
2.2.1(3)
2.2.1(3)
4.5(3)

2.2.1(2); 4.3.2.1(1)

1.2.2(3)
2.2.1(3)
Bov(1); 4.1.2(2)
1.1.1(3)
3.1.2(3)
3.1.2(3)
3(3)
3(2); 1.1.2(1)

3(1); 4.1.1.3(2)
1.2.2(3)
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V155M
Q27pP
P206L
E312K
A43T
M3191
P63S
1246T
1193V
1208M
Y65S
P111L
E65G
G8D
110V
A20V
T34S
G765
E127Q
G155S
V211G
-45G>C
-34G>C
T302
V1541
E282D
-17T>TC
381_464de
K282N
V16F
H364Y
G755S
1262V
E608K
R780C
V25A
G277S
V4iM
G293A
E332K
A10T
273_273de
P78S

fhiA
fhiA
fbic
fbic
fhiA
fhiA
ddn
fhiA
fgd1
fhiA
ddn
fbic
fbiB
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiB
fhiA
fbiB
ddn
fhiA
fbic
fbic
fbic
fbic
fgd1
fbic
fbic
fgd1
fhiA
fbic
fhiA
fbiB
fgd1
ddn
fbic
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3(1); 1.1.1.1(2)
4.1.2.1(3)
4.8(1); 2.2.1(2)
1.1.3(3)

4.4.1.1(2); 1.1.2(1)

2.2.1(3)
1.1.2(3)
4.2.2(3)
1.1.2(3)
1.1.2(3)
4.5(3)
2.2.1(3)
4.8(3)
2.2.1(3)
4.2.2(3)
2.2.1(3)
3.1.1(3)
4.2(3)
4.3.4.1(3)
1.2.2(3)
2.2.1(3)
4.5(3)
3.1.2(3)
1.2.1(1); 2.2.1(1)
4.2.1(2)
2.2.1(2)
4.1.1.3(2)

4.1.2.1(1); 1.2.2(1)

1.1.2(2)
1.2.2(2)
3(1); 4.1.2.1(1)
3(1); 4.1.1.3(1)
4.1.1.3(2)
3(2)
4.8(2)
4.9(2)
3(2)
1.1.2(2)
4.1.2.1(2)
4.4.1.2(2)
3.1.2(2)
3(2)
4.6.2(1); 2.1(1)
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D308G
R458H
P370R
R365G
1247N
G94R
E127D
M268V
51841
P361A
G541S
L93F
A404pP

G78S

D66E
D465A
G159V
H295R
P193S
R845C
T185A
1816V
G445D
T292A
P16R
A1365

D69N

G264E
F220L
T268|
R321S
G512C
D147N
N66Y
R486H
R68H
R550C
-46GGTGGGGC>G
-9T>C
V390G

fbic
fbicC
fbic
fbic
fbiB
fbiA
fgd1
fbicC
fgd1
fbiA
fbiB
fbic
fbiB
fbicC
fbiA

fbiB
fbic
fgd1
fbiA
fbic
fbic
fbic
fbic
fbic
fbiB
fbiB
fbic
ddn

fbiA
fbiB
fbiB
fbiA
fbic
fbiA
fgd1
fbic
ddn
fbic
fbic
fbic
fbiB
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N N NN N DNMNNDNDMNMNDNDDNNDNDDN

4.1.2.1(1);
4.3.4.1(1)

3(2)

1.1.3(1); 6(1)
3(1); 4.4(1)
3(2)
4.7(2)
4.1.2.1(2)
4.1.2.1(2)

4.7(2)

3(2)

4(2)
4.1.2.1(1); 1.2.2(1)
4.3.2.1(1); 4.8(1)

4.3.3(2)

4.3.4.2(1);
4.3.4.2.1(1)

43.4.2.1(2)

4.6(2)
4.1.2.1(2)
4.1.2.1(2)
4.1.2.1(2)

6(1); 1.1.1(1)

6(2)

5(2)

3(2)
4.3.3(2)
2.2.1(2)

4.8(1); 4.1.2(1)
4.3.2.1(1);
4.3.4.2(1)

1.2.1(1); 4.4.2(1

4.1.2.1(1); 4.8(1

2.2.1(1); 3(1)

3(2)
4.3.3(2)

4.6.1.1(2)
2.2.1(2)

4.5(1); 4(1)
2.2.1(2)
2.2.1(2)
2.2.2(2)
1.1.1(2)

2.2.2(1); 3(1)

)
)
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-18T>C
N32T
*152G
-22C>T
F306V
V33l
L374S
-17A>C
P3625
E13G
1167V
H183N
T796A
R212Q
D74E
G189D
M313L
P6L
L204F
D203N
D148N
A178G
P60S
E205K
AG3T
5132C
V147M
A856T
V581l
H46D
ES3A
-29C>G
AG59V
1501
1638L
G8395
A328V
T36P
M709I
851_939de
E105Q
V599A
R134L

fgd1
ddn

ddn
fbiA
fbiC
fbiB
fbiC
fbiC
fbiC
fbiB
fbiA
fbiA
fbiC
fgd1
fbiA
fbiA
fbiB
ddn
fbiC
fbiB
fbiA
fbiA
fbiA
fgd1
fbiC
ddn
ddn
fbiC
fbiC
fgd1
ddn
fgd1
fbiC
ddn
fbiC
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fbiB
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4.8(2)
4.2.1(2)
4.5(2)
4.5(2)
4.4.2(2)
2.2.1(2)
2.2.1(2)
4.4.2(2)
2.2.1(2)
2.2.1.1(2)
2.2.1(2)
2.2.1(2)
2.2.2(2)
1.1.1.1(1); 7(1)
1.2.2(2)
2.2.1(2)
2.2.1(2)
2.2.1(2)
2.2.1(2)
1.1.1(2)
1.1.1(2)
2.2.1(2)
3(2)
1.2.2(2)
1.1.2(1); 2.2.1(1)
1.2.1(2)
3(2)
4.8(2)
4.1.2.1(1); 2.2.1(1)
3(1); 4.8(1)
4.2.1(2)
1.1.2(1); 3(1)
3(2)
4.8(2)
Bov(2)
3(1); Bov(1)
Bov(2)
2.2.1(2)
2.2.1(2)
4.7(1); 2.2.1(1)
1.1.2(1); 4.1.2.1(1)
4.2.2(2)
3(1); 2.1(1)
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A212P
R139Q
VA95A
E526K
G114S
1102V
A34T
S87L
T185I
E342Q
A518G
P272S
A82T
E299V
-6G>T
T374K
T371A
V13eM
490706_490745del
P270L
10T
V1el
A21T
A22T
T48|
G106E
V111l
T122P
1129M
C187F
-40C>A
-39G>T

fbiA
fbiB
fbic
fbic
fbiB
ddn
fbiB
fbic
fbic
fbic
fbic
fbiB
fbiB
fbic
fgd1
fbiB
fbiB
fgd1
fgd1
fbiB
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD
fbiD

N N NN NN NNNNMDNNNDMDNNMDNNMNDMDNDNNDMNNDNDDNDNDMNDNDMNNDNDNDMDNDNDDNDDNDNDN

2

4.6(1); 4.3.3(1)
4.3.2.1(2)
3.1.1(2)
4.3.4.2.1(2)
4.3.4.2.1(2)
1.2.2(1); 4.1.2.1(1)
1.1.3(2)
4.3.3(2)
4.7(2)
1.2.2(2)
1.1.2(2)
1.1.2(2)
4.3.2.1(1); 1.1.1(2)
2.2.1(2)
2.2.1.1(2)
2.2.1(2)
1.1.1.1(2)
2.2.1(2)
4.7(2)
4.1.2.1(2)
Bov(2)
1.2.1(2)
4.1.1.3(2)
4.1.1.3(2)
4.8(2)
Bov(2)
1.1.3(2)
2.2.2(2)
2.2.1(2)
4.3.3(2)
3(2)
3(2)

R R R R R R R R R R R R RRBRRRBPERRARNRRRPRRPRNRRRREN

1

100
100
100
100
50

100
100

100
100
100
100

100

100

50
50
100
100

100

100 -
100 -
100 -
100 -
100 -
100 -

100 S,P
100 -
100 -
100 -
100 -
100 -
100 -
100 S,P
100 -
100 -
100 -

100 -
100 -

100 -
100 -

100 -
0 -

Bedaquiline (BDQ), delamanid (DLM); pretomanid (PTM); Sub-lineages: * = more than 1 sub-lineage; #

= number; Drug resistance (%): Susc. = Susceptible; * % of number of samples pre-2014/total number

of samples with available collection date; ** Functional support: S = snap2 score >= 50; P = Provean

Score =<-4; M = mCSM predicted stability change (AAG) below -2; mutations associated with increased

minimum inhibitory concentration for DLM or PTM in previous studies in bold; mutations associated
with susceptibility to MIC underlined (see S3 Table).
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S7 Table. Mutations observed in single isolates in the 33k dataset.

Drug* Gene

Mutation

BDQ atpE

BDQ mmpR5

BDQ  pepQ
DLM/ ddn
PTM
DLM/ fgd1
PTM
DLM/  fbiA
PTM

A6V, G13S, 116V, M17I (B), A18S, 126V (B), V30I, E44A (B), F50L (B), P52L (B), 166V
(B), -40G>GT, -39C>T, -8A>AT, -9GAT>G, -28TACCAGAGCC>T, -32C>T, -33A>G, -
39C>G, 225_226insTTCGCTACACCCGTCAAGTAA

S2l1, V7F, D8G, E13A, E13*, D15A, D15G, E18D, G24S (S), G25D (M), G25S, Y26C,
E28A, S29F, S29C, W42*, E49K, Q51P (S), Q51H (S), A61T, S64R, G65W (S,P),
G66V, S68I (S,P), R72Q, M73I, L74P (S,P,M), Q76E, G78V (S,P), V85F, A86V,
87GDRRTYFRLRPN>87GGSAHLFPVAAH, D88G, R89W (S,P), R89L (P), R89Q, L95S
(M), R96W (S,P), R96Q, P97T, N98K, A99V, A101S, A102T, G103S, E104G, R107G,
R109Q, A110V, M111K (S), A112T, Q115P, R134G, L136P (S,P), R137Q, V149G
(M), A153V, L154P (S), R160Q, 17_18insGGT, 30_30del, 70_71insGC,
107_108insG, 113_131del, 138_139insGA, 139_140insATC, 212_212del,
216_309del, 234_235insT, 285_285del, 289 _289del, 429_429del, 430_431insCA,
431 _432insT 462_462del, 479 _480insA, 778997_779279del, -3C>A, -10A>C, -
22A>C, -30C>G, -31A>G, -33G>T, -46G>A

Q13E, S25R, 128V, Y32H (S,P), S39F (P), N40S (P), G41R (S), VA5L, F46L, A47G,
S66P, L71V, E72D, V73M, A78V, V79A, G80R, A84V, G88S, G91D, GI93R, F97V (P),
H100R, T103M (P), V104M, V104L, G106S, A109V, K117R, N118D, E120D, L121V,
T127S, E148G, A152V, V158M, R160C, R160P, R170W, V172M, R174S, A178D,
M180V, D182E, E191V (S,P), E191G (S,P), A196T, A201G, R206W (P), R206L,
T208I (P), A227D, M233T (P), V238M, D244N, Y250H, R261G (P), A263V, R271Q,
A284G, F290V (S,P), F290L (S,P), Q301R, G309E, T315A, S320F, S320C, R333H,
A345V, K350Q, E368K, A370T, A370V, L372V, 138 139insTC, 947_948insG,
2859300 _2860417del

MA1T, L13R, S14N, K19R, R23Q, T26l, W27G (S), W27C, W27*, R31S, R31C, G34E,
G36V, G38R (S,P), K43E, T51A (P), T52N, G53D, G53S (S,P), R54G (S,P), R54C (S,P),
Q58K, Q58P, Q58*, P59Q (P), N62K (S), G71R, V75A (S,M), K79E (S), M871, N91T,
N95K (P), K97N, V98F (S,P), V100I, Q101P (S,P), K104R, E105K, E117K, P124S,
L126F, M129T, M129I, Y133C, Y133*, Y133H (S,P), Q137R, T140l, -1C>T, -3G>A, -
4C>T, -5G>A, -11G>A,-26G>A, -32T>G, -32T>C, -34C>T, -39G>A, -39GC>G, -44C>T,
6_7insAAATC, 24 _29del, 36_36del, 59_101del, 90_90del,92_92del, 164_165del,
211 211del, 255_260del, 267_267del, 270_281del, 285_285del, 309_310insT,
312 _312del, 322_323insA, 323_330del, 367_369del, 451_455del,
3986810_3986932del, 3986856_3987298del, 3986857 _3987298del,

L4R (P), S11P (P), Q14R, A16T, E19D, V21I, A26T, M32V, V37F, Q47L, G62A, N66S,
T761 (P), T78l, F79S (S,P,M), V85I, T92S, C95Y, T107A, T107I, A115S, Y118S (M),
E119G, F129V, A130T, A130G, R131Q, G137R, Q141H, D146G (P), D146N, D153A,
D153E, S161L, /1162T (M), V165L, D167E, V1721, A182V, Y184C (P), A188G, E201G,
E201K, L202P (P), E205D, K206T, P209A (P), A210G, E213K, A218T, D219N,
R220Q, K227R, E230K, S234A, P237T, P239S, N244E, N245S, N245D, P251L (P),
T2551, A256P, Q258K, K259E (S), S261N, E267K, A272T, L275P (P), V286M, P290L
(P), A293V, T302R, F320L (P), Q325E, P330L (P), R331S, -4A>C, -22G>A, -33G>A, -
40G>C, -42G>T, -45CG>C, 502_504del, 643 _648del, 986_986del,
490706_490720del

T4N, A7G, G12S (P), R14H (P), L22V, L25M, A30T, S32P, S35P, S35A, A37V, S42C,
A43G, 153V, I153L, I53T, V58I, G71S (P), R77H (P), R77L (P), Q81R, D83N, W101R
(S,P), A121V, Y123S (P), Y123C (P), P124R (P), L125V, $126P (S,P), T129S, A131T,
D134N, P138L (P), G139D (P), D158N, K165T, A166V, A178S, Q179K, P181S (P),
G189S (P), S194N, A196V, 1209V, V218I, A232E (P), A238T, P245S (S,P), K250*,
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DLM/  fbiB
PTM

DLM/  fbiC
PTM

DLM  fbiD
/PTM

M255T (P), D266N, A269S, A271T, G277D (P), A278G, C280R, C287Y, V290M,
G293S, A296V, D299A, M310T (S,P), V303M, A315V, A322V, A331G, -8C>A, -
42C>T, 196_283del, 866_866del

S8F, E13K, G19W (S,P), E22G (P), R24L (P), G26R (P), P38Q (P), P38A (P), K51N
(S,P), E57A (P), R59W (S,P), L60OM, P64A (P), D66N, Q69P, E79R, A104T, A105T (S),
G114D, A119T, A127T, T131l, L132V, G135E, G141S (P), V142, A145T, Q160H (P),
V165I, A171S, R180C, E186A, E186D, V188M, V192I, G221S, V222A, D225N,
N238D, L243F, A246S, E247D, R253H, R260L (S,P), V2631, R265W (S), P270Q (P),
V280I, H290Y (S,P), R293Q, V298M, S323N, D324E, P327L, A328T, A328S, R334G
(S,P), R334W (S,P), G338S (P), D343E, A344V, E346Q, 1349V, 1349M, A357E (P),
A364T, T366N, T366l, A368T, E369Q, G394S (S,P), S395N, /1402T (P), R409H (P),
D410G, D410H, P415L (P), L435S, P438S (P), V439A, P440S, A441T, K448E,
1175_1266del

V1L, G6S, V16l, V17L, P18A, P19R, A21P, A25T, R27W (S,P), R31Q, A33T, A33V,
V37A, V37G, A45T, A47T, TA9A, C59Y, R75W (S,P), F91C (S,P), P93L (S,P), P93S (P),
R96L (P), R96G (S,P), C105R (S,P), L114R (P), T121A, D126E, D130N, D130E,
R134Q, A136V, E137Q, F145L (P), T146S (S), R150S (S,P), E152D, A153V, R159G
(S,P), E160D, E160G (P), D168A, S169F (S,P), S172C, S172F, A208V, M211I (S),
R221Q (S), D237G (P), P238L (P), A239E, R243S (P), T257A (S,P), E269G (S,P),
D272G (S,P), L274F, H275Y, R278L (S,P), H281Q, K282R, R296H (P), A302V,
A305V, F306L, P307S (P), 1311V, D313G (S,P), Y314F, A321T, P327L (P), R330S,
P334A (P), P334S (P), G340R, D341E, C343W, R344W (S), D375N, D375G (P),
L377P (P), M388V, M388L, Q395H, Q400R, A401G, V410M, R411W (S), R411S,
A418E, P420S (P), G423S, D427H, W435G (P), P438R, V441A, A442V, S443C,
R446W (P), Q456E, R458P (P), V462L, R463C (P), D472A (P), VA95L, V495M,
L496R, A497T, A497P, D511E, A516T, T519N, T5191, G522R (P), G522S (P), G522A
(P), A527S, V540A, F554L (S,P), T560A, K571E, R587W (S,P), A588V, M601l,
M601T (S,P), 1605V, D606E, P610S (P), T612A, A620V, N640T, N640S, G646E (P),
S648T, W652R (S,P), 1654V, E658D, T663N, D674H (P), P686T (P), L689W, T695M,
G711A (S,P), A721V, N724K, 1729V, R732H, R732L (S,P), G734S (P), H746Y (P),
Q747H, P750R (P), L753R (P), A756V, R758C (S,P), P759R (P), P759T (P), H770Y
(P), G792A (S,P), ES01N, G808D (S,P), M812V, E813A (P), E813D, T815A, E823G,
E823Q, H824Y, A827S, G841R (P), P843Q (P), P843A (P), R845H (P), L853P, A855L,
A856P, *857W, 24_25insTCCACCGCTCTGCCGAGTCCC,342_347del,
785_786insCAT, 897_898del, 1132_1133insCTT, 1133_1134insTTT,
1205_1206del, 1223 _1252del, 1651_1731del, 1871_1871del, 2162_2162del,
2331_2335del, 2545 _2546insTCACATACGCCCTGCTTGC, 2551 2552insACGCC,
2562_2623del, 1305491_1305500del, -3A>G, -13A>AC, -14G>A, -17A>G, -18C>A,
-23G>A, -27A>G, -29A>C, -29A>G, -30G>C, -32A>C, -33G>C, -41G>A, -46G>C, -
46GGT>G, -49C>G

P5L, 113V, P28L (P), F30L, S31W (P), V38L, V39A, V44l, A50T, A51S, G52S, V53G,
162V, E66Q, A70T, A81P, P85A, A98T, A99T, R101C, A104V, E105A, G106V, L144R,
T146S, V1501, H159N, R186C (S,P), V189I, A206T, A210S, -21C>T, -24G>A, -31C>T,
-38A>G, -45G>A

* Bedaquiline (BDQ), Delamanid (DLM); Pretomanid (PTM) has similar resistance mechanisms to DLM.

In bold, known resistant mutations (see $3 Table); underlined: known susceptible mutations (see S3

Table); italic: with one parameter predicting to have a functional effect: B = SUSPECT-BDQ predicted

as resistant (only for atpE); S = snap2 score >= 50; P = Provean score =< -4; M = mCSM predicted

stability change (AAG) below -1. There is no prediction for indels or variants in the promoter region.
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S8 Table. Loss of function mutations in the ndh gene.

Mutation Frequency Lineage Resistance profile *
Q4* 1 1(1.1.2) S
Y56* 1 3 XDR
Q57* 2 1(1.1.1) S
Y112* 1 1(1.1.2) S
C273* 1 3 XDR
970_971insGG 8 2(n=5;2.2.1); 4(4.1.2.1(n=2),4.3.4.2(n=1) MDR(4), XDR(4)
304_304del 82 2(2.2.1.1) MDR(76), XDR(5), DR(1)
149_158del 1 1(1.2.1) MDR
972_973inC 1 2(2.2.1) XDR
970_971insG 2 2(2.2.1),4(4.3.3) XDR,DR
1120_1120del 1 1(1.1.1) DR
965_965del 2 2(2.2.1) MDR
15_15del 2 4(4.2.2) MDR
838_838del 1 1(1.2.1) MDR
902_903insG 2 2(2.2.1) MDR,XDR
1007_1008insGC 1 4(4.4.2) MDR
941_942insGGGTA 1 2(2.2.1) XDR
1347_1348insA 1 4(4.1.2.1) S
293_294insG 6 4(4.1.2.1) XDR
330_337del 1 4(4.3.1) XDR
900_901insC 1 2(2.2.1) MDR
633_634insTG 1 1(1.2.1) DR
199_200insG 1 4(4.1.2.1) XDR
760_761insC 1 2(2.2.1) MDR
1206_1207insCG 1 4(4.9) MDR
2098715_2102885del 1 2(2.2.1) XDR
2102284_2103965del 3 2(2.2.1) XDR
2098094_2101927del 1 4(4.3.3) DR
2096545_2103436del 1 1(1.2.1) S
2098085_2104480del 1 2(2.2.1) XDR
2097074_2107484del 1 2(2.2.1) MDR
2102559_2103251del 1 1(1.1.2) S

* Resistance profile: DR = Drug-resistant, S = Susceptible
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S9 Table. Phenotypic data from the Portuguese M. tuberculosis isolates

mmpR5/Rv067  MIC (mg/L) Resistance  Phenotypic Drug .
Isolate 8 Mutation® Type Resistance® Genotype
BDQ CFz
INHR RIFR STRR
MTB1 lle67fs 0.25 1 XDR EMBR PZAR AMK® L4.3.4.2/SIT20/LAM1/Lisboa3
CAPR KANF CIPR
<0.01 0.12 INH: RIF'lSTRR < .
MTB2 WT 5 5 XDR EMB" PZA" AMK L4.3.4.2/SIT20/LAM1/Lisboa3
CAPS KANR CIPR
<0.01 . .
MTB3 WT c 0.25  Susceptible Pan susceptible L4.3.4.1/SIT17/LAM2/NC
<001 INHR RIFR STRR
MTB4 WT 5 0.25 MDR EMBR PZAR AMKR L4.3.4.2/S1T1106/LAM4/Q1
CAPR KANF CIPS
INH®R RIFR STR®
MTB5 WT 0.03 0.25 MDR EMB® PZAS AMK?® L4.1.2.1/SIT53/T1/NC
CAP® KAN® CIP®
H37Rv Susceptible
(ATCC WT 0.03 0.25 (Reference Pan susceptible -
27294) Strain)

2 WT — wildtype allele for mmpR5/Rv0678;
® R and S in superscript denotes phenotypic resistance or susceptibility to given drug, respectively.
INH, isoniazid; RIF, Rifampicin; STR, streptomycin; EMB, ethambutol; PZA, pyrazinamide; AMK,
amikacin; CAP, capreomycin; KAN, kanamycin; CIP, ciprofloxacin;
¢ NC — non-clustered isolate.
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Sample size

4000
3000
2000
1000

Lineage
Lineage 1
Lineage 2
Lineage 3
Lineage 4
Lineage 5
Lineage 6
Lineage 7

M. bovis

Resistance

T Susceptible
. . MDR
. XOR
v
& LT Other resistance

Year of collection
pre-2005
2005-2014
atter 2014

S1 Figure. The isolates analysed by country: (A) Sample size; (B) Lineage; (C) Resistance; (D)
Year of collection. The R (v3.4.3) statistical package was used to generate the maps
(https://www.r-project.org).
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S2 Figure. Density of mutations and nucleotide diversity (Nei’s Pi) along BDQ resistance genes. Density
line is represented in black. Nucleotide diversity (only non-synonymous SNPs) by position (Nei’s Pi) is
represented in red. Left vertical axis is frequency of each mutation represented by a point (type of
mutation differ in colour), and size represents the independent occurrence of each mutation in the

phylogenetic tree.
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S3 Figure. Density of mutations and nucleotide diversity (Nei’s Pi) along Delamanid (DLM) and
Pretomanid (PTM) resistance genes. Density line is represented in black. Nucleotide diversity (only
non-synonymous SNPs) by position (Nei’s Pi) is represented in red. Left vertical axis is frequency of
each mutation represented by a point (type of mutation differ in colour), and size represents the
independent occurrence of each mutation in the phylogenetic tree; * Nucleotide diversity at position
491592 in fgd1 is 0.168; ** Mutations with frequency >150 have been represented at 150.
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S4 Figure. Protein structure of atpE C9 ring and sequence. The c9 ring is composed by 3 subunits.
Highlighted in blue are the residues known to interact with Bedaquiline (BDQ), in orange the residues

predicted to give resistance, and in red the known and previously reported mutation associated with
BDQ drug resistance.
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S5 Figure. Non-synonymous SNPs and indels in the pepQ gene, a candidate for bedaquiline (BDQ)
resistance. From outside to inside, first track represents indels (in red) and SNPs (in green) identified
in the ~33k isolates. SNPs leading to premature stop codons in blue. The second track represents
known resistant SNPs (yellow) and indels (purple). Labels show the residues where SNPs are identified
in the ~33k isolates: in black residues with not known association to susceptibility/resistance; in green
residues with known association to susceptibility; in red residues with known association to increased

minimum inhibitory concentration (MIC) values.
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S6 Figure. The mmpR5 gene variants position and protein structure. (left) Non-synonymous SNPs and

indels along mmpR5 gene. From outside to inside, first track represents the different domains of the
protein: in red non-characterised; in green dimerization domain; in blue binding domain. The second
track show indels (in red) and SNPs (in green) identified in the ~33kisolates. SNPs leading to premature
stop codons in blue. The third track represents known resistant SNPs (yellow) and indels (purple).
Labels show the residues where SNPs are identified in the ~33k isolates: in black residues with not
known association to susceptibility/resistance; in green residues with known association to
susceptibility; in red residues with known association to increased minimum inhibitory concentration;
A = residues with association to resistance and susceptibility depending on alternate allele. Non-
synonymous SNPs and indels position along the mmpR5 gene. SNPs are coloured in green, indels in
red. (right) Protein structure of mmpR5 showing in red SNPs that have already seen reported as
associated with bedaquiline resistance. Dark blue corresponds to the binding domain.
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S7 Figure. Phylogenetic tree of lineage 4 strains. Coloured in blue are the samples that present the
frameshift (192_193insG; 167F) in mmpR5 for bedaquiline resistance. The outer track shows the

resistance profile of the samples harbouring the frameshift.
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S8 Figure. A) Non-synonymous SNPs and indels along ddn gene. From outside to inside, first track
represents indels (in red) and SNPs (in green) identified in the ~33k isolates. SNPs leading to premature
stop codons in blue. The second track represents known resistant SNPs (yellow) and indels (purple).
Labels show the residues where SNPs are identified in the ~33k isolates: in black residues with not
known association to susceptibility/resistance; in green residues with known association to
susceptibility; in red residues with known association to increased MIC; » = residues with association
to resistance and susceptibility depending on alternate allele or drug (delamanid (DLM)/pretomanid
(PTM)). B) Protein structure of ddn gene showing in red SNPs that have already seen reported as
associated with DLM/PTM resistance, in blue residues known to be involved in PTM interaction, and
in orange residues involved in PTM interaction that also confer resistance to DLM.
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S9 Figure. Non-synonymous SNPs and indels in the fgdl gene, a candidate for delamanid
(DLM)/pretomanid (PTM) resistance. From outside to inside, first track represents indels (in red) and
SNPs (in green) identified in the ~33k isolates. SNPs leading to premature stop codons in blue. The
second track represents known resistant SNPs (yellow) and indels (purple). Labels show the residues
where SNPs are identified in the ~33k isolates: in black residues with not known association to
susceptibility/resistance; in green residues with known association to susceptibility; in red residues
with known association to increased MIC values.
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510bp 4800P

fbiA

S$10 Figure. Non-synonymous SNPs and indels in the fbiA gene, a candidate for delamanid
(DLM)/pretomanid (PTM) resistance. From outside to inside, first track represents indels (in red) and
SNPs (in green) identified in the ~33k isolates. SNPs leading to premature stop codons in blue. The
second track represents known resistant SNPs (yellow) and indels (purple). Labels show the residues
where SNPs are identified in the ~33k isolates: in black residues with not known association to
susceptibility/resistance; in green residues with known association to susceptibility; in red residues
with known association to increased MIC.
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S11 Figure. Non-synonymous SNPs and indels in the fbiB gene, a candidate for delamanid
(DLM)/pretomanid (PTM) resistance. From outside to inside, first track represents indels (in red) and
SNPs (in green) identified in the ~33k isolates. SNPs leading to premature stop codons in blue. The
second track represents known resistant SNPs (yellow) and indels (purple). Labels show the residues
where SNPs are identified in the ~33k isolates: in black residues with not known association to
susceptibility/resistance; in green residues with known association to susceptibility; in red residues

with known association to increased MIC.
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S$12 Figure. Non-synonymous SNPs and indels in the fbiC gene, a candidate for delamanid
(DML)/pretomanid (PTM) resistance. From outside to inside, first track represents indels (in red) and
SNPs (in green) identified in the ~33k isolates. SNPs leading to premature stop codons in blue. The
second track represents known resistant SNPs (yellow) and indels (purple). Labels show the residues
where SNPs are identified in the ~33k isolates: in black residues with no known association to
susceptibility/resistance; in green residues with known association to susceptibility; in red residues
with known association to increased MIC; ~ = residues with association to resistance and susceptibility
depending on alternate allele or drug (DLM/PTM).
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CHAPTER 5
Functional genetic variation in pe/ppe
genes contributes to diversity in
Mycobacterium tuberculosis lineages and

potential interaction with the human host
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ABSTRACT

Background: Around 10% of the coding potential of Mycobacterium tuberculosis is
constituted by two poorly understood gene families, the pe and ppe loci. Their repetitive
nature and high GC content have hindered sequence analysis, leading to their exclusion from
whole-genome studies. Although the functions of many of pe/ppe genes are still unknown,
some are involved in host-pathogen interactions and thereby promising targets for vaccine
development. Understanding the genetic diversity of pe/ppe families is essential to facilitate
their potential translation into tools for tuberculosis prevention and treatment.

Results: We performed an in silico sequence analysis of the 169 pe/ppe genes across 72 long-
read assemblies representing 6 different lineages of M. tuberculosis and M. bovis BCG. The
characterised genes were classified into three groups based on the level of protein sequence
conservation relative to the reference H37Ry, finding that indels in the pe_pgrs and ppe_mptr
sub-families were the main drivers of structural variation. Overall, every isolate had >50% of
its pe/ppe genes conserved. We observed gene rearrangements, such as duplications and
changes in the open reading frames leading to gene fusions, notably between pe and pe_pgrs
genes. Inter-strain diversity revealed lineage-specific SNPs and indels among the pe/ppe
genes.

Conclusions: The high level of pe/ppe genes conservation, together with the lineage-specific
findings, suggest their phylogenetic informativeness. However, structural variants and gene
rearrangements differing from the reference were also identified, with potential implications
for pathogenicity. Overall, improving our knowledge on these elusive complex gene families

can inform the development of tools for tuberculosis control.

Word count: 250 words.

Keywords

Mycobacterium tuberculosis, pe/ppe genes, genomics
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BACKGROUND

Tuberculosis disease (TB), caused by Mycobacterium tuberculosis bacteria, is a major global
public health problem with drug resistance making its control difficult [1]. The available
vaccine, Bacillus Calmette-Guérin (BCG), has limited efficacy and recent attempts to develop
more protective vaccines have been unsuccessful, in part due to the insufficient
understanding of host-pathogen interactions [2]. The M. tuberculosis sensu stricto genome
has a low overall genetic diversity and a striking clonal population structure, with nine
lineages (L1-L9), which are postulated to have different impacts on pathogenesis, disease
outcome and vaccine efficacy [3]. For example, modern lineages, such as Beijing (L2) and
Euro-American Haarlem (L4) strains exhibit more virulent phenotypes compared to ancient
lineages, such as East African Indian (L1) [4]. Whilst some genetic differences between
lineages have been identified [5], the molecular mechanisms responsible for differences in

pathogenesis and virulence remain largely unknown.

The Mycobacterium tuberculosis genome (4.4 Mb) has unique pe (100 loci) and ppe (69 loci)
genes, found in larger numbers in pathogenic mycobacteria than saprophytic or avirulent
species [6—8], and therefore suggested to play a role in pathogenicity and virulence. Members
of these two families constitute ~10% of the M. tuberculosis genome, and have a conserved
domain with 110 and 180 amino acids respectively at the N-terminal, within which signature
proline-glutamate (PE) and proline-proline-glutamate (PPE) motifs can be identified in most
of the protein products [9]. In contrast, the C-terminal sequences are more variable and of
various sizes, ranging from zero to more than a thousand residues in length. The pe and ppe
genes are closely associated with the ESX secretion systems, and their evolution and

expansion has been proposed to be linked to a series of duplication events of the ESAT-6 gene
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clusters [6, 10], together with insertions, deletions and homologous recombination [11].
Through the phylogenetic reconstruction of their protein sequences, pe and ppe genes have
been grouped into five sub-families each, with pe_pgrs and ppe_mptr being the most recent
and polymorphic [6]. These two groups represent some of the most variable of all M.
tuberculosis genomic regions, whilst other members are conserved across strains, therefore

implying different functional roles [12].

Despite the function of PE and PPE proteins being poorly understood, some have been shown
to be involved in host-pathogen interactions and immune evasion (e.g., PPE34 or PE_PGRS11)
[13, 14], while others have enzymatic activity, such as hydrolase (e.g., LipY) [15]. The role of
PE_PGRS in host-pathogen interaction varies, from triggering autophagy (PE_PGRS29) [16] to
preventing phagosome maturation enhancing survival (PE_PGRS30) [17]. PE and PPE proteins
have been demonstrated to be highly immunogenic, and therefore promising targets for
vaccine and diagnostic development [18]. The apparent polymorphic and repetitive nature of
pe and ppe genes could be a source of antigenic variation and consequent immune evasion
[7, 19, 20]. In contrast, T-cell epitopes in pe_pgrs genes binding to HLA-I and -Il molecules
have been found to be highly conserved and mainly located in PE domains [21]. Despite a
significant degree of conservation in some pe/ppe genes [21], a number of hot spots of
polymorphisms and recombination have been observed [12, 19, 22-24], and overall, diversity
seems to be higher in pe/ppe loci than in the rest of the genome. Although, the pe_pgrs sub-
family is considered largely polymorphic, their PE domains are thought to share a higher
homology than those of other pe genes, which implies important functional consequences
[25]. Genetic diversity varies across different pe_pgrs genes, suggestive of non-redundant

functionality [21]. Some pe/ppe genes have been suggested to be under positive selection
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[12, 26], whilst other studies have found adaptive or diversifying selection only on the unique
C-terminal domains of pe_pgrs genes, with the remaining gene under purifying selection [21,

24], supporting the lack of T-cell mediated immune selection of these proteins.

The subcellular localization of PE and PPE proteins require them to be secreted by the ESX
system [27]. The type VIl secretion system ESX-5 is involved, and PPE38 appears essential for
the secretion of PE_PGRS and PPE_MPTR proteins and therefore linked to virulence [28]. The
ppe38locus is duplicated in ancient strains (named ppe71), with this duplication typically lost
in modern strains such as H37Rv (RvD7 deletion) [29], and resultantly linked to increased
virulence [28]. Notably, Beijing strains harbour a unique disrupted copy of ppe38 associated
with a hypervirulent phenotype, and restoration of its PPE38-dependent secretion partially
reverts this phenotype [28]. These insights show how strain specific structural variants that
can cause gene rearrangements may affect the pathogenesis and virulence of different strains
types. More generally, there is a need to fully characterise the genetic diversity across
different strain types, to provide a better understanding of their role in pathogenesis, but also
immune evasion and complement immunogenic assays and evaluations of vaccine
candidates. However, pe/ppe gene families have been systematically excluded from analyses

due to the difficulties in reliable aligning sequences to the high GC repetitive regions [12, 27].

Although the availability of high throughput short sequencing technologies has revolutionised
the study of M. tuberculosis genetic diversity, a high number of coverage blind spots in short
read sequencing occurs in pe and ppe genes [30], due to difficulties in successfully mapping
high GC regions. This limitation can be overcome by long read sequencing technologies, such

as the PacBio and Oxford Nanopore platforms [31]. In an attempt to characterise these elusive
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genes and genetic variants, we have performed an in silico analysis of the 169 pe/ppe gene
sequences across 72 M. tuberculosis strains with either (near-)complete assembled genomes,
representing six different lineages. We have identified lineage specific markers among the
conserved genes, as well as lineage patterns that are responsible for disrupted protein
sequences, likely to have functional consequences. These include gene rearrangements, such
as duplications or gene fusions that have not been previously reported. Overall, using long
sequence data, we provide the first comprehensive analysis of the genetic diversity among

the pe/ppe families, to assist the development of infection control tools for high burden TB.

RESULTS

The samples

A total of 72 strains with complete genomes (n=37) or with PacBio long-read sequencing data
(n=35) [32, 33] were included in the analysis (see Table S1 for ENA accession numbers,
Additional File 1). These strains represented 6 different lineages of M. tuberculosis, including
ancient (n: L1 11, L5 2, L6 7), modern (n: L2 20, L3 5, L4 27 including H37Rv and H37Ra) and
one from M. bovis BCG (see Table S1, Additional File 1). They consisted of ten newly
sequenced clinical isolates sourced from TB patients in Karonga (Malawi) between 2001 and
2009 (n: L2 2, L3 3, L4 5). De novo assembly was performed on the 35 strains with PacBio long
reads, base correcting with Illumina data and leading to high quality assemblies (all with
number of contigs < 8). The maximum SNP distance differences by lineage were > 350 SNPs,

ensuring there was genetic diversity amongst strains.
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Genome-wide SNP nucleotide and indel diversity

All genomes were aligned to the reference H37Rv, and a total of 19,125 biallelic and polyallelic
sites and 6,594 insertions or deletions (indels) were identified genome-wide across the 72
strains. Differences in per SNP or indel nucleotide diversity (rt) and absolute divergence (dxy)
between the ancient and modern strains were observed in genomic regions containing
pe/ppe genes (Figure 1A). There were four broad regions with high SNP or indel diversity (it >
0.0009), including loci: (i) ppel; (ii) ppe3, pe_pgrs3, pe_pgrs4; (iii) pe_pgrs9, pe_pgrsi0; (iv)
pe_pgrs50, pe_pgrs53-pe_pgrs57, ppe55, ppe57-ppe59. There were overlapping SNP and
indel diversity peaks, which is consistent with the idea of hot spots of polymorphisms being
correlated with deletions [34]. The ppel locus had a greater diversity in modern strains, with
potential influence in the differentiation between the ancient and modern lineages (dxy >
0.001). The region consisting of ppe3, pe_pgrs3 and pe _pgrs4 had a high SNP and indel
nucleotide diversity, with the pe pgrs genes being highly homologous and a potential
recombination hotspot [12]. The region containing pe _pgrs9 and pe _pgrs10 had high SNP
nucleotide diversity, especially in ancient strains, which also contributed to a high divergence
between lineages (dxy > 0.002). Finally, the largest region (H37Rv: 3.5 — 4.0 Mbp) had two
peaks in SNP nucleotide diversity (ppe55 and pe_pgrs50, and ppe57 to ppe59) and onein indel
diversity (pe_pgrs53tope_pgrs 57). The ppe57 and ppe59 loci have been previously described
as highly diverse [12]. The five pe_pgrs genes (pe_pgrs53 to pe_pgrs57) harbour indels that
differentiate between the ancient and the modern strains, suggesting that lineage-specific

structural patterns might be found in these loci.

Overall, a higher mean diversity across the whole-genome was obtained among ancient

strains (SNP it = 0.000396; indel 1t = 0.00009) than within modern strains (SNP 1t = 0.000231;
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indel m = 0.00006; P < 0.01), in spite of L4 having a high value of indel it (see Figure S1,
Additional File 1). Using SNPs only, there was significantly higher diversity in pe/ppe genes
compared to other functional gene groups such as “cell wall and cell processes”, “lipid
metabolism” or “information pathways” (adjusted P < 0.01) (Table 1). Likewise, pe/ppe genes
showed significantly higher indel diversity than other gene groups except “insertion
sequences” and the “unknown” categories. Similarly, across both SNPs and indels, sequence
divergence (dxy) between the ancient and the modern strains was significantly higher in the
pe/ppe gene family compared to other functional groups (adjusted P < 0.01) (Table 1),
suggesting its genetic diversity contributes to lineage differentiation. Maximum-likelihood
phylogenetic trees constructed using the genome-wide SNPs and indels resulted in the

expected clustering of lineages (Figure 1B and 1C).

The pe and ppe gene family conservation and disruption

For each strain, the level of disruption caused by variants, relative to each H37Rv reference
annotated gene, was assigned (0 = no variants or synonymous SNPs; 1 = non-synonymous
SNPs; 2 = in-frame indels; and 3 = frameshifts/premature or delayed stop codons). To avoid
bias due to potential high recombination, all gene sequences were aligned including flanking
regions with non-pe/ppe sequences (see Methods). The number of truncated or absent
pe/ppe genes per strain (level 3) varied from 4 in L4.9 to > 30 in some L5, L6 or M. bovis BCG
isolates. The number of pe/ppe genes with complete conserved protein sequences (level 0)
per strain was on average 109 for L4, decreasing to 60 for most distant strains on the
phylogenetic tree (Figure 2). Overall, strains had > 55% of their pe/ppe genes relatively
conserved, only harbouring non-synonymous SNPs at most (level 1; median 118, range 93-

163).
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The 169 pe/ppe genes were classified into 3 different classes based on the presence or
absence of structural variants, namely those that are: (i) conserved (C) (79/169; 27 pe, 20
pe_pgrs and 32 ppe), (ii) structurally non-conserved (S) (85/169; 9 pe, 40 pe_pgrs and 36 ppe),
and (iii) with a unique k-mer profile (K) (5/169; 4 pe_pgrs and 1 ppe) (see Methods and Figure
S2 for pipeline; Table S2 and S3, Additional File 1). The conserved genes (class C) did not have
major structural variants, and included ppe7 and ppe9 where all sequences differed from the
H37Rv annotated reference (including H37Rv and H37Ra PacBio genomes). The unique k-mer

profile genes (Class K) had a high density of SNPs or in-frame indels (sizes: 100 bp to 1000 bp).

To support the classification of the genes into the three classes (C, S, K), we analysed short
read sequencing data from ~30k isolates [5]. After alignment to the H37Rv reference,
coverage per gene for each sample was obtained and normalised using four housekeeping
genes (gyrA, gyrB, rpoB, rpoC). Mean normalised coverage of the pe/ppe genes (0.74) was
found to be lower than the rest of the genome (0.93; adjusted P < 0.01). There was the
expected depletion in coverage in repetitive regions, but not all pe/ppe genes fell in coverage
blind spots. Both class K and S pe/ppe gene groups, here considered together, had lower mean
coverage (0.67), because of their repetitive regions, compared to class C (0.82) or the rest of
the genome (0.93; adjusted P < 0.001) (see Figure S3A, Additional File 1). The mean coverage
of class C genes was also lower than non-pe/ppe genes (adjusted P < 0.001). Seventy of the
hundred genes with the lowest mean coverage belonged to the pe/ppe families. Mapping
these values per gene genome-wide revealed peaks of low coverage (see Figure S3B,
Additional File 1), which coincided with regions of high SNP and indel diversity found earlier.

Moreover, the 20 genes with lowest coverage had been classified into the two non-conserved
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categories (class K, S), highlighting difficulties in robustly characterising their variants using a

short-read alignment approach.

Diversity in pe/ppe genes

SNP nucleotide and indel diversity were calculated for each of the 169 pe/ppe gene sequence
alignments previously obtained (see Tables $S2 and S3, Additional File 1). As expected, indel
diversity in genes with structural variants (class S; indel m = 0.000585) was significantly higher
than in conserved genes (Class C; indel t = 0.000083; P < 0.001) (Figure 3A). However, there
were no significant differences between classes in terms of SNP nucleotide diversity (T-test P
> 0.1). SNP it was heterogeneous among the conserved and the structurally non-conserved
genes (range: 0 to > 0.002). The genes with unique k-mer profiles (class K; n=5) had higher
SNP diversity (mean SNP 1t = 0.002938) compared to other classes (mean SNP it < 0.0007) and
higher indel diversity (mean indel m = 0.000569) than class C (mean indel 1t = 0.000083), but
slightly lower than class S (mean indel m = 0.000585). A weak correlation between SNP and
indel diversity at a gene level was found (Spearman’s rho = 0.0416; see Figure S4, Additional

File 1).

Overall, the pe_pgrs subfamily accounted for the majority of the indel diversity compared to
pe or ppe genes (Figure 3B), but diversity in the individual genes varies significantly (range m:
from < 0.00002 to > 0.002). Interestingly, among ppe gene subfamilies, ppe-svp (subfamily V)
genes showed higher values of SNP and indel diversity than ppe_mptr (subfamily V) (see
Figure S4, Additional File 1). In accordance with the rest of the genome, pe/ppe genes in
ancient strains had a higher SNP diversity than modern strains (ancient t = 0.00067; modern

1t = 0.00042). Intra-lineage diversity was calculated for lineages L1, L2, L3, L4 and L6. A total
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of 34 and 32 genes had zero SNP or indel diversity respectively in at least four of the five
lineages studied, suggesting m values for these genes were driven by inter-lineage diversity.
This was the case of some highly conserved genes like pel0, pe23 or pe _pgrs40, with low
numbers of SNPs or indels that occur in the whole lineage or various lineages. The dN/dS
ratios were investigated in individual genes, finding 19, 16 and 19 genes under diversifying
selection (dN/dS > 1.5; genome-wide average 0.71) in pe, pe_pgrs and ppe genes respectively
(see Tables S2 and S3, Additional File 1). Despite showing selection pressure, thirty of these
genes belonged to the conserved category, as they did not harbour any structural variants.
Genome-wide, only the “insertion sequences” functional group showed a dN/dS ratio > 1

suggesting positive selection.

To assess whether the 169 pe/ppe genes were evenly diverse along the whole coding region
or not, diversity in the different domains was investigated. In PE and PPE domains, which are
found at the beginning of the gene, there was low indel diversity (Figure 3C), suggesting a
certain structural conservation. In addition, these PE and PPE domains showed a higher SNP
nucleotide diversity than indel diversity (adjusted P < 0.01) except in the pe_pgrs subfamily.
Within the pe family there was a significant higher indel diversity after the PE domain
(adjusted P < 0.01), which was driven by pe pgrs genes. No significant differences in
nucleotide diversity were found between the PE domain and the rest of the gene. In summary,
pe_pgrs carried the majority of indels after the conserved PE domain, whilst diversity in ppe

genes and the rest of the pe family was resulting predominantly from SNPs.
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Large insertions

Structurally non-conserved genes (class S) had a high abundance of large insertions. The
Mycobacterium tuberculosis complex-specific insertion sequence 1S6110 is known to have
been integrated into some members of the pe and ppe gene families, especially among the
ppe_mptr genes [24, 29, 35]. Through whole genome analysis, we observed integration of
IS6110 in regions around pe/ppe genes, which were similar across the different lineages (see
Figure S5, Additional File 1). Thirteen genes (1 pe and 12 ppe, including 9 ppe_mptr, 0
pe_pgrs) were found to harbour IS6110 in at least one isolate (see Table S4, Additional File
1). The 1S6110 sequence was in most cases responsible for a shift in the reading frame,
however, in some samples it was found in-frame. Nevertheless, in both cases, 1S6110 was
identified as causing premature stop codons and the consequent disruption of the protein
sequence. Lineage L4.5 (n=3) and L2.2.1 (n=14/19) isolates harboured 1S6110 in ppe55 and
ppel6 respectively, leading to a truncated protein with a reduced number of MPTR repeats.
The ppel6 and ppe34 loci are known to have IS6110 insertions [36]. Thirty-four of analysed
samples (all L2/3 included) had 1S6110 inserted in ppe34, disrupting the gene. The inserted
IS6110 led to two shorter open reading frames of ppe34 that were also annotated with PGAP,
truncated at the N-terminal and at the C-terminal respectively when compared to H37Rv-
PPE34 (see Figure S6, Additional File 1). Isolates from L1.1.3 and L3.1.1 were missing the SVP
domain in ppe49 due to the premature stop codon caused by IS6110, which, in summary,

showed that some structural variation could be attributed to 1S6110.

The ppe38 genomic region as annotated in the H37Rv reference is rarely found in clinical
isolates [29], but often encounters a duplication of ppe38 (called ppe71) which together with

ppe38 flank two esx genes (esxX (mt2419) and esxY (mt2420)) [28]. We observed the two esx
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genes and ppe71 in a high proportion of isolates (n=38/72; 52.8%), including the laboratory
strains H37Rv and H37Ra. However, no clear lineage patterns could be identified (see Figure
S7, Additional File 1). For instance, in every lineage except L5 we found the presence of ppe71
in at least one sample. Moreover, single isolates from L2 and L4 harboured a second
duplication of esxX/Y/ppe71. Nevertheless, all Beijing (L2.1.1) isolates had only a single copy,
which furthermore, was truncated by the insertion of 1S6110, which is demonstrated to
suppress the secretion of PE_PGRS and PPE_MPTR proteins [28]. We observed that
downstream the IS6110, which is inserted at the N-terminal of ppe38, there is an open reading
frame which translates into a homologue of PPE38, however, missing the PPE domain. The
lack of a PPE domain in ppe38 was also found in sporadic samples of other lineages. The
contiguous gene, ppe39, was found in a different configuration in all isolates except the
laboratory strains and lineages L4.6 to L4.9. Most isolates had an extra ~268 residues at the
N-terminal which included a PPE domain that is not found in the reference H37Rv, but
previously described in Beijing isolates [37]. The longer version of the PPE39 protein shares a
high similarity with PPE40 (77% identity), including identical N-terminal sequences. In H37Rv
and closely related isolates, PPE39 was truncated by IS6110 integration leading to the short,
annotated version of PPE39 without the PPE domain. Overall, the region between ppe38 and
ppe40 is a hot spot for the insertion of 1IS6110, more frequently integrated among modern
strains (modern: n=29/52; ancient: n=2/20). This locus also corresponds to the RD5, deleted

in M. bovis BCG [38].

To understand the genetic context of every assembled insertion identified in pe/ppe genes
across the strains, their sequences were mapped against the H37Rv reference genome. In

total, half of the unique insertions > 25 bp identified (264 in thirty genes) mapped with > 70%
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identity to a pe or ppe gene. Twenty-seven genes had 218 insertions that mapped elsewhere
in the same gene; while 60 insertions (12 genes) matched in 11 different pe/ppe loci. Most of
these multi-matched insertions were found in pe_pgrs and ppe_mptr genes, which contain
repetitive regions. The insertions were identified mainly in the MPTR or PGRS domains, in
several cases as in-frame insertions of the repetitive regions, and followed a lineage or strain
specific pattern. Other insertions were in similar regions adjacent or close to pe/ppe genes,
(e.g., ppe54, ppe55 and ppe56), which could result from homologous recombination. In a few
cases, these insertions were inversions of small regions of the gene itself, leading sometimes
to stop codons and disrupted protein sequences. Finally, some insertions were gene
duplications, like ppe38/ppe71 presented above, which are identical genes (~100% sequence
identity). For ppe53, all isolates except lineage L4.3 to L4.9 had an extra copy with the same
N-terminal but different C-terminal domain (see Figure S8, Additional File 1). This extra copy

of ppe53 shared a 77% protein sequence identity with the H37Rv annotated ppe53.

Complex gene reorganisation

Genes classified as structurally non-conserved (class S) harboured different variants that
disrupted the protein sequence, among them, changes in the open reading frames caused by
big deletions or frameshifts. We found 10 pairs of pe/ppe genes that showed potential gene
fusions compared to the H37Rv reference, including the fusion of the PE and PGRS domains
of adjacent genes. The pe_pgrs4/3 (L2) and pe_pgrs20/19 (L1) loci are two examples of fusion
of domains in single lineages due to a deletion. A large deletion covering the end of pe_pgrs4
and beginning of pe_pgrs3 was identified in all L2 and one L3 isolates. The merging of the
remaining sequences of these two adjacent genes for those samples revealed a pe_pgrs gene

with the PE domain from pe_pgrs4 and the PGRS domain from pe_pgrs3, suggesting a
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potential event of gene fusion in these strains (Figure 4A). Using AlphaFold prediction
analysis, the protein structure of the PE_PGRS4/3 rearrangement in L2 revealed a pe_pgrs
gene highly similar to pe_pgrs3 and pe_pgrs4 (Figure 4B). Likewise, the deletion in L1 isolates
leads to the formation of pe_pgrs20/19 fusion, which translates into a protein with the PE

and PGRS domains of the constituent proteins.

In other situations, the open reading frame continued until the end of the adjacent gene
because of a frameshift caused by a small indel. This situation was found in every lineage in
ppe6/5 except laboratory strains and L1.1.3 (due to a frameshift), in ancient lineages in
ppe8/7 and pe_pgrs12/13, in most lineages (except those closest to L4.9) in pe_pgrs50/49
and pe_pgrs55/56, and in L1 and L5 in ppe67/66 (Figure 4A). For example, pe_pgrs55 and
pe_pgrs56 loci are found in a region of high SNP nucleotide and indel diversity, and most
isolates had a pe_pgrs55 gene that lacked the stop codon caused by a 1 bp deletion,
continuing the reading frame until the end of pe_pgrs56, hence creating a unique protein
sequence. Interestingly, both pe pgrs12 and pe_pgrs55 have a PE domain, whilst in the
downstream genes pe pgrs13 and pe pgrs56 this domain is absent, only showing PGRS
motifs, and therefore the combination of them leads to a normal PE_PGRS-like structure
inferred by AlphaFold software (Figure 4C). For ppe8/7, the ppe7 locus does not have any PPE
domain, thereby the gene fusion leads to a ppe_mptr-like structure. Similarly, for ppe6/5,
where ppe5 lacks the PPE domain, it adds MPTR motifs that form an enlarged ppe6/5 gene.
Finally, there are 4 pe/ppe genes in M. tuberculosis annotated as pseudogenes, located in 2
operons, where also small indels causing frameshifts led to a change in the open reading
frame and the consequent formation of a single gene (Figure 4A). The pe21 locus contains a

PE domain, whilst pe_pgrs36 harbours only the characteristic PGRS repetitive sequences. The
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lack of stop codon in pe21 brings its 3’-end into pe_pgrs36. When translated, the H37Rv joint
pe2l1/pe _pgrs36 sequence seems to create a truncated protein. Notwithstanding, a 1 bp
insertion at the beginning of pe_pgrs36, present in all samples except L4 excluding L4.4,
changes the reading frame relative to the reference genome. This change produces a
PE_PGRS-like protein sequence, as determined by AlphaFold. A similar situation is found in
pped8/ppe47, where a 1 bp frameshift at the beginning of ppe47 in all isolates generates a
different structure than the one annotated for H37Rv. Overall, 3 out of 4 pe_pgrs and 2 out
of 3 ppe_mptr genes that are annotated without a PE or PPE domain were found to be the
continuation of the gene upstream in at least in one lineage. All these gene fusions or

rearrangements were confirmed by PGAP annotation.

Duplication of pe_pgrs3 gene

The pe_pgrs3 locus is a potential recombination hotspot and several large indels have been
identified when aligned to the H37Rv reference, including insertions linked to duplication of
repetitive regions. Using the alignments, premature stop codons were identified, and the
non-conserved nature of the gene confirmed. Surprisingly, the protein sequences obtained
from the aligned region showed a duplication of pe_pgrs3 in almost every sample analysed
(Figure 4A). This gene duplication was confirmed by the annotation of the assemblies
obtained by PGAP. The two pe pgrs3 genes identified are highly similar to the annotated
pe_pgrs3, with the main differences being the presence/absence of the C-terminal domain
from H37Rv-pe_pgrs3. There were some differences between lineages, including the absence
of the C-terminal domain in the two pe_pgrs3 genes in L5, L6 and M. bovis BCG, or the gene
fusion between pe_pgrs4 and pe_pgrs3in L2. This pe_pgrs4/3 gene was followed in three L2

isolates by a truncated copy of pe_pgrs4, before a second copy of a pe_pgrs3-like gene.
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In summary, only the two lab strains analysed (H37Rv and H37Ra) together with one L4.6
isolate showed the same arrangement than the reference. Despite this lack of concordance
with the reference, we observed a significant degree of conservation within lineage. The
pe_pgrs3 gene is duplicated in M. bovis and M. canetti and until now it was believed not to
be duplicated in M. tuberculosis [25]. However, we have seen how across different lineages
of clinical isolates this gene is duplicated. The two copies of pe_pgrs3 are slightly different,

and also differ from the H37Rv-pe_pgrs3.

Conservation across the pe and ppe sub-families

Both pe and ppe families have been classified into 5 different subfamilies (named from | to V)
based on the phylogenetic analysis of their protein sequences [6]. The pe35 (Rv3872) and
ppe68 (Rv3873) loci are found in an operon in the region of difference RD1 (deleted in M.
bovis BCG), and considered to be the most ancestral pe and ppe genes respectively (subfamily
| for each family), located in the ESAT-6 gene cluster region 1, also present in M. smegmatis
[6]. The pe35 gene was found structurally non-conserved as the L5 isolates harboured a 1 bp
deletion at the beginning of the gene leading to a premature stop codon, truncating the
protein sequence which then lacks the PE domain. Analysis of the ~30k isolates database
found that 98% of L5 and 4% of the other lineages harboured that deletion. All isolates except
L4.9 are 1 amino acid shorter in sequence due to a SNP leading to a stop codon, however,

unlikely to have functional effects.

The pe family
Subfamilies Il and Il of pe genes are formed by two and three genes respectively, all

conserved across the different lineages (see Figure S9A, Additional File 1). Subfamily IV was
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also mostly conserved across the different samples, however, pel8 and pe31 were in class S
due to deletions or premature stop codons in sporadic samples. Moreover, pe32 was also
classified as non-conserved as it belongs to the RD8, deleted in M. bovis BCG and L6 [38, 39];
however, across the other lineages it remained with a 100% identical protein sequence
(Figure 2). Subfamily V is formed mainly by all pe_pgrs and 19 other pe genes, 41% of them
being structurally conserved, including two genes (pe9 and pe_pgrs40) with a 100% protein
sequence identity across the 72 samples. Overall, most of the structural diversity in pe family
was found in pe_pgrs genes. The differences in protein lengths were mainly driven by
deletions and were more common among subfamily V (see Figure S9B, Additional File 1). The
pe9 and pel0 genes belong to subfamily V, and have been demonstrated to form a
heterodimer which induces macrophage apoptosis through Toll-like receptor TLR4 interaction
[40]. PE10 includes a carbohydrate-binding domain (CBM2, PF00553.21) at the C-terminal;
however, using Pfam this CMB-2 domain was only identified in L2 and L3 isolates, which have
a 1 bp deletion (fixed allele frequency in L2/L3) close to the C-terminal creating a frameshift

that leads to a change in the last residues and an additional 27 amino acids.

The pe_pgrs genes

The pe_pgrs genes have been traditionally considered highly polymorphic. However, it has
been observed that the hydrophilic/hydrophobic profile of the PE domain within the pe_pgrs
subfamily is more conserved than within the other pe genes [25]. Across our samples we also
found a higher identity between the protein sequences of the PE domains belonging to
PE_PGRS proteins (60%) compared to those from other PE proteins (41%). Moreover, the
dN/dS ratio in pe_pgrs was 0.57 compared to 1.20 in the rest of pe genes, suggestive of

negative selection. Twenty pe_pgrs genes were classified as conserved (Class C) across the
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isolates using our pipeline. The pe_pgrs40 locus was the only gene that had the protein
sequence completely conserved across all samples, and pe_pgrs39 had only non-synonymous
SNPs in a small number of samples. Other conserved pe_pgrs had at least in-frame indels in

one sequence, however the protein sequence was conserved overall.

Among the class S pe_pgrs genes, some of the deleted loci correspond to known regions of
difference, such as RD701 in specific M. africanum isolates, which involves the deletion of
pe_pgrs2 [41] in our L6 samples. As shown, pe_pgrs3 appears duplicated in most lineages.
Ancestral M. canetti shows the same structure [25], suggesting that laboratory strains like
H37Rv and H37Ra have lost one of the copies of pe_pgrs3 retaining a unique gene which
combines N-terminal and C-terminal from the ancestral 2 copies. Thus, the structure found in
most lineages is similar to that in M. bovis pe_pgrs3 and pe_pgrs3a. However, L1 to L4 differ
from M. bovis as they harbour the H37Rv-pe_pgrs3 C-terminal domain in one of the pe_pgrs3
copies (see Figure S10, Additional File 1). The pe pgrs28 gene also showed a pattern of
differences between the clinical isolates and the laboratory strains (except for the L4.6 isolate,
which matched with the laboratory strains). On the other hand, pe_pgrs35 and pe _pgrs47
had conserved sequences, although they were classified as class S due to missing samples.
Genes within the unique k-mer class (K), despite showing diverse sequencies at a nucleotide
level, kept conserved protein sequences (> 97% protein sequence identity). Both pe_pgrs17
and pe_pgrs18 were included in this category. These two genes are highly similar and likely
to be the result of a duplication event. The pe_pgrs17locus harbours a polymorphism termed
12/40 [42], which consists of an insertion of 12 bp followed by 40 SNPs. In our analysis, we
considered the 12/40 polymorphism as a single indel event, and in line with previous works

[42], it was found in all isolates except laboratory strains in pe _pgrs17, and in L4.1 sub-
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lineages in pe_pgrs18. In summary, lineage or sub-lineage patterns of disruption at a protein
level could be identified (Figure 2). However, in many cases the classification of a gene as
non-conserved was due to sporadic mutations in single isolates, with others having gene
rearrangements. However, pe_pgrs were more conserved at a protein sequence level

compared to nucleotide level.

The ppe family

In contrast to the pe family, genes of ppe sub-families Il and Il harboured disruptive variants
(see Figure S9C, Additional File 1). The ppe sub-family Il is characterised by genes with the
PPW domain. It is formed by 12 genes from which 7 were classified as conserved. Among the
non-conserved genes, we found loci disrupted by frameshifts (ppe37), by 1S6110 insertions
(ppe46), deletions (ppe66) and gene fusions as previously seen (ppe67/66 and pseudogenes
pped8/47). Interestingly, ppe67 and ppe48 do not have a PPW domain, however, in lineages
where its open reading frame continues into the downstream gene they formed a PPE-PPW
protein sequence. Sub-family Il is formed by 6 genes with a variable C-terminal domain, and
only 2 of them were conserved. The others were mainly disrupted due to deletions. Twenty-
six genes formed sub-family IV, characterised by the C-terminal SVP domain, which was
identified in all genes, including ppe9. In H37Rv, ppe9 is annotated as a truncated gene
without the SVP domain, however, all our samples including H37Rv and H37Ra showed a
longer sequence with SVP domain. Similarly, ppe50 in H37Rv, L3 and L4 do not have an SVP
domain either. Nevertheless, L2, L5, L6 and M. bovis BCG carried an insertion with this
domain. Thirteen of these genes were in class S, showing lineage specific patterns in some
cases (Figure 2). For instance, ppe65 belongs to the RD8 deleted in L6 and M. bovis, or ppe43

and ppe45 were truncated by a frameshift and a non-synonymous change in L5 and L6
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respectively. PPE38 has been suggested to be involved in secretion of other PPE_MPTR and
PE_PGRS proteins [28]. The disruption of ppe38 would therefore cancel secretion of these
immunological proteins, thereby enhancing immune evasion and persistence [11]. This gene
is truncated in some strains (e.g., Beijing strains) and it is located in regions of difference, such
as RD5, deleted in M. bovis BCG [38]. Whilst ppe38 was > 50% deleted in L2, it was reasonably

well conserved across the other lineages.

The ppe_mptr genes

The ppe sub-family V has 24 loci, which are the ppe _mptr genes. They are the most
polymorphic of ppe genes and thereby they account for the highest level of disruption in the
protein sequence, with 16 of them non-conserved. These ppe_mptr genes generally have a
PPE domain followed by different numbers of a pentapeptide repeat. This MPTR domain is
found between 2- and 48-times (e.g., ppe8) in ppe_mptr genes. Generally, the largest
variation in gene length was found among members of ppe_mptr sub-family (see Figure S9D,
Additional File 1). The ppe55 and ppe56 loci are in a peak of high nucleotide diversity in the
genome. They both belong to the RDR° [43], deleted in L4.3.4 isolates, and harbour various
variants creating truncated protein sequences in different lineages, including 156110
insertions. As shown, ppe_mptr genes were the most common locations of insertion of
IS6110, responsible for disrupting these proteins. In total, nine ppe_mptr genes had 1S6110

insertions in at least one sample, including two of the conserved genes.

Lineage specific SNPs and indels in pe/ppe genes
A total of 3,571 SNPs and 1,247 indels were identified among the pe and ppe genes, from

which 459 SNPs and 122 indels were found in the structurally conserved genes. Moreover,
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seven of the conserved genes (ppe7, pe9, pel3, pel9, pe22, pe25 and pe_pgrs40) did not
harbour any non-synonymous SNP or indel, having a completely conserved protein sequence
across all the isolates. Nevertheless, one of them was ppe7, which as mentioned previously,
even though is conserved across the samples analysed, the sequence differed from the
annotated H37Rv gene in 1 bp insertion. The existence of inter- without intra-lineage diversity
in some genes suggested a potential lineage specific pattern in pe/ppe genes. We performed
a principal component analysis with SNP and indel matrices for each sample. Clustering by
lineage was clear for indels, and with sub-groups for some lineages being observed using SNPs
(see Figure S11, Additional File 1). Following the hypothesis of pe and ppe genes also showing
a lineage and sub-lineage specific pattern, we built three maximum likelihood phylogenetic
trees with only these SNPs, indels, and both (see Figure $12, Additional File 1). Sixteen genes
where > 1.5% of its coding region were polymorphic sites or with a unique k-mer profile due
to SNPs were removed for the reconstruction of the SNPs tree (1,946 SNPs discarded). The
topologies of the trees with SNPs and indels were different; however, both showed a clear

clustering by lineage, suggesting lineage specific patterns.

With the purpose of identifying these lineage specific polymorphisms, the fixation index (Fsr)
was calculated comparing one lineage against the others for each of the variants found in pe
and ppe genes across the 72 available genomes. Overall, 83 SNPs and 8 indels were identified
with a Fsr of 1 (perfect differentiation) in one lineage within our dataset and with an allele
frequency > 0.95 in the corresponding lineage within the ~30k isolate dataset (Table 2).
Variants present in the ancient clade were also tested. Nine SNPs and four indels with Fsr of
1 in ancient strains and an allele frequency > 0.75 in ancient samples from the ~30k isolate

database were identified (Table 2). In addition, two indels in L4.1 and L2/3 respectively were
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identified only in those lineages. Among lineage specific variants, we found 2 SNPs leading to
premature stop codons (ppel10 W8* and ppe45 W75%*); eight frameshifts leading to disrupted
proteins (pe_pgrs6 1557 _1558insT, pe_pgrs16 1968 1969insG, ppel6 1279 1283del, ppe43
449 454del, ppe56 6586 _6586del, pe pgrs55 1411 _1411del, pe _pgrs56 991 1086del and
ppe64 63 _64del) and two other frameshifts leading to longer protein sequences (ppe8

9889 9890insATA and pel0 337 _337del).

DISCUSSION

The pe and ppe genes are important M. tuberculosis loci, but are routinely excluded from
WGS studies, especially those using short sequence data, due to the difficulty in accurately
mapping their repetitive and polymorphic regions [44]. To overcome this problem, we used
PacBio assemblies to provide the most comprehensive picture to date of genetic diversity in
all 169 pe and ppe genes. The sequence analysis revealed a large amount of both conservation
and diversity in members of these two families. As expected, we observed greater nucleotide
diversity in pe/ppe genes compared to the rest of the genome, especially in clusters of pe/ppe
loci (e.g., pe_pgrs53 to pe _pgrs75, ppe57 to ppe59), with some predicted to be pathogenicity
islands [45]. The diversity was driven not only by SNPs but also indels. One of the known
drivers of diversity in these regions is the integration of 1S6110, for which several
transposition sites have been identified among these genes, especially within members of the
ppe subfamily V (ppe_mptr) [24, 29, 35, 36, 46]. Consistent with previous findings [35], we
observed a tendency of occurrence of 1S6110 insertions in genomic regions with pe/ppe
genes. We identified one pe and twelve ppe genes disrupted by 1S6110, with some of these

genes exhibiting lineage-specific patterns. For example, ppe38 represents a hot spot for
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IS6110 integration, being truncated by IS6110 (RvD7) in all our Beijing and other sporadic
isolates, known to lead to hypervirulence [28, 29]. However, ppe38 also belongs to RD5, which
is deleted in attenuated strains such as M. bovis BCG [38]. The contiguous gene, ppe39, has
also been characterised in Beijing strains with a different sequence to that annotated in the
H37Rv reference [37]. We found the complete version of PPE39 in most of our isolates except
L4.7 to L4.9, which contained the short, annotated version, truncated by I1S6110 in the N-

terminal. This shorter H37Rv-ppe39 does not present a PPE domain.

Evidence of homologous recombination, especially in repetitive regions of pe/ppe genes [12,
23], and events of gene conversion [42] have been described. The ppe38 locus is a hotspot
for recombination and indel events, which is highly variable between isolates, not only due
to the insertion of IS6110 but also the presence or absence of a second copy of the gene
(ppe71) [29]. Similar patterns are also observed for other genes such as the pe_pgrs3/4 locus,
which has a different configuration to that found in H37Rv. Homologous recombination due
to the repetitive nature of the PGRS domain has been previously suggested to occur in this
region [12]. Most of the samples, except laboratory strains, had a second copy of pe_pgrs3,
leading to a similar arrangement as found in M. bovis and M. canetti, where 2 copies can be
found [25]. Due to the similarity to the ancestral configuration, we suggest recombination
events have resulted in the loss of one copy in H37Rv and related strains. Other gene
arrangements identified include gene fusions. Some of these were found in single lineages
(e.g., pe_pgrs20/19), while others were in all samples (e.g., ppe48/47). Interestingly, the four
pe/ppe genes annotated as pseudogenes, organised in two operons in H37Rv, were found to
form a single open reading frame in most isolates, leading to a potentially functional protein.

This lack of consistency between the H37Rv annotated sequences and the predicted protein
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sequences in the clinical isolates could potentially mislead and hinder the capture of variants

when using mapping methods.

As expected, overall SNP and indel nucleotide diversity of pe/ppe genes was greater than the
rest of the genome, but there was high heterogeneity across the genes. The class S genes
displayed greater indel diversity, but a similar SNP diversity to class C. This finding is consistent
with the lack of correlation between SNP and indel diversity found across the pe/ppe genes.
Previous analysis has found a heterogenous diversity profile across 27 pe_pgrs genes [21],
and interestingly, the PE domains of these genes, where the T-cell epitopes are mostly found,
were relatively more conserved than those of other pe genes [25]. In fact, the main source of
diversity in pe_pgrs genes was identified after the PE domain, being mainly driven by indels.
In contrast, diversity was more often the result of SNPs in pe and ppe genes. Despite some
ppe and pe_pgrs genes having been reported to be under selective pressure [12], we found
them to be overall under more purifying selection than pe genes. Nevertheless, in line with
previous work, the dN/dS ratios obtained broadly varied across individual genes in both
families [21]. The inter-lineage diversity found in some pe/ppe genes, together with its
substantial impact to the phylogenetic differences between the ancient and the modern
strains, suggested the presence of lineage-specific variants in these regions. We identified
numerous lineage and clade specific SNPs and indels across the pe/ppe genes, which were
validated in ~30k M. tuberculosis with whole genome sequencing data. Protein disruption was
a frequent outcome of the lineage specific indels, which considering the role in host-pathogen
interaction of these proteins, could provide insights into different behaviour between strains.
One limitation of the use of short read sequencing data for the validation work was the lack

of accuracy on detecting big indels, especially among repetitive regions.
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All pe/ppe genes were classified based on the conservation observed across the 72 isolates.
Structural variants, such as frameshifts, changes in start and stop codons and large deletions
were responsible of the classification of numerous genes as non-conserved, which often,
were identified across one or multiple sub-lineages. Sub-families V, which are the result of
the most recent duplication and recombination events [6], were found in higher numbers
amongst the non-conserved genes. Importantly, this classification was based on the
alignment to the H37Rv sequence, which, as shown, does not always represent the functional
locus, as some genes are truncated in the reference (e.g., ppe39 or ppe48). However, on
average, more than half of the pe/ppe gene members per sample were found to be
conserved, suggesting an important role. The various levels of diversity and conservation that
different genes display have been proposed to imply non-redundant functions [21].
Nevertheless, the complex gene layout that is found in the different strains, with some genes
highly conserved in some lineages whilst disrupted in others, requires more investigation in
order to understand the functional consequences of the variation observed. One difficulty is
the lack of structural data for PE/PPE proteins that restricts the prediction of functional
consequences. However, the use of novel in silico tools, such as AlphaFold [47], can be of

assistance.

The expansion of pe/ppe families in slow growing pathogenic mycobacteria [6, 7], the
attenuated phenotype of M. bovis BCG associated to RD1 [38] or ppe25-pel9 knockout
mutants [48], all demonstrate the association of pe/ppe with virulence. Moreover, one of the
most intriguing aspects of PE and PPE proteins is their role in host-pathogen interactions. The

study of individual members of these families has revealed different functions. For instance,
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PE_PGRS33 is known to induce pro-inflammatory cytokines through TL2 interaction [49],
whilst PE31 increases expression of anti-inflammatory cytokines like IL-10 [50]. Thus, they can
act as modulators of the immune response driving dormant or multiplying stages [11].
Consequently, multiple epitopes have been characterised on these proteins being
investigated as targets for vaccine development [11]. T-cell epitopes are found in the
conserved PE domains of pe_pgrs genes rather than the variable sequences, supporting the
hypothesis that this conservation favours infection [21, 51]. Furthermore, PE and PPE
domains are important for the cellular localisation of the proteins [52, 53]. It is plausible then
that gene fusions where genes with absent PE/PPE domains are transcribed together with the
upstream gene, lead to a likely functional protein. On this premise, understanding of the
structural diversity of the pe/ppe genes and consequent effect on these proteins is crucial for
its potential use in vaccine development, which ideally would target conserved sequences
across the different lineages. Additionally, the role of these proteins in cell wall localisation

and small molecule transportation means they should be explored as drug targets [27].

CONCLUSIONS

In conclusion, the pe/ppe genes represent various levels of diversity and conservation, which
moreover show lineage specific profiles and can therefore be phylogenetically informative.
Although there is a significant amount of variation in these genes, some are relatively
conserved and could be included in whole genome sequencing analysis rather than removed.
Moreover, the use of lineage specific reference genomes could assist with more successful
alignments for those duplicated genes absent in the H37Rv reference. PE/PPE proteins play

important roles in virulence and host-pathogen interaction, and therefore it is important to
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elucidate their function to gain a better understanding of the complexity of these two
families. Here, we provide the first analysis of genetic diversity across all 169 genes. Future
studies in a larger number of isolates should further explore the diversity and conservation
across these gene families, and combined with functional characterisation, will lead to

insights that can assist with the control of tuberculosis disease.

MATERIALS AND METHODS

Selection of samples, culture and sequencing

A total of 72 PacBio assemblies were used for the analysis. Ten samples were cultured at
LSHTM CL3 laboratories and sequenced for this study, being sourced from TB patients in
Karonga district (Malawi). Briefly, M. tuberculosis clinical isolates derived from patient’s
sputum were cultured to mid-log phase (optical density = 0.6 - 0.8) in Middlebrook 7H9
supplemented with 0.05% Tween 80 and 10% albumin-dextrose-catalase (ADC) at 37°C in
roller bottles. DNA was extracted from passage 2 by heat-inactivation followed by the CTAB-
chloroform-isoamyl alcohol method [54]. DNA samples were sequenced with single-molecule
real time (SMRT) sequencing technology from Pacific Biosciences (PacBio) RSIlI through The
Applied Genomics Centre at LSHTM. Raw sequencing data from the 10 isolates together with
other 27 samples previously sequenced [32, 33] were processed to generate the assemblies
using Flye software [55]. These assembled genomes were base corrected using lllumina short
reads where possible by using Pilon software [56]. To ensure good quality of the assemblies,
only those with a maximum of 8 contigs were included in the analysis. The remaining 35

assembled genomes studied were publicly available and sourced from the ENA (for accession

188



numbers see Table S1, Additional File 1). Lineage and sub-lineage profiling were performed

with TB-Profiler [57].

Population genetics analysis

For all the population genetics analysis the H37Rv reference genome (ASM19595v2) was
used. Snippy software [58] was used to simulate reads from assemblies and to call variants
(SNPs and indels) at a whole genome level. The R packages PopGenome [59] and SeqinR [60]
were used for the population genetics analysis. In brief, Nei’s m nucleotide diversity per site
(SNP m), indel diversity per site (indel i) and absolute divergence (dxy) were calculated in
sliding windows throughout the genome for the different populations (ancient and modern
strains or by lineage). The average of the three parameters was calculated for the comparison
between populations. The dN/dS pairwise ratios were calculated by concatenating the coding
regions relative to the reference H37Rv. Statistical differences in diversity and divergence
parameters between gene functional groups were calculated using ANOVA, where p-values
were corrected by multiple comparisons using Tukey’s Honest Significant Differences (HSD)
test. FastTree [61] was used for the phylogenetic reconstruction of the samples using SNPs
and indels. The NCBI prokaryotic genome annotation pipeline, PGAP [62], was used to

annotate the genomes and validate gene rearrangements.

pe/ppe gene extraction, alignment and classification

The pe and ppe gene alignments were generated using a customed pipeline. In brief, non-
pe/ppe flanking genes were chosen and mapped against the H37Rv reference genome as
anchors for the extracted sequence that were subsequently aligned with MAFFT [63].

Genomes where flanking genes were in different contigs or could not be mapped to the

189



reference were considered as missing samples. Single pe/ppe genes alignments were
obtained relative to the H37Rv sequences and curated manually if necessary. SNPs and indels
for each individual gene were obtained using the H37Rv reference. Levels of disruption that
these variants caused on the protein sequence were assigned (0 = no variants or synonymous
SNPs; 1 = non-synonymous SNPs; 2 = in-frame indels; 3 = SNPs or frameshifts leading to
changes in start or stop codons, deletions of > 50% of the coding region, missing samples or
insertions > 1,000 bp). To investigate whether individual genes were conserved across the
different lineages, each pe/ppe gene was classified into one of the three categories:
conserved (C), structurally non-conserved (S) and unique k-mer profile (K) (see Figure S2,
Additional File 1). Briefly, for each gene alignment, if two or more samples were assigned a
value of 3 as described above, the gene was considered as structurally non-conserved. In
some genes it was observed that some samples had a high density of SNPs in some regions
whilst still maintaining the same sequence length as the reference. Other genes had samples
which contained completely novel sequence insertions. In an attempt to characterise the
presence of these, DSK software [64] was used to count k-mers. For each gene alignment the
k-mer profile was obtained and those that did not show structural variants as previously
described, but had enrichments of unique k-mers as a consequence of SNPs or indels, were

considered as a different category.

Illumina short-reads coverage

A data set of ~30k short read Illumina samples representing every lineage (L1-L6 and M. bovis
BCG) was used [5]. Short reads were aligned to the reference with BWA-MEM [65] and the
coverage per gene per sample was calculated with BEDTools [66]. The coverage was

normalised by four housekeeping genes (gyrA, gyrB, rpoB and rpoC) and compared between
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pe/ppe genes and the rest of the genome. For the comparison between groups, pe/ppe genes
were divided into the previously explained categories, in this case including the “unique k-
mer” category in “structurally non-conserved” due to small numbers of genes. Statistical

differences in the means between categories were assessed using T-tests.

The pe and ppe genes sequence analysis

Population genetics parameters (nucleotide and indel diversity and divergence) for individual
genes were calculated using PopGenome R package [59]. The BUSTED method was used for
the calculation of dN/dS ratios [67]. Identification of known domains was performed with
Pfam software [68]. T-tests were applied to calculate the statistical differences for nucleotide
and indel diversity between the different domains or gene groups. AlphaFold software [47]
was used for the prediction of protein structure models. For all variants identified in PE/PPE
genes, fixation index (Fsr) values to assess allele frequency differences for each lineage were
calculated. As validation of variants with Fsr values of 1 (perfect differentiation), allele
frequencies in a database of ~30k short read Illlumina genomes were obtained [5]. For the
consideration of lineage specific variants, an allele frequency of 0 in other lineages and > 0.95

in the corresponding lineage was required.

Availability of data and materials

The sequence data supporting the conclusions of this article have been deposited in the ENA

(for accession numbers see Table S1, Additional File 1).
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Table 1. Statistical significance of differences in SNP and indel diversity between each

gene functional category and pe/ppe genes.

dxy
Functional SNPs Indels SNPs Indels
Group
diff* b adj diff* b adj diff* padj  diff* o adij

Cellwalland | 0013 000518 000030 0 2.086-04  1.39E-05  0.00032 0
cell processes
Regulatory | o 0r 05 040263 000029  2.03E07 | 000026 001723  0.00035  5.77E-07
proteins
Virulence
detoxification | 000012 010995  0.00027  7.83E-06 | 2.95(-04  0.00136 000032  2.13E-05
adaptation
Conserved 000012 001087  0.00028 0 000031  2.56E-06 0.00030  1.40E-11
hypotheticals
Information | 1017 000171 000034 143610 | 000039  1.01E-06 000040  2.52E-09
pathways
Insertionseds | ¢ 3c0s 087033  593E05 096167 | 878E-05 099593  °F 009689
and phages 05
Intermediary
me“;:‘d’l'sm 0.00018  2.44E-06  0.00035 0 0.00039  8.10E-09  0.00040 0
respiration
Lipid

. 000019  0.00010  0.00034 0 000041  6.60E-08 0.00037  2.37E-11
metabolism
Unknown | -9.57€-05 099921 000025  0.46870 | 3.18E-05 1 000023  0.83652

*diff = difference between mean dxy or m in pe/ppe and the other functional group of

comparison; p adj =

Significant Differences. In bold, statistically significant adjusted P values (p adj < 0.01).
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Table 2. Lineage- or clade-specific variants.

AF in AF in

Gene . . . Gene
Lineage Variant lineage rest Comment
(locus) « - Class
ppel
L 2 .
(Rv0096) 6 P298P 0.986 0 C
M. bovis G26R 0.972 0 S
pel
L 1
(Rv0151c) 3 G369R 0 S
L6 P494L 1 0 S
pe3 M. bovis P255T 1 0 o
(Rv0159c) L3 S175p 0.999 0 C
ped L1 K164N 1 0 C
(Rv0160c) L3 F197S 0.999 0 C
L1 T412T 0.984 0 C
ppe2
L E1l 1
(Rv0256¢) > 406 0 ¢
L5 D431N 1 0 C
(Rv0280) L6 M450T 1 0 C
(Rv0286)  Ancient A185A 1 0 o
pe_pgrs5
L1 225D .952
(Rv0297) G225 0.95 0 C
L1 11273V 0.999 0 S
ppe5
L .
(Rv0304c) 3 G960A 0.955 0 S
Ancient S1765F 0.998 0 S
L1 139 _139del 1 0 S
M. bovis G2403G 1 0 S
L1 V118A 1 0 S
L3 D741N 0.983 0 S
ppe8
(Rv0355¢) L3 S1920F 0.954 0 S
L5 F414V 1 0 S
Ancient I3250F 1 0 S
. E .
Ancient 9889 9890insATA  0.999 0 g Changein ORF of PPE8 until the
end of PPE7 (gene fusion)
M. bovis W8* 0.991 0 C Truncated protein
ppel0
(RV0442c) L3 W147S 1 0 C
L6 G288A 1 0 C
(Rv0532)  Ancient 1557_1558insT 0.778 0 S Truncated protein
(Rv0578c) L3 G405G 0.978 0 C
pe_pgrs10
(Rv0747) L3 G799G 0.953 0 S
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pe_pgrs1l

L1 2 .
(Rv0754) G280R 0.999 0 C
ppel2 L5 G378S 0.996 0 S
(Rv0755c)  Ancient R545K 0.999 0 S
(Rv0834c)  Ancient A246A 0.950 0 S
pe_pgrsis .
. L113L 991
(RV0872c) M. bovis 3 0.99 0 S
ppel3 L1 G336G 1
(Rv0878c) L6 N244N 0.993 0
ppeld
L 2 1
(Rv0915¢) > T293M 0 c
pe_pgrsl6 . .
L4.1 1 1 1
(RV0977) 4 968_1969insG 0 S Truncated protein
pel0 .
L2/L . D 2
(Rv1089) /L3 337_337del 0.999 0 S elayed STOP, 26 more residues
(Rv1091) L5 G118G 1 0 S
ppel6 L5 G349R 0.984 0 S
(Rv1135c) L6 1279_1283del 1 0 S Truncated protein
ppel7
(Rv1168c) L2 P167L 0.982 0 C
pel2
(Rv1172¢) L5 L217F 1 0 C
ppel8
(Rv1196) L5 H234R 1 0 K
peld
L2 1 .981
(Rv1214c) A106A 0.98 0 C
pe_pgrs23
L 2 .952
(Rv1243c) 5 G280G 0.95 0 S
pe_pgrs24
(Rv1325¢) L5 L101R 1 0 C
ppel9
(Rv1361c) L3 Fav 0.965 0 S
ppe20 .
(Rv1387) M. bovis V94A 0.991 0 C
pe_pgrs25 .
(Rv1396¢) Ancient N336T 0.853 0 S
pel6
L2 .
(Rv1430) A96A 0.998 0 C
pe_pgrs28 . 1505_1506insGG
(Rv1452c) Ancient CCGGCGG 0.866 0 S In-frame
pel7
(RV1646) L3 T285I 1 0 C
M. bovis Al72v 0.978 0
pe_pgrs30
(Rv1651c) L3 T600N 0.999
L5 R115L 1 0 C
ppe23
(Rv1706c) L6 S37P 1 0 C
ppe24
(Rv1753c) L5 S716R 1 0 S
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1064_1065insCG

1
p(';,’;i?:) Ancient  GTAACGGTGGGG  0.851 0 c In-frame
GCGG
ppe25 .
(Rv1787) M. bovis 925_927del 1 0 S In-frame
ppe28 .
(Rv1800) Ancient Cl44W 0.994 0 C
ppe29
(Rv1801) L5 A366P 0.996 0 C
pe_pgrs32 L5 E76D 1 S
(Rv1803c) L5 A483T 1 S
ppe31
(Rv1807) L5 H188Y 1 0 C
ppe33
(Rv1809) L3 G22S 0.985 0 S
ppe36
(Rv2108) LS 125l 1 0 C
ppe37
L 12 1
(Rv2123) > Vi24M 0 S
pe_pgrs39
L 1 1
(Rv2340c) > AL09T 0 C
pe_pgrs40
(Rv2371) L5 D29D 1 0 C
pe_pgrs4l .
(Rv2396) M. bovis S26N 0.991 0 S
pe24
(Rv2408) L2 G216V 0.982 0 C
pe_pgrs42
L 12 1
(Rv2487¢) > G125G 0 S
pe_pgrs43
L 1 971
(Rv2490c) 6 W1503R 0.97 0 C
pe26 L3 S330L 0.955 0 C
(Rv2519) L5 G160S 1 0 C
pe_pgrs44 L5 A439A 0.984 0 C
(Rv2591)  Ancient G478G 0.994 0 C
pe_pgrs45
(Rv2615¢) L3 G437G 0.998 0 K
pe_pgrs4d7 L1 S20S 1 S
(Rv2741)  Ancient G383G 0.969 S
pped3 .
L .
(Rv2768c) 5 449_454del 0.988 0 S Truncated protein
ppedd
L1 1
(Rv2770c) G5V 0 C
pped5 " )
(Rv2892¢) L6 W75 1 0 S Truncated protein
pped8
(Rv3022A) L3 164L 0.999 0 C
lipy L4 A58G 1 0 S
(Rv3097c) L5 F129S 1 0 S
ppe54
L 21 .982
(Rv3343c) 3 G2189S 0.98 0 S
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ppe56

L 1 .
(Rv3350c) 6 6586_6586del Truncated protein
pe_pgrs55 .
L 1411 1411 .
(Rv3511) 5 411_1411del 0.956 Truncated protein
pe_pgrs56 .
(Rv3512) L5 991_1086del 0.940 Truncated protein
ppeb61
ppe63
ppe6d L1 G306S 0.998
(Rv3558) L3 63_64del 0.955 Truncated protein
pe_pgrs58
(Rv3590¢) L2 A314V 0.969
pe_pgrs59
(Rv3595¢) L> G22D 1

AF = Allele frequency

* AF in indicated lineage; ** AF in the group of samples from other lineages.
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Figure 1. (A) Whole-genome SNPs nucleotide diversity and indel diversity. From top to bottom,
the first track shows nucleotide diversity along the chromosome, with the peaks over 0.001
highlighted in a box. The pe/ppe genes in the peaks of nucleotide diversity are annotated.
Green bars show where pe/ppe genes are located along the genome. Second track shows nu-
cleotide diversity in ancient lineages. Third track shows absolute divergence between ancient

and modern lineages. Fourth track shows nucleotide diversity in modern lineages. Line in read
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represents SNPs diversity and in blue indel diversity. (B) Maximum likelihood phylogenetic tree
reconstructed with whole genome SNPs (n=19,125). (C) Maximum likelihood phylogenetic tree
reconstructed with whole genome indels (n=6,594). Ancient lineages are represented in blue,

modern lineages in pink.
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Figure 2. Heatmap showing the structural classification of each gene for each sample. Each
row represents a separate sample, following the order based on the phylogenetic tree shown
on the left. Genes on columns, pe family on the left, ppe family on the right. In green, genes
without variants or synonymous SNPs; in yellow, genes with non-synonymous SNPs; in orange,
genes with in-frame indels; in red, genes with frameshifts, changes in start/stop codons or
large deletions. Top track shows the sub-family of each gene based on Gey Van Pittius et al.
classification [6]. Bottom track summarises the structural classification of each gene across all
samples in one of the following categories: structurally conserved (class C) in green, structural
variants (class S) in red and unique k-mer profile (class K) in yellow. Barplot on the right shows

the distribution of genes with each type of variant by sample.
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Figure 3. Boxplots of SNP and indel diversity in the 169 pe/ppe genes compared by (A) gene
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Figure 4. (A) Gene organisation of 10 pairs of consecutive genes where variants modify the
open reading frame generating a gene fusion in at least one lineage. Gene organisation shown
with representatives for each lineage; * only in some isolates from the lineage. (B), (C) and
(D) Predicted protein structures by AlphaFold of (B) PE_PGRS4/3, (C) PE_PGRS12/13 and (D)
PE21/PE_PGRS36. In beige, structure of the fused protein; in blue PE_PGRS4 (B), PE_PGRS13

(C) and PE_PGRS36 (D); in pink PE_PGRS3 (B), PE_PGRS12 (C) and PE21 (D).
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Table S1. Metadata of samples analysed

Sample ID Lineage Sub-lineage # Contigs Length Accession number Assembly Comments
kurono 4 4.9 1 4415078 AP014573 HGAP2 No lllumna data
CHIN_F1 (H37Rv) 4 49 1 4415075 CP010329 HGAP3 Illumina data (SRR3647351), corrected with pilon
CHIN_F28 (H37Ra) 4 49 1 4421998 CP010330 HGAP3 Illumina data (SRR3647352), corrected with pilon
WMB602 4 49 2 4432700 Flye Illumina data (ERR221595), corrected with pilon
WMB600 4 4.8 1 4393237 Flye Illumina data (ERR216945), corrected with pilon
WMU002 4 4.7 1 4398930 Flye Illumina data (ERR163993), corrected with pilon
WMU007 4 46.1.2 1 4404359 Flye Illumina data (ERR216919), corrected with pilon
CHIN_22115 4 4.5 1 4401829 CP010337 HGAP3 Illumina data (SRR3647361), corrected with pilon
MTB1 4 45 1 4433542 CP020381 HGAP2 No Illumina data
H107 4 45 1 4418796 CP019612 HGAP2 No Illumina data
CHIN_37004 4 4.4.2 1 4417090 CP010338 HGAP3 Illumina data (SRR3647362), corrected with pilon
NZ_L 4 44.1.1 1 4416671 CP044345 Canu No Illumina data
WBB446 4 43.4.2 1 4369979 Flye No Illumina data
WMU011 4 43.4.2.1 1 4363273 Flye Illumina data (ERR181979), corrected with pilon
WMu004 4 43.4.2.1 1 4366577 Flye No Illumina data
WMUO006 4 43.4.1 1 4374435 Flye Illumina data (ERR163992), corrected with pilon
ncgm946k2 4 43.4.1 1 4380602 AP017901 minimus2 No Illumina data
WMB613 4 433 P 4404702 Flye No illumina data
WMB588 4 433 8 4401217 Flye Illumina data (ERR181745), corrected with pilon
CHIN_22103 4 4.2.2 1 4399422 CP010339 HGAP3 Illumina data (SRR3647353), corrected with pilon
MT0080 4 4.1.2 1 4426525 CP041207 Canu No lllumina data
WMB589 4 4.1.2 1 4424878 Flye Illumina data (ERR181717), corrected with pilon
H83 4 4121 1 4413214 CP019611 HGAP2 No Illumina data
WBB1452 4 41.2.1 1 4416367 Flye No illumina data
WMB586 4 4113 1 4400674 Flye Illumina data (ERR181742), corrected with pilon
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WMB621
CHIN_2279
bi35049
bi36918
bi38774
b391
bl50148
bl1104
H54
H112
WC078
WC059
HN205
HN321
HN506
WBB1456
WBB445
WMU008
WMUO005
TB282
MTB2
CHIN_26105
usa750
WMU009
WMU001
WMuUo010
usa751
hn24

B R W W W W W NN NN NDNDNDNDNDDNDDNNDNDDNDNDNNDNDNDNNDNNDNNDNNPS

4.1.13
221
221
221
221
221
221
221
221
221
221
221
221
221
221
221
221
221
221

2.2.1.2
2.2.2

311
311

111

R OR R R R R R R R R R R R R R R R R RB B RB R R R RB R B W

4419731
4405033
4427062
4441591
4431885
4406925
4444417
4380156
4416938
4406346
4413712
4413669
4411033
4421540
4413362
4409920
4410526
4418906
4421515
4425860
4417716
4426920
4434666
4441198
4426849
4423118
4441988
4399916

CP010336
CP017593
CP017594
CP017595
CP017596
CP017597
CP017598
CP019610
CP019613
CP022577
CP022578
AP018034
AP018035
AP018036

CP017920
CP022014
CP010340
CP046309

CP046308
AP018033
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Flye
HGAP3
Canu/Pilon
Canu/Pilon
Canu/Pilon
Canu/Pilon
Canu/Pilon
Canu/Pilon
HGAP2
HGAP2
HGAP2
HGAP2
HGAP3
HGAP3
HGAP3
Flye
Flye
Flye
Flye
HGAP2
HGAP2
HGAP3
HGAP3
Flye
Flye
Flye
Canu

HGAP3

Illumina data (ERR216982), corrected with pilon
Illumina data (SRR3647360), corrected with pilon
Illumina data used in assembly
Illumina data used in assembly
Illumina data used in assembly
Illumina data used in assembly
Illumina data used in assembly
Illumina data used in assembly
No Illumina data
No Illumina data
No Illumina data
No Illumina data
No Illumina data
No Illumina data
No Illumina data
No illumina data
No illumina data
Illumina data (ERR245831), corrected with pilon
Illumina data (ERR181965), corrected with pilon
No Illumina data
No Illumina data
Illumina data (SRR3647354), corrected with pilon
Illumina data used in assembly
Illumina data (ERR190402), corrected with pilon
Illumina data (ERR212147), corrected with pilon
Illumina data (ERR212002), corrected with pilon
Illumina data used in assembly

Illumina data used in assembly



aus
WMB597
WMB615
WBB1007
WBB1008
WBB1009
WMB614
WMB607
WMB596
WBB1453
WBB1454
ma25
WBB1451
WBB1457
WBB1458
WBB447
WBB1459
WBB1460
bcg26

O OO O U U R R R R R R R R R

bovis

111
1.1.2
1.1.2
1.13
1.13
1.13
1.2.2
1.2.2
1.2.2

o o o o oo o O

bovis

R ONN R R R R R R R WWR R R R R R @

4414769
4427144
4436831
4432578
4432521
4422821
4427580
4415876
4456111
4424589
4419154
4386422
4373719
4389577
4358247
4382892
4385170
4400942
4351313

CP045962

CP010334

CP010331

216

Canu
Flye
Flye
Flye
Flye
Flye
Flye
Flye
Flye
Flye
Flye

HGAP3
Flye
Flye
Flye
Flye
Flye
Flye

HGAP3

Illumina data (SRR10520175), corrected with pilon
Illumina data (ERR181798), corrected with pilon
Illumina data (ERR212157), corrected with pilon

No illumina data

No illumina data

No illumina data
Illumina data (ERR212155), corrected with pilon
Illumina data (ERR221596), corrected with pilon
Illumina data (ERR181794), corrected with pilon

No illumina data

No illumina data
Illumina data (SRR3647358), corrected with pilon

No illumina data

No illumina data

No illumina data

No illumina data

No illumina data

No illumina data

Illumina data (SRR3647355), corrected with pilon



Table S2. Classification and diversity of pe genes

Sub-
Gene (locus) family Pfam Domains CLa:s Comments # SNPs SNPs it # Indels Indels rt dN/dS
*
pel (Rv0151c) Vv PE'?E’PE S Truncated in L1.1.3 (852_853ins) 14 0.00061176 1 3.10E-05 4.5773
pe2 (Rv0152c) V PEZE’PE C 8 0.0002869 1 1.76E-05 0.3512
pe3 (Rv0149c) V PE, C 7 0.0003245 0 NA 28.8236
PE-PPE
ped (Rv0160c) V PE, C 7 0.0004672 0 NA 26.5716
PE-PPE
pe5 (Rv0285) 1] PE C 2 0.0001798 0 NA 25.418
peé6 (Rv0335c) V PE S Truncated in L1 (139_139del) 2 0.00039882 1 0.00050876 21.2085
pe7 (Rv0916¢) v PE C 1 9.26E-05 0 NA 17.325
PE,
pe8 (Rv1040c) \Y) PPE-SVP C 5 0.000327 1 3.35E-05 0.4109
pe9 (Rv1088) Vv PE C 0 NA 0 NA 0.9251
pel0 (Rv1089) v ; S Delayed STOPin 12 a”dnrirgw—?’wde" 26 residues 3 0.0005141 1 00012664  16.9303
lipX/pe11 (Rv1169c) v PE C 1 9.17E-05 0 NA 22.3073
pel2 (Rv1172c) V PE C 5 0.0003651 0 NA 1.2589
pel3 (Rv1195) v PE C 0 NA 0 NA 0.9251
peld (Rvi214c) V PE C 3 0.0013887 0 NA 0.7575
pel5 (Rv1386) 1] PE C 1 0.0001773 0 NA 14.0187
PE,

pel6 (Rvi430) V PE-PPE C 3 0.0003084 0 NA 0.6162
pel7 (Rv1646) V PE C 3 0.0002 1 2.98E-05 23.4983
pel8 (Rv1788) \Y) PE S Deleted in some samples 2 0.0003469 1 0.00026995 0.2942
pel9 (Rv1791) v PE C 0 NA 0 NA 0.9251
pe20 (Rv1806) \Y) PE C 3 0.0002778 0 NA 0.7106
pe21 (Rv2099c) Vv PE C Pseudogene (no stop codon), continues into PE_PGRS36 2 0.00047443 0 NA 22.5983
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pe22 (Rv2107)
pe23 (Rv2328)
pe24 (Rv2408)
pe25 (Rv2431c)
pe26 (Rv2519)
pe27 (Rv2769c)
pe27a (Rv3018A)
esxS/pe28 (Rv3020c)
pe29 (Rv3022A)
pe31 (Rv3477)
pe32 (Rv3622c)
pe33 (Rv3650)
pe34 (Rv3746c)
pe35 (Rv3872)
pe36 (Rv3893c)
pe_pgrs1 (Rv0109)
pe_pgrs2 (Rv0124)

pe_pgrs3 (Rv0278c)

pe_pgrs4 (Rv0279c)

pe_pgrs5 (Rv0297)
pe_pgrs6 (Rv0532)
pe_pgrs7 (RvO578c)
pe_pgrs8 (Rv0742)
pe_pgrs9 (Rv0746)
pe_pgrs10 (Rv0747)

pe_pgrs11 (Rv0754)

<

< < < < < < < <

PE
PE
PE
PE
PE
PE
WXG100
PE
PE
PE
PE
PE
PE
PE
PE
PE

PE

PE

PE
PE
PE
PE
PE

PE

PE,
His_Phos_1

»w O O u O O u u O u u O O O O O O

w unu O O u O

(@)

Deleted in some samples

Deleted in some samples

Truncated in sporadic samples

Deleted in L6 and bovis (RD8)

Truncated in L5 (5_5del), deleted in bovis (RD1)

Deleted in L6 (RD701), truncated in L4.3.3 (591_591insG)

Gene fusion with PE_PGRS4 in L2 due to deletion,
duplication of PE_PGRS3 in other lineages (except
H37Rv/Ra/4.6)

Gene fusion with PE_PGRS3 in L2 due to deletion,
sporadic premature STOPs

Truncated in ancient lineages (1557_1558insT)

Truncated in sporadic samples

Truncated in L5 (1742_1824del), and sporadic samples
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N P P P, N O W W O B O 0 +» N N O

=
(o)

=
~

56

10
13
23

16
13

NA
0.0007542
0.0006037

9.26E-05
0.0004875
0.0011803
0.00025633

NA

0.0005924
0.00045315
NA
0.0001949
8.27E-05
0.0003495
0.0001947
0.0001947
0.00050294

0.00013804

0.00106364

0.0003423

0.0004103

0.0004749
5.26E-05
7.27E-05
5.56E-05

0.0002599

P B, B, O B O O O P B O O O O o o

=
[e)]

N
~

18

11
10

29
21

1

NA
NA
NA
NA
NA
NA
0.00420467
0.00113778
NA
NA
NA
9.75E-05
NA
0.00018258
1.86E-05
1.86E-05
0.00067077

0.00082985

0.00044835

0.0004465
0.00106302
0.000344
0.0004972
0.00122112
0.00112428

0.0001014

0.9251
26.3814
12.4811

0

0.3857
28.4766
26.2812

1

8.3594

17.5541
1.002

0.4656
10.8427

0.9246
28.5633
18.0182

0.8504

0.7585

0.4797

1.5899
1.6463
0.8156
19.5189
0.4987
0.4029

0.4889



pe_pgrs12 (Rv0832)

pe_pgrs13 (Rv0833)

pe_pgrs14 (Rv0834c)
pe_pgrs15 (Rv0872c)
pe_pgrs16 (Rv0977)
pe_pgrs17 (Rv0978c)
pe_pgrs18 (Rv0980c)

pe_pgrs19 (Rv1067c)

pe_pgrs20 (Rv1068c)

pe_pgrs21 (Rv1087)
pe_pgrs22 (Rv1091)
pe_pgrs23 (Rv1243c)
pe_pgrs24 (Rv1325c)
pe_pgrs25 (Rv1396c¢)
pe_pgrs26 (Rvi441c)
pe_pgrs27 (Rv1450c)
pe_pgrs28 (Rv1452c)
pe_pgrs29 (Rv1468c)
pe_pgrs30 (Rv1651c)
wag22 (Rv1759c)
pe_pgrs31 (Rv1768c)
pe_pgrs32 (Rv1803c)
pe_pgrs33 (Rv1818c)
pe_pgrs34 (Rv1840c)
pe_pgrs35 (Rv1983)

PE

PE

PE

PE
PE, NHL
PE, NHL

PE

PE

PE
PE
PE
PE
PE
PE
PE
PE
PE
PE

PE
PE
PE
PE
PE

nw O u u O u O O u u O u O u u X

Gene fusion with PE_PGRS13 in ancient lineages
(392_393insG)
Gene fusion with PE_PGRS12 in ancient lineages,
truncated in some L2 and sporadic samples

Truncated in L1.1.3 (472_472del) and sporadic samples
Truncated in some L2 samples (589_589del)
Truncated in L4.1 (1968_1969insG)
Differences in sequence in lab strains (H37Rv and H37Ra)

Differences in sequence in L4.1

Gene fusion with PE_PGRS20 in L1 due to deletion, in-
frame insertions in L6 leading to extra PGRS motifs,
truncated in sporadic samples
Gene fusion with PE_PGRS19 in L1 due to deletion,
truncated in sporadic samples

Differences in sequence in L3

Truncated in L1.1.3 (Q68*) and L5 (409_409del)

Truncated in L3 (661_661del)

Truncated in some L2 and L4, different fs

Truncated in some samples, different sequences

Different sequences, truncated in L5

Deleted in several samples (RD152)

Truncated in sporadic samples

Truncated in L1 (1009_1009del)

Missing in sporadic samples
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25

17

15
27

14
15
11
53

131

15
12

13

6.71E-05

0.00029595

0.00045474
0.00034397
0.00011686
0.00243698
0.00266035

0.00036781

0.00045452

0.00039939
0.00077056
7.92E-05
0.0005368
0.0009773
0.0005635
0.00084699
2.00E-05
0.0005206
0.0003366
0.00017089
0.0001492
0.00041875
0.00049081
1.79E-05
0.00024729

29

11

10

23

15

31
21

0.00101211

0.00108468

0.00021253
0.00016393
0.00018475
0.00013788
0.0002856

0.00101167

0.0013994

0.00148836
0.00065511
0.00038429
0.0003012
0.00035055
0.0007167
0.00062245
0.00131344
9.77E-05
0.0002088
0.00040235
0.0002551
1.45E-05
0.00075895
5.33E-05
NA

0.5459

0.3931
0.362
0.2054
0.2417
0.2674

0.8365

0.2407

1.5651
0.4182
0.9196
0.587
0.7405
1.9764
0.2947
0.4814
0.5473
0.7663
0.4067
40.1193
2.5034
0.8811
49.3495
0.7638



pe_pgrs36 (Rv2098c)

pe_pgrs37 (Rv2126c)
pe_pgrs38 (Rv2162c)
pe_pgrs39 (Rv2340c)
pe_pgrs40 (Rv2371)
pe_pgrs41 (Rv2396)
pe_pgrs42 (Rv2487c)
pe_pgrs43 (Rv2490c)
pe_pgrs44 (Rv2591)
pe_pgrs45 (Rv2615c)
pe_pgrs46 (Rv2634c)
pe_pgrs47 (Rv2741)
pe_pgrs48 (Rv2853)

lipY (Rv3097c)

pe_pgrs49 (Rv3344c)

pe_pgrs50 (Rv3345c)

pe_pgrs51 (Rv3367)
pe_pgrs52 (Rv3388)
pe_pgrs53 (Rv3507)

pe_pgrs54 (Rv3508)

pe_pgrs55 (Rv3511)

< K K K K K K K K K <K < < K<

< < < <

PE

PE
PE
PE
PE
PE
PE
PE
PE
PE
PE

PE

PE,
Abhydrolase_
3

PE

PE
PE
PE

PE

PE

nw unu u X O O u u O O O 0

Pseudogene (no start codon), continuation of PE21 ORF
in all non-L4 and L4.4 (4_5insC) leading to gene fusion
PE21/PE_PGRS36

Truncated in L3.1.1 (397_397del)

Truncated in 2 L4 samples

Differences in sequence
Truncated in L5 (1490_1491insG) and sporadic samples
Truncated in L6 and bovis (28_28del)

Sequences missing/deleted

Truncated in sporadic samples

Change in ORF in all except L4 (20_20del) making it
continuation of PE_PGRS50 (gene fusion)
Truncated in L1 and some L2 (811_811del); rest of
L2/3/5/6/bovis ORF continues into PE_PGRS49
(4356_4356del = PE_PGRS49 20_20del) leading to gene
fusion

Truncated in L5 (309 _391del) and sporadic samples
Truncated in sporadic samples

Truncated in L5 and some L2samples (1111_1111del)

Truncated in L6 (461_462insC), some L3 (3718_1718del)
and sporadic samples
Truncated in L5 (1213_1213del), rest except 4.7-9 ORF
continues into PE_PGRS56 (2108_2108del) leading to
gene fusion
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11
10

10
11
24
11
20
17
11
17

10

35

15

29

422

12

0.00012711

0.0001071
0.0004903
0.000493
0.0011274
0.00077491
0.00030942
0.0002429
0.0010117
0.00234798
0.00057154
0.00071603
0.0005352

0.00066367

0.00029255

0.00010067

0.00032836
0.00015268
0.00046484

4.57E-05

0.00032557

A W O O 0 N

A 00O b~

47

16
36

95

37

0.00050366

7.21E-05
0.0004018
NA
NA
0.00010159
0.00014017
0.0001237
0.0003721
0.00041721
0.00011685
0.00021446
8.93E-05

6.34E-05

0.00086475

0.0011893

0.00012266
0.00083645
0.0008926

0.00162233

0.00135428

1.0747

0.3612
0.6228
0.6159

0.3329
0.4927
1.2423
0.4302
0.4864
2.0905
0.2756
1.5105

1.5359

2.3838

1.1135

0.8626
0.6388
0.8128

0.7237

0.9282



pe_pgrs56 (Rv3512)

pe_pgrs57 (Rv3514)

pe_pgrs58 (Rv3590c)
pe_pgrs59 (Rv3595c¢)

pe_pgrs60 (Rv3652)

pe_pgrs61 (Rv3653)
pe_pgrs62 (Rv3812)

< < < < < <

PE

PE
PE

PE

PE
PE

Truncated in L5, continuation of PE_PGRS55 in the rest
except L4.7-9 (1_1del = PE_PGRS55 2108 2108del)
leading to gene fusion
Truncated in L6 (461_462insC), truncated in most of L2
(796_850del) and in sporadic samples

Change in ORF in L4.3 (249_249del) leading to longer
protein sequence

Truncated in most L3 (115_115del)

* Sub-family classification based on Gey Van Pittius et al. (2006) [7].

** Class: C = conserved; S = structural variant; K = unique k-mer profile
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48

674

12

3.60E-05

3.75E-05

0.0006998
0.0003628

0.00081973

0.00018364
0.0003352

52

208

0.00155033

0.00308849

0.0001525
0.000481

0.0006533

0.0003227
1.83E-05

0.9011

0.6838

1.7062
0.6077

28.6189

19.6831
0.6114



Table S3. Classification and diversity of ppe genes

Gene (locus) Su_b- Pfan_1 Class Comments # SNPS SNPs 1t # Indels Indels it dN/dS
family * Domains **
PPE, PPE-
ppel (RVO096) I (PPW) A C 10 0.0007993 0 NA 1.1121
ppe2 (Rv0256¢) Il (PPW) PPE;CVP E- C 10 0.0005202 0 NA 2.7497
ppe3 (Rv0280) Il (PPW) PPEES\/P E- C 7 0.0007669 0 NA 1.1022
pped (Rv0286) I (PPW) PPE;CVP E- C 9 0.0004828 0 NA 0.1912
ppe5 (Rv0304c)  V (MPTR)  MPTR s Truncated in L5/6/ bOVISS(aZ:qE:)7|g52997deI) and in sporadic 34 0.00037107 10 000015809  0.4433
All samples except L1.1.3 (truncated 2678_2678del) and lab
ppe6 (Rv0305c) V (MPTR)  PPE, MPTR S strains H37Rv/Ra change in ORF (2429 _2429del) which 7 0.00032062 7 0.0001227 0.42
continues until the end of PPE5
ppe7 (Rv0354c)  V (MPTR) - C Different from H37Rv, 42 aa longer (372_373insG) 0 NA 1 0 0.9251
Truncated in some L2 (453_453del); ancient lineages change in
ppe8 (Rv0355c) V (MPTR)  PPE, MPTR S ORF (9889 _9890insTA) leading to 211 residues more (until the 41 0.00041735 15 0.0001845 0.4087
end of PPE7 ORF)
PPE, PPE- Different from H37Rv, 263 aa longer and SVP domain
pped (Rv0388c) IV (SVP) ovp C (492 493imsC. 501 502insC) 1 5.12E-05 2 0 1.3175
ppel0
(Rv0442¢) V (MPTR)  PPE, MPTR C 9 0.0003439 3 0.0001438 2.0863
PPE, PPE-
ppell (Rv0453) Il (PPW) PPW C 4 0.0001872 0 NA 0.3283
ppel2 V(MPTR) PPE,MPTR S Truncated in L5 (87_87del) 12 0.00038861 4 7.13E-05 0.4687
(Rv0755¢) ! - ’ ’ '
ppel3 V(MPTR) PPE,MPTR  C polyC/polyA region masked in analysis, as there might be 10 0.0005381 5 0.00060741  0.5377
(Rv0878c) errors due to sequencing
ppeld PPE, PPE-
(Rv0915¢) IV (SVP) SVP C 4 0.0001504 0 NA 0.93
ppels5 PPE, PPE-
(Rv1039¢) IV (SVP) SVP C 2 7.02E-05 0 NA 23.8303
(Ri[;jggc) V (MPTR)  PPE, MPTR S Truncated in most L2 (1S6110) and L6 (1279_1283del) 8 0.00021974 2 0.00026693 14,9883
ppel7 PPE, PPE-
(Rv1168c) IV (SVP) SVP C 5 0.0006419 0 NA 0.4819
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ppel8 (Rv1196)

ppel9
(Rv1361c)

ppe20 (Rv1387)

ppe2l
(Rv1548c)
ppe22
(Rv1705c)
ppe23
(Rv1706c)
ppe24
(Rv1753c)

ppe25 (Rv1787)
ppe26 (Rv1789)
ppe27 (Rv1790)
ppe28 (Rv1800)
ppe29 (Rv1801)
ppe30 (Rv1802)
ppe31 (Rv1807)
ppe32 (Rv1808)

ppe33 (Rv1809)

ppe34
(Rv1917c)

ppe35
(Rv1918c)

ppe36 (Rv2108)

ppe37 (Rv2123)

IV (SVP)
IV (SVP)
I (PPW)
V (MPTR)
IV (SVP)
IV (SVP)
V (MPTR)
IV (SVP)
IV (SVP)
IV (SVP)
V (MPTR)
IV (SVP)
IV (SVP)
IV (SVP)
IV (SVP)
IV (SVP)
V (MPTR)

V (MPTR)
Il

Il (PPW)

PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
PPW

PPE, MPTR

PPE, PPE-
SvP
PPE, PPE-
SvP

PPE, MPTR

PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PE-
PPE
PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
SvP

PPE, MPTR

PPE, MPTR

PPE

PPE, PPE-
PPW

Different sequences

Truncated in L1.1.3 (Q145%)

Truncated in sporadic samples
Deleted in some samples
Deleted in some samples

Deleted in some samples

Truncated in L6 (Q162%*), truncated in some L2

L1/5/6 with 1 residue more (*469S), truncated in bovis
Truncated in most lineages due to 1S6110

Truncated in sporadic samples

Truncated in L2 (503_503del) and L3 (1219 _1219del), delayed
STOP in some L4 (1016_1017del) adding 23 residues)
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98

104

17

29

17

10

43

14

0.0068438

0.00389265

0.0003804

0.0002516

0.0005706

0.0002882

0.00052289

0.00119295

0.00026744

0.00024448

0.0004781

0.0004869

0.00024031

0.0003593

0.0007869

0.00058393

0.00013756

0.00035995

0.0001507

0.00035602

0.00051633

6.93E-05

NA

5.24E-05

NA

NA

0.00031217

0.00021842

9.20E-05

7.69E-05

1.41E-05

NA

3.93E-05

NA

NA

1.97E-05

0.00077604

2.79E-05

NA

0.00049001

0.3642

0.4275

1.3113

0.4219

27.207

1.0831

0.1083

0.7069

0.3614

0.2488

2.5387

0.9722

1.6392

0.7717

0.2067

0.2663

0.5102

1.7086

0.1015

0.74



ppe38
(Rv2352c)
ppe39
(Rv2353c)
ppe40
(Rv2356¢)
ppe4l
(Rv2430c)

pped2 (Rv2608)

ppe43
(Rv2768c)
pped4
(Rv2770c)
pped5
(Rv2892c)
pped6
(Rv3018c)

pped7
(Rv3021c)

ppe48
(Rv3022c)

ppe49
(Rv3125c)

ppe50 (Rv3135)

ppe51 (Rv3136)

ppe52
(Rv3144c)
ppes3
(Rv3159c)
ppes4
(Rv3343c)
ppe55
(Rv3347c)
ppes6
(Rv3350c)

ppe57 (Rv3425)

IV (SVP)
V (MPTR)
V (MPTR)
I
V (MPTR)
IV (SVP)
IV (SVP)
IV (SVP)

Il (PPW)

Il (PPW)

I (PPW)
IV (SVP)
IV (SVP)
IV (SVP)
V (MPTR)
V (MPTR)
V (MPTR)
V (MPTR)
V (MPTR)

PPE, PPE-
SvP

MPTR

PPE, MPTR

PPE

PPE, PE-
PPE
PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
PPW

PPE, PPE-
PPW

PPE

PPE, PPE-
SvP
PPE, PPE-
SvP
PPE, PPE-
SvP

PPE

PPE, MPTR

PPE, MPTR

PPE, MPTR

PPE, MPTR

PPE

Deletion of beginning of gene in L2 (RD185), samples missing

Deletion of beginning of the gene in most isolates, missing
samples

Missing samples, truncated in sporadic samples (I1S6110)

Truncated in L5 (449_454del)

Truncated in L6 (W75%)

Truncated in 4.1.1.3 (I1S6110) and in other sporadic samples

Pseudogene, all different to reference (12_13insG) making the
ORF to continue until the end of PPE47; deleted in some
samples
Pseudogene, no stop codon until end of PPE47 except in ref,
where fs in PPE47 (12_13insG) creates premature stop
Truncated in L1.1.3 and L3.1.1 (IS6110), truncated in sporadic
samples
L1 deleted; insertion in L2/5/6/bovis adding SVP domain
(331_332ins)

Truncated in 3.1.1 (970_970del)
L1/2/3/4.1/4.2/5/6 truncated (88_89ins or 1S6110)

Truncated in sporadic samples (156110/big insertions)

Truncated in L4.5 (1S6110), L5/6/bovis and sporadic samples,
missing samples
Truncated in L2 (6081_6081del) and L6 (6586_6586del),
missing samples
Deleted in all L1, half of L4 and some other sporadic samples;
truncated in L2 (226_226del)

224

28

12

127

151

223

11

4.32489E-
05
0.00022225
2

2.88E-05

4.75E-05

0.0002101

0.00038959

0.0007808

0.00036318

0.00252083

0.0003273

0.0016213

0.00029808

0.00075796

7.19E-05

0.0005261

5.72E-04

0

0.00134505

0.00030085

0.00038461

27

20

19

0.00066470
25
0.00070018
44

8.89E-05

4.75E-05

NA

4.62E-05

NA

NA

0.00018677

0.00054272

0.0001143

0.00023155

0.00265825

NA

8.91E-05

0.00038792
6

0.00038333

0.00012244

0.00010512

0.00185156

12.0194

0.2822

18.7541

0

0.2935

26.114

0.6649

19.2502

0.4056

0.3328

14.7954

0.5397

0.4003

0.1923

0.4428

2.3535

0.3772

0.4674

0.3403

0.6238



Deleted in some samples; truncated in all except L4.9

ppe58 (Rv3426) 1] PPE S (373. 373del)
ppe59 (Rv3429) 1] PPE S Deleted (>50%) in sporadic samples
ppe60 (Rv3478) IV (SVP) PPI;,VI;PE- S Truncated in sporadic samples
ppe61 (Rv3532) IV (SVP) PPE'\/';PE' C
ppe62
(Rv3533¢) V (MPTR)  PPE, MPTR C
ppe63 (Rv3539)  V (MPTR) PPPE;)E E- C
ppe64 (Rv3558) V (MPTR) PPE, MPTR S Truncated in L3 (63_64del)
ppeb5 PPE, PPE- . . .
(Rv36210) IV (SVP) VP S Deleted in L6/bovis (RD8);
ppe66 PPE, PPE- .
(Rv3738¢) Il (PPW) PPW S Deleted in L3
ppe67 Il (PPW) PPE S Truncated in L3 (152_234del); L1 and L5 delayed STOP (*78W)
(Rv3739c) leading ORF to continue until the end of PPE66
pep68 (Rv3873) | PPE C Deleted in bovis (RD1)
ppe69 . .
(Rv3892c) 1 PPE S Truncated in some L2 due to deletion

* Sub-family classification based on Gey Van Pittius et al. (2006) [7]/

** Class: C = conserved; S = Structural variant; K = unique k-mer profile
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85

0.00032183

0.00948948

0.00442826

0.0003509

9.35E-05

0.0003831

0.00020847

0.00019593

0.00043581

0.00168867

0.0003315

0.00059859

0.0010836

0.000102

0.0005147

0.0001528

4.76E-05

NA

0.0002936

NA

0.00016343

0.00067881

NA

9.06E-05

2.2304

2.4137

0.6678

24.5627

0.183

1.6317

0.2259

0.3229

0.6127

1.1496

27.142

0.6972



Table S4. Genes with 1S6110 integrated within the coding region

Locus Gene # Samples with IS6110* Consequence
Rv1040c pe8 1 frameshift
Rv1135c ppel6 14 (L2.2.1) frameshift
Rv1753c ppe24 1 frameshift
Rv1800 ppe28 1 frameshift
Rv1917c ppe34 34 (n=20 L2, n=5L3) frameshift/stop codon
Rv2352c ppe38 17 (L2) Frameshift/stop codon
Rv2356¢c pped40 1 frameshift
Rv3018c pped6 3(n=214.1.1.3) frameshift/stop codon
Rv3021c pped7 1 stop codon
Rv3125c ppe49 7 (n=313.1.1,n=211.1.3) frameshift/stop codon
Rv3159c ppe53 2 frameshift/stop codon
Rv3343c ppe54 1 stop codon
Rv3347c ppe55 3(L4.5) frameshift

* In brackets, if there is lineage patterns, number and lineage where samples belonged to.
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Figure S1. Boxplots of whole-genome nucleotide diversity (i) for (A) SNPs and (B) indels be-
tween ancient and modern lineages. (C) SNP and indel it by lineage (L5 and bovis excluded due

to low number of isolates).
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found)
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Figure S2. Flowchart showing the pipeline followed for the classification of pe and ppe genes.
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Figure S3. (A) Normalised coverage by gene category. The pe/ppe genes are divided in “Con-
served” and ”Structural Variant” based on the classification pipeline in Figure S2. Genes be-
longing to the “Unique k-mer” category are included in ”Structural Variant”. Every other gene
in the genome is under “non-PE/PPE”. Normalised coverage is shown by lineage for each cat-
egory. Statistical differences were calculated between the means for each category.

*** = P-value adjusted < 0.001.

(B) Mean normalised coverage per gene along the genome. The 20 genes with the lowest

mean normalised coverage are annotated.
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Figure S5. Circos plot showing the location IS6110 along the genome for the different lineages.
First track (outside to inside) refers to the location of pe (in black) and ppe (in blue) genes.
Second to eighth track represent each of the position where 1IS6110is integrated in the samples
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Abstract

With >1 million associated deaths in 2020, human tuberculosis (TB) caused by Mycobacterium
tuberculosis bacteria remains one of the deadliest infectious diseases. A plethora of genomic
tools and bioinformatic pipelines have become available in recent years to assist the whole
genome sequencing of M. tuberculosis. The Oxford Nanopore Technologies (ONT) portable
sequencer is a promising platform for cost-effective application in clinics, including to
personalise treatment through detection of drug resistance associated mutations, or in the
field, to assist epidemiological and transmission investigations. In this study, we performed a
comparison of ten clinical isolates with DNA sequenced on both long-read ONT and (gold
standard) short-read Illumina HiSeq platforms. Our analysis demonstrates the robustness of
ONT variant calling for SNPs, despite the high error rate. Moreover, because of improved
coverage in repetitive regions where short sequencing reads fail to align accurately, ONT data
analysis can incorporate additional regions of the genome usually excluded (e.g., pe/ppe
genes). The resulting extra resolution can improve characterisation of transmission clusters
and dynamics, which is based on inferring closely related isolates. High concordance in
variants in loci associated with drug resistance supports its use for rapid detection of resistant
mutations. Overall, ONT sequencing is a promising tool for TB genomic investigations,

particularly to inform clinical and surveillance decision making to reduce disease burden.

Word count: 216

Keywords: Mycobacterium tuberculosis, tuberculosis, sequencing, genomics, mutations
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Introduction

Mycobacterium tuberculosis remains one of the deadliest single infectious agents, leading to
10 million human tuberculosis (TB) cases and 1.5 million associated deaths in 2020 [1]. The
Mycobacterium tuberculosis complex is phylogeographically distributed in defined lineages
that can determine the emergence of drug resistance, transmissibility, pathogenicity and host
response, disease site and severity [2—4]. Drug resistant M. tuberculosis is one of the major
threats to effectively control the disease, especially resistance to first-line rifampicin (RR-TB)
and isoniazid; in combination, called multi-drug resistance (MDR-TB). MDR-TB accounted for
around 150,000 cases in 2020 [1]. The acquisition of drug resistance in M. tuberculosis has
been mainly attributed to spontaneous mutations, such as single nucleotide polymorphisms
(SNPs) and small insertions and deletions (indels) in genes coding for drug-targets, drug-
converting enzymes or involved in transport of small molecules such as efflux pumps [5, 6].
Phenotypic susceptibility testing is the traditional method to determine drug resistance;
however, in combination with genome-wide association and convergent evolution studies,
genetic variants conferring drug resistance have been validated enabling the use of genotypic
methods to establish resistance through sequencing or nucleic acid amplification approaches
[5]. Transmission events can be inferred through identification of variants in M. tuberculosis
isolates sourced from different patients with (near) identical genomes [7]. Characterising the
phylogeographic distribution of M. tuberculosis strains across regions can reveal outbreaks of

more virulent strain-types, including Beijing strains [7].

Genome sequencing of M. tuberculosis has gained traction for both clinical and
epidemiological investigations. These applications have provided insights into mutations

underlying drug resistance, circulating strain-types and virulence, and transmission dynamics,
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thereby with the potential to inform clinical and surveillance activities. New genomic tools
allow for whole genome sequencing (WGS) with increasing opportunities to use it directly
from sputum [8]. Together with new analysis methods, WGS data can be used to profile the
bacteria for drug resistance [5, 9, 10], characterise ancient and modern lineages and different
strain-types [11], and establish who may have transmitted to whom; thus allow targeted
resources to hotspot areas to reduce transmission [12]. These genomic insights are facilitated

through advances in health informatics [13].

WGS opportunities are set to revolutionise the diagnosis and clinical management of TB
patients, with routine pathogen genetic characterisation applied in the UK healthcare system.
Building on this success and recent COVID-19 experience, an increasing number of countries
worldwide are seeking to adopt genomics as part of clinical care [14]. However, to be effective
for global disease control and maximise impact, NGS platforms need to be applied in high TB
burden settings, which may be resource poor. To achieve the economies of scale and cost
reductions in these settings, it is possible to target a high number of genes (e.g., drug
resistance loci) across many samples using an amplicon-based approach on next-generation
sequencing (NGS) platforms, or focus on the multiplexing of whole genomes if transmission

is important.

Compared to other pathogen genomes, the M. tuberculosis genome (size 4.4 Mbp) is
relatively clonal with no horizontal gene transfer, but was historically challenging to sequence
due to its high GC content and repetitive nature [15]. The lllumina sequencing platform with
its paired short reads and low error rates has been employed successfully to analyse almost

the entire genome, including drug resistance loci [10], with highly variable and GC-rich pe/ppe
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genes often excluded due to the difficulties in accurately mapping these repetitive regions
[16—-18]. Recently, sequencing platforms with long reads (> 1 kbp) have been applied for the
construction of reference genomes and analysis of methylated base modifications [19], but
are too costly for implementation as a high throughput tool. Our previous work compared the
application of the lllumina MiSeq, lon Torrent PGM™ [15] and Oxford Nanopore Technologies
(ONT) platforms [13]. We observed higher sequencing error rates on the ONT platforms, but
sufficient coverage to call drug resistant variants [13]. The ONT sequencing platform is
portable enabling the characterisation of M. tuberculosis in remote and field settings, and has
the potential to perform multiplexing of samples, leading to cost reductions. Future cost-
effectiveness is likely by informed decision making in clinics through personalisation of
treatments in drug resistance settings, as well as by determining geographical regions for the
optimal targeting of TB surveillance and control activities. To assess the viability of the ONT
platform for these applications, we apply the technology to DNA extracted from M.
tuberculosis isolates. In a paired analysis, we compare the resulting WGS sequence data to
those generated on an lllumina platform, finding high concordance in variant calls between

methods and including regions traditionally excluded in our analysis, such as pe/ppe genes.

Results

Coverage

ONT long-reads and Illumina short-reads were generated from the sequencing of replicate
DNA of ten clinical isolates originally sourced from Malawi (labelled S1-10; Table S1). These
isolates covered lineages 1 (L1:1.1.2, n=1; 1.1.3.2, n=1), 2 (L2: Beijing 2.2.1, n=3), 3 (L3: n=4),
and 4 (L4: 4.9, n=1). Sequencing with the ONT platform yielded a median of 67,939 reads per

sample, with a median read length of 3,806 bp. Illlumina data (median number of reads:
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1,687,571; read length: 75-100 bp) was generated for the same samples. Mapping to the
reference genome (H37Rv GCA_000195955.2) led to high depth of coverage for all samples
(average depth of coverage: lllumina 93.6-fold, ONT 72.2-fold) (Table 1). For all samples,
median coverage normalised by four housekeeping genes (gyrB, gyrA, rpoB, rpoC) was
investigated genome-wide (Figure 1A). Overall, across sample pairs and sequencing
platforms, there was high normalised read depth with medians above 0.75 (Figure 1B).
Normalised coverage levels in ONT data below 0.5 coincided with lineage-specific deleted
regions, including known regions of difference (e.g., RD152 in lineage 2). The presence of
these deletions in specific lineages was independently validated in high quality PacBio whole-

genome assemblies [19].

Through mapping of the ONT data against a representative PacBio assembly for each lineage,
high normalised coverage was achieved genome wide. There were several peaks with
normalised coverage below 0.5 belonging to insertion sequences (e.g., 1S6110) or deleted
genes in specific strains (e.g., RD152 region in sample S1) (Figure S1). Overall, these results
suggest that ONT technology has performed well, including in repetitive regions. The genes
with the lowest coverage in Illumina data were mostly pe/ppe genes, whose mapping
accuracy with short-reads is known to be low [17, 18], due to their high GC content and
repetitive regions. For the 85 pe/ppe genes thought to be non-conserved harbouring
structural variants that disrupt their protein sequences [16], there was lower sequencing

coverage in lllumina compared to ONT data (T-test adjusted P < 0.001, Figure 1C).

Although aligning to a lineage specific reference improved the coverage for lllumina (Figure

S1), extreme GC content disproportionately reduced coverage in short-read compared to

248



long-read data (Figure 1D). Genes with the lowest average values of normalised coverage in
Illumina data, had higher coverage in ONT data (T-test P < 0.001, Figure S2). Two genes had
greater coverage in lllumina compared to ONT data in L2 and L3 sample pairs, coinciding with
an insertion sequence (Rv0797) and a conserved hypothetical protein (Rv1765c). The latter
belongs to RD152, which was deleted in all L2 isolates and one L3. However, due to the high
similarity (97%) between Rv1765c and Rv2015c¢ sequences, the Illumina platform seems to

not capture the deletion.

Variant calling

Variants were called using Freebayes software retaining all sites where at least one sample
had > 50% alternate reads, leading to 9,052 unique positions. For the analysis, [llumina
variants with an allele depth fraction of at least 0.7 were considered as true variants. Due to
the high error rate of ONT sequencing, almost all positions at which a true variant exists
contain a mixture of alternate and reference alleles. To find the optimum cut-off which
balances the sensitivity (true positive rate) and specificity (true negative rate), alternate-allele
proportions for each site in the ONT replicates were compared to their lllumina counterparts.
An optimum alternate-allele proportion value of 0.7 was chosen, keeping the true positive
rate > 97% and true negative rate > 91%, and the false positive rate < 1% (Figure S3). After
refining genotype calls using the chosen minimum alternate frequency of 0.7 and removing
repetitive and poorly covered regions in lllumina alignments, a final filtered dataset of 3,955
SNPs covering > 89% of the genome was retained for subsequent analysis (see Figure $4). The
chosen frequency cut-off of 0.7 was validated using ONT sequence data for four replicates of

the H37Rv reference strain [20]. After implementing the pipeline above, there was high
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concordance between the H37Rv replicates, with only 4 discrepancies found among the 29

SNPs identified.

The concordance of SNPs and small indels detected by ONT and lllumina data was assessed.
For all pairs, > 99% of the total SNPs identified were called in both samples, showing few
combined platform discrepancies (median 3.5; range: 0-9 SNPs) (Table 2). Agreement
between platforms for depth of coverage and alternate frequencies was assessed. Good
coverage in lllumina coincided with good coverage in ONT, and the alternate frequencies
were observed to be lower in ONT than Illumina, suggesting the noisier nature of the ONT
technology (see Figure S5). Most discrepancies arose in the few SNPs called in Illumina but
not in ONT data, due to alternate frequency values just below the 0.7 allele depth cut-off (see
Table S2). In addition, every sample except S5 (L4.9) differed in the call for the (H37Rv)
genomic position 55,553. This position is in a GC-rich region where ONT data had a CCG
insertion followed by a nucleotide change (C - > T), whereas the variant called in [llumina data
only included the SNP. The multiple CCG repeats present in the sequence leads to the lllumina
data analysis not capturing the insertion. Additionally, ONT data for sample S10 showed a SNP
in @ GC-rich region whilst in its lllumina counterpart it was identified as a 1 bp insertion

followed by the SNP, suggesting an error in the ONT call.

The majority (>87%) of small indels called at an alternate frequency of 0.7 were correctly
captured by both platforms (Table 2). However, more discrepancies were identified with
small indels than with SNPs (median 9; range 4 — 12 small indels). These discrepancies were
mostly driven by small indels (1 bp) in polyC/polyG repeats which were called from Illumina

but not in ONT sequence data (see Table S3). On the other hand, the second type of calls in
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ONT that differed from Illumina were larger indels (8-10bp), in which the allele depth fraction
in lllumina was slightly lower than 0.7, suggesting that these larger variants called by ONT
were not spurious (see Table S4). Larger structural variants (>15bp) were investigated with
Delly software. Long-reads allow more accurate identification of large indels. As expected, a
higher number of large variants were observed in ONT (median 81) compared to Illumina
(median 24) data (Table 2), with deletions having the highest agreement between platforms

(pairwise sample overlap: median 17, range 2 — 20 large indels).

Strain typing and phylogenetics

Lineage prediction was performed by TB-Profiler using the 3,955 high quality SNPs covering
>89% of the genome, and consistency between pairs was assessed. All predictions were found
to be identical between lllumina and ONT platforms confirming the robust nature of the
variant calling process (Table 1). To further investigate the use of the ONT platform to
perform clustering, phylogenetic reconstruction was performed using IQ-TREE software. Clear
clustering of strain-types was observed with long internal branches separating each major
lineage. In addition, each sample pair formed a monophyletic clade with short terminal
branch lengths indicating the near identical pattern of variation detected through both
platforms (Figure 2; Figure S6). Two and three samples belonging to L2 (S8, S9) and L3 (S2,
S3, S4) respectively were closely related, with the number of SNP differences below or equal

to 20.

To increase the accuracy of the phylogenetic reconstruction, potentially for transmission
analysis, base-calls were manually curated and SNPs which were called as reference with

alternate depth frequencies between 0.6 and 0.7 were redesignated as alternate base calls.
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Following this, the reconstruction of the phylogenetic tree with only ONT isolates was
performed using the 3,955 polymorphic sites (Figure 2; Figure $6). Samples within a putative
L2 transmission cluster (S8 and S9) differed by 2 SNPs, whilst the distance within the L3
transmission cluster (S2, S3, S4) varied between 2 and 18 SNPs. Characterisation of
transmission chains is of epidemiological importance, and due to the small numbers of
variants that sometimes separate closely related isolates, accurate estimation of the number
of SNPs differences between samples is crucial. Previous studies have shown how long-read
sequencing solves some of the traditional lllumina blind spots [21], including by the successful
assembly and variant calling of pe/ppe genes with ONT data [22]. On this basis, 150 out of 169
pe/ppe genes with good coverage (> 0.7 normalised mean coverage) were included to
complement the genomic regions analysed and therefore potentially achieve a deeper
separation of the transmission clusters. These regions overlapped with previous studies [16,
23]. An extra 568 high quality SNPs were added, resulting in one extra SNP within the
transmission cluster from L2 (S8, S9) and four extra SNPs for L3 (S2, S3, S4), thereby slightly

increasing the differences obtained within highly similar samples (Figure 2C).

Drug resistance prediction

Drug resistance profiles were predicted by TB-Profiler using the filtered set of 3,955 SNPs.
Predictions were compared across replicates and matched perfectly between platforms,
leading to nine pan-susceptible isolates and one pre-MDR isolate. In addition, identical
variants were found across the 42 genes analysed by TB-Profiler. Drug susceptibility test data
was used to confirm these predictions with all matching, except one (Table S1). One
inconsistency was observed in the pre-MDR isolate (sample S5), where although isoniazid

resistance was genotypically and phenotypically concordant (katG S315T present in both ONT
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and lllumina data), streptomycin resistance was observed through drug susceptibility testing
but not in the genotypic prediction. Upon further inspection of non-associated variants in
streptomycin resistance genes in isolate S5, a premature stop codon was observed (in both
Illumina and ONT data) in gid (S136*), which is the likely explanation of the discrepancy

between phenotypic and genotypic predictions.

Discussion

The benefits of using whole-genome sequencing (WGS) technologies in clinical and
epidemiological settings, such as the characterisation of transmission networks, or for
detection of drug resistance associated mutations to inform on treatment decisions, have
been described [12, 13]. Nevertheless, the associated costs of WGS can limit their application,
especially in remote, field or resource-poor settings. The recent development of portable
sequencing devices powered from laptops, such as ONT MinlON, are significantly reducing
the costs and infrastructure necessary for sequencing, thereby improving accessibility [24,
25]. This accessibility would be useful for infection control in the high TB transmission setting
of the Karonga District, Malawi, the source of our samples. In parallel, the possible direct
sequencing from sputum samples has been successfully reported, taking up to 5 days [8, 24,
26], which will shorten the time from specimen collection to a drug resistance profile, leading
to timely and personalised treatment that can be significantly delayed when culture isolation

is required (up to 3 weeks).

To assess the performance of Illumina short-read and ONT long read platforms, we have
carried out a comparative analysis of ten sample pairs with data from both technologies.

Illumina technology with a low sequencing error rate is considered the gold standard, and
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therefore has been applied to inform on drug resistance or transmission, but the performance
of ONT, with its known higher error rate, is less clear. Several studies have evaluated the
performance of ONT sequencing in target-sequencing approaches for drug resistance
detection [26—28], finding good concordance between lllumina and ONT, or in WGS analysis
[29]. For ONT sequencing data, an even coverage distribution along the chromosome was
observed, with drops coinciding with deleted genes or regions, such as RD152 (Rv1758c-
Rv1765c) in L2, or insertion sequences, whose presence/absence is variable among different
strains. Coverage levels were not dependent on GC content, with high values even in the
extremely GC-rich genes (> 80% GC content). Using a lineage specific genome as reference
yielded an expected overall improvement in coverage across both platforms. However,
Illumina replicates of L3 isolates still failed to reach similar values to those of ONT in the high
GC content regions, revealing the higher susceptibility of the short-read sequencing platform
to GC-rich genes. Blind spots for lllumina sequencing technologies have been previously
reported [18], for which long-read sequencing technologies can assist [21, 22]. In accordance
with previous studies [22], our work demonstrates that long-read data has the potential to
elucidate complex regions, such as pe/ppe genes, which due to their GC-rich and repetitive
nature have been systematically excluded from WGS analysis, losing potential phylogenetic
information. Coverage of the lllumina replicates on these regions, and more specifically in the
most diverse genes of these two families, was shown to be significantly lower than their ONT
counterparts, suggesting a potential inclusion of these genes for the downstream analysis in
WGS from ONT. This could assist with understanding the genetic diversity of pe/ppe genes,
whose functions are largely still unknown, but some are involved in host-pathogen

interactions and thereby promising targets for vaccine development [16].

254



The performance of the variant calling pipeline for ONT sequences was investigated and
compared to the lllumina data, considering the latter as a gold standard. The ONT platform is
prone to sequencing errors, whereas lllumina high sequencing accuracy makes it preferred
for identification of SNPs and small indels [15]. In contrast, larger structural variants are
difficult to capture with short-reads, thus applying a hybrid approach involving assembly of
long-reads with correction using short-reads can improve the accuracy and completeness of
variant detection. For the evaluation of the variant calling method in ONT data, an alternate
allele depth fraction = 0.7 was established as the optimum cut-off based on the true and false
positive error rates. The exclusion of repetitive regions (e.g., pe/ppe genes) led to good
agreement between platforms for SNPs and small indels, as previously shown in other studies
[26], with discrepancies often being found at an allele depth between 0.6 and 0.7, suggesting
the potential use of the lower cut-off of 0.6 to include more true positive calls. With SNPs
covering more than 89% of the genome, an accurate phylogenetic reconstruction was
obtained, supporting the utility of ONT for variant identification and lineage profiling.
Moreover, the inclusion of 150 pe/ppe genes with high levels of coverage, which would
normally be among the regions excluded, added extra variants that have the potential of
being phylogenetically informative. The possibility of including extra variants may lead to an
improved resolution that would be of special interest in outbreak settings, where

transmission analysis of closely related isolates can be potentially better established.

One of the most important applications of the ONT MinlON portable device is the accurate
detection of drug resistant variants, which can inform and assist patient management in a
timelier manner than traditional phenotypic tests. A promising cost-effective approach to the

high throughput evaluation of drug resistant loci in clinical isolates is target-amplicon
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sequencing [30]. We validated the high quality of the variant calling process on ONT data for
42 known M. tuberculosis drug resistant loci, finding congruent results with their lllumina
counterparts. This outcome suggests the potential identification of drug-resistant variants

from ONT data, including within a target-amplicon framework.

Limitations of the study include the low number of isolates analysed, the low intra-lineage
diversity, and limited number of drug resistant isolates. Whilst the latter may limit the
investigation of variants in drug resistance associated loci, given the error rate of ONT
including within these loci, our approach robustly characterises the sequence of drug
resistance genes and it is thus reasonable to conclude that it will also accurately characterise
the sequence of genes that contain variants and, by extension, predict resistance. Previous
works have shown good drug resistance variant detection through different methods [26, 29],
with promising results towards its use for diagnostics purposes in the clinic. However, for the
complete reliance of in silico drug resistance prediction based on genotypes, an improved
understanding of catalogue of resistance mutations is essential. A more complete
characterisation of phenotype-genotype associations for certain drugs are required and the
phenotypic-genotypic inconsistency observed in this analysis reflects this need. WGS
facilitates a more comprehensive analysis compared to targeted gene sequencing. The use of
long-reads can cover repetitive regions of the genome, and thereby help elucidate
compensatory or epistatic mutations that could be crucial for the better understanding of

drug resistance mechanisms in M. tuberculosis.

In conclusion, the data obtained through this analysis supports the use of ONT sequencing

platforms for well stablished drug resistance variants detection and phylogenetic
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reconstruction, with potential application in transmission analysis, since the underpinning
SNP variant calling process appears robust. However, due to the high error rate, lllumina
remains the best option for small indel analysis, suggesting, for their accurate study with ONT
data, a hybrid correcting approach is warranted. Moreover, we demonstrate the possibility
of including additional genomic regions in the standard variant calling pipelines, such as the
pe/ppe genes, which due to their implications in pathogenicity and host-pathogen
interactions could give insights into epidemiological implications, as well as potentially
improving the resolution of transmission clusters. Furthermore, for variants in more complex
gene arrangements that might fail to be captured using the H37Rv reference, the use of
lineage-specific reference genomes could be practical. The portable MinlON technology could
therefore be implemented and is likely to gain traction for epidemiological, phylogenetic, or
drug resistance detection applications, providing much needed assistance in the control of

tuberculosis, especially in high burden settings where impacts will be greater.

Methods

Culture, DNA extraction and sequencing

The 10 isolates analysed in this study were sourced from TB patients in Karonga (Malawi)
between 2001 and 2009, with isolates stored at the LSHTM. The bacterial culture and
extraction of genomic DNA was carried out at the LSHTM Biosafety Level 3 containment
facility. Briefly, M. tuberculosis isolates were pre-cultured in Middlebrook 7H9 supplemented
with 0.05% Tween 80 and 10% albumin-dextrose-catalase (ADC) at 37°C to mid-log phase.
Once reached the exponential growth, they were passaged to roller bottles until desired
optical density (OD = 0.6 — 0.8). Heat inactivation (one hour at 80°C) followed by CTAB-

chloroform-isoamy! alcohol method was used for genomic DNA extraction [31]. Whole-
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genome sequencing of DNA samples was performed with Oxford Nanopore Technologies
(ONT) (MinION Flow Cell with R10.3 nanopore chemistry; SQK-LSK109 ligation-based
sequencing kit) and Illumina HiSeq 4000 (150bp paired-end) platforms through The Applied
Genomics Centre at LSHTM. A further set of four DNA replicates for the reference H3Rv strain
also underwent sequencing using the ONT MinlON platform. All raw sequencing data is

available (see Table S1 for accession numbers).

Bioinformatics pipeline

Base calling of ONT raw sequence data was performed with bonito basecaller (model
dna_r9.4.1 e8.1 sup@v3.3) [32] and reads aligned to the H37Rv reference genome
(GCA_000195955.2) using minimap2 (v2.17-r941) software [33] discarding ambiguous reads.
Depth of coverage along the chromosome and median coverage per annotated gene was
calculated with BEDTools (v2.29.2) [34], using the alignments of data obtained by ONT and
Illumina platforms. To compare between samples, median coverage per gene per sample was
normalised by the coverage of four housekeeping genes (gyrB, gyrA, rpoB, rpoC) known to
not be deleted or duplicated and expected to have a good “average” coverage. Lineage-
specific reference genomes were selected among high quality PacBio assemblies [19] and
used to assess levels of coverage. Due to the high error rate of the ONT platform, a mixture
of alternate and reference alleles is often found. In order to identify an optimum cut-off for
variant calling, a minimum alternate allele frequency of 0.5 was used in the variant calling
process carried out using Freebayes (v1.3.2) software [35]. Variant calls obtained in Illumina
data with an allele frequency of 0.7 were considered as true variants. Alternative allele
frequency cut-off values of 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 for ONT variant calls were used and

true and false positive and negative rates for each of the cut-offs were calculated. True

258



positive and false positive rates were compared and evaluated using a receiver-operator
characteristic curve analysis. A final cut-off of 0.7 was determined to perform variant calling,

and validated using ONT data from the H37Rv replicates.

To obtain a curated set of SNPs for the subsequent analysis, variants were filtered (see Figure
S4). In brief, regions with repetitive sequences that generate mapping problems (see GitHub

repository  https://github.com/pgomezgonzalez/nanopore tb data analysis), such as

pe/ppe genes or insertion sequences, were excluded, and only SNPs were selected. Genotype
calls were refined by read depth (DP) and alternate allele depth (AD) fraction, with a minimum
DP of 10 required to determine a position and an AD > 0.7 needed to retain the alternate call.
The resulting refined SNP dataset was used for the agreement evaluation between sample
pairs and their phylogenetic reconstruction. Small indels called using Freebayes (v1.3.2) were
filtered using the same pipeline as SNPs. Delly (v0.8.7) software [36] was used for large
structural variants (indels with size > 15 bp). Lineage and drug resistance profiling of the
sample pairs was carried out with TB-Profiler (v3.0, commit version: de4e796) [13]. Maximum
likelihood phylogenetic reconstruction of the genomes was performed with IQ-TREE (v1.6.12)
with a GTR+G+ASC nucleotide substitution model [37] by using genome-wide SNPs excluding
repetitive regions or including the 150 pe/ppe genes with good coverage, and visualised
together with annotations in iTOL software. Custom scripts used in the analysis pipeline are
available in a GitHub repository

(https://github.com/pgomezgonzalez/nanopore tb data analysis).

Data availability
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Raw sequencing data is available from the ENA archive (see Table S1 for a list of accession

numbers).

Ethics approval and consent to participate
The studies were approved by the Health Sciences Research Committee in Malawi (#424) and
by the LSHTM ethics committee (#5067). Informed written consent was sought and obtained

for all patients in the original study.
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Table 1. Summary of ten sample pairs (51-S10) sequenced using lllumina and Oxford

Nanopore Technology (ONT) platforms.

. Meanread Numberof %reads Mean No.
Sample Lineage Platform

length reads mapped depth  SNPs*

51 3 ONT 4,496 97,949 95.77 94 1144
llumina 100 2,000,955 99.39 78 1146

2 3 ONT 5,421 75,742 95.79 87 1154
llumina 100 1,593,992 99.52 67 1157

ONT 4,204 113,137 97.45 102 1158

>3 3 llumina 75 11,239,186  99.32 251 1160
ONT 4,784 72,196 96.49 74 1156

>4 3 llumina 75 6,929,436 99.31 152 1158

ss 49 ONT 6,958 46,188 94.49 69 259

Illumina 100 1,320,558 99.78 55 259

S6 112 ONT 4,997 60,416 95.63 64 1741
llumina 100 2,116,280 99.35 90 1746

57 113.2 ONT 4,411 75,431 96.81 72 1763
Illumina 100 1,127,055 99.22 48 1772

sg 521 ONT 4,296 63,528 96.98 59 1154
llumina 100 1,334,916 99.53 55 1158

59 591 ONT 5,395 43,239 97.29 51 1154
Illumina 100 1,781,150 99.46 76 1158

ONT 3,468 63,682 97.78 48 1115

S10 2.2.1 ,

Illumina 100 1,510,044 99.57 65 1119

* High quality SNPs obtained at an alternate frequency of 0.7
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Table 2. Concordance of variants found using lllumina and Oxford Nanopore Technology

(ONT) platforms.

Large structural

sample SNPs Small indels variants*
pair ONT lllumina Both ONT lllumina Both ONT lllumina Both
only only only only only only
S1 0 2 1144 3 4 94 58 9 20
S2 0 3 1154 3 8 88 64 6 17
S3 0 2 1158 5 7 84 62 6 14
S4 0 2 1156 4 7 84 66 4 14
S5 0 0 259 2 2 28 14 0 4
S6 0 5 1741 0 9 115 67 5 20
S7 0 9 1763 3 5 108 61 6 19
S8 0 4 1154 3 6 97 68 8 14
S9 0 4 1154 2 7 95 67 9 16
S10 1 5 1114 2 5 97 72 12 18

* includes insertions and deletions (indels) > 15 bp
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Figure 1. Coverage analysis for lllumina and Oxford Nanopore Technologies (ONT) data

Coverage analysis for ONT and Illumina data across the 10 sample pairs (S1-S10). (A) Aver-

age median normalised coverage along the chromosome across all samples for both technolo-

gies (top lllumina, bottom ONT). Genes with average median coverage < 0.5 for ONT platform

are annotated: Rv0797 corresponds to an insertion sequence; Rv1758-Rv1765c corresponds
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to RD152, deleted in L2 and one isolate from L3; and Rv3019c-Rv3020c is a genomic region
deleted in L3 isolates. The vertical axis shows the median coverage normalised by four house-
keeping genes. The horizontal axis shows the position along the chromosome aligned to H37Rv.
(B) Boxplots of normalised coverage per gene per sample for the 10 pairs. (C) Normalised cov-
erage per gene per sample by group as follows: non-pe/ppe genes, conserved pe/ppe genes
and pe/ppe genes with structural variants; *** adjusted P value < 0.001. (D) Normalised cov-
erage distribution per sample per gene by GC content for each sequencing platform. On the
left, coverage obtained aligning to H37Rv reference; on the right coverage obtained aligning

to PacBio lineage-specific assemblies. PCA of SNPs.
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Figure 2. Phylogenetic trees and transmission networks

Maximum likelihood phylogenetic trees and transmission networks for the samples studied.
Isolates are coloured by lineage. Drug resistance profile obtained by phenotypic drug suscepti-
bility testing is shown in the strip labels on the trees. (A) Phylogenetic tree reveals high degree
of concordance and clustering of replicates sequenced using Oxford Nanopore Technologies
(ONT) and lllumina platforms, reconstructed with 3,955 SNPs excluding genomic repetitive
regions. (B) Phylogenetic tree of ONT sequenced samples using the 3,955 SNPs, as well as
transmission networks for lineage L2 (S8 and S9) and L3 (S2, S3 and S4) clusters showing SNP
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distances. (C) Phylogenetic tree of ONT sequenced samples using the 3,955 SNPs in addition
to 568 more polymorphic sites located in pe/ppe genes, as well as transmission networks for

lineage L2 (S8 and S9) and L3 (S2, S3 and S4) clusters with SNP distances.
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Table S1. ENA accession number for study samples undergoing sequencing using lllumina and

Oxford Nanopore Technology (ONT) platforms.

Drug resistance

icD .

Sample Lineage genotypic Phenotyplc ST IIIumln'a ONT

. profile Sequencing
profile
S1 3 Pan-susceptible  Pan-susceptible ERR161062 ERR8170869
S2 3 Pan-susceptible  Pan-susceptible ERR182032 ERR8170870
S3 3 Pan-susceptible  Pan-susceptible ERR245682 ERR8170871
sS4 3 Pan-susceptible  Pan-susceptible ERR245678 ERR8170872
s5 49  INHresistant o andSTR ERR181826  ERR8170873
resistant

S6 1.1.2  Pan-susceptible Pan-susceptible ERR181951 ERR8170874
S7 1.1.3.2 Pan-susceptible  Pan-susceptible ERR181929 ERR8170875
S8 2.2.1  Pan-susceptible Pan-susceptible ERR181821 ERR8170876
S9 2.2.1  Pan-susceptible Pan-susceptible ERR221538 ERR8170877
S10 2.2.1  Pan-susceptible Pan-susceptible ERR221573 ERR8170878
ERR8441303,
. . ERR8441304,
H37Rv 4 Pan-susceptible  Pan-susceptible - ERR8441305,
ERR8441306

INH = Isoniazid, STR = Streptomycin; DST = drug susceptibility testing
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Table S2. Discrepancies between lllumina and Oxford Nanopore Technology (ONT) SNP calls.

Sample bair POS REF Gene ONT alternative lllumina alternative
i
plep allele (depth*) allele (depth*)
TCG (0.37)
55553 CCG Rv0050 TCG (0.88)
s1 CCGTCG (0.60)
1608276 A Rv1431 € (0.69) c(1)
TCG (0.44)
55553 CCG Rv0050 TCG (0.82)
. CCGTCG (0.53)
4027914 C Rv3586 T(0.69) T(1)
4323831 C Rv3849 T(0.68) T(1)
TCG (0.36)
55553 CCG Rv0050 TCG (0.85)
s3 CCGTCG (0.61)
1608276 A Rv1431 C (0.65) c(1)
TCG (0.25)
55553 CCG Rv0050 TCG (0.87)
sS4 CCGTCG (0.69)
4027914 C Rv3586 T(0.65) T(1)
50906 C Rv0046¢ T(0.68) T (0.98)
TCG (0.06)
55553 CCG Rv0050 TCG (0.74)
. CCGTCG (0.92)
1585283 A Rv1409 C(0.61) C (0.98)
1798355 G Rv1597 A (0.61) A(1)
2663210 G Rv2380c A (0.69) A (0.96)
TCG (0.12)
55553 CCG Rv0050 TCG (0.82)
CCGTCG (0.79)
1585283 A Rv1409 C (0.60) c(1)
1798355 G Rv1597 A (0.64) A(1)
. 2092970 C Rv1843c T(0.68) T (0.98)
2093715 T Rv1843c C (0.61) € (0.97)
2827111 C Rv2510c T(0.68) T(0.94)
3220048 C Rv2913c T(0.57) T(1)
3479561 G Rv3111 A (0.69) A (0.99)
3653225 C Rv3271c T(0.66) T(0.91)
TCG (0.23)
55553 CCG Rv0050 TCG (0.83)
CCGTCG (0.69)
s 460413 C Rv0384c T(0.65) T (0.94)
CCC (0.19)
1831219 CAC Rv1629 CCC (1)
CC (0.78)
3010993 C Rv2693c T(0.68) T(1)
TCG (0.09)
55553 CCG Rv0050 TCG (0.73)
CCGTCG (0.91)
< 460413 C Rv0384c T(0.65) T (0.94)
1097220 C Rv0981 T (0.69) T(1)
CCC (0.19)
1831219 CAC Rv1629 CCC (1)
CC (0.78)
510 39030 C Rv0035 T(0.36) T (0.80)
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TCG (0.20)

55553 CCG Rv0050 TCG (0.73)
CCGTCG (0.74)
CGG (0.95) CGG (0.14)
549361 CGC Rv0457c¢
CGGG (0) CGGG (0.84)
1608276 A Rv1431 C (0.68) c(1)
CCC (0.3)
1831219 CAC Rv1629 ccc (1)
CC (0.67)
4359165 G Rv3879c C(0.63) € (0.99)

ONT = Oxford Nanopore Technology; * Allele depth; in bold, platform where alternate allele
was called (alternative depth > 0.7; alleles with indels not considered). Note, there were no

discrepancies between calls in lllumina and ONT data for sample S5.
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Table S3. Discrepancies between lllumina and Oxford Nanopore Technology (ONT) indel calls.

Sample ONT alternative allele lllumina alternative
) POS Gene
pair (depth*) allele (depth*)
293628 Rv0243 insC (0.61) insC (1)
delC (0.42)
854252 Rv0759c delC (1)
delCC (0.57)
insGG (0.45) )
1365837 Rv1222 . insGG (1)
S1 insG (0.40)
2320329 Rv2062c delC (0.75) delC (0)
2631009 Rv2351c insTGCCG (0.47) insTGCCG (0.93)
2850856 Rv2525¢ delG (0.71) delG (0)
3296371 Rv2947c insCGCGGCC (0.71) insCGCGGCC (0.69)
293628 Rv0243 insC (0.63) delC (1)
691887 Rv0592 insC (0.55) insC (0.98)
830868 Rv0739 insCG (0.67) insCG (1)
delC (0.44)
854252 Rv0759c delC (1)
delCC (0.54)
insGG (0.37) .
1365837 Rv1222 . insGG (1)
S2 insG (0.48)
2320329 Rv2062c delC (0.80) delC (0)
2536625 Rv2264c insGG (0.21) insGG (1)
2631009 Rv2351c insTGCCG (0.42) insTGCCG (0.89)
2850856 Rv2525¢ delG (0.82) delG (0)
3131469 Rv2823c insTCGGCGATG (0.85) insTCGGCGATG (0.64)
3296371 Rv2947c insCGCGGCC (0.65) insCGCGGCC (0.74)
125830 Rv0107c insA (0.68) insA (1)
293628 Rv0243 insC (0.65) insC (1)
691887 Rv0592 insC (0.50) insC (0.98)
delC (0.58)
854252 Rv0759c delC (1)
delCC (0.38)
insG (0.45) .
1365837 Rv1222 . insG (1)
s3 insGG (0.43)
2536625 Rv2264c insGG (0.25) insGG (1)
2631009 Rv2351c insTGCCG (0.40) insTGCCG (0.73)
2320329 Rv2062c delC (0.78) delC (0)
2850856 Rv2525¢ delG (0.79) delG (0)
3059811 Rv2747 delT (1) delT (0.04)
3059829 Rv2747 insA (0.92) insA (0)
3131469 Rv2823c insTCGGCGATG (0.90) insTCGGCGATG (0.48)
293628 Rv0243 insC (0.61) insC (1)
sa 691887 Rv0592 insC (0.67) insC (1)
830868 Rv0739 insCG (0.66) insCG (1)
854252 Rv0759c delC (0.50) delC (1)
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delCC (0.37)

insG (0.49) .
1365837 Rv1222 . insG (1)
insGG (0.47)
2536625 Rv2264c insGG (0.38) insGG (1)
2631009 Rv2351c insTGCCG (0.39) insTGCCG (0.80)
3059811 Rv2747 delT (0.99) delT (0.02)
3059829 Rv2747 insA (0.94) insA (0)
3131469 Rv2823c insTCGGCGATG (0.93) insTCGGCGATG (0.52)
3296371 Rv2947c insCGCGGCC (0.76) insCGCGGCC (0.49)
delC (0.48)
854252 Rv0759c delC (1)
delCC (0.48)

S5 2059780 Rv1817 insG (0.26) insG (0.97)
2320329 Rv2062c delC (0.77) delC (0)
3190145 Rv2880c delC (0.84) delC (0)

125830 Rv0107c insA (0.69) insA (1)
191391 Rv0161 insC (0.2) insC (0.95)
293628 Rv0243 insC (0.59) insC (0.96)
delC (0.40)
854252 Rv0759c delC (0.99)
delCC (0.56)
S6 919284 Rv0825c insG (0.30) insG (0.96)
insG (0.59) .
1365837 Rv1222 . insG (1)
insGG (0.29)
2547529 Rv2275 insG (0.58) insG (0.97)
2730151 Rv2434c insC (0.17) insC (1)
3723901 Rv3337 insT (0.69) insT (0.94)
293628 Rv0243 insC (0.64) insC (1)
delC (0.57)
854252 Rv0759c delC (0.97)
delCC (0.41)
insG (0.51) .
1365837 Rv1222 . insG (1)
insGG (0.34)
insCCAACGCCACCG
S7 2090400 Rv1841c (0.67, **DP=24)
(0.86)
2547529 Rv2275 insG (0.68) insG (0.91)
3131469 Rv2823c insTCGGCGATG (0.88) insTCGGCGATG (0.63)
. insCGCGGCC (0.68,
3296371 Rv2947c insCGCGGCC (0.70)
*DP=22)
3723901 Rv3337 insT (0.69) insT (0.98)
125830 Rv0107c insA (0.65) insA (1)
293628 Rv0243 insC (0.69) insC (1)
799136 Rv0698 delC (0.73) delC (0)

S8 delC (0.36)

854252 Rv0759c delC (0.98)
delCC (0.56)

964001 Rv0866 insG (0.44) insG (0.98)

987585 Rv0888 insG (0.22) insG (0.98)
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insG (0.38)

1365837 Rv1222 . insG (1)
insGG (0.43)
2320329 Rv2062c delC (0.71) delC (0.02)
2850856 Rv2525c delG (0.79) delG (0)
125830 Rv0107c insA (0.68) insA (0.98)
293628 Rv0243 insC (0.60) insC (1)
delC (0.4)
854252 Rv0759c delC (0.98)
delCC (0.6)
964001 Rv0866 insG (0.44) insG (0.85)
S9 987585 Rv0888 insG (0.16) insG (0.94)
insG (0.46) .
1365837 Rv1222 . insG (1)
insGG (0.46)
1753519 Rv1549 insC (0.64) insC (1)
2850856 Rv2525c delG (0.77) delG (0)
3131469 Rv2823c insTCGGCGATG (0.90) insTCGGCGATG (0.69)
125830 Rv0107c insA (0.65) insA (1)
809840 Rv0712 insC (0.24) insC (1)
987585 Rv0888 insG (0.27) insG (1)
insG (0.55) .
1365837 Rv1222 . insG (1)
S10 insGG (0.31)
delC (0.37) .
2338194 Rv2081c . insC (0.93)
insC (0.06)
2850856 Rv2525c delG (0.72) delG (0)
3131469 Rv2823c insTCGGCGATG (0.86) insTCGGCGATG (0.67)

ONT = Oxford Nanopore Technology; *Allele depth; **DP = low total read depth at locus; in
bold, platform where alternate allele was called (allele depth > 0.7).
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Table S4. Large structural variants* identified in lllumina and Oxford Nanopore Technology
(ONT) sequence data

P e ONT i

pair only only Both only only Both
S1 41 1 1 17 8 19
S2 46 0 0 18 6 17
S3 44 0 0 18 6 14
sS4 46 0 0 20 4 14
S5 11 0 0 3 0 4
S6 50 2 1 17 3 19
S7 47 1 1 14 5 18
S8 48 0 0 20 8 14
S9 49 0 0 18 9 16

S10 52 0 1 20 12 17

*Insertions and deletions over 15 bp identified using Delly software.
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Figure S1. Genome-wide normalised coverage
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Figure S2. Correlation of normalised coverage between lllumina and Oxford Nanopore Technology (ONT) platforms

A

Normalised coverage Nanopore

B

Normalised coverage Nanopore

0.5

0.0

0.0 0.5 1.0 1.5
Normalised coverage lllumina

2.0

. . s, °

..... .. ...l. .. '. .'I F) * * ... '.‘lJ
'..'.E ’ o .~ e @ ’ .... ¢ ) -’. ot . A '.
IR AR S MR LR [
e " wefe L., @ KT A RIS St
. 00,000, o o 8° L ° Se®
..:‘:: L ’l . .... .. e %o o, .. ...
.... . L] .. ..

. .

>.

2 ..

3 Rv0797 and Rv1765¢

LI X (]

i
0.0 0.1 0.2 0.3 0.4 0.5

Normalised coverage lllumina

Correlation of normalised median coverage per gene per sample in both sequencing platforms (vertical axis ONT, horizontal axis lllumina) for (A)

all genes and (B) genes with a median normalised coverage < 0.5 in lllumina data in at least one sample. Overall, (A) shows a good correlation of
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Figure S3. Receiver-operator characteristic curve for the error rate of Oxford Nanopore
Technology (ONT) data
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ROC curve showing the True Positive Rate on the vertical axis with the False Positive Rate on
the horizontal axis. All cut-off points studied are annotated in the curve.
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Figure S4. Analysis pipeline

{ VARIANT CALLING H Variant calling with Freebayes (minimum alternate fraction = 0.7) 7,614 variants

A

v
BY REGION ) Discard calls in r.epetit.ive regions (e.g., 4.270 variants
pelppe genes, insertion sequences)

{ FILTERING

Y
Indels 313 indels
SNPs 3,957 SNPs i(—

» BY VARIANT TYPE

[ REFINING GENOTYPE ]—» BYREADDEPTH ——> O Pasitions with

A 4

BY ALTERNATE Alternate calls only if
i DEPTH — AD>0.7 3,955 SNPs

Summary pipeline of the variant calling, filtering and genotype refining steps carried out to
obtain a set of high-quality SNPs. DP = read depth at a locus; AD = alternate allele depth
fraction; indels = insertions and deletions.
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Figure S5. Depth of coverage and alternate allele depth fraction correlation between lllumina
and Oxford Nanopore Technology (ONT) for SNPs called in both platforms.

A B
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DP Nanopore
3
AF Nanopore

0.96
DP lllumina AF lllumina

Correlation plots showing (A) read depth (RD) and (B) alternate allele depth fraction (AF)
between lllumina and ONT for positions with SNPs called in both platforms, with lllumina on
the horizontal axis and ONT on the vertical axis. (A) shows a good correlation between read
depth in positions with concordant SNPs; (B) shows how ONT reads are noisier than the
corresponding lllumina reads, with the fraction of alternate allele depth for ONT with lower
values (0.7-1) than the Illumina platform (>0.92).
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Figure S6. Cladogram of Oxford Nanopore Technology (ONT) and lllumina sequenced isolates
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Cladogram representing the branching order with equal branch lengths for the 10 pairs of
Illumina and ONT isolates (A) and only the 10 ONT isolates (B); INH = lIsoniazid, STR =

Streptomycin.
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CHAPTER 7

Discussion
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7.1. General discussion

An understanding of the biology of Mycobacterium tuberculosis (Mtb) is a crucial aspect for
the control of an infection that still causes more than a million deaths per year. Since various
members of the Mycobacterium tuberculosis complex are responsible for human tuberculo-
sis disease, and differences among them have implications in pathogenicity or acquisition of
drug resistance, it is of importance to understand the biological mechanisms resulting in these
phenotypic changes. The recent development and expansion of whole-genome sequencing
technologies have provided the means to carry out high throughput genomic analysis that can
help to understand the genomic differences that exist between strains and its potential rele-
vance in different biological processes. Thus, this thesis focuses on the use of whole-genome
sequencing data as a means to interrogate the genome of the different lineages of Mtb to study

diverse aspects of its biology.

During Mtb infection, transcriptional changes occur in response to environmental cues as a
mechanism of adaptation to the changing conditions, such as the expression changes provoked
by the dormancy survival regulator DosR that affects transcription of more than 50 genes [1].
However, different core transcriptomes have also been described among Mtb clinical isolates
under same conditions [2]. Differential expression between strains can result in various phe-
notypes that can ultimately impact infection and clinical outcomes. On the other hand, N°-
adenine methylation has been proposed as a mechanism responsible for phenotypic variation
among strains, where loss of function mutations in the methyltransferases (MTases), often as-
sociated with lineage, have been suggested to explain gene expression differences [3—5]. Gene
expression can be influenced by genomic diversity, such as variants in transcriptional regula-

tors or promoters [2, 6], and mutations inactivating MTases that alter the methylation pro-
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file [3,4]. The aim of Chapter 3 was to interrogate the differential gene expression of a sample
set representing three of the major Mtb lineages in relation to their genomic and methylation
patterns, by combining three levels of ‘omics data: DNA, RNA and methylation. In support of
previous findings [2], different transcriptomes between the ancient and the modern strains
were observed. To investigate the underlying mechanisms responsible for these expression
differences, two types of variants were considered, including SNPs within the promoter re-
gions and transcriptional start sites of the differentially expressed genes, together with non-
synonymous mutations potentially leading to functional impairment of transcriptional regula-
tors. An expression quantitative trait loci (eQTL) study was performed to establish the asso-
ciations between the variants and the level of gene expression, revealing numerous cis- and
trans-eQTL candidates. The same approach was used for the association of the methylated and
un-methylated motifs identified along the genome with gene expression levels. This analysis
revealed diverse modification patterns, from which a correlation of absence of methylation
as a consequence of loss of function mutations, and down-regulation of specific genes was
found, consistent with previous work [3]. Besides the previously reported variants, novel mu-
tations in mamA (e.g., G152S) were identified, which could explain the lack of methylation of
the CTCCAG motif. Additionally, the partial activity of MTases caused by specific mutations be-
hind intracellular stochastic methylation patterns has been suggested by recent work [7]. This
insight, together with the corroboration of promoter DNA methylation influence in transcrip-
tion, leads to the hypothesis of heterogenous phenotypes as a result of heterogenous methy-
lation [7]. Despite the advances in methylation analysis in Mtb, in part due to the more acces-
sible modification detection pipelines by PacBio or Oxford Nanopore Technologies (ONT), the
physiological consequences of this epigenetic regulator are still unknown, and more research

is necessary in order to gain insights into the implications of the different transcriptomes or
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methylation patterns identified across different strains may have in pathogenicity or acquisi-

tion of drug resistance, to ultimately inform in drug or vaccine development.

As Mtb lacks horizontal gene transfer, acquisition of drug resistance is mainly caused by
SNPs or indels in drug targets, drug-activating enzymes or genes coding for proteins involved
in transport of small molecules like efflux pumps [8, 9]. Thereby, the investigation of variants
in loci known to interact with anti-TB drugs can provide insights into the emergence of drug re-
sistance. Chapter 4 comprises a large-scale study of variants in candidate genes for resistance
to three of the most recently introduced anti-TB drugs: bedaquiline (BDQ), delamanid (DLM)
and pretomanid (PTM), used for the treatment of MDR- and XDR-TB cases. In a large data set
(n=~30k lllumina genomes) with all Mtb lineages represented, the frequency and distribution
of variants in 9 candidate loci were investigated. More than one thousand different mutations
including non-synonymous SNPs and small indels were identified, most of them being found
in isolates collected prior to the introduction of BDQ, DLM and PTM as an anti-TB treatment.
Through phylogenetic and convergent evolution analysis, together with the available drug sus-
ceptibility testing (DST) data, some of these mutations could be determined as phylogenetically
informative and unlikely to be associated with resistance. However, there were several other
variants, including nonsense SNPs and frameshifts, that could imply intrinsic resistance in naive
strains. Interestingly, some of these variants were fixed in populations with high allele frequen-
cies observed within a sub-lineage, others were part of transmission clusters, or showed simul-
taneous occurrence in phylogenetically distant isolates. These findings are in line with previous
identification of spontaneous mutations in BDQ/DLM-naive isolates [8,10-13], and even to the
most recent PTM [14], which raises concerns due to the complications that intrinsic resistance

can pose for future treatment of MDR- and XDR-TB cases. In some situations, the use of clofaz-
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imine (CFZ) or azoles can explain the emergence of cross-resistance to BDQ through mutations
in the transcriptional regulator mmpR5. Additionally, in a drug resistance context, it is also
important to note the possible epistatic interactions [15], where mutations in a different gene
can counteract the resistance effect of another mutation (e.g., mmpL5 deletion and mmpR5
frameshift), explaining genotype-phenotype discrepancies. Genome-wide association studies
(GWAS) with DST data and a better understanding of the mechanisms of action can help to
elucidate such effects. Moreover, protein stability software, such as SUSPECT-BDQ, are useful
to predict likely phenotypes based on mutations. Nevertheless, more MIC data is necessary
to determine the clinical relevance of the frequent mutations associated in the literature with
low level of resistance, below BDQ/DLM resistance breakpoints [8,16,17], which could lead to

treatment failure due to suboptimal regimens.

Variation among Mtb strains is also reflected in the pe and ppe gene families, where, due to
their role in host-pathogen interactions, it could cause differences in pathogenicity. The two
gene families are known hot spots of recombination and polymorphisms [18, 19] and have
been suggested to be involved in antigenic variation and immune evasion [20]; although, con-
servation among T-cell epitopes does not support the theory of immune selection of these
proteins [21, 22]. However, their GC-rich and repetitive nature has resulted in their system-
atic exclusion from whole-genome sequencing (WGS) analysis owing to the lack of accuracy in
mapping short reads to these regions [23]. With the purpose of characterising these complex
gene families, Chapter 5 describes the successful use of long-read sequencing data to gen-
erate alignments for the 169 pe/ppe genes and study their diversity using representatives of
the main Mtb lineages. Newly cultured and sequenced clinical isolates together with a set of

publicly available complete PacBio genomes were included to a final data set of 72 genomes
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to cover ancient, modern and M. bovis strains. A conservative approach was used to classify
the pe/ppe genes based on their structural variants across the different lineages, revealing a
significant number of conserved genes, and when assessed per sample, > 50% of these genes
were also found conserved relative to the H37Rv reference. SNP and indel diversity per site
were higher in pe/ppe genes than in the rest of the genome, with a predominance of indel
diversity among the genes classified as non-conserved, and in the pe_pgrs sub-family, more
specifically, after the PE domain. In contrast to this observation, SNPs were the main source of
diversity in the conserved genes and within the ppe and remaining pe genes. Inter-lineage vari-
ation was expected within these two families, as it occurs genome-wide. Indeed, the presence
of several lineage-specific variants, including indels leading to disrupted proteins, was identi-
fied and validated in a larger data set of short-read data, suggesting a possible lineage-specific
host-pathogen interaction. Supported by PGAP annotation and protein structure prediction
by AlphaFold where possible, duplication events, gene fusions or integration of 1IS6110, often
following lineage patterns, were also among the structural variants identified, demonstrating
the complexity of the pe/ppe gene arrangements. Interestingly, inconsistencies between the
clinical isolates analysed and the annotation of the H37Rv reference genome highlight a po-
tential pitfall to accurately capture variants in these complex genes using a reference-based
approach. For instance, a second copy of pe_pgrs3 similar to that found in M. bovis or M.
canetti was identified in most of the samples, indicating that recombination events could have
resulted in the possible loss of a copy in H37Rv and related strains. This consequently leads to
the erroneous identification of numerous variants when H37Rv is used as a reference. Another
interesting finding was the observation that several of the genes annotated as pseudogenes
in H37Rv due to premature stop codons were annotated in clinical strains as likely functional

genes. Overall, different degrees of variation, including lineage patterns, were found among
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these two families. Considering the significant number of structurally conserved genes, but yet
with a certain degree of variation, it is possible that these genes could have a phylogenetically
informative value if included in WGS analysis. Moreover, due to their immunogenic nature,
PE/PPE proteins have been often targeted as vaccine candidates, for which a better under-
standing and characterisation of their function and strain variation is necessary. Overall, the
pe/ppe work has provided with new insights and processed data, including a list of conserved

genes, to assist follow-up investigations, including laboratory functional work.

Among the advantages of the use of WGS technologies, it is important to highlight the clini-
cal and epidemiological applications. The use of WGS to analyse pathogen DNA/RNA has been
recently implemented in countries like the UK, including for COVID-19 insights and TB man-
agement. For TB, the current accessibility to these sequencing platforms and bioinformatic
pipelines has the potential to significantly improve patient management, with faster detection
of drug resistance associated mutations through direct sequencing from sputum [24], circum-
venting the laborious and time-consuming culture steps. Nevertheless, for the implementation
of these technologies in high burden TB settings, reduced costs and infrastructure are neces-
sary and are now achievable with devices such as MinlON from ONT. In Chapter 6, a pair-wise
comparison between the gold standard Illumina data and ONT long-reads from cultured and
sequenced clinical isolates was carried out, to evaluate the applicability of the latter technol-
ogy in drug resistance and transmission analysis. Good genome-wide coverage was obtained
with ONT data, without the apparent GC content biases that can affect lllumina data output.
On the premises of the better characterisation of the pe/ppe genes with PacBio long-reads
observed in Chapter 5, the coverage of these genes in the ONT replicates was investigated,

showing a significantly improved read depth compared to their lllumina counterparts, espe-
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cially among the non-conserved genes. Despite the higher sequence error rate of ONT, good
concordance between SNPs identified through both platforms was found at an alternate al-
lele depth fraction >0.7, supporting the reliability of ONT data. However, for small indels, a
more accurate characterisation is obtained with Illumina data. The robust SNP identification
with ONT reinforces its possible application to elucidate transmission clusters, and in order to
improve the resolution, it is plausible to include up to 150 pe/ppe genes with good coverage
across the different lineages. Additionally, although the samples analysed were mostly pan-
susceptible, high quality variants were called at all drug resistance loci. Therefore, this study
supports the application and implementation of ONT, such as the MinlON portable sequencer,
for drug resistance detection or epidemiological and transmission dynamics investigations. Re-
cent target amplicon sequencing of drug resistance loci approaches have also been described
using MinlON technologies for the accurate and cost-effective characterisation of drug resis-
tance markers in Mtb [25], moving towards a more realistic and affordable application of WGS
technologies to enable a prompt and accurate diagnosis and inform decision making in the

context of drug-resistant TB.

In summary, the implications of the work presented on this thesis on the field of TB control
are varied. The differences between lineages of Mtb at different levels (genomic, expression
or methylation differences) could imply phenotypic diversity. And the understanding of phe-
notypic diversity in Mtb is crucial to achieve more accurate diagnostic tools and treatments.
The complexity observed in genes involved in host-pathogen interactions (e.g., pe/ppe genes)
and the differential expression between lineages points towards potential different behaviours
that could be of importance when developing diagnostics or treatments. Well conserved tar-

gets among Mtb lineages should be of choice to ensure their application. On the other hand,
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drug-resistance poses a real threat to the control of TB. The existence of mutations poten-
tially associated with resistance to the new drugs in naive MDR or XDR isolates leads to re-
duced choices for treatment with increased side effects. This highlights the need for better
therapeutic options to improve patient management and adherence. Moreover, a better un-
derstanding of the drug mechanisms of action and the biological mechanisms responsible of
phenotypic drug resistance could assist in drug development. The availability of fast and accu-
rate detection of drug resistance through portable sequencing technologies is a great advance
in diagnostics. Nevertheless, certain limitations such as the actual cost or the lack of reliable
genotypic-phenotypic data for certain drugs makes it difficult to fully implement as the gold-

standard method to use, especially in high-burden settings.

7.2. Conclusions

This thesis presents an analysis of Mtb sequence data to inform on diversity across various
lineages at different levels, such as methylation and gene expression (Chapter 3), acquisition
and distribution of drug resistant mutations (Chapter 4), or diversity within protein families
involved in host-pathogen interactions (Chapter 5), to gain insights into the differences that
can be observed and the biological implications that they might have. The combined applica-
tion of different ‘omics has shown the potential to decipher more complex biological mecha-
nisms. Moreover, the use of long-read WGS data (e.g., PacBio) can resolve complicated gene
morphologies, like the pe and ppe genes, with high GC content and repetitive regions, where
traditional short-read sequencing may encounter difficulties. The suitability of portable and
cost-effective sequencers, such as MinlON from Oxford Nanopore Technology, is supported by

the robustness of the variant detection pipeline (Chapter 6), thereby with promising applica-
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tions of epidemiological and clinical relevance. Finally, the relative high frequency of mutations
potentially conferring drug resistance to the most recent anti-TB drugs highlights the necessity
of further efforts in drug discovery and vaccine development to assist control of the disease
and move towards eradication. In summary, this thesis provides a comprehensive analysis of
different Mtb lineages by using various ‘omics approaches in order to contribute towards a

better understanding of its biology and diversity.

7.3. The future of TB ‘Omics

Despite the exponential growth in knowledge on Mtb infection and disease epidemiology
since the discovery of Koch’s bacillus in 1882, over the last decades, progress on TB control
has been modest and human tuberculosis is yet not close to being eradicated. Hence, further
research to tackle drug resistance, improve treatment regimens and develop effective vaccines
is necessary to ultimately control and hopefully eradicate the disease. There is growing evi-
dence on diversity across members of the Mycobacterium tuberculosis complex reflected in
different phenotypes and likely to have implications in host-pathogen interactions [26]. For
instance, Chapter 5 describes the complexity and diversity of the pe and ppe genes, not only
driven by SNPs, but also by indels and larger complex structural variants. Functional and other
experimental data that reflects this diversity is necessary to understand how these differences
may affect clinical outcomes or pathogenicity. Further transcriptomics and proteomics analy-
sis including various strains could reveal additional insights into the mechanisms by which Mtb
interacts with the host, and potentially provide information for vaccine development. More-
over, in view of the lack of protein structures available, the development of in silico prediction

tools, such as AlphaFold [27] are of great value. The impact of epigenetic regulation on gene
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expression based on lineage-specific profiles and its consequences in pathogenicity is another
example of the importance of strain diversity. Molecular techniques, such as CRISPR/Cas9-
genome editing, enable the controlled targeting of mutations. Together with the more ac-
cessible use of WGS technologies, this allows the characterisation and understanding of the
effects of ‘omic diversity. The possibility of combining and integrating different ‘omics, which
ultimately brings together various levels of information, can help to understand complex bio-
logical processes of Mtb in a more comprehensive manner in a systems biology approach [28].
Application of integrated ‘omics analysis, including genomics, transcriptomics, proteomics or
metabolomics, can provide insights into, for example, the dormancy state, as well as assist in
the identification of new drug targets or the mechanisms of action and potential resistance for

lead compounds during drug discovery pipelines.

Leveraging off the development and availability of cost-effective WGS platforms and the
current knowledge in genotype-phenotype association for drug resistance, the fast and accu-
rate detection of resistance associated variants by WGS to inform decision making in the clinic
has already been implemented in countries like the UK. In recent years, efforts to advance
in culture-free techniques for drug resistance characterisation have been successful [24], in-
cluding target amplicon sequencing using the portable MinlON platform [25], which opens
the door to its use in high TB-burden settings. Nevertheless, the continuous surveillance and
DST-genotypic association studies are necessary to ensure the accurate and reliable in silico
drug resistance prediction by tools like TB-Profiler [29]. Moreover, the clinical repercussion
of mutations conferring low-level of resistance should be investigated. Large genome-wide
‘omics studies can also help to identify possible epistatic interactions, disentangling muta-

tion effects and minimising erroneous interpretation of in silico drug resistance predictions.
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In addition, the feasibility of direct sequencing will enable the characterisation of intra-host
diversity and prevent detection of variants introduced or acquired during culture. This direct
sequencing brings the possibility to better capture variants in outbreak settings or, for exam-
ple, methylation patterns. Finally, the recent COVID-19 experience has showed how global
WGS for surveillance and rapid availability of genomic data can generate useful epidemiolog-
ical information to help with the control of an infection. Additionally, in line with diagnostic
developments achieved for COVID-19, further efforts should be made towards point-of-care TB
tests, including, for instance, more accessible sample collection methods [30]. In conclusion,
currently available technologies and methodologies, as well as future related technological de-
velopments, should lead to advances in TB research that ultimately will assist the development

of tools for the control of the disease, particularly in high burden settings.

The implementation of better diagnostic tools, such as WGS and ‘omic technologies in
high burden settings is key to improve patient management, especially in drug resistant cases.
However, the lack of infrastructure and resources often hinders the availability of better di-
agnostic tools. Moreover, one limitation of the TB data currently accessible is the number of
sequences available of ancient lineages, e.g., M. africanum, which are scarce possibly due to
sourcing bias. The future research priorities in order to scale-up the implementation of WGS
as diagnostic tools and address the problem of drug resistance should focus on (i) culture-free
portable detection of Mtb including drug resistance loci, for which (ii) a better understanding
of the genotypic-phenotypic relationship in drug resistance and (iii) the availability of afford-
able methods in high burden settings are necessary; (iv) a better study of the diversity of the
MTBC and the potential existence of intrinsic resistance mutations, including epistatic inter-

actions; and (v) the development of new drugs for the treatment of MDR/XDR-cases that can
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shorten the treatment regimens.

299



[1]

[2]

3]

[4]

[5]

[6]

[7]

References

Park, H.-d. et al. Rv3133c/dosR is a transcription factor that mediates the hypoxic re-

sponse of Mycobacterium tuberculosis. Molecular microbiology 48, 833—43 (2003).

Homolka, S., Niemann, S., Russell, D. G. & Rohde, K. H. Functional Genetic Diversity
among Mycobacterium tuberculosis Complex Clinical Isolates: Delineation of Conserved
Core and Lineage-Specific Transcriptomes during Intracellular Survival. PLoS Pathogens

6, €1000988 (2010).

Shell, S. S. et al. DNA Methylation Impacts Gene Expression and Ensures Hypoxic Survival

of Mycobacterium tuberculosis. PLoS Pathogens 9, 24-28 (2013).

Zhu, L. et al. Precision methylome characterization of Mycobacterium tuberculosis com-
plex (MTBC) using PacBio single-molecule real-time (SMRT) technology. Nucleic Acids

Research 44, 730-743 (2016).

Phelan, J. et al. Methylation in Mycobacterium tuberculosis is lineage specific with asso-

ciated mutations present globally. Scientific Reports 8, 160 (2018).

Rose, G. et al. Mapping of Genotype—Phenotype Diversity among Clinical Isolates of My-
cobacterium tuberculosis by Sequence-Based Transcriptional Profiling. Genome Biology

and Evolution 5, 1849-1862 (2013).

Modlin, S. J. et al. Drivers and sites of diversity in the DNA adenine methylomes of 93

Mycobacterium tuberculosis complex clinical isolates. eLife 9, 1-33 (2020).

300



[8]

[9]

[10]

[11]

[12]

[13]

[14]

Villellas, C. et al. Unexpected high prevalence of resistance-associated Rv0678 variants in
MDR-TB patients without documented prior use of clofazimine or bedaquiline. Journal

of Antimicrobial Chemotherapy 72, 684—690 (2017).

Coll, F. et al. Genome-wide analysis of multi- and extensively drug-resistant Mycobac-

terium tuberculosis. Nature Genetics 50, 307-316 (2018).

Xu, J. et al. Primary clofazimine and bedaquiline resistance among isolates from patients
with multidrug-resistant tuberculosis. Antimicrobial Agents and Chemotherapy 61, 1-8

(2017).

Zimenkov, D. V. et al. Examination of bedaquiline- and linezolid-resistant Mycobacterium
tuberculosis isolates from the Moscow region. Journal of Antimicrobial Chemotherapy

72, 1901-1906 (2017).

Fujiwara, M., Kawasaki, M., Hariguchi, N., Liu, Y. & Matsumoto, M. Mechanisms of resis-
tance to delamanid, a drug for Mycobacterium tuberculosis. Tuberculosis 108, 186—194

(2018).

Nimmo, C. et al. Population-level emergence of bedaquiline and clofazimine resistance-
associated variants among patients with drug-resistant tuberculosis in southern Africa: a

phenotypic and phylogenetic analysis. The Lancet Microbe 1, e165—-e174 (2020).

Reichmuth, M. L. et al. Natural Polymorphisms in Mycobacterium tuberculosis Conferring
Resistance to Delamanid in Drug-Naive Patients. Antimicrobial Agents and Chemotherapy

64, 1-5 (2020).

301



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Vargas, R. et al. Role of Epistasis in Amikacin, Kanamycin, Bedaquiline, and Clofazimine Re-
sistance in Mycobacterium tuberculosis Complex. Antimicrobial Agents and Chemother-

apy 65 (2021).

Kadura, S. et al. Systematic review of mutations associated with resistance to the new
and repurposed Mycobacterium tuberculosis drugs bedaquiline, clofazimine, linezolid,
delamanid and pretomanid. The Journal of antimicrobial chemotherapy 75, 2031-2043

(2020).

Peretokina, I. V. et al. Reduced susceptibility and resistance to bedaquiline in clinical M.

tuberculosis isolates. Journal of Infection 80, 527-535 (2020).

Karboul, A. et al. Frequent Homologous Recombination Events in Mycobacterium tu-
berculosis PE/PPE Multigene Families: Potential Role in Antigenic Variability. Journal of

Bacteriology 190, 7838—-7846 (2008).

Phelan, J. E. et al. Recombination in pe/ppe genes contributes to genetic variation in

Mycobacterium tuberculosis lineages. BMC Genomics 17, 151 (2016).

Akhter, Y., Ehebauer, M. T., Mukhopadhyay, S. & Hasnain, S. E. The PE/PPE multigene
family codes for virulence factors and is a possible source of mycobacterial antigenic vari-

ation: Perhaps more? Biochimie 94, 110-116 (2012).

Copin, R. et al. Sequence Diversity in the pe_pgrs Genes of Mycobacterium tuberculosis

Is Independent of Human T Cell Recognition. mBio 5, 1-11 (2014).

De Maio, F., Berisio, R., Manganelli, R. & Delogu, G. PE_PGRS proteins of Mycobacterium
tuberculosis: A specialized molecular task force at the forefront of host-pathogen inter-

action. Virulence 11, 898-915 (2020).

302



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Meehan, C. J. et al. Whole genome sequencing of Mycobacterium tuberculosis: current

standards and open issues. Nature Reviews Microbiology 17, 533-545 (2019).

Doyle, R. M. et al. Direct Whole-Genome Sequencing of Sputum Accurately Identifies
Drug-Resistant Mycobacterium tuberculosis Faster than MGIT Culture Sequencing. Jour-

nal of Clinical Microbiology 56, JCM.00666—18 (2018).

Gliddon, H. D. et al. A Rapid Drug Resistance Genotyping Workflow for Mycobacterium
tuberculosis, Using Targeted Isothermal Amplification and Nanopore Sequencing. Micro-

biology Spectrum 9, 1-12 (2021).

Coscolla, M. & Gagneux, S. Consequences of genomic diversity in Mycobacterium tuber-

culosis. Semin Immunol 26, 431-444 (2014).

Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,

583-589 (2021).

Johnson, E. O. & Hung, D. T. A Point of Inflection and Reflection on Systems Chemical

Biology. ACS Chemical Biology 14, 2497-2511 (2019).

Phelan, J. E. et al. Integrating informatics tools and portable sequencing technology for

rapid detection of resistance to anti-tuberculous drugs. Genome Medicine 11, 41 (2019).

Ruhwald, M., Carmona, S. & Pai, M. Learning from COVID-19 to reimagine tuberculosis

diagnosis. The Lancet Microbe 2, e169—e170 (2021).

303





