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Ecological and evolutionary perspectives advance
understanding of mycobacterial diseases
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Heather R Jordan, Michael W Sandel, Mark Eric Benbowt, Jean-Frangois Guégant

Predicting the outbreak of infectious diseases and designing appropriate preventive health actions require interdis-
ciplinary research into the processes that drive exposure to and transmission of disease agents. In the case of
mycobacterial diseases, the epidemiological understanding of the scientific community hitherto was based on the
clinical studies of infections in vertebrates. To evaluate the information gained by comprehensively accounting for the
ecological and evolutionary constraints, we conducted literature searches assessing the role of mycobacteria inter-
actions with non-vertebrate species in the origin of their pathogenicity and variations in disease risk. The reviewed
literature challenges the current theory of person-to-person transmission for several mycobacterial infections.
Furthermore, the findings suggest that diverse non-vertebrate organisms influence virulence, mediate transmission,
and contribute to pathogen abundance in relation to vertebrate exposure. We advocate that an ecological and evolu-
tionary framework provides novel insights to support a more comprehensive understanding of the prevention and

management of diseases in vertebrates.

Introduction

Insights into mycobacterial ecology and evolution from the
medical and veterinary perspectives can be divided into two
categories.! The first category involves research on the
Mycobacterium tuberculosis complex (MTBC), Mycobacterium
leprae, and mycobacterial pathogens, without an environ-
mental stage, which infect single vertebrate species. These
pathogens are posited to be transmitted from person to
person, although empirical evidence exists only for MTBC.!
The second category focuses on non-tuberculous myco-
bacteria (NTM), which persist in the soil and freshwater as
free-living saprophytes—organisms that use decomposing
organic matter.! Susceptible vertebrates acquire NTMs
from exposure to such environments,' suggesting ecological
variations in the risk of acquiring a disease. Currently,
there is little overlap between the historical research on
MTBC and that on NTMs present in the environment,
ignoring potential insights from the ecological and
evolutionary perspectives of mycobacteria responsible for
numerous diseases.

MTBC remains one of the deadliest agents of human
infection, with only SARS-CoV-2 surpassing it> WHO
classifies leprosy (caused by M leprae) as a neglected
tropical disease, and untreated leprosy infections can lead
to permanent disability, deformity, and stigmatisation.
Approximately 200 000 new cases of leprosy were reported
in the year 2019, with 79% of them in India, Brazil, and
Indonesia.* WHO also classifies Buruli ulcer (caused by an
NTM, Mycobacterium ulcerans) as a neglected tropical
disease; untreated Buruli ulcer can lead to permanent
disability. In west Africa alone, the prevalence of Buruli
ulcer ranges from 3 to 27 cases per a population of 10 000.*
The prevalence of other NTMs is rising worldwide, with
some local estimates currently at 3 per a population of
10000 and predominantly resulting in pulmonary infec-
tions associated with morbidity and mortality in humans.®
Despite the geographical variation in specific burdens,
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the main health concerns are related to Mycobacterium
absessus, Mycobacterium chelonae, Mycobacterium fortuitum,
Mycobacterium avium subspecies avium, Mycobacterium
avium subspecies intracellulare, and Mycobacterium
kansaii.* Understanding how mycobacterial traits medi-
ating exposure to infections and pathogenicity have
evolved over time and space should provide new insights
into the determinants of mycobacterial disease burden.
Here are the definitions of some terms commonly used in
ecological and evolutionary research on infectious diseases,
which provide cross-disciplinary clarity when discussing the
evolution of mycobacterial pathogenicity. Pathogen trans-
mission between unrelated individuals is considered
horizontal transmission, whereas that from parent to
offspring is considered vertical transmission. A parasite is
any pathogen with a parasitic lifecycle (horizontal trans-
mission), whereas an inherited symbiont is a pathogen that
moves by means of vertical transmission. The term host
refers to the species that is part of the lifecycle of a parasite or
an inherited symbiont. The harm caused by within-host
replication of a pathogen has a genetic basis and reduces
host fitness (lifetime offspring number) by a quantity that is
considered as virulence. Many theoretical models have
examined why parasites have not evolved to be benign since
they depend on the hosts for their survival. A review of
studies on these models indicated that they are all based on
the adaptive virulence scenario (AVS).” The AVS posits that
parasites evolve intermediate values of virulence to maxi-
mise their fitness (the number of secondary infections) and
balance the cost of a reduction in the infectious period
associated with benefits conferred by an increasing trans-
mission rate throughout their lifecycle (figure 1).” Notably,
for indirectly transmitted parasites, transmission includes
survival in the environment or probabilities of infecting the
intermediate host species and of onward transmission.”®
Upon considering the parasitic lifecycles in full, empirical
studies have provided strong support for the AVS.*
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The particularity of inherited symbionts is that, in addition
to virulence, they provide hosts with nutritional or defensive
benefits, which are ecologically variable.’ Therefore, the
positive or negative net infection effect on host fitness
fluctuates in time and space (figure 2A).° Thus, the hosts
maximise their fitness by driving symbiont evolution
towards an intracellular lifestyle and maximum vertical
transmission (figure 2B).° By contrast, inherited symbionts
maximise their fitness by retaining some horizontal trans-
mission.” Overall, these systems result in facultatively
inherited symbionts that are adapted to intracellular
lifestyles and are regularly excreted by the hosts, opening up
opportunities for spillovers to other species.” A good
example is the evolution of Rickettsia, in which the bacteria
recurrently shifted across diverse hosts (eg, protists, leeches,
and arthropods) as inherited symbionts and repeatedly
evolved from inherited symbionts to arthropod-borne
parasites.”

The coincidental virulence scenario (CVS) refers to cases
in which pathogenicity does not rely on the infection under
study.” Two functional explanations can describe the
pathogenicity of CVS. The first relies on spillover to a new
species that shares, by chance, a similar susceptibility as the
host(s) with which the pathogen has coevolved as a parasite
or inherited symbiont. This explanation reflects human
disease caused by the spillover of Legionella pneumophila,
whose pathogenicity arose from its adaptation to protozoan
hosts, following accidental introductions into human-
engineered habitats.'* The pleiotropy of virulence factors
(ie, their involvement in several metabolic pathways affecting
different phenotypes) is a second functional basis for the CVS;

Transmission rate 3
A

p*

Viable space

1

wrasi

P Rate 7
at which the infectious period ends
T=(u+a+)*

Figure 1: AVS illustrated in a simple parasitic lifecycle

Consider a parasite spreading by contact within a single host population and two of these genetically coded
traits: transmission rate (B) and virulence (a) referring to host mortality induced by infection. Parasite fitness
per unit of time is given by R = f / (m+a+g), where m is the host natural mortality and g is the time of parasite
clearance. The red curve describes the transmission-virulence trade-off (ie, the biological constraints describing
the links between virulence, transmission, and fitness) among extant parasite genotypes. The viable space
bounded by the trade-off curve and the x-axis determines the array of parasite strategies (genotypes) allowing
the persistence of both the species. Outbreaks starting within the viable space will be followed by selection
favouring mutants with higher transmission and longer infection periods until the trade-off curve is reached.
The strategy defined by a=a* and f=p* is that conferring the maximum possible fitness for the parasite. Directly
investigating variations in parasite fitness with virulence rather than the trade-off curve facilitates empirical
tests for the AVS.8 AVS=adaptive virulence scenario.

the selection of such genes can rely on phenotypic
advantages unrelated to the infection under study.
An experimental design of bacterial evolution using
Escherichia coli and resistance to protozoan grazing as
primary selection provided supporting evidence of
this view not being merely a theoretical argument.”
Otherwise, bacterial virulence factors often play a role in
regulating interspecific competition.'®"”

The CVS posits an increased likelihood of epidemiological
networks including the circulation of several pathogens
across several species, such that several pathogens co-infect
some individuals and a given pathogen infects several
species. A comprehensive understanding of infection
dynamics in these epidemiological networks can lead to
innovative strategies in disease prevention and manage-
ment.”* Disease ecologists study how heterogeneities in
space and time among individuals and populations
(including the effects of co-infection), host species (inter-
acting differently with pathogens), and regions (varying in
species assemblages) influence infection dynamics in these
systems."® Disease ecologists reach this goal by assessing the
relative contributions of susceptible species to pathogen
persistence in space, identifying reservoirs and bridge hosts.
The presence of a reservoir is enough to ensure the
persistence of a pathogen population. Bridge hosts, often
involved in the transmission of zoonotic pathogens to
humans, are also susceptible to infection and competent for
pathogen transmission but greatly vary in their competence
for pathogen replication.

We argue that the historical focus only on mycobacteria-
vertebrate interactions could have overlooked the possibil-
ities of diseases involving the CVS. This argument is
supported by the extant literature on mycobacteria, which
uses search methodologies designed for testing the alter-
native evolutionary hypotheses for the origin of the selection
for mycobacterial pathogenicity (appendix p 1). We finally
discuss the intellectual and translation gains that could
result from investigating the phylogenetic relationships
among pathogenic and non-pathogenic mycobacteria.
Mycobacteria, including many NTMs yet to be studied, occur
in soil and aquatic habitats.”** Assessing the relatedness and
similarity of traits of these mycobacteria with known patho-
gens can provide insights for predicting new and emerging
infectious diseases associated with current global changes.

Vertebrate-driven selection in transmissible
mycobacteria

Three M abscessus genotypes have been identified as indir-
ectly transmitted human parasites in human-engineered
habitats.?! The recurrent mutations observed in the PhoR
gene and at the glycopeptidolipid locus in these genotypes
affect their survival in the environment,* which correlates
with the tenets of the AVS.

The clonal lineages within MTBC arose as hominid
parasites circa 2-8 million years ago.* Phylogenomic studies
have revealed co-diversification of L1-L9 lineages with some
human populations and diversification of zoonotic MTBC
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clones from hominid-infecting bacteria related to L5-L6.2%
Clinical surveys provide data supporting the adequacy of the
AVS to the evolution of MTBC in humans.” Bacilli
replacements from older clones (L1, L5, and L6) with L2-L4
modern clones arose with different immunopathology
symptoms and increased transmission.” L2-14 cocircula-
tion in multiethnic populations was also informative.”
In such cases, the likelihood of experiencing tuberculosis
symptoms (necessary for transmission) increases when
infection occurs in humans with similar genetic back-
grounds rather than when it occurs in individuals with
whom their ancestors have coevolved (ie, different Asian
populations for L2-L3 and Europeans for L4); however, this
pattern is not seen in patients with increased disease risk
(eg, those with HIV co-infection).?” Since, on average, only
10% of human-infecting bacilli complete their lifecycle,?”
MTBC evolving in distinct human populations most likely
optimised their fitness by shaping adaptations specific to
human genetic backgrounds. Regarding zoonotic MTBC
clones, the vertebrate-driven patterns observed in phyloge-
nies also support the AVS: their pathogenicity most likely
results from specific adaptations to distinct animals.®
However, multihost epidemiological networks have been
studied in Mycobacterium bovis, adapted to taurine cattle
(Bos taurus).> If humans are dead-end hosts for M bovis,
diverse animals (eg, deer, ferrets, and boars) are bridge hosts,
whereas the brushtail possum (Trichosurus vulpecula) and
European badger (Meles meles) are efficient reservoirs.**

Mycobacterium avium subspecies paratuberculosis (MAP)
was described as a parasite alternating between soil-
dwelling free-living stages and livestock intestinal cell
infections. In early studies, host-specific adaptations to
either cattle or sheep were suspected because genetic
differentiation and pathogenicity differences among MAP
strains were related to their vertebrate origin.*® However,
phylogenomic studies challenged this view.*** The diversity
of wildlife suspected of playing an epidemiological role, as
bridge hosts or reservoirs, increased with studies doc-
umenting wildlife species associated with MAP (see a
selected reference list in appendix pp 1-2). In particular, the
European rabbit (Oryctolagus cuniculus) emerged as a
reservoir affecting infection exposure in cattle.*>** Further-
more, MAP epidemiology in Portuguese wild carnivores
does not depend on MAP infections in cattle.** Monitoring
MAP abundance in diverse habitats (eg, sediments, rivers,
and lakes) along a catchment basin from livestock sources to
drinking water found that all aquatic habitats contributed to
MAP persistence.** The authors opined that some amoebae
(Acanthamoeba spp) could be efficient reservoirs. Assessing
MAP carriage in soil-dwelling amoebae also suggested
alternatives to the lifecycle of MAP that do not include
vertebrate infection, with reported identical exposure to
infection for samples from pastures routinely grazed by
cattle or crop fields that had no contact with livestock and
manure for 10 to 40 years.** The overall pattern is more in
agreement with the CVS than with the AVS. The case of
leprosy bacilli is similar to that of MAP.
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Figure 2: Vertical transmission: symbiont adaptation under maximum host control

(A) The sources of variations in the effects of infection on host fitness, which make them shift recurrently
between negative and positive values in time and space. When the average of the net infection effect across
the landscape is positive, hosts should maximise VT and reduce symbiont virulence. (B) The hosts do both,®
which has striking cascading consequences for the inherited symbiont, including a drastic reduction in
symbiont population sizes (enhancing effects of mutation bias and genetic drift) and limitation of
recombination opportunities that help to get rid of the accumulating deleterious mutations. Functional
metabolic pathways thus decrease in number over time, even when already restricted to those allowing
intracellular life and providing benefits to the host. Under such circumstances, symbionts evolving under
strict VT are driven to extinction. Phylogenomic studies performed on inherited symbionts associated with
insects confirmed these patterns and revealed two main events of marked reductions in genome sizes along
the way.>™** Thus, symbiont genomes are longer in early coevolutionary stages than in late coevolutionary
stages but bear a higher pseudogene content in early coevolutionary stages than in late coevolutionary
stages."®* HT=horizontal transmission. OM=obligate mutualists. VT=vertical transmission.

Leprosy bacilli: multihost systems within
ecosystems

Humans were long thought to be unique leprosy reservoirs,
with approximately 5% of infected people developing
leprosy that affects skin dermis, peripheral nerves, and
mucosa of the upper respiratory tract.” Transmission,
thought to be mediated by coughing and nasal excreta of
symptomatic individuals, requires close and repeated
contacts.”” However, reports of M leprae spillovers exist in
diverse wild animals with which humans are unlikely to
live in close contact.®® Furthermore, M leprae circulates
in wildlife, including in Eurasian red squirrels
(Sciurus vulgaris) in the British Isles, in wild armadillos
in the Americas, and in west African wild chimpanzees,
with remote populations experiencing outbreaks.**
Phylogenomic analyses provided evidence of epidemio-
logical continuity among neighbouring human and animal
strains, ruling out hypotheses of vertebrate-tropism difter-
ence and vertebrate-driven genetic divergence.* Epidemics
in west African apes suggest the role of unknown inter-
mediate (animal or environmental) reservoirs as the strains
involved have been detected at a low frequency in nearby
human populations.* Although the survival of M leprae
outside of cells is short, this bacterium is present in soil and
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Mycobacterium leprae (Lepra Bubalorum)
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Figure 3: MLC and divergence estimates among major human pathogens*

Lepra Bubalorum is a mycobacterial infection in Indonesian water buffaloes assumed to be caused by
Mycobacterium leprae.** Aside from a close relationship with M leprae and Mycobacterium lepromatosis, the exact
phylogenetic position of Candidatus ‘Mycobacterium lepraefelis’ relative to that of Mycobacterium haemophilum
remains unknown. The inset replaces the cladogram within the mycobacterial phylogeny.*# The correspondence
between the main clades and labels 1-5 is as follows. 1: abscessus-chelonae. 2: fortuitum-vacae. 3: triviale.

4: terrae. 5: tuberculosis-simiae. MLC=Mycobacterium leprae complex. MTBC=Mycobacterium tuberculosis
complex. Mya=million years ago.

Epidemics in different vertebrate species and populations
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Figure 4: Biodiversity ensures a high diversity of Mycobacterium species and circumstantial sitvations, including
high animal or human abundance and density, to facilitate the expansion of the bacillus strain

lllustration of Mycobacterium species diversity, represented by the coloured ovals in natural ecosystems and
epidemic outbreaks. Diverse Mycobacterium species coexist with the several competitors, predators, and host or
non-host species (ie, below-ground profile) in species-rich ecosystems. Epidemic outbreaks with strains of
mycobacteria, and even clonal expansion of the same strain, could happen when one population of a given
vertebrate species is exposed to a sufficient number and density of mycobacterial pathogens (ie, above-ground
profile). The figure illustrates different disease epidemics for human populations, poultry, cattle farms, and fish
aquaculture as breeding situations in the background. The extent of an epidemic corresponds to the epidemic
population size. In the foreground, small outbreaks are shown, which are representative of atypical
mycobacteria. Below-ground and above-ground profiles correspond to two distinct faces of the same coin.
High species and genetic diversity in mycobacteria bacilli in natural ecosystems, as studied by environmental
microbiologists, ecologists, and evolutionary biologists, might circumstantially generate epidemic outbreaks in
animal or human populations, as analysed by veterinarians and medical doctors, depending on the host
demography and environmental stochasticity.

water and remains viable and transmissible after being
hosted by amoebae.*®

The closest relatives of M leprae share several traits and a
study by Ploemacher and colleagues suggests a need for
regrouping them within the M leprae complex (MLC;
figure 3).>* MLC includes Mycobacterium lepromatosis that
infects humans in several countries (eg, Mexico, Canada,
Brazil, Myanmar, and Singapore).* M lepromatosis and
M leprae promote similar disease symptoms, present similar
genomic organisation (eg, massive gene decay and small
genome size relative to other mycobacteria), and share
mammalian hosts.* M lepromatosis also circulates among
Eurasian red squirrels in the British Isles, with mycobac-
terial divergence from a common ancestor of human-
infecting Mexican strain about 27 000 years ago.*® Another
MLC member, Candidatus ‘Mycobacterium lepraefelis’, is
an agent of feline leprosy,* suggesting that MLC members
can share similar virulence factors.

Overall, there is a low probability that a vertebrate might
have been a reservoir for M lepromatosisand M leprae. As per
an alternative hypothesis, vertebrate infections would rely
on spillover from non-vertebrate reservoirs, which is more
suitable for explaining the persistence of M leprae infections
despite the poor efficiency of M leprae in interhuman
transmission.*® M leprae and M lepromatosis share several
traits (ie, slow growth rate, short life span outside of cells,
and reduced genome sizes with high pseudogene content in
comparison with that in their relatives)* with inherited
symbionts (figure 2B). We suggest that adopting research
approaches used for other NTMs, such as M ulcerans, could
help to better understand and explain the environmental
existence of MLC species and their pathogenicity origins.

Identifying the ecological drivers in other
diseases: the M ulcerans example

Studies by environmental microbiologists and ecologists
can provide useful information on the factors affecting
NTM exposure through time and space (figure 4). Such data
can also shed light on possible multiple functions of NTM
virulence factors. The case of M ulcerans, the etiological
agent of Buruli ulcer, is an interesting example.

M ulcerans is one of the mycolactone-producing myco-
bacteria.* Mycolactone-producing mycobacteria arose from
Mycobacterium marinum chromosomal backgrounds and
upon acquisition of a giant plasmid responsible for
production of the cytotoxic mycolactone lipid that causes
disease in humans and animals.* A comprehensive review
of field studies over the past 50 years (1971-2020) showed
that adopting an ecological and evolutionary framework is
essential for deciphering the multiple potential transmis-
sion routes of M ulcerans.”” A wide diversity of organisms
can carry M ulcerans, including terrestrial vertebrates
(eg, possum in Australia and the rodent grasscutter in
west Africa), aquatic organisms (eg, plant, fish, insect,
annelid, and mollusc), and terrestrial arthropods
(eg, caterpillar and spider).” These organisms are preferably
called (host) carriers until the exact contribution of each
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organism to the environmental persistence of M ulcerans is
identified. The best strategy for identifying the drivers of
environmental persistence of M ulceransis to build a dataset
based on two principles: an equal consideration of all
possible carriers through space and time and systematic
screening of possible carriers for the presence of M ulcerans.
This approach allows for an unbiased assessment of the
biotic and abiotic factors that influence the environmental
abundance of the pathogen.”” Ecological perturbations,
landscape change, deforestation, seasonal variations in
rainfall, fluctuations in both abiotic factors (eg, pH,
dissolved oxygen, flow speed) and biotic factors (diversity
and abundance of the species in a given water body) affect
M ulcerans loads across a large diversity of carriers.’
Moreover, considering the pathogen prevalence across all
carriers, rather than only in potential or suspected vectors,
was shown as a prerequisite for correctly evaluating human
exposure to M ulcerans infection.*

When M ulcerans undergoes local extinction, its carriage
by aquatic arthropods and organic matter appears as the
most likely explanation for recolonisation in a water body,
constituting the earliest indicator of human disease risks.”
Laboratory experiments provided functional explanations
for these field observations, as higher chitin concentration
in the culture medium increased growth and pH tolerance
in M ulcerans.>*** Production of mycolactone, a chemo-
attractant for some fungi,” could favour contacts with
chitinous compounds (present in fungi cell walls) affecting
M ulcerans metabolism. Culturing M ulcerans under optimal
nutritional conditions resulted in lower mycolactone
production, cells stopping toxin production despite bearing
the plasmid, or selecting cells that lost the plasmid.**** This
signal convergence across laboratories and M ulcerans
strains indicates most likely increases in fitness advantages
provided by the toxin to M ulcerans in nutrient-poor envi-
ronments because of other pleiotropic roles of mycolactone
(eg, conferring a competitive or prey-predator advantage).
Thus, exposure to M ulcerans infection mostlikely fluctuates
across seasons. Highly abundant M ulcerans populations
with low toxicity would be associated with greater diversity
and abundance of potential carriers (eg, arthropods and
freshwater fish blooms) in rainy seasons. M ulcerans would
be less abundant but more toxic in late dry seasons, when
favourable habitats become scarcer, and both environmen-
tal and climatic conditions become more drastic for bacterial
survival. Research on other pathogenic NTMs could use a
similar approach for addressing pathogen maintenance
in space and time and pathogenicity variations across
environmental contexts.

A similar scenario in which NTM pathogenicity and
abundance fluctuate with the densities of diverse carriers
could partly explain why fish mycobacterial epidemics
coincide with ecological perturbations.* The existing conse-
nsus from fish aquaculture research suggests that contam-
ination usually starts with the introduction of NTM-infected
prey (eg, the ciliate Paramecium caudatum, brine shrimp
Artemia franciscana, and rotifers Branchionus spp) to a fish
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population.”** NTM maintenance then relies on fish acqui-
sition through ingestion of mycobacterial biofilms, NTM
release in fish faeces, and fish-to-fish transmission through
cannibalism or wounds.””** The fact that cocultivation of
M marinum and M chelonae with P caudatum increases
transmission and pathogenicity in some fish specimens
could indicate the predominance of ciliates over alternative
non-vertebrates as infectious sources.”® However, this point
requires further confirmation.

The diversity of organisms involved in virulence and
environmental persistence remains unresolved for most
NTMs. The divergence patterns between pathogenic and
non-pathogenic NTMs might provide some information on
whether similarities could be expected among NTMs.

Evolution of pathogenicity in mycobacteria:

consequences for disease ecology and medicine
The number of valid mycobacterial species has increased
drastically with advances in genomic technologies and the
increased ability of the scientific community to evaluate
environmental samples.' Ranging from 10 to 61 between

(emended
Mycobacterium genus)

intracellulare)

Mycobacterium gordonae
MLC (Mycobacterium leprae,
Mycobacterium lepromatosis)
MKC (Mycobacterium kansaii)
Mycobacterium
marinum-ulcerans
Mycobacterium scrofulaceum
Mycobacterium paragordonae
Mycobacterium szulgai
MTBC

Mycobacterium xenopi

Clade name (proposed Ny  Major human pathogens Fish pathogens®”
new or amended
genus names)
1 abscessus-chelonae >7  Mycobacterium abscessus M abscessus
(Mycobacteroides) (subsp abscessus, bolleti) M chelonae
Mycobacterium chelonae Mycobacterium salmonophilum
Mycobacterium frankilini
Mycobacterium immunogenum
2 fortuitum-vaccae >49  Mycobacterium fortuitum Mycobacterium flavescens
(Mycolicibacterium) M fortuitum
Mycobacterium holsaticum
Mycobacterium neoaurum
Mycobacterium peregrinum
Mycobacterium septicum
Mycobacterium smegmatis
3 triviale (Mycolicibacillus) >5  Mycobacterium triviale M triviale
4 terrae (Mycolicibacter) >14  Mycobacterium terrae M terrae
5  tuberculosis-simiae >83  MAC (subsp avium, MAC (subsp avium, intracellulare)

M gordonae

MLC (Mycobacterium haemophilum)
Mycobacterium lentiflavum

M marinum-ulcerans
Mycobacterium simiae

The first two columns refer to the deepest divergence events observed along the mycobacteria phylogeny: order number in
the first column=order of diversification (ie, numbers used in figure 3 inset) and clade name in the second column=current
double denomination of the five main clades. The classic names given to the main clades are followed by, in parentheses,
those given in a recently proposed systematic revision. “4 Specialists of mycobacteria evolution argue against this revision.®
This approach limits the number of taxa that unambiguously appear as belonging to either one of the five main clades in the
List of Prokaryotic names with Standing in Nomenclature database,®® and thus, this number (Niot) is @ minimal estimate.
Taxa are listed in alphabetical order of name to emphasise the similarity between the lists of major human and fish
pathogens. MAC=M avium complex. MLC=M leprae complex. MKC=M kansaii complex. MTBC=M tuberculosis complex.

Table: Distribution of major human and fish mycobacterial pathogens among the main clades structuring
the mycobacterial phylogeny
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the 1960s and 2010s,' this number was 196 in 2023,
according to the List of Prokaryotic Names with Standing in
Nomenclature database.® This trend will most likely con-
tinue, given the results of a global and systematic survey of
soil-dwelling mycobacteria using two loci.® Indeed, only
five (3%) of the 159 discriminated lineages in that study
were present in genetic databases.?

Genomic analyses revealed the coexistence of non-
pathogenic and pathogenic taxa within each of the
main mycobacterial clades (table), a pattern thathas also been
observed within the M avium and M kansasii complexes.*62
The acquisition (or loss, or both) of pathogenicity, thus,
occurred many times during mycobacterial evolution.®
Estimates of mycobacterial divergence times are too few to
properly assess the timings of pathogenicity. The informa-
tion available only indicates that diverse representatives of
the main clades existed 70 million years ago (figure 3).
A global survey of soil-dwelling mycobacteria nonetheless
revealed substantial constraints (eg, vegetation cover, cli-
matic zone, and soil pH) that shaped the distribution of
159 mycobacterial lineages across 143 soil samples.*® This
finding suggests that mycobacteria most likely adapted to
different conditions along their specific evolution, including
differences in interspecific interactions with competitors or
predators or potential hosts, or a combination of these.

Research on human-engineered habitats provides
evidence that mycobacteria have physiological traits
favouring their colonisation of plumbing systems and
spillover to humans.” This process is facilitated by the
suitability of plumbing for amoebae, since pathogenic
mycobacteria (except M fortuitum) can survive in amoe-
bae.>** Some studies suggest that mycobacteria pathogen-
icity arose in the amoeba,”® on the basis of the finding that
in cases in which the molecular basis of amoeba and
macrophage infections were identified, both traits depen-
ded on the same locus (ESX-1 in MTBC, M marinum, and
M kansasii; ESX-4in M abscessus; one pathogenicity island in
M avium complex).®*”° However, distinguishing cases of
amoeba-NTM coevolution (leading to NTM persistence in
amoeba populations through horizontal or vertical trans-
mission) from those in which defensive and infective
functions have coincidentally recruited the same genes is
not enough. Amoeba-NTM coevolution could be relevant
only for NTMs that replicate in amoeba cells, such as those
reported in M kansasii and M avium complexes.®® The fact
that M kansasii recombinant clones emerged with the use of
plumbing networks, and the evidence of positive selection at
the ESX-1 locus, supports the hypothesis of a selective role
for amoebae in pathogenicity.® Some data are also consist-
ent with the hypothesis of coevolution between M avium
complex and Acanthamoeba species. Coculturing M avium
and Acanthamoeba castellanii for 10 days enhanced patho-
genicity in mice and infectivity and growth in human
macrophages.” Replicating the experiment using the same
bacterial strain and Acanthamoeba lenticulata provided
similar results after 12 days, but not after 42 days, at which
point there were reductions in replication within amoeba

and persistence in human macrophages.” Further, other
strains of the M avium complex exploit Acanthamoeba spe-
cies.*>%” By contrast, M chelonae and M marinum infectand
survive in amoeba cells but multiply in a ciliate, which then
enhances their virulence and transmission to zebrafish.”
For these NTMs, as for others not replicating in amoeba
cells, the amoebae colonising plumbing systems are more
likely to represent bridge hosts than the selective origin of
pathogenicity.

Conclusions and perspectives

Mycobacteria that have coevolved with vertebrates through a
specific parasitic lifecycle are rare (restricted to MTBC and
three M abscessus genotypes so far). Mycobacteria have a
long history of occupying diverse habitats in which their
phenotypic and genetic traits (including pathogenicity)
evolved with conditions unrelated to vertebrates. Therefore,
information acquired solely from patients, diseased
animals, and human-engineered habitats hinders the
identification of putative non-vertebrate hosts and environ-
mental reservoirs that are important in the development of
novel approaches for the prevention of disease. Overall, the
environmental life of pathogenic mycobacteria requires
many additional scientific inquiries that adopt ecological
and evolutionary perspectives of the disease for deciphering
cases wherein pathogenicity arose as a coincidental conse-
quence of evolution in complex and species-rich natural
environments. This approach is becoming increasingly
important since mycobacteria are projected to become more
abundant and distributed under global scenarios of climate
warming, soil acidification, and land use associated with soil
erosion and agriculture development.”*
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