Large genomics datasets shed light on the evolution of
the Mycobacterium tuberculosis complex.
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Abstract

Two strains of Mycobacterium tuberculosis complex can be separated as much as 2,500
single nucleotide differences (Coscolla and Gagneux, 2014). In that limited amount of
diversity, we find an astonishing range of clinical, epidemiological and biological phenotypes.
The most striking is the strong host preferences depending on the infecting strain while more
subtle differences can be found looking at different human tuberculosis isolates. Those
subtle differences are the most difficult to spot given that analysis methods for so little
diversity are limited and phenotypes like virulence are difficult to define and measure.
Recent genomics advances allow to study the pathogen diversity at a resolution not
available before from comparative species level, to global diversity to transmission in local
settings. Here, we will review some of these recent results to highlight how population
genomics approaches can aid not only to understand how MTBC evolved but also to identify
relevant biomedical targets.
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1. The Mycobacterium genus

The Mycobacterium genus comprises a relatively wide number of species (~170) (Fedrizzi
et al., 2017). Most of them are free living bacteria (that is, bacteria with a life cycle mostly
dissociated from a host) found in a wide range of ecological environments. A high number
of these species are able to cause disease in humans, supposing an important thread to
human health (i.e. M. tuberculosis complex, M. leprae, M. ulcerans among others). The
increasing public availability of mycobacterial genomes allow us to draw a precise map of
the phylogenetic relationships of this group, avoiding the limitations of classifications based
on partial gene sequencing and/or phenotypes (Fedrizzi et al., 2017). Average Nucleotide
Identities (ANI) analysis have shown that some members previously considered as
independent taxons could represent in reality different variants of the same species (Tortoli
et al.,, 2017) (understanding species as individuals having a 95% genomic ANI or more
(Goris et al., 2007)). Importantly, the study by Fedrizzi et al.(Fedrizzi et al., 2017) ameliorates
the problem of overrepresentation of pathogenic mycobacteria species in genomic
databases. This information will be crucial to define specific genetic markers for identification
and diagnostics of mycobacteriosis (Braet et al., 2018). Furthermore, the genome
information has already allowed to amend species classifications (Tortoli et al., 2017),
redefine mycobacterial complexes (Tortoli et al., 2017) and open the debate about the status
of the Mycobacterium genus itself (Gupta et al., 2018; Turenne, 2019).

Core genome analysis placed the Mycobacterium tuberculosis complex (MTBC)
phylogenetically close to other slow-grower mycobacteria (that is, bacteria that take more
than 7 days to form colonies in culture (Runyon, 1959)) that are associated with human
diseases such as M. leprae and M. ulcerans. Mycobacterium tuberculosis complex species
(M. tuberculosis, M. africanum and the animal-adapted strains) together with M. leprae are
obligate intracellular pathogens with the probable exception of Mycobacterium canettii
(Koeck et al., 2011). The infection with some opportunistic mycobacterial pathogens such
as M. kansasii, M. marinum, M simiae or the M. avium complex result in different symptoms.
Interestingly, M. avium infection symptoms resembles more to those provoked by M.



tuberculosis complex (van Ingen, 2017) despite being phylogenetically distant in contrast
with other species. Although being occasional pathogens, those mycobacterial infections
are difficult to deal with (Nahid et al., 2016). The mycobacterial cell wall is highly complex
(Alderwick et al., 2015) and allows mycobacteria to survive under multiple stress conditions.
As a consequence, the mycobacterium group is naturally resistant to multiple antibiotics due
to their cell wall structure (Jankute et al., 2015). In the case of the MTBC strains infecting
humans this fact, among some other factors, leads to a medical treatment of 6 months
mixing 4 different drugs to overcome the disease.

2. Early steps in MTBC emergence

Recombination and horizontal gene transfer (HGT) are important processes for genomic
plasticity and innovation in both, pathogenic and non-pathogenic bacteria (Sheppard et al.,
2018). The role of Horizontal Gene Transfer (HGT) in mycobacterial evolution has been
demonstrated in several studies (Gray and Derbyshire, 2018; Hatfull and Jacobs, 2000).
Some species that form this group have mosaic genomes, product of multiple recombination
events (Saini et al., 2012). In sharp contrast, MTBC members were considered to have a
clonal population structure (Smith et al.,, 2006, 2003). Later studies showed that
recombination with Mycobacterium canettii, a close group, have played a role during the
early steps of the MTBC speciation process, but not after the emergence of the obligate
pathogen (Boritsch et al., 2016a; Chiner-Oms et al., 2018b; Mortimer and Pepperell, 2014).
The average nucleotide identity between the M. canettii group and M. tuberculosis is about
98% (Chiner-Oms et al., 2018b; Supply et al., 2013), close to the 95% threshold used to
define independent bacterial species (Goris et al., 2007). So that, all species of the MTBC
including M. canettii should be considered a unigue genomic species. However, in contrast
with other members of the clade, M. canettii has a low epidemiological incidence, with less
than 100 cases since its first isolation in 1969 (Gagneux, 2018). This fact, in addition with
other evidences, suggests the likely existence of an environmental reservoir of M. canettii
(Koeck et al., 2011).

Despite its elevated genetic similarity with other MTBC members, M. canettii shows a high
recombinant profile in extant strains (Supply et al., 2013). As MTB strains and M. canettii
belong to different ecological niches, it is reasonable to think that recombination is not taking
place between both groups due to the lack physical interaction. However, experimental
studies have shown that there is no recombination between M. canettii and MTBC strains
even when they are grown in the same physical space (Boritsch et al., 2016b).

The role of on-going recombination in extant MTBC strains excluding M. canettii was a
matter of debate in the past. Some studies have suggested the presence of recombination
acting as a present evolutionary force in the MTBC (Liu et al., 2006; Namouchi et al., 2012).
However, more recent studies taking into account information from hundreds to thousands
of genomes as well as experimental studies have disproved this hypothesis (Boritsch et al.,
2016b; Chiner-Oms et al., 2018b; Comas et al., 2013; Mortimer and Pepperell, 2014). This
is an important fact to understand the evolutionary processes that guide the adaptation of
the tuberculosis pathogen to different environments and stress conditions (i.e. multiple hosts
or antibiotics). It seems that genetic exchange between MTBC species, if exists, plays a
minimum role in the evolution of this group. So, the emergence of new characteristics is,
almost sure, lead by the appearance of new independent mutations and fixed by means of
selection (Brynildsrud et al., 2018; Farhat et al., 2013; Merker et al., 2015) or genetic drift
(Hershberg et al., 2008).

When the genome of the model strain H37Rv and the animal strain M. bovis were compared,
unexpectedly no new gene was found in the animal strain confirming reductive evolution as
an ongoing process in MTBC evolution (Garnier et al., 2003). Because of the MTBC clonal



structure, some parts of the genome involved in past deletion events were never recovered
by the descendants of the ancestral strain. In fact, the history of the BCG vaccine is a clear
example of such a process (Behr et al., 1999; Brosch et al., 2007) where cumulative deleted
regions have led to different immunogenic potential. Some of these deleted regions (known
as RD from Regions of Difference) have been used for strain typing and lineage identification
as they are accurate phylogenetic markers with virtually absence of homoplasy (Comas et
al., 2009).

3. Post-emergence diversification of MTBC in lineages and sub-lineages

Early efforts on studying MTBC diversity already notice the different distribution of genotypes
across the world (Gagneux and Small, 2007). The advent of genome-based techniques
allowed to corroborate early distinction among six main human lineages. Those lineages are
not equally distributed across the world. For example the so-called lineage 4 has a global
contribution and is likely responsible for roughly 4 million cases yearly ((Chiner-Oms et al.,
2018a) Figure 1A). Other lineages, while not equally dispersed, seem to be under
expansion. For example, lineage 2 accounts for ~23% of the global MTBC burden (Figure
1A), it is mainly distributed across east-Asia and has been associated to drug resistance
(Borrell and Gagneux, 2009; Ford et al., 2013), hypervirulence (Reed et al., 2004) and high
transmissibility (Holt et al., 2018; Merker et al., 2015). Lineage 2 strains were introduced in
South Africa around 100 years ago (van Helden et al., 2002) and seem to be expanding.
Likewise, there is increasing evidence on the presence of lineage 2 strains across the
African continent (Rutaihwa et al., 2018). It is important to note that the evidence for this
different features is still scarce. In contrast, other lineages have more limited presence
across the globe. Lineage 5 and Lineage 6 strains, historically pooled as Mycobacterium
africanum, are responsible for up to 50% of cases in West Africa but are difficult to find in
significant frequencies outside the region (de Jong et al., 2010). The two lineages are not
equally distributed across west African countries suggesting that they cannot be considered
as a unique entity as a result of different historical events and biological differences. In any
case, we cannot make generalizations on the success of certain genotypes over others and
what seems to be under expansion in one place is not in another. Take for example lineage
2 strains. Recently it has been described that the sub-lineages L2.2.5 and L2.2.6 are
dominating the population structure of Mycobacterium tuberculosis in East Africa (Merker et
al., 2015; Rutaihwa et al., 2018). On the contrary, the sub-lineage L2.2.10 has clearly
succeed in Central Asia in the face of other sub-lineages. This suggests that epidemiological
success is locally dependent, most likely as a result of the interaction with different human
genetic backgrounds and different “ecological” systems such as the nature of public health
control measures or the socioeconomic status of the population (Comas and Gagneux,
2009).



A B

Tree scale: 100

Lineage 3
, L1 (17.8%)
ul2(23.2%)
ul3 (14.7%)
ul4 (38.1%)
L5 (3.5%)
' ul6 (2.7%)

Lineage 5
Lineage 6

5x10°
4,5x108
4x10°
3,5x108
3x10°

2,5x108 -
2x10° 3
1,5x10° 0
1x10° .
5x10°
— - |
O

Lineage 2

Estimated number of cases

S O > N
& & P S
LA R O
< NN &
&({9‘ & 6& &
S £ & ¢
R
&

Figure 1 A) Contribution of the major MTBC lineages to the global tuberculosis burden from
Chiner-Oms et al., 2018a. B) MTBC global phylogeny.

In cosmopolitan clinical settings, we can still observe a strong association between pathogen
lineage and country of origin of the patient. This was first noticed in San Francisco, where
the association between both variables is also reflected in preferred transmission when there
is a match between the country of origin and the geographic origin of the lineage (Gagneux
et al., 2006). This association is lost when HIV is present a result that has been replicated
in Switzerland (Fenner et al., 2013). Data from San Francisco thus suggests that beyond
social contact there are biological factors associated to genotype-genotype interaction
between the pathogen and the patient genetic background. While preferential transmission
has not been replicated in other parts of the world, mostly because of the lack of population-
based genotyping data over decades, there is still a clear association between lineages and
patient country of origin (Reed et al., 2009).

A mirror case to the lineages global/local distribution is seen when we zoom into the most
common lineage worldwide, lineage 4 (Stucki et al., 2016). The lineage 4 sublineages are
also either globally or locally distributed and this has led to the hypothesis that some of them
are generalist, able to interact and thrive in a wide number of human genetic backgrounds,
or specialists infecting mainly particular human populations. The different geographical
distribution maybe explained by historical contingency with some sublineages emerging in
regions that later led the colonization and globalization era (Brynildsrud et al., 2018; Stucki
et al., 2016). By contrast the data from San Francisco suggests that there is also some
biological features that in fact promotes the association of lineages (or sublineages) to
specific human populations. In an attempt to identify some of the biological factors Stucki et
al. analyzed the patterns of diversity in the epitope regions of thousands of genome
sequences from the different lineage 4 sub-lineages. For most of them the epitope regions
where more conserved than the non-epitope regions. The result confirms that epitope
hyperconservation is the rule as observed already in early studies with global populations
(Comas et al., 2010; Coscolla et al., 2015). However, this general rule was reverted for the
L4.3 (also known as LAM) sub-lineage, arguably the most successful lineage 4 sublineage.
The L4.3 sublineage is widespread across the globe as a consequence of early European
colonization movements being highly frequent in many countries of Asia, Europe, Africa and
America (Brynildsrud et al., 2018). It is still to further investigate whether the higher variation



in epitope regions in L4.3 are associated to interaction with different human populations.

Analysis of genome sequence data has also revealed considerable additional diversity that
was difficult to spot with previous techniques. A seventh human lineage was described in
Ethiopia (Comas et al., 2015; Firdessa et al., 2013). The lineage falls between the split of
lineage 1 and the so called modern lineage (Figure 1B). The lineage is extremely rare
outside certain areas in Ethiopia showing that new branches of the overall phylogeny can
be revealed by deeply looking within countries. By far, the branch that have seen a larger
diversity undercovered in the last years is the one associated to animals and lineage 6
strains. Lineage 6 is considered one human lineage, historically called Mycobacterium
africanum together with lineage 5. Early phylogenetic analysis based on the distribution of
large sequence polimorphisms showed that M. africanum had the unique characteristics of
being associated to animal strains (Brosch et al., 2002). Initially it was though that lineage 6
strains and animal strains were sisters clades (Comas et al., 2013; Hershberg et al., 2008).
However, more recent data of tuberculosis strains isolated from wild animals mainly in Africa
has shown that some animal strains cluster earlier but closer to the lineage 6 than to animal
clade. Among those early branching strains there is the first description of a bacillus isolated
from a wild chimpanzee (Brites et al., 2018; Coscolla et al., 2013). Altogether, it is becoming
clear that our knowledge of Mycobacterium tuberculosis complex diversity particularly
associated to wild animals and the Mycobacterium africanum lineages is still limited
compared to what we know from “modern” strains.

4. Evolutionary genomics identifies genome regions under positive selection in
Mycobacterium tuberculosis complex

Since the sequencing of the first Mycobacterium tuberculosis genome, that of the reference
strain H37Rv, new virulence factors among the predicted proteome have been identified
(Cole et al., 1998). Different technigues have been used in what can be called post-genomic
approaches. For example the random mutagenesis deletion of mutants allows to identify
essential and non-essential genes across different conditions as well as the components of
different metabolic responses (DeJesus et al., 2017). However, most of this work was based
on a single reference strain. The advent of cheaper genomic sequencing led to a
complementary approach in which comparative genomics with other mycobacteria and
population genomics of thousands of clinical strains has impacted our understanding of
virulence factors in MTBC.

Early studies in Mycobacterium marinum identified a ppe38 knockout strain unable to
secrete ESX5 dependent substrates involved in virulence (Dong et al., 2012). This gene is
part of a larger family, difficult to study with current short-read sequencing techniques, with
some of its members linked to virulence and host-pathogen crosstalk. More recent studies
using whole genome comparisons corroborated that strains across the MTBC and
particularly the Beijing clade had naturally insertions/deletions occurring in this gene (Ates
et al., 2018; McEvoy et al., 2009). The mutant strains with ppe38 inactivated had no capacity
to secrete a large number of PE_PPE members leading to a higher virulence (Ates et al.,
2018). As Beijing strains are thought to be hypervirulent (Merker et al., 2015) this led to the
hypothesis that ppe38 is under selection in natural populations. With this idea in mind, Ates
et al. identify strains across the world with likely ppe38 inactivating mutations. First, the
authors show that the situation in M. marinum ppe38 deleted strains is paralleled by M.
tuberculosis strains when different parts of the ppe38-related region are knocked out.
Second, the authors show that clinical strains of MTBC with putative inactivating mutations
does not secrete the ESX-5 associated proteins. Third, they show that virulent strains of the



Beijing family had inactivation of pp38 and thus impaired secretion of the PE_PPE protein
cluster. Those strains were also high virulent in a mice model of infection showing again that
natural inactivation of ppe38 leads to high virulent strains in vitro and in vivo. Furthermore,
the inactivating mutations is shared by a cluster of Beijing strains called “modern” which is
particularly successful across the globe (Liu et al., 2018).

Recently, by analyzing a large number of strains collected from patient over 2.5 years in
Vietnam a gene belonging to esx family, esxW, has been shown to be under positive
selection (Holt et al., 2018). In this case, the authors identify a mutation common to all strains
of a particular sublineage of Beijing strains. The mutation is also homoplastic, and was
identified in other unrelated phylogenetic clades including lineage 1 and lineage 3 strains.
Homoplasy in M. tuberculosis is very rare, only around 1-2% of all mutations appear more
than once in the phylogeny of the MTBC. Homoplasy represents the result of a common
selective pressure leading to the same nucleotide change in unrelated strains. The most
common selective force associated to homoplasy is drug resistance (Mortimer et al., 2018).
Detecting positive selection in M. tuberculosis depends on the existence of this convergent
episodes of homoplasy, at the same time the number of homoplasies of a character largely
depend on the strength of the selective force. Thus those residues under stronger selective
forces are easier to spot than those masked by other phenomena or when selection is weak.
Thus, is not surprising that most residues described under positive selection are link to drug
resistance, arguably the strongest selective force that M. tuberculosis encounters (Farhat et
al., 2013). In comparison much more difficult is to find positively associated variants to
virulence as the trait is not that easy to define and thus to phenotype.

Analysis of genomics scars of past and present evolutionary pressures can also lead to the
identification of virulence factors that are important for extant circulating strains. The MTBC
ancestor shared ecological niche with Mycobacterium canettii (Blouin et al., 2014; Comas
et al., 2015; Supply et al., 2013). An analysis of recombination patterns showed that
recombination was a major force before the MTBC emergence. This has allowed to study
which regions were important during the emergence, i.e. important to establish an obligate
association to the host, and to compare to the selective forces acting on those regions today.
An analyses of the selective forces before and after the emergence identified phoR under
purifying selection before the emergence of the obligate pathogen and then under
diversifying selection (Chiner-Oms et al., 2018b). phoR encodes a protein that forms part of
the PhoPR two-component system. PhoPR is a major virulence regulator in M. tuberculosis
controlling the expression of many genes involved in host pathogen interaction (Gonzalo-
Asensio et al., 2008). It is known that, early in the diversification of the MTBC, a PhoP
mutation was linked to adaptation of M. bovis to animal strains (Gonzalo-Asensio et al.,
2014). That same SNP introduced in an M. tuberculosis strain genetic background
decreased virulence of the strain in human macrophages and animal models of infection
(Gonzalo-Asensio et al., 2014). The decrease in virulence was associated to the lower
secretion of key host-pathogen molecules such as the SL and PAT lipids (from the
polyacyltrehalose and sulfolipds families) and the lipolytic enzyme LipF. Population
genomics of human tuberculosis strains have identified that phoR is under positive selection
in human populations (Chiner-Oms et al., 2018b). The ratio of non-synonymous to
synonymous substitutions is well above 1 (dN/dS=2,37) and much higher than the mean
dN/dS in essential and non-essential genes. Thus PhoR mutations seems to play a role
modulating the virulence of MTBC during infection. To show that this is the case, an analysis
of all the strains circulating in a region in Malawi during ten years shows that new mutations
are arising in the clinical setting and that those mutations are associated to large
transmission cluster. PhoR is the sensor component of the two-component system, it is still
unclear what PhoR sense and what triggers the need to adapt to changes although it is clear



that should associated to the dynamic microenvironment inside the macrophage.

The examples outlined above, as a part of a growing list of research works, shows how the
detailed evolutionary study of patterns of diversity in thousands of strains is allowing to
identify relevant virulence factors in the tuberculosis host-pathogen interaction. It is still not
clear why some of the genetic changes found are confined to certain strains while others
seem to be affecting strains across the complex. For example, the impaired function of
PPE38 or the esxW mutations, although can be convergently found in strains from other
lineages, are common to the lineage 2.2.1 strains. The phoR case is different, as some
mutations map to complete lineages (i.e. lineages 5 and 6) but also more recently diversified
clades or even single strains. Altogether, the examples illustrates the increasing power of
population and evolutionary genomics to identify bacterial genetic factors associated to
virulence and transmission.
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