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ABSTRACT

One-third of the world population is infected by Mycobacterium tuberculosis, which may persist in the latent or
dormant state. Bacteria can shift to dormancy when encountering harsh conditions such as low oxygen, nutrient
starvation, high acidity and host immune defenses. Genes related to the dormancy survival regulator (DosR)
regulon are responsible for the inhibition of aerobic respiration and replication, which is required to enter
dormancy. Conversely, resuscitation-promoting factor (rpf) proteins participate in reactivation from dormancy
and the development of active tuberculosis (TB). Many DosR regulon and rpf proteins are immunodominant T cell
antigens that are highly expressed in latent TB infection. They could serve as TB vaccine candidates and be used
for diagnostic development. We explored the genetic polymorphisms of 50 DosR-related genes and 5 rpf genes
among 1,170 previously sequenced clinical M. tuberculosis genomes. Forty-three lineage- or sublineage-specific
nonsynonymous single nucleotide polymorphisms (nsSNPs) were identified. Ten nsSNPs were specific to all
Mtb isolates belonging to lineage 1 (L1). Two common sublineages, the Beijing family (L2.2) and EAI2 (L1.2.1),
differed at as many as 26 lineage- or sublineage-specific SNPs. DosR regulon genes related to membrane proteins
and the rpf family possessed mean dN/dS ratios greater than one, suggesting that they are under positive se-
lection. Although the T cell epitope regions of DosR-related and rpf antigens were quite conserved, we found that
the epitopes in L1 had higher rates of genetic polymorphisms than the other lineages. Some mutations in
immunogenic epitopes of the antigens were specific to particular M. tuberculosis lineages. Therefore, the genetic
diversity of the DosR regulon and rpf proteins might impact the adaptation of M. tuberculosis to the dormant state
and the immunogenicity of latency antigens, which warrants further investigation.

1. Introduction

a 5-10% probability of developing active TB following the initial infec-
tion (Barry et al.,, 2009). People with LTBI are major and important

Mycobacterium tuberculosis (Mtb) is an insidious pathogen that can
affect almost all human organs and all age groups of the global popula-
tion. The number of deaths from tuberculosis (TB) worldwide was 1.5
million in 2018 (WHO, 2019). The organism has coevolved with the
human host, allowing it to escape the host immune response and estab-
lish latent infection (Brites and Gagneux, 2015). An estimated two billion
people have asymptomatic latent TB infection (LTBI). These people have
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natural reservoirs of Mtb. Reactivation of Mtb in LTBI is a significant
causative factor of pulmonary TB in adult patients (Lillebaek et al.,
2002).

Latency, which results in delays in the pathogenesis and transmission
of Mtb, is likely to be an important mechanism that allowed it to survive
in human hosts when humans still lived in small groups as hunter-
gatherers. The acquisition of agriculture and husbandry allowed
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humans to live in settlements as large communities. This allowed Mtb to
be transmitted to new hosts easily and thus decreased the significance of
latency. The modern Mtb lineages (TbD1-negative lineages 2, 3 and 4)
might have resulted from the adaptation of Mtb to the new human life-
style (Gagneux, 2018). Lineage 2 (L2) comprises mostly the Beijing
family, which is found all over the world, causes many outbreaks and
appears to be expanding in many countries (Bifani et al., 2002). In
Thailand, where L1 and L2 are equally predominant, L2 was more
frequently associated with younger age (Ajawatanawong et al., 2019)
and accounted for more genetic clustering than L1 (Miyahara et al.,
2020). The possible explanations for this include the hypothesis that L2
patients are more infectious or L2-infected people have a shorter latency
period. It is believed that pulmonary cavitation TB is more infectious
than other forms of tuberculosis (Erkens et al., 2010), but the association
of L2 with cavitation has never been clearly demonstrated. In contrast, it
is known that W/Beijing strains constitutively express the DosR gene,
which was suggested to be a mechanism supporting the success of the
lineage (Fallow et al., 2010).

Mtb latency is primarily regulated by two sensor kinases, DosS/DosT,
and one response regulator, DosR (Chauhan et al., 2011), and can be
stimulated in vitro by hypoxia, nitric oxide (Voskuil et al., 2003), star-
vation (Betts et al., 2002) and acidity (Schnappinger et al., 2003). DosR
affects the transcription of at least 50 genes (Park et al., 2003), including
itself, which are collectively referred to as the dormancy survival regu-
lator (DosR) regulon or DosR-related genes. DosR-related genes are
involved in a wide variety of processes (Selvaraj et al., 2012) necessary
for the transition of Mtb to the dormant state or latent infection. Genes
belonging to the DosR regulon inhibit aerobic respiration and prevent
Mycobacterium replication (Leistikow et al., 2010).

In contrast, shifting from latent to active disease requires resuscita-
tion promoting factor (rpf) family proteins, which play roles in Mtb
replication and reactivation. A Mtb rpf-deleted mutant showed impair-
ment in reactivation during chronic infection in a mouse model (Biketov
et al., 2007; Russell-Goldman et al., 2008). There are five paralogous rpf
proteins (rpf A to E) in Mtb. They contain a conserved catalytic domain
that is homologous to lysozyme (Cohen-Gonsaud et al., 2005). Hence, it
was proposed that rpf proteins could cleave glycosidic bonds in pepti-
doglycan in the dormant cell wall. Subsequently, they participate in
growth promotion and metabolic reactivation (Keep et al., 2006).

Many DosR-related and rpf proteins are immunogenic (Li et al., 2017;
Zvi et al., 2008). They induced higher T-cell cytokine levels (especially
IFN-y response) in individuals with latent TB than in active TB patients
(Black et al., 2009; Leyten et al., 2006; Schuck et al., 2009), indicating
elevated gene expression during human latent infection. In addition,
these antigens were experimentally proven to be potent T cell antigens
that induced protective immunity (Black et al., 2009; Leyten et al., 2006;
Schuck et al., 2009; Singh et al., 2014). Various DosR-related antigens
(known as latency antigens) and rpf antigens are considered potential
candidates for the development of multistage subunit vaccines and di-
agnostics for LTBI (Arroyo et al., 2018; Li et al., 2017; Niu et al., 2015).
Currently, the multistage subunit vaccine is a novel approach for TB
vaccine development that targets both active symptomatic and dormant
asymptomatic phases (Khademi et al., 2018). The vaccines can be
administered postexposure and have been developed to cope with LTBI
and adult TB. Nevertheless, most studies have been based on the se-
quences of genes identified in the H37Rv strain, which belongs to L4. We
recently demonstrated that the gene sequences of clinical isolates can be
substantially different from those of the H37Rv strain and affect T cell
epitopes (Tantivitayakul et al., 2020), which should be considered in
vaccine development.

In the present study, we characterized genetic polymorphisms,
especially lineage- and sublineage-specific single nucleotide poly-
morphisms (LS-SNPs), within the DosR regulon and rpf genes among
1,170 previously sequenced clinical isolates. We paid special attention to
the differences between the ancestral (TbD1-positive) and modern
(TbD1-negative) Mtb lineages as well as between L1 and L2. The LS-SNPs
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affecting the functions of the DosR regulons may result in differences in
the latency of the bacteria and consequently the adaptability of the
bacteria. Moreover, the immunogenic effects, especially on T cell epi-
topes, were also investigated.

2. Methods
2.1. Genome sequencing and variant calling

The genome sequences of 1,170 Mtb clinical isolates classified as 480
isolates of the Indo-Oceanic family (L1), 521 isolates of the East Asian
family (L2), 11 isolates of lineage 3 (L3) and 158 of the Euro-American
family (L4) were obtained from our previous study (Ajawatanawong
et al., 2019). All L1 had East African Indian spoligotypes, while most L2
isolates belonged to sublineage L2.2, which is equivalent to the Beijing
family. Whole genome sequencing (WGS) data from all clinical Mtb
isolates were further analyzed in this study. The raw sequences were
mapped to the H37Rv reference genome (GenBank accession number
NC_000962_3) using the BWA program (Li and Durbin, 2009). Single
nucleotide polymorphisms (SNPs) were called based on the alignment
file using the GATK program (McKenna et al., 2010). The SNPs were
called at a minimum depth of 20X with consensus quality scores greater
than 20.

2.2. Identification of LS-SNPs

The phylogenetic trees based on 70,937 SNPs from 1,170 clinical Mtb
strains that were analyzed by using maximum likelihood and Bayesian
inference methods to define lineages and sublineages were previously
reported (Ajawatanawong et al., 2019). LS-SNPs are the nucleotide bases
present in all Mtb isolates belonging to a single lineage or sublineage that
are not present in all other isolates. Nevertheless, if a sublineage con-
tained fewer than 10 isolates, its LS-SNPs were not further studied. SNPs
specific to ancestral lineages (Mtb L1, M. africanum L5 and L6) were
determined by identifying L1-specific SNPs in the genome sequences of
M. africanum MAL017004 (L5; accession no. KK338837) and
M. africanum strain 25 (L6; accession no. CP010334).

2.3. Gene annotation and functional categories of DosR-related genes

Fifty DosR-related and 5 rpf genes (Table S1) were annotated by using
the Mycobrowser database (Kapopoulou et al., 2011) (https://www.
Mycobrowser.epfl.ch). The DosR-related genes were assigned to nine
functional categories (Selvaraj et al., 2012; Singh et al., 2014), including
i) redox balance metabolism and energy (n = 11), ii) nitrogen metabolism
(n = 5), iii) nucleotide metabolism and repair (n = 4), iv) protein syn-
thesis and cell wall synthesis (n = 2), v) sensor kinases and transcription
regulators (n = 4), vi) host-pathogen interaction (n = 2), vii) membrane
proteins (n = 4), viii) universal stress proteins (n = 7), and ix) hypo-
thetical proteins or unknown function proteins (n = 11).

2.4. Prediction of the effects of LS-SNPs on protein function

To predict the functional consequences of SNPs, three computational
tools, SNAP, PolyPhen-1 and SIFT, from the online consensus sequence
prediction tool PredictSNP 1.0 (Bendl et al., 2014) were used.

2.5. Calculation of the dN/dS ratio

To assess selective pressures, the dN/dS ratio of each individual gene
was calculated by using the kaks function of the seqinr package (Charif,
2007). The dN/dS ratio is defined as the ratio of nonsynonymous sub-
stitutions per nonsynonymous site (dN) to the number of synonymous
substitutions per synonymous site (dS). A dN/dS ratio of less than one
implies purifying selection, while a ratio of more than one indicates
positive selection. A ratio of approximately one indicates a neutral
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mutation (Yang et al., 2000). The pairwise dN/dS of each Mtb isolate was
calculated by using previously described protocols (Stucki et al., 2016).
Briefly, the concatenated coding sequences of the 50 DosR-related and 5
rpf genes in each genome were compared with the homologous reference
sequence of Mtb H37Rv (accession number NC_000962_3). After that, the
concatenated epitope regions and concatenated nonepitope regions of
the 55 target genes in each genome were constructed to evaluate the
selective pressure against epitopes and nonepitopes, respectively. Sta-
tistical differences in the average dN/dS ratios between 4 Mtb lineages
were evaluated using the nonparametric Kruskal-Wallis test (p-value of
<0.05). The analyses were performed by SPSS software version 21 (SPSS,
IL, USA).

2.6. T cell epitope analysis

The list of experimentally proven T cell epitopes of DosR-related
antigens and rpf proteins in the H37Rv strain was obtained from the
Immune Epitope Database (IEDB) (Vita et al., 2019) (https://www.
iedb.org).

3. Results

3.1. Distribution of SNPs in 50 DosR-related genes and 5 rpf genes among
4 Mtb lineages

A total of 927 SNPs in coding regions and 170 SNPs in intergenic
regions in the DosR regulon and rpf genes were identified. A total of 539
(58%) of the SNPs in coding sequences were singletons, while 89 (8%)
were specific to entire Mtb lineages or sublineages. The others were
found in some Mtb isolates but not an entire lineage. As L1 is the most
evolutionarily distant from the H37Rv reference genome, 57 of the 89 LS-
SNPs in the study were determined to belong to L1 or its sublineages. L1
isolates generally had a higher number of SNPs per genome than isolates
from the other lineages. Therefore, we normalized the numbers of SNPs
by dividing the number of SNPs occurring in 50 DosR-related and 5 rpf
genes in each isolate by the total number of SNPs in the genome of the
same isolate. The average ratio of isolates from the Mtb L1 lineage was
significantly higher than that of isolates from the other lineages (Kruskal-
Wallis test, p < 0.001). Furthermore, the average ratios of non-
synonymous (ns) SNPs to total SNPs of Mtb L1 and L4 were significantly
higher than those of L2 and L3 (Kruskal-Wallis test, p < 0.001) (Figure 1).

3.2. LS-SNP distribution

There were 89 LS-SNPs with 75 in coding sequences, including a SNP
that is present in all L2 and L3 isolates. Forty-three of the 75 (57%) LS-
SNPs in coding regions were nonsynonymous. The numbers of LS-SNPs
in DosR-related and rpf genes are shown in Table 1. The LS-SNPs are
listed in Table 2 and supplementary Tables S2 and S3. Some intergenic
LS-SNPs were found in DosR-binding sites upstream of the promoter of
DosR-related genes (Table 2a) (Chauhan et al., 2011). Therefore, SNPs
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might affect the binding affinity of DosR and its recognition site and alter
the expression level of downstream genes.

Of the 57 LS-SNPs among the L1 isolates, 16 SNPs were identified in
all isolates in L1. As these SNPs were identified using H37Rv (an L4
isolate) as the reference, these SNPs signified the difference between the
modern Mtb lineages L2-L4 and L1. Interestingly, 6 out of 16 SNPs were
also found in M. africanum lineages 5 and 6 (Table 2 and Table S2). Ac-
cording to the fact that L1, L5 and L6 belong to a paraphyletic ancestral
group (Gagneux, 2018), the 6 SNPs should actually be different between
L2-L4 and the Mtb complex ancestor, with the original bases in the Mtb
complex ancestor being the ones present in L1. The SNPs should be the
result of mutations that occurred after the loss of the TbD1 segment
during the evolution of the present modern lineages but before the
branching of L2, L3 and L4, as shown in Figure 2. These mutations may
have resulted in changes in latency during the adaptation of the modern
Mtb lineages to agrarian society. One of the SNPs was found upstream of
hrp1 (hypoxic response protein 1), encoding a protein secreted by Mtb
upon exposure to hypoxia that stimulates the pro-inflammatory response
of macrophages (Sun et al., 2017). Most of the other SNPs were non-
synonymous and located in DosS, narX, Rv0080 and Rv2628. Only the
SNP in ctpF was synonymous. The Ile283Thr mutation in the major redox
sensor histidine kinase, DosS, of the DosR regulon occurs in the GAF-B
domain (Cho et al., 2008), which is one of the two regulatory domains
of the DosS protein. DosS also modulates the autophagy pathway in a
DosR regulon-independent manner (Gautam et al., 2019). NarX encodes
a “fused nitrate reductase”, a protein with homology to parts of the 3
other nitrate reductases, NarG, NarJ, and Narl (Wang et al., 2011).
Rv2628 is an immunogenic protein inducing strong IFN-y production in
individuals with latent TB infection (Goletti et al., 2010).

The other 10 SNPs were truly L1-specific. There were two L1-specific
SNPs in intergenic regions that affected the predicted DosR binding sites
of Rv1996 (universal stress protein) and Rv1997 (ctpF) (Table 2a and
Figure 3). Remarkably, both genes also contained L1-specific nsSNPs in
the coding regions. CtpF is a P-type ATPase that mediates calcium
transport across the mycobacterial plasma membrane (Maya-Hoyos et al.,
2019). Other nonsynonymous mutations were found in Rv2003c
(conserved hypothetical protein) and otsB1 (trehalose-6-phosphate
phosphatase). Trehalose serves as a carbon and energy source for Mtb
during dormancy (Shleeva et al., 2017). The true Ll-specific SNPs
resulted from mutations that occurred after the separation of
M. tuberculosis sensu stricto into the L1 and modern Mtb lineages. Hence,
they may be the result of the adaptation of L1 to agrarian society as well.

There were three nsSNPs specific to L1.2.1, which is also known as
EAI2 according to spoligotyping. It is a common sublineage of L1 but
localized to Southeast Asia, where L1.2.1 was found in approximately
80% of all TB patients in the Philippines (Phelan et al., 2019); L1.2.1.2 is
common in Thailand and Myanmar (Palittapongarnpim et al., 2018). The
L1.2.1-specific SNPs were located in the coding sequences of narK2 (a
proton/nitrate transporter) (Giffin et al., 2012), rpfB and Rv1996 (uni-
versal stress protein) (Table 2b). rpfB is the sole member of rpf indis-
pensable for resuscitation in vivo and has been investigated as a possible
drug target (Ruggiero et al., 2013). RpfB deletion mutant strains showed

Figure 1. a) Ratios of the numbers of SNPs (nsSNPs

a b
) TowlSNES ) 3 nsSNPsp<00m and sSNPs) occurring in the 50 DosR-related and 5 rpf
0.020 * . 0.020 <0001 genes of each Mtb isolate per total number of SNPs
i5iE 0.0154 p <0001 present in the same genome. A total of 1,170 Mtb
il isolates were categorized as L1-L4. The asterisk in-
0.010 0.0104 dicates that the average ratio of Mtb L1 was signifi-
cantly higher than that of the other lineages (Kruskal-
0.005 ' : 0.005- P : Wallis test, p < 0.001), while b) the ratios of the
T TR nsSNPs of each isolate to the total SNPs in the same
0.000 . . . . 0.000: T T T T isolate of L1 and L4 were significantly higher than

L1 L2 L3 L4 L1 L2 L3 L4

Mtb lineages

those of L2 and L3 (Kruskal-Wallis test, p < 0.001).

Mtb lineages
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delayed reactivation in chronic TB infection in a mouse model (Tufariello
et al., 2006).

Apart from these SNPs, there were also some SNPs specific to other
sublineages of L1. Among these, three more nsSNPs were found in ctpF
that were specific to L1.1.1.6, L1.1.3.3 and L1.2.2 (Figure 3). There were
three more nsSNPs specific to L1.2.2 in nrdZ (a class II ribonucleotide
reductase), Rv2627 and Rv2630. The other 11 nsSNPs were specific to
other minor sublineages, including three more that were specific to
L1.1.1.6, as shown in Table 2b.

There was a synonymous SNP in the DosR regulon specific to all L2
and L3 isolates but none that were specific to all L2 isolates. There were 3
LS-SNPs specific to L2.1 or the proto-Beijing strains. However, due to the
limited number of L2.1 isolates, the specific SNPs need to be confirmed.
Two SNPs in rpfE and Rv2629 were specific to L2.2, which is equivalent to
the Beijing family. There was an additional nsSNP in rpfB specific to
12.2.1.1 (Pacific RD150) (Table 2b).

There was a synonymous LS-SNP in L4 and only one nonsynonymous
LS-SNP in L3. As there were limited numbers of strains in this study, the
L3-specific SNPs need further confirmation. There were three nsSNPs
specific to L4.5, a common sublineage of L4 primarily found in East Asia
(Brynildsrud et al., 2018), in Rv0570, Rv0571c and otsB1.

3.3. Selective pressures on DosR-related and rpf genes

To better understand the selective pressure on the DosR-related and
rpf genes, we evaluated the dN/dS of the genes categorized into nine
functional groups (Table S1). The average dN/dS values of all functional
categories of DosR-related genes were less than one except for the
membrane protein and conserved uncharacterized protein categories,
indicating that most DosR-related genes were highly conserved
(Figure 4a). In fact, only 8 DosR-related genes had dN/dS ratios greater
than one (Table S1). In contrast to DosR-related genes, most rpf genes had
high dN/dS ratios, with rpfB and rpfE values of 5.52 and 1.85, respec-
tively. Moreover, only nonsynonymous mutations were identified in rpfC
and rpfD, so their dN/dS values could not be calculated. Only rpfA had a
dN/dS ratio of less than 1.

The selective pressure was different for each lineage (Figure 4b). Mtb
L4 and L1 had significantly higher average dN/dS ratios than L2 and L3
(Kruskal-Wallis test, p < 0.001). The L4 isolates had a wide range of dN/
dS values, with 55 isolates (35%) having dN/dS ratios higher than one.

3.4. LS-SNPs affecting human T cell epitopes in the latency and rpf
antigens

In addition to physiological functions, DosR-related and rpf proteins
may be affected by host immune responses (Arroyo et al., 2016). The
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dN/dS ratios of the T cell and non-T cell epitopes were analyzed. Based
on the Immune Epitope Database (IEDB), we identified 27
dormancy-related and 3 rpf proteins containing 243 experimentally
proven T cell epitopes. These antigens induce IFN-y secretion by T lym-
phocytes (Black et al., 2009; Leyten et al., 2006; Schuck et al., 2009;
Singh et al., 2014). The average dN/dS value of proteins harboring T cell
epitopes is 0.87, which is slightly less than the value of 0.99 of proteins
without known T cell epitopes. Seventy-five of the T cell epitopes (31%)
were found to carry amino acid substitutions in this study. Six non-
synonymous LS-SNPs in experimentally proven T cell epitopes were
identified and are shown in Table 3.

Genetic variations in T cell epitopes and non-T cell epitopes among
the 4 different Mtb lineages were analyzed. Both epitope and nonepitope
regions were under purifying selection. This conformed to the studies of
Coscolla et al. (2015) and Comas et al. (2010). Nevertheless, the T cell
epitopes in L1 had a significantly higher mean dN/dS ratio than those in
other lineages (Kruskal-Wallis test, p < 0.001) (Figure 5a). Nonepitope
regions in L1 and L4 had significantly higher mean ratios than those in L2
and L3 isolates (Kruskal-Wallis test, p < 0.001) (Figure 5b). Furthermore,
the dN/dS of T cell epitopes of DosR-related and rpf antigens in L1 had a
higher mean than the non-T cell epitopes, suggesting the lower purifying
pressure on the T cell epitopes in this lineage.

4. Discussion

In general, single nucleotide mutations occur randomly throughout
the genome. Some may have devastating effects on the encoded proteins,
which decrease the fitness of the mutated bacteria. They would therefore
disappear from the population quickly. Some mutations are evolution-
arily neutral and may randomly disappear or may persist in the popula-
tion essentially by chance. Some rare mutations that increase the fitness
of the bacteria enhance the chance of the bacteria surviving, expanding
and becoming recognizable clades. Sublineages are usually defined as
clades with a considerable number of members, which may reflect their
adequate fitness to thrive in human populations. Some LS-SNPs may
contribute to fitness and hence become interesting targets for in-
vestigations. In contrast, some LS-SNPs may be merely associated mu-
tations. As DosR-related and rpf genes are involved in an important part
of the life cycle of Mtb, mutations that confer advantageous phenotypes
are expected to be fairly frequent and, if they persist, may be recognized
as LS-SNPs, conforming to the findings in this study. The fitness of a
sublineage may also be attributed to other types of mutations, such as
insertions/deletions.

The Mtb complex has evolved for millennia and currently comprises 7
major lineages that cause TB in humans, lineages 1-7, based on SNP
phylogeny. Lineages 1, 5 and 6 are called “Ancestral”, as they harbor the

Table 1. The distribution of total SNPs and LS-SNPs in 50 DosR-related genes and 5 rpf genes among 4 major Mtb lineages. The percentages of LS-SNPs were calculated
by dividing the number of LS-SNPs by the total number of SNPs identified in each lineage.

SNP types Lineage (no. of Mtb isolates)
L1 (480) L2 (521) L3 (11) L4 (158)

- Total number of SNPs in 50 DosR-related and 5 rpf genes in each lineage” 531 227 20 159

- Number of LS-SNP in 50 DosR-related and 5 rpf genes in each lineage 57 15* 4 14

- Number of all LS-SNPs in intergenic regions (%) 12 (2.3%) 0 1 (5%) 1 (0.6%)
Number of SNPs specific to major lineages or common sublineages in intergenic region® (%) 3 0 1 1

- Number of all LS-SNPs in coding region (%) 45 (8.5%) 15 (6.6%) 3 (15%) 13 (8.2%)
Number of LS-nonsynonymous SNPs/LS-synonymous SNPs 29/16 7/8 172 6/7

- Number of SNPs specific to major lineages or common sublineages in coding region® (%) 21 (3.9%) 7 (3.1%) 3% (12%) 5(3.1%)
Number of LS-Nonsynonymous SNPs/LS-Synonymous SNPs 12/9 2/5 1/2 3/2

SNPs residing within 500 bp upstream of the start codons from annotated genes were identified as intergenic SNPs.

# 10 SNPs were found in more than one Mtb lineages.

" A synonymous SNP in a coding region was present in all isolates of both L2 and L3.

$
(93).

represents major lineages (L1, L2, L3, L4) and common Mtb sublineages which comprise more than 90 Mtb isolates including L1.1.1 (269), L1.2.1 (108) and L4.5




Table 2. Lists of lineage-specific SNPs in intergenic regions and LS-nonsynonymous SNPs in coding regions.

SNP position REF ALT No. of isolates Lineage Changing nucleotide sequence at
a) Intergenic SNPs specific to major Mtb lineages. The other SNPs in intergenic regions were listed in Table S3.
2238930 A C L1 Primary DosR binding site upstream Rv1996
TTAGGGACCATCGCCTCCTG to TTCGGGACCATCGCCTCCTG
2240062 C G L1 Primary DosR binding site upstream Rv1997 (ctpF)
CTGGACCGTAGGTCCCTG to CTGGACCGTAGGTCGCTG
2056184 G A L3 72 bp upstream to start codon of Rv1813c
2953307 C A L1* 314 bp upstream to start codon of Rv2626¢ (hrp1)
Position Gene (Rv) Gene Annotation Functional Category NT change AA change Lineage Amino acid change Predicted SNP effect by
PP-1 SIFT SNAP
b) List of LS-nonsynonymous SNPs in coding regions with prediction of the mutational effect on the protein function. The full list of LS-SNP was in Table S2.
SNP specific to major Mtb lineages or common sublineages®
89200 Rv0080 Uncharacterized protein HP 179G/T Gly60Val L1* Hydrophobic to hydrophobic N N N
661524 Rv0570 Ribonucleoside-diphosphate reductase, nrdZ NMR 230T/C Leu77Pro L4.5 Hydrophobic to hydrophobic A A N
663803 Rv0571c Phosphoribosyl transferase NMR 1016C/T Ala339Val L 45 Hydrophobic to hydrophobic A A A
1128814 Rv1009 Resuscitation promoting factor, rpfB RPF 724G/A Glu242Lys L1.21 Acidic to basic N N N
1963957 Rv1736¢ Nitrate reductase-like protein, narX NM 230A/G Asp77Gly L1* Acidic to hydrophobic A N N
1964913 Rv1737c Nitrate/nitrite transporter, narkK2 NM 458G/A Arg153GlIn L1.21 Basic to polar N N N
2239160 Rv1996 Universal stress protein SP 157G/C Gly53Arg L1.21 Hydrophobic to basic N N N
2239055 Rv1996 Universal stress protein SP 52C/T Pro18Ser L1 Hydrophobic to polar A A A
2242808 Rv1997 Cation-transporting ATPase F, ctpF MP 2650G/A Ala884Thr L1 Hydrophobic to polar N N A
2249035 Rv2003c Uncharacterized protein RD 386T/C Met129Thr L1 Hydrophobic to polar N N N
2253701 Rv2006 Glycosyl hydrolase, otsB1 RD 1700C/G Ala567Gly L 45 Hydrophobic to hydrophobic N N N
2255942 Rv2006 otsB1 RD 3941G/T Argl314Leu L1 Basic to hydrophobic N N A
2275764 Rv2029c Phosphofructokinase B, pfkB RD 661C/T Leu221Phe L3 Hydrophobic to hydrophobic A N N
2752122 Rv2450c Resuscitation promoting factor, rpfE RPF 59C/G Thr20Arg L22 Polar to basic N N A
2955233 Rv2628 Uncharacterized protein HP 176C/T Ser59Leu L1* Polar to hydrophobic N A N
2955957 Rv2629 Uncharacterized protein HP 191A/C Asp64Ala L22 Acidic to hydrophobic N N A
3496264 Rv3130c Diacyglycerol O-acyl transferase, tgsl RD 103G/A Ala35Thr L1.1.1 Hydrophobic to polar N N N
3498418 Rv3132c Redox sensor histidine kinase response regulator, devS TR 848T/C 11e283Thr L1* Hydrophobic to polar N N N
SNP specific to sublineages
89179 Rv0080 Uncharacterized protein HP 158T/C Val53Ala L1.1.31 Hydrophobic to hydrophobic N A N
89272 Rv0080 Uncharacterized protein HP 251A/G Tyr84Cys L1121 polar to basic A A N
89454 Rv0080 Uncharacterized protein HP 433A/G Tle145Val L1.1.3.2 Hydrophobic to hydrophobic N N N
89623 Rv0081 HTH-type transcriptional regulator TR 49C/T Leul7Phe L1.1.1.2 Hydrophobic to hydrophobic A A N
90111 Rv0082 Probable oxidoreductase RD 188A/G Glu63Gly L21 Acidic to hydrophobic N A N
91649 Rv0083 Probable oxidoreductase RD 1250C/T Ala417Val L21 Hydrophobic to hydrophobic N A N
661929 Rv0570 nrdZ NMR 635C/A Ala212Asp L1.2.2 Hydrophobic to acidic A A A
662624 Rv0570 nrdZ NMR 1330A/G Ille444Val L21 Hydrophobic to hydrophobic N N N
662900 Rv0570 nrdZ NMR 1606C/T Pro536Ser L1.1.33 Hydrophobic to polar A A A
664065 Rv0571c Phosphoribosyl transferase NMR 754C/T Pro252Ser L1.1.1.2 Hydrophobic to polar N N N
665293 Rv0572c Uncharacterized protein HP 91T/C Phe31Leu L1.2.1.1 Hydrophobic to hydrophobic A N N
1128883 Rv1009 rpfB RPF 793G/A Val265Met L221.1 Hydrophobic to hydrophobic A A A
2241296 Rv1997 ctpF MP 1138G/A Ala380Thr L1.1.1.6 Hydrophobic to polar N A A
2241494 Rv1997 ctpF MP 1336G/A Glu446Lys L1.1.33 Acidic to Basic N A N

(continued on next page)
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Table 2 (continued)

Predicted SNP effect by

Amino acid change

AA change Lineage

NT change

Functional Category

Gene (Rv) Gene Annotation

Position

SNAP

SIFT

PP-1

N

Hydrophobic to hydrophobic

L1.2.2
L 453

Val694Ile

2080G/A

MP

ctpF

Rv1997
Rv1997
Rv2003c
Rv2006
Rv2006
Rv2030c
Rv2624c
Rv2625c
Rv2627c
Rv2627c
Rv2630

2242238
2242860
2248981

Basic to polar

Arg901Gln
Prol47Leu
Thr840Ala
Gly951Arg
Pro52Thr

Thr158Ser

2702G/A
440C/T

MP

ctpF

A

Hydrophobic to hydrophobic

L4.5.3

Uncharacterized protein

otsB1

Polar to hydrophobic

L 2.2 Asia Ancestral 4

L1.1.21
L1.1.1.6
L1.1.1.6

2518A/G
2851G/C
154C/A
472A/T
856G/A
878G/T
178T/G
526A/G

2254519
2254852
2278333

Hydrophobic to basic

otsB1

Hydrophobic to polar

HP

Uncharacterized protein

Polar to polar

SP

MP

Universal stress protein

2950836
2951648
2953871
2954571

Acidic to polar

L1.1.1.6
L1.2.2

Asp286Asn
Gly293Vval
Leu60Val

Thr176Ala

Putative zinc metalloprotease

N
A

Hydrophobic to hydrophobic

HP

Uncharacterized protein

Hydrophobic to hydrophobic

4.2
L1.2.2

115

HP

Uncharacterized protein

Polar to hydrophobic

NMR

Probable proteinarchease

2957418

REF = nucleotide sequence of Mtb reference H37Rv strain.

ALT = nucleotide sequence changing from Mtb reference H37Rv strain.

NT change = nucleotide sequence changing from Mtb reference H37Rv strain.
AA change = amino acid sequence changing from Mtb reference H37Rv strain.

Mutational effect on protein function was predicted by three programs, polyphen-1 (PP-1), SIFT, SNAP.

*corresponds to SNPs specific to Ancestral Mtb strains including Mtb L1, M. africanum L5 and L6.

*SNPs specific to Ancestral Mtb lineages including Mtb L1, M. africanum L5 and L6.

$represer1ts major lineages (L1, L2, L3, L4) and common Mtb sublineages which comprise more than 90 Mtb isolates including L1.1.1 (269), L1.2.1 (108) and L4.5 (93).
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TbD1 DNA segment, which is similar to that in the Mtb ancestor. L2, 3
and 4 lost the TbD1 segment and are designated “Modern”, as they may
be more highly adapted to modern human lifestyles that emerged in
larger and denser settlements. Latency is thought to be essential for Mtb
survival in small human populations to allow the bacteria to wait for new
generations of unimmunized hosts. In large human populations, in which
unimmunized members are born continuously, the need for the long la-
tency of Mtb may not be significant, and rapid transmission may be a
more attractive survival strategy. This phenomenon was supported by the
success of the Beijing family (L2.2) with shorter latency periods as well as
possibly higher infectivity. Mutations specific to the Beijing family in the
DosR regulon and rpf genes are therefore of particular interest.

Generally, LS-SNPs are regarded as informative and are used as ge-
netic markers for discriminating bacterial populations. Many researchers
have increasingly focused on exploring the functional roles of LS-SNPs.
An interesting study by Rose et al. (2013) revealed a SNP specific to
the Beijing family (C3500149T) upstream of the start codon of DosR. The
Beijing-specific SNP creates a new transcriptional start site (TSS) in DosR
and results in constitutive expression of DosR and DosR-related genes.
This evidence was supported by the transcriptome analysis, which
revealed that the Mtb Beijing family carrying the C3500149T SNP had a
higher gene expression level of the DosR regulon than other Mtb lineages
(Domenech et al., 2017; Homolka et al., 2010). We confirmed the
ubiquitous presence of the C3500149T SNP in the Beijing family as a
synonymous LS-SNP in Rv3134c, as shown in Table S2.

L2 is classified into two major sublineages, the rare L2.1 and very
common L2.2 lineages (the Beijing family). The considerable differences
between the incidences of both sublineages suggested their differences in
fitness and conformed to the finding that L2.1 and L2.2 did not share any
SNPs in the DosR regulon and rpf genes, which suggested that they had
developed different latency processes.

We identified two more Beijing-specific nsSNPs in the coding regions
of Rv2629 and rpfE. The 191A/C mutation (Asp64Ala) in Rv2629 is a
well-known Beijing-specific SNP (Homolka et al., 2009; Zhang et al.,
2014). Rv2629 overexpression delayed entry of Mtb into the exponential
growth phase (Liu et al., 2017). The Rv2629 antigen contains several
epitopes that induce strong cytotoxic T cell responses, which are pre-
dictably restricted by HLA-A2, and have been suggested to be vaccine
candidates (Bai et al., 2018). Furthermore, the 59C/G mutation in rpfE
alters the amino acid residue from threonine (polar) to arginine (posi-
tively charged) and disrupts the hydrophobic region of the signal peptide
(Mukamolova et al., 2002), which normally interacts with the secA

Lineage 2

Lineage 3

Lineage 4

Lineage 1
Lineage 5

Common ancestor

Lineage 6
M. bovis

Figure 2. A diagram showing the proposed evolutionary path of the
M. tuberculosis complex (Comas et al., 2013). The ancestral Mtb lineages
comprise L1 (Indo-Oceanic) and M. africanum L5 and L6. The modern lineages
are characterized by the loss of the TbD1 segment, and they branched into L4
(Euro-American), L2 (Beijing family) and L3 (CAS). The asterisk represents the
loss of the TbD1 segment and the presence of the 6 SNPs that were different
between L2-L4 and L1, L5 and L6, while the circle represents the 10 truly
L1-specific SNPs.
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Figure 3. A diagram of ctpF, which is composed
of 905 amino acids with 10 transmembrane seg-
ments (TM), as shown in the black bar. The DosR
binding site upstream of the start codon was
mapped as a dotted line. The locations of LS-SNPs
affecting the DosR binding site and the amino
acid sequence of ctpF are shown. The asterisks
indicate SNPs specific to all L1 isolates in the
DosR binding site and the TM10 region. The tri-
angles represent the sublineage-specific nsSNPs
of L1, and the circles represent the sublineage-
specific SNPs of 1.4.5.3.

Figure 4. a) dN/dS ratios of 5 rpf genes and
50 DosR-related genes belonging to 10
functional categories (Singh et al., 2014)
including i) host-pathogen interactions (HP,
n = 2), ii) uncharacterized proteins (CHP, n
= 11), iii)) membrane proteins (MP, n = 4),
iv) nitrogen metabolism (NM, n = 5), v)
nucleotide metabolism and repair (NMR, n =

T T
HP CHP

T T
MP NM

NMR

PROT  RD RF TR

Functional category

a)

dN/dS

T cell epitopes

p<0.001
p<0.01
p<0.001

b)

dN/dS

Mtb lineages

4), vi) protein synthesis and cell wall syn-
thesis (PROT, n = 2), vii) redox balance
metabolism and energy (RD, n = 11), viii)
resuscitation-promoting factor (RF, n = 5),
ix) sensor kinases and transcription regula-
tors (TR, n = 4), and x) universal stress
proteins (SP, n = 7). The bars show the
average dN/dS ratios. b) Pairwise dN/dS
ratios of 50 DosR-related genes and 5 rpf
genes among 4 major Mtb lineages.
*represents a significant difference with p <
0.001, as calculated by the nonparametric
Kruskal-Wallis test.

non T cell epitopes

p<0.001

p<0.001
p<0.001

<0001

L L2 L3 L4

Mtb lineages

L1 L2

Mtb lineages

Figure 5. Comparison of the dN/dS ratios of a) concatenated T cell epitope and b) concatenated non-T cell epitope regions in 27 dormancy-related and 3 rpf antigens
among isolates belonging to 4 Mtb lineages. Statistical analysis of the dN/dS values of T cell epitopes and non-T cell epitopes was performed with the nonparametric
Kruskal-Wallis test. Only in L1 were the dN/dS ratios of T cell epitopes significantly higher than those of non-T cell epitopes (Kruskal-Wallis test, p < 0.001).

component (Mori et al., 1997) to transport the rpfE protein across the cell
membrane. Hence, the mutation in the signal peptide region might
interfere with the translocation of rpfE. How the mutation of rpfE affects
the resuscitation of Mtb from dormancy is still unknown. However, rpfE
interacts with the TLR-4 receptor of dendritic cells and induces Th1 and

Th17 cell activation (Choi et al., 2015). This results in the secretion of
IFN-y, IL-2 and IL-17A, which play a major role in the host response to
Mtb. Hence, the mutation may partially explain the relatively low in-
duction of the immune response and the resulting benefit to the Beijing
strains. It should be noted that the Leu330Arg substitution in rpfB was

Table 3. Nonsynonymous LS-SNPs affecting experimentally-proven T cell epitopes.

Gene (Rv) Epitope IEDB_ID Epitope sequences LS-SNP (No. isolates) NT change AA change

Rv1733c T 177591 AGTAVQDSRSHVYAH All Lineages except L4.8 G204T Gln68His

Rv2029c (pfkB) T 154515 EPEQLAAAHELIDRGRAEVV L3 (11) C661T Leu221Phe
T 155102 LIDRGRAEVVVVSLGSQGAL

Rv2627 T 38529 LPIARPTIALAAQAFRDEIV 14.2 (10) T178G Leu60Val
T 4520 ASLEEGLACAILGVPVADLI L1.2.2 (18) G878T Gly293Vval

Rv2628 T 106585 KVQSATIYQVTDRSH L1 (480) C176T Ser59Leu

Rv1009 (rpfB) T 229352 LPVANVVVTPAHEAV 12.2.1.1 (22) G793A Val265Met
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identified in 111 of 146 (76%) Mtb isolates belonging to L.2.2.1, which is
also known as Asia Ancestral 3 and is the most common Ancestral Beijing
sublineage in Thailand. The amino acid residue at position 330 is located
within the transglycosylase catalytic domain of rpfB, which forms a hy-
drophobic pocket that binds the N-acetylglucosamine moiety (NAG) of
peptidoglycan (Squeglia et al., 2013). Therefore, the change from leucine
(hydrophobic) to arginine (positively charged) should affect the func-
tions of the protein.

We identified additional L1-specific SNPs in the DosR-related genes.
The differences in 16 LS-SNPs between L1 and the modern Mtb lineages
suggest that there are some differences in the control of latency between
L1 and L2-4. Some mutations occurred during the evolution of modern
Mtb strains before the separation of L2, L3 and L4, which warrants
further study. Several mutations also occurred during the evolution of L1
before its separation into sublineages. Among the DosR-related genes,
ctpF appeared to be frequently affected. The protein contributes to cal-
cium efflux, and its defect impairs tolerance to oxidative and nitrosative
stress (Maya-Hoyos et al., 2019). The multiple mutations found in L1
suggested some changes in the latency process of L1 compared to that of
the Mtb common ancestor, and L1 may not be as phenotypically ancient
as its name implies.

The finding that the dN/dS ratio of most rpf proteins is more than one
suggests that they are under positive selective pressure. This might be
because the rpf proteins are located on the cell surface of M. tuberculosis.
These molecules are exposed to the external environment and putatively
target the host immune system. Therefore, genetic variations identified
in rpf proteins are likely to result in improved survival for the bacteria.

Our study demonstrated that the T cell epitopes in L1 had higher
genetic diversity than those in other lineages. Variation in the epitope
regions in L1 may represent ongoing evolution, which may benefit the
bacterial population by promoting, for example, evasion of T cell
recognition or interaction with various HLA alleles among different
human populations. Remarkably, the variation in epitopes in L1 may
have an impact on the efficacy of candidate vaccine antigens comprising
DosR-related and rpf antigens that use Mtb H37Rv as a reference
sequence.

5. Conclusion

This study demonstrated that there were considerable variations in
SNPs in the DosR regulon and rpf family specific to various Mtb lineages
and sublineages. Two common sublineages, the Beijing family or L2.2
and EAI2 or L1.2.1, differed at as many as 26 SNPs. These factors should
affect the process of dormancy and reactivation. Thus, the information
revealed in this study would be useful for further analysis of the effects of
SNPs on TB phenotypes, including adaptation to dormant states as well as
differential induction of host immune responses against latency antigens.
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