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ABSTRACT

Leprosy and tuberculosis are age-old diseases that have tormented mankind and
left behind a legacy of fear, mutilation, and social stigmatization. Today, leprosy is
considered a Neglected Tropical Disease due to its high prevalence in developing
countries, while tuberculosis is highly endemic in developing countries and rapidly re-
emerging in several developed countries. In order to eradicate these diseases effectively,
it is necessary to understand how they first originated in humans and whether they are
prevalent in nonhuman hosts which can serve as a source of zoonotic transmission. This
dissertation uses a phylogenomics approach to elucidate the evolutionary histories of the
pathogens that cause leprosy and tuberculosis, Mycobacterium leprae and the M.
tuberculosis complex, respectively, through three related studies. In the first study,
genomes of M. leprae strains that infect nonhuman primates were sequenced and
compared to human M. leprae strains to determine their genetic relationships. This study
assesses whether nonhuman primates serve as a reservoir for M. leprae and whether there
is potential for transmission of M. leprae between humans and nonhuman primates. In the
second study, the genome of M. lepraemurium (which causes leprosy in mice, rats, and
cats) was sequenced to clarify its genetic relationship to M. leprae and other
mycobacterial species. This study is the first to sequence the M. lepraemurium genome
and also describes genes that may be important for virulence in this pathogen. In the third
study, an ancient DNA approach was used to recover M. tuberculosis genomes from
human skeletal remains from the North American archaeological record. This study
informs us about the types of M. tuberculosis strains present in post-contact era North
America. Overall, this dissertation informs us about the evolutionary histories of these



pathogens and their prevalence in nonhuman hosts, which is not only important in an
anthropological context but also has significant implications for disease eradication and

wildlife conservation.
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CHAPTER 1
INTRODUCTION
1.1 Background

Leprosy and tuberculosis (TB) are among the oldest known human diseases and
yet, they remain a public health concern even today. The causative agent of leprosy,
Mycobacterium leprae, was discovered by Gerhard Hansen in 1874. The advent of multi-
drug therapy comprising dapsone, rifampicin, and clofazimine in the 1980s resulted in
almost 16 million people being cured of leprosy by the year 2000. The global prevalence
of leprosy has now been reduced to less than one case per 10,000 individuals and the
disease has been nearly eradicated from the developed countries of the world. However,
200,000-250,000 new leprosy cases occur worldwide every year (WHO 2016a). Leprosy
remains highly endemic in several developing countries, including India, Brazil,
Madagascar, the Philippines, and the Central African Republic, and thus, it is now
classified as a Neglected Tropical Disease.

The primary causative agent of TB, Mycobacterium tuberculosis, was discovered
by Robert Koch in 1882. The invention of anti-tuberculosis drugs, such as isoniazid and
rifampin, in the mid-20" century led to a rapid decrease in the number of TB cases by the
1980s. However, hopes of eradicating TB were dashed due to the rise of antibiotic-
resistant M. tuberculosis strains and HIV-AIDS in the late 1980s. Today, factors such as
a declining standard of living among lower socio-economic classes, co-morbidity among
HIV-positive individuals, and development of multi- and extremely-drug resistant M.
tuberculosis strains have been implicated in the re-emergence of TB in developed
countries. Additionally, TB is highly endemic in economically developing countries such
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as India, Indonesia, China, Nigeria, Pakistan and South Africa. In 2015, there were an
estimated 10.4 million new TB cases worldwide, resulting in nearly 1.4 million deaths
(WHO 2016b).

The measures implemented to control TB and leprosy, however, target only
human cases of the disease. TB control programs in high-endemicity countries have
focused on preventing incidence by using the Mycobacterium bovis Bacille de Calmette
et Guérin (BCG) vaccine. Low-endemicity countries, such as the US, rely on early
detection of TB cases and antibiotic therapy in order to combat the disease. In case of
leprosy, an effective vaccine is not available, and the focus of leprosy control programs
has been early detection followed by multi-drug therapy. Since neither disease has been
successfully controlled despite dedicated efforts, it is necessary to explore other factors
that might contribute to their continued prevalence among humans.

The countries in which TB and leprosy are highly endemic are also rich in
wildlife. Human population growth has led to increased encroachment of wildlife habitats
and close contact with wild animals, especially other primates. The close evolutionary
relationship among different primate species increases the ease of pathogen transmission
among them (Pedersen and Davies 2009). Direct exploitation of primates through the use
of primates as pets, performing monkeys, for bush meat, or via interactions in zoos and
sanctuaries are major sources of infectious disease transmission between humans and
nonhuman primates (Wolfe et al. 2005; Wolfe et al. 1998; Wallis and Lee 1999).
Nonhuman primates are highly susceptible to pathogens such as the simian
immunodeficiency virus (SIV), Ebola virus, and Bacillus cereus biovar Anthracis
(Calvignac-Spencer et al. 2012). Therefore, it is important to understand which pathogens
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are carried by wild nonhuman primates and which of these can be transmitted to humans.
Conversely, diseases can also be transmitted from humans to nonhuman primates, which
can lead to a decline in nonhuman primate populations and hamper conservation efforts
(Leroy et al. 2004). The presence of pathogens such as M. tuberculosis and M. leprae in
nonhuman primates could explain their continued persistence among human populations
due to zoonotic transmission. Additionally, these pathogens might be present in other
wildlife species that could serve as reservoirs for the pathogens and/or be a source of
zoonotic transmission.

Mycobacterium is a genus of phylum Actinobacteria comprising aerobic, non-
sporulating bacteria that are characterized by the presence of mycolic acids in their cell
envelopes. There are more than 150 recognized species in the genus, broadly divided into
rapid-growing and slow-growing mycobacteria. Certain members of this genus such as
the M. tuberculosis complex (MTBC), M. avium complex (MAC), and M. leprae are
important human pathogens, and thus, their genomes are well-studied. However,
infections caused by non-tuberculous mycobacteria (NTM) are reportedly increasing
(Yeung et al. 2016; Tortoli 2014) and hence, recent studies have attempted to clarify the
phylogenetic relationships of the NTM (Fedrizzi et al. 2017; Mignard and Flandrois
2008; Devulder, Perouse de Montclos, and Flandrois 2005). Despite this, certain
members of this genus remain uncharacterized and their evolutionary relationships within

the genus are unclear.



1.2 Using a Phylogenomics Approach to Study Mycobacterial Evolution

The gene encoding 16S rRNA has been widely used for the detection of
relationships among bacterial species, but may not be able to resolve relationships
accurately when the species being studied show genetic identities between 94 and 100%
(Enrico Tortoli 2003; Zeigler 2003; Mignard and Flandrois 2008). In general,
phylogenies based on the sequences of single genes may provide insufficient resolution
or support incorrect topologies due to factors such as insufficient number of characters
used in the analysis, horizontal gene transfer, unrecognized paralogy, and highly variable
rates of evolution (Snel, Bork, and Huynen 1999; Gontcharov, Marin, and Melkonian
2004; Charles et al. 2005). Multi-gene phylogenies based on concatenated gene
sequences can improve resolution (Hillis 1996) but these topologies may still be affected
by factors such as long branch attraction, and internal branches may not be resolved
(Sanderson and Shaffer 2002; Gontcharov, Marin, and Melkonian 2004). To this end,
whole-genome phylogenies are better equipped to produce a resolved species tree with
robust support (Rokas et al. 2003); however, they require increased computational
resources.

When closely related species are being studied, single-nucleotide polymorphisms
(SNPs) are good candidate markers for phylogenetics because they span the entire
genome including intergenic regions and show relative stability over evolutionary time
(Brumfield et al. 2003; Morin et al. 2004). SNPs analyzed across entire genomes usually
provide sufficient characters for phylogenetic reconstructions to resolve problems
associated with character state conflict and create topologies with fine-scale resolution
(Foster et al. 2009). However, compared to phylogenies based on numerous concatenated
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genes, SNP-based phylogenies comprise fewer characters and hence require less
computational time. Monomorphic and clonally evolving pathogens such as the MTBC,
MAC, and M. leprae show very high genetic identity between strains (> 99%).
Traditional genotyping techniques such as Mycobacterial Interspersed Repetitive Units -
Variable Number of Tandem Repeats (MIRU-VNTR) genotyping cannot be used to
accurately reflect phylogenetic relationships because these repeat sequences are subject to
homoplasy. Thus, strains with identical MIRU-VNTR profiles may not actually be
closely related (Bryant et al. 2016; Anderson et al. 2013; Kay et al. 2015). On the other
hand, SNP homoplasies are extremely rare and hence, SNPs are the ideal phylogenetic
markers for analyzing the evolutionary relationships between these pathogens (Comas et
al. 2009). Therefore, in this dissertation, SNPs across whole-genomes are used for
phylogenetic reconstruction so as to study the evolutionary relationships between

different mycobacterial species.

1.3 Outstanding Issues in the Evolutionary History of Leprosy

In humans, leprosy is mainly caused by the obligate intracellular bacterium, M.
leprae. Certain cases of leprosy are also caused by a newly discovered and closely related
species, M. lepromatosis (Han et al. 2008). M. leprae and M. lepromatosis are estimated
to have diverged 13 - 14 million years ago (Singh et al. 2015) but share a number of
characteristics such as an obligate intracellular parasitic lifestyle and reduced genome
sizes relative to other mycobacteria.

Apart from humans, M. leprae naturally infects armadillos (Truman et al. 2011,
Walsh, Meyers, and Binford 1986) as well as certain nonhuman primates (Donham and
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Leininger 1977; Gormus et al. 1991; Suzuki et al. 2010; Meyers et al. 1985; Gormus et al.
1988; Valverde et al. 1998). Recently, both M. leprae and M. lepromatosis have been
found to infect red squirrels (Avanzi et al. 2016). However, armadillos and red squirrels
are known to have originally acquired M. leprae due to anthroponotic transmission from
humans (Monot et al. 2005; Avanzi et al. 2016). It remains unknown how and where M.
leprae was originally introduced to humans, although it is presumed that it was
introduced from a hitherto unknown animal host. The most phylogenetically basal M.
leprae strains are found in Asia (Schuenemann et al. 2013) and the oldest skeletal
evidence for leprosy is attributed to 2000 BCE India (Robbins et al. 2009), suggesting
that M. leprae was introduced to humans in this continent. Figure 1 shows the
phylogenetic relationships for the human (modern and ancient), armadillo, and red
squirrel M. leprae strains. Using Bayesian dating analyses, it has been estimated that all
M. leprae strains shared a common ancestor less than 5000 years ago (Schuenemann et
al. 2013). Thus, it is likely that M. leprae jumped from another host species into humans
somewhere in Asia within the past 5000 years. The continued incidence of leprosy cases,
especially the higher incidence in Asian countries, could be due to the presence of

unknown hosts which are capable to introducing the pathogen to humans.
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Figure 1. Phylogenetic Representation of M. leprae Strains. The branches are not drawn
to scale. Geographic origin of the strain is given in parentheses next to its name. The five
M. leprae branches are highlighted in different colors. The ancient human M. leprae
strains are denoted in red. Strain Brw15-20 represents the M. leprae clade found in red
squirrels in the UK and strain NHDP63 represents the M. leprae clade found in

armadillos.

The recent finding that red squirrels carry M. leprae and M. lepromatosis suggests
that other rodent species might be a reservoir for leprosy-causing pathogens. In rodents
such as mice and rats, leprosy is caused by a different bacterial species, M. lepraemurium
(see Rojas-Espinosa and Lovik 2001). M. lepraemurium also causes leprosy-like illness

in cats (Hughes et al. 2004; Malik et al. 2002). However, this pathogen does not infect



humans. DNA hybridization studies suggest that M. lepraemurium is closely related to M.
avium (Athwal, Deo, and Imaeda 1984) but since the genome of M. lepraemurium had
not been sequenced, its phylogenetic placement within the genus Mycobacterium
remained unclear.

Chapters 2 and 3 of this dissertation focus on clarifying some of the
aforementioned outstanding issues in the evolutionary relationships of leprosy-causing
pathogens. In Chapter 2, the genomes of M. leprae strains from three naturally infected
nonhuman primates are sequenced. Phylogenetic analyses are used to ascertain whether
nonhuman primates carry novel M. leprae lineages or whether they are infected by M.
leprae strains closely related to those found in humans in these regions. Furthermore,
wild nonhuman primate populations including ring-tailed lemurs from the Beza Mahafaly
Special Reserve, Madagascar, and chimpanzees from Ngogo, Kibale National Park,
Uganda, were screened for presence of M. leprae or MTBC infection. In Chapter 3,
results from sequencing the genome of M. lepraemurium are reported. Phylogenetic
analyses are conducted with the aim of clarifying the position of this species in the
mycobacterial phylogeny and genes that are likely related to virulence in this species are

discussed.

1.4 Outstanding Issues in the Evolutionary History of TB

TB is caused by members of the MTBC which comprises human-adapted species
such as M. tuberculosis and M. africanum, animal-adapted species such as M. microti
(voles), M. caprae (goats), M. pinnipedii (seals, sea lions), M. bovis (cattle), M. orygis
(oryx), M. mungi (African mongooses), M. suricattae (meerkats), and the Dassie bacillus
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(rock hyraxes), as well as M. canettii whose exact host range is unknown. Despite being
adapted to specific hosts, members of the MTBC are capable of infecting other host
species.

Genetic analyses of global MTBC strains show that the greatest diversity of
strains as well as the phylogenetically basal lineages are found in Africa (Gagneux and
Small 2007), suggesting that the MTBC might have evolved in this continent (Comas et
al. 2010; Comas et al. 2013; Wirth et al. 2008). A recent study reconstructed ancient
MTBC genomes from three pre-European contact era Peruvian individuals, and using the
corresponding radiocarbon dates of the skeletal samples as calibration points, estimated
that the MTBC was introduced to humans within the last 6,000 years (Bos et al. 2014).
MTBC strains spread across Africa and to Europe and Asia with human population
movements and diversified into seven human-adapted M. tuberculosis lineages that are
phylogeographically associated (Gagneux et al. 2006; Firdessa et al. 2013). On the other
hand, the introduction of human M. tuberculosis strains into animals led to the evolution
of the animal-adapted lineages (Brosch et al. 2002; Hershberg et al. 2008). Figure 2
shows the phylogenetic relationships between the members of the MTBC.

The recovery of genomes of three pre-contact era MTBC strains from coastal Peru
provided evidence that sometime within the past 1,200 years, M. pinnipedii strains were
introduced to human populations living along the coast due to consumption or handling
of infected seals (Bos et al. 2014). It is not known whether the seal-derived MTBC strains
adapted to humans and spread to the non-coastal parts of the Americas by human-to-
human transmission. Additionally, pre-contact era MTBC genomes from North America

have not been recovered.
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Figure 2. Phylogenetic Representation of MTBC Species. The figure was adapted from
Coscolla and Gagneux (2014) and depicts a Maximum Likelihood tree modified from
Bos et al. (2014). Bootstrap support estimated from 1000 replications is shown on the
branches. The tree is rooted using M. canettii. Large Sequence Polymorphisms (LSPs)
described in Brosch et al. (2002) are indicated along the branches. The scale bar indicates

the number of nucleotide substitutions per site.

Therefore, it remains to be determined whether 1) pre-contact TB in this region
was caused by the northward dispersal of the seal-derived MTBC strains, 2) there were

other MTBC lineages present in this region, such as Asian M. tuberculosis strains which
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may have been introduced via population movements over the Bering Strait, or 3) pre-
contact TB in the North Americas was caused by an altogether different pathogen, such
as M. kansasii which also causes clinical tuberculosis (Evans et al. 1996). Currently, the
majority of the M. tuberculosis strains found in the Americas are of European origin
(Hershberg et al. 2008; Comas et al. 2013), suggesting that pre-contact era MTBC
lineages were replaced following the Age of Exploration.

Understanding which lineages of MTBC strains were present in the pre-contact
New World as well as how and when they came to be replaced by European strains is
important not only in an anthropological context but will also inform us about potential
avenues of TB transmission in the past that may be relevant even today. Furthermore,
analyzing these genome data may help us identify mutations which allow a particular
strain to cross the species barrier and/or adapt to new hosts.

Chapter 4 attempts to clarify some of these outstanding questions about the
origins of TB in North America by screening 66 individuals from the archaeological
record for the presence of MTBC DNA. Five post-contact era M. tuberculosis genomes
are analyzed so as to ascertain what types of strains were circulating in North America

during this time.

1.5 Summary

Overall, this dissertation examines the evolutionary history of these important
mycobacterial pathogens by focusing on the types of strains found in human and
nonhuman hosts. This dissertation aims to elucidate these phylogenetic relationships to
identify the potential for anthroponotic or zoonotic transmission. Tracing the genetic
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changes that have occurred as mycobacterial pathogens cross from humans to other hosts
(or vice versa) will allow us to determine whether there are clear requirements for

successful cross-species transmissions and assess future zoonotic risk.
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CHAPTER 2
MYCOBACTERIUM LEPRAE GENOMES FROM NATURALLY INFECTED
NONHUMAN PRIMATES
2.1 Abstract

Leprosy is caused by the bacterial pathogens Mycobacterium leprae and M.
lepromatosis. Apart from humans, animals such as nine-banded armadillos in the New
World and red squirrels in the British Isles serve as reservoirs for leprosy. Natural leprosy
has also been reported in certain nonhuman primates, but it is not known whether these
occurrences are mainly due to incidental infections from humans or if host-adapted
lineages of leprosy-causing pathogens exist in nonhuman primates. In this study, M.
leprae genomes from three naturally infected nonhuman primates (a chimpanzee from
Sierra Leone, a sooty mangabey from West Africa, and a cynomolgus macaque from The
Philippines) were sequenced. Phylogenetic analyses show that the cynomolgus macaque
M. leprae strain is most closely related to a human M. leprae strain from New Caledonia.
The chimpanzee and sooty mangabey M. leprae strains form a new sublineage within a
human M. leprae lineage found in West Africa. The close relationship of these two
strains suggests that different nonhuman primate species may transmit M. leprae among
themselves in the wild. Furthermore, this study aimed to assess the prevalence of M.
leprae and the M. tuberculosis complex in wild nonhuman primates from countries where
leprosy and/or tuberculosis are endemic. Samples were collected from ring-tailed lemurs
from the Beza Mahafaly Special Reserve, Madagascar, and chimpanzees from Ngogo,
Kibale National Park, Uganda, and screened using quantitative PCR assays. While the
populations tested in this study did not show presence of mycobacterial pathogens,
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nonhuman primates should be screened to assess the capacity for anthroponotic

transmission of mycobacterial diseases in endemic areas.

2.2 Introduction

Leprosy has afflicted mankind for many millennia and remains a highly prevalent
disease in economically underprivileged countries. Due to effective multi-drug therapy,
the global prevalence of leprosy has been reduced to less than one case per 10,000
individuals (WHO 2016a). The disease has been almost eradicated from developed
countries; however, approximately 250,000 new leprosy cases occur each year, making
leprosy a Neglected Tropical Disease (WHO 2016a).

Leprosy affects the skin, mucosa of the nose and upper respiratory tract, and the
peripheral nervous system. Depending upon the host’s immune response, the infection
can progress to either tuberculoid (paucibacillary) or lepromatous (multibacillary)
leprosy. Tuberculoid leprosy is characterized by the presence of one or few
hypopigmented patches with loss of sensation and thickened peripheral nerves, whereas
in lepromatous leprosy, systemic lesions are seen. These lesions may become infiltrated
with fluids, causing severe distortions of those parts of the body where the lesions are
located, such as on the face and ears. If left untreated, it can cause permanent nerve
damage, and secondary infections can lead to tissue loss resulting in disfigurement of the
extremities (Britton and Lockwood 2004). The disease has a long incubation period that
averages three to five years and can extend up to thirty years, which hampers early

detection of cases.
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In humans, leprosy is caused by the bacterial pathogens, M. leprae and M.
lepromatosis, the latter of which causes a severe form of the disease called diffuse
lepromatous leprosy (Gelber 2005; Vargas-Ocampo 2007). While M. leprae causes the
majority of leprosy cases and is prevalent worldwide, M. lepromatosis is mainly endemic
to Mexico and the Caribbean (Han et al. 2008; Han et al. 2009; Vera-Cabrera et al. 2011)
although isolated cases have been reported from other countries (Han et al. 2012). M.
leprae and M. lepromatosis show 88% genetic identity and are estimated to have
diverged 13-14 million years ago (MYA) (Singh et al. 2015). Despite this deep
divergence, they share a number of characteristics such as a reduced overall genome size
(relative to other mycobacteria) of approximately 3.2 million base pair (bp), genome
organization, and the inability to grow outside of a living host. This obligate parasitism is
the result of a reductive evolution that occurred about 12 - 20 MYA and led to the loss of
functionality of a number of genes in both M. leprae and M. lepromatosis (Gémez-Valero
et al. 2007; Singh et al. 2015).

Traditionally thought to be an exclusively human pathogen, M. leprae has been
found to naturally infect other animals. Armadillos are the only confirmed animal
reservoir of M. leprae in the New World (Walsh, Meyers, and Binford 1986) and
originally acquired the pathogen from Europeans during the Era of Exploration (Monot et
al. 2005). In the southeastern US, armadillos are involved in zoonotic transmission of M.
leprae due to human contact with infected armadillos or consumption of armadillo meat
(Truman et al. 2011). Recently, red squirrel populations in the UK were found to be
infected with both M. leprae as well as M. lepromatosis (Avanzi et al. 2016). The near
eradication of leprosy from the human population in the UK as well as the phylogenetic
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placement of the contemporary red squirrel M. leprae strains suggests that the squirrels
were infected by human M. leprae strains circulating in medieval Europe before the
decline of leprosy in Europe (Avanzi et al. 2016).

Apart from armadillos and red squirrels, isolated cases of naturally occurring
leprosy have been observed in nonhuman primates such as chimpanzees (Donham and
Leininger 1977; Leininger, Donham, and Rubino 1978; Hubbard et al. 1991; Gormus et
al. 1991; Suzuki et al. 2010), sooty mangabeys (Meyers et al. 1985; Gormus et al. 1988),
and cynomolgus macaques (Valverde et al. 1998). In all of these cases, the nonhuman
primates were captured from the wild and imported to research facilities for experimental
purposes. The animals were not experimentally infected with M. leprae nor did they
come into contact with a known leprosy patient. All animals developed symptoms
characteristic of human leprosy with varying incubation periods, and in most cases, the
aetiological agent was confirmed to be M. leprae using microscopic or genetic analyses.
However, the genomes of these nonhuman primate M. leprae strains had never been
sequenced until now.

M. leprae is a highly clonal organism and human M. leprae strains show more
than 99.9% genetic identity (Monot et al. 2009). Whole-genome sequencing approaches
have classified M. leprae strains into five branches (Schuenemann et al. 2013). The most
deeply diverged M. leprae branch contains strains from Japan (Kai et al. 2013), China,
and New Caledonia (Schuenemann et al. 2013), suggesting that leprosy may have
originated in Asia. To determine the relationships between nonhuman primate and human
M. leprae strains, M. leprae genomes from three naturally infected nonhuman primates —
a chimpanzee (Suzuki et al. 2010), a sooty mangabey (Meyers et al. 1985), and a
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cynomolgus macaque (Valverde et al. 1998) were sequenced. The details regarding these
three animals are given in Appendix A: Table S1.

Additionally, this study aimed to assess whether M. leprae and other
mycobacterial pathogens are prevalent in wild nonhuman primates living in contact with
human populations. Ring-tailed lemur populations from the Beza Mahafaly Special
Reserve (BMSR), Madagascar, and chimpanzee populations from Ngogo, Kibale
National Park, Uganda, were screened for the presence of mycobacterial infection using

quantitative PCR (gPCR) assays.

2.3 Materials and Methods
Sequencing the genomes of nonhuman primate M. leprae strains
Sampling

A sample of genomic DNA extracted from the skin biopsy of a naturally infected
female chimpanzee (Pan troglodytes verus) was provided by Dr. Koichi Suzuki. The M.
leprae strain from a naturally infected sooty mangabey (Cercocebus atys) had been
isolated by passaging in an armadillo. M. leprae DNA was extracted from a sample of the
infected-armadillo tissue using the protocol given in Clark-Curtiss et al. (1985) and an
aliquot of this DNA extract was provided by Dr. Josephine Clark-Curtiss. A sample of
skin biopsy tissue stored in a formalin-fixed paraffin-embedded (FFPE) form since 1994
from a naturally infected cynomolgus macaque (Macaca fascicularis) was provided by
Dr. David Smith and Dr. Ross Tarara. The cynomolgus macaque had been acquired from

AMO Farm in The Philippines in 1990 (CITES permit 4455).
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Hereafter, the chimpanzee, sooty mangabey, and cynomolgus macaque samples used in

this study will be referred to as Ch4, SM1, and CM1, respectively.

DNA extraction

DNA was extracted from the CM1 tissue sample using the DNeasy Blood and
Tissue Kit (Qiagen). 0.5 g of tissue was used as starting material and extraction was
carried out using the manufacturer’s protocol with the following modification: DNA was
eluted in 100 uLL AE buffer (Qiagen) that had been preheated to 65°C. The DNA extract
was tested for the presence of M. leprae DNA using a gPCR assay targeting the M.

leprae-specific multi-copy RLEP element (Truman et al. 2008).

M. leprae genome sequencing

The SM1 M. leprae DNA sample was converted into a paired-end fragment
library and sequenced using the 454 GS-FLX Titanium sequencer (Y2 70 X 75
PicoTiterPlate GS XLR70 Run) at SeqWright DNA Technology Services, TX. The Ch4
and CM1 DNA extracts were sheared to an average bp size of 300 using the M220
Focused-ultrasonicator (Covaris) and converted into double-indexed DNA libraries using
a library preparation protocol modified from (Meyer and Kircher 2010). For sample
CM1, two separate libraries were prepared (CM1 Libraryl and CM1 Library?2). Libraries
were quantified using the Bioanalyzer 2100 DNA1000 assay (Agilent) and the KAPA
Library Quantification kit (Kapa Biosystems).

To increase coverage, the Ch4 and CML1 libraries were target-enriched for the M.
leprae genome using a custom MYbaits Whole Genome Enrichment kit (MY croarray).
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Specifically, biotinylated RNA baits were prepared using DNA from M. leprae Br4923,
Thai53, and NHDP strains. 57 ng for the CH4 library, 467 ng for CM1 Libraryl, and 910
ng for CM1 Library2 were used for enrichment. Each library was enriched separately.
Enrichment was conducted according to the MY baits protocol with hybridization being
carried out at 65°C for 24 hours. After elution, the CH4 library and the CM1 Libraryl
were amplified using AccuPrime Pfx DNA polymerase (Life Technologies) for 27 and 23
cycles, respectively, following the protocol given in Ozga et al. (2016). The enriched
CML1 Library2 was amplified over two separate reactions each for 14 cycles using KAPA
HiFi polymerase (Kapa Biosystems). All amplification reactions were cleaned up using
the MinElute PCR Purification kit (Qiagen). Two library blank samples (PCR-grade
water) were also processed into libraries and target-enriched in a similar manner to
ensure that no contamination had been introduced during the process; these are referred
to as LB1 and LB2. All samples (Ch4, CM1 Libraryl, CM1 Library2, LB1, and LB2)
were sequenced over two sequencing runs on the Illumina HiSeq2500 using the Rapid PE
v2 chemistry (2 x100 bp) at the Yale Center for Genome Analysis, CT. These runs also

included samples from other ongoing research projects.

Data Processing and Mapping

For sample SM1, the FASTA and QUAL files obtained from the sequencing
facility were combined into a FASTQ file using the Combine FASTA and QUAL tool on
the Galaxy server (https://usegalaxy.org). Reads were trimmed using AdapterRemoval v2
with default parameters (Schubert, Lindgreen, and Orlando 2016). For samples Ch4 and
CM1, paired-end reads were trimmed and merged using SeqPrep
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(https://github.com/jstjohn/SeqPrep) with the following modification: minimum overlap
for merging = 11. Since sample CM1 had two separately sequenced libraries, paired-end
reads for each library were trimmed and merged separately and then concatenated
together.

For all samples including the library blanks, reads were mapped to the M. leprae
TN genome (AL450380.1) using the Burrows Wheeler Aligner (bwa) v0.7.5 with default
parameters (Li and Durbin 2009). SAMtools v0.1.19 (Li et al. 2009) was used to filter the
mapped reads for a minimum Phred quality threshold of Q37 and remove PCR duplicates
and reads with multiple mappings.

In order to determine the efficiency of the target enrichment, reads for samples
Ch4 and CM1 were also mapped to the Pan troglodytes reference genome (CSAC Build
2.1.4; GCA_000001515.4) and the Macaca fascicularis reference genome (Washington
University Macaca_fascicularis_5.0; GCA_000364345.1), respectively, using similar

methodology as given above.

Comparative Data

Publicly-available Illumina reads for ancient (Jorgen625, Refshalel6, SK2, SK8,
and 3077) and modern (S2, S9, S10, S11, S13, S14, S15, and Airaku3) human M. leprae
strains and a red squirrel M. leprae strain (Brw15-20m) were acquired from the Sequence
Read Archive. Reads were processed and mapped using the same methodology as
described earlier. FASTA files for the finished M. leprae genomes (Br4923, Kyoto2,
NHDP63, and Thai53) were aligned to the M. leprae TN reference genome using LAST
with default parameters (Kietbasa et al. 2011). The maf-convert program was used to
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covert the alignment file to a SAM file and SAMtools was used obtain a BAM file which
was used for further analyses. Similarly, contigs for M. lepromatosis Mx1-22A
(JRPY00000000.1) were aligned to the M. leprae TN genome using LAST with the

gamma-centroid option as given in Singh et al. (2015).

Variant calling

For the BAM files obtained after processing genomes from the Illumina dataset
and for the samples sequenced in this study, an mpileup file was generated using
SAMtools and processed using VarScan v2.3.9 (Koboldt et al. 2012). A VCF file
containing all sites was produced using the following parameters: minimum number of
reads covering the position = 5, minimum of reads covering the variant allele = 3,
minimum variant frequency = 0.2, minimum base quality = 30, and maximum frequency
of reads on one strand = 90%. For the finished M. leprae genomes and M. lepromatosis,
SAMtools (v1.3.1) mpileup and bcftools call were used to produce the VCF files. VCF
files for all strains were combined using the CombineVariants tool available in the
Genome Analysis Toolkit (GATK) (McKenna et al. 2010). VCFtools (Danecek et al.
2011) was used to remove insertion-deletions (InDels) and exclude positions which
occurred in known repeat regions and rRNA and positions covered by the SK12 negative
control sample (Schuenemann et al. 2013). The list of all positions excluded from the
analyses is given in Appendix B. The SelectVariants tool in GATK was used to output a
VCF file containing the sites comprising single nucleotide polymorphisms (SNPs).
Positions with missing data (where one or more strains had an N) were excluded. SNP
calls were manually checked for possible errors or inconsistencies with published data.
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A perl script was used to generate an alignment comprising those positions where at least

one of the strains had a SNP (Bergey 2012).

Phylogenetic analyses

Phylogenetic trees were constructed using the Neighbor-Joining (NJ) and
Maximum Parsimony (MP) methods in MEGA7 (Kumar, Stecher, and Tamura 2016) as
well as using a Bayesian approach in BEAST v1.8.4 (Drummond et al. 2012). The SNP
alignment of all 22 M. leprae genomes and M. lepromatosis comprising 233,509 sites
was used as input for MEGAT. The NJ tree was generated using the p-distance method.
This method was used because the alignment did not contain invariant sites and the
sequences are not deeply diverged; therefore, the p-distance method was considered to be
the most appropriate for analyzing this dataset. Bootstrap support was estimated from
1000 replicates. The MP tree was generated using the Subtree-Pruning-Regrafting (SPR)
algorithm and 1000 bootstrap replicates.

To determine divergence times of the M. leprae strains, a SNP alignment of all M.
leprae strains was generated. Sites with missing data were removed, resulting in an
alignment comprising 747 positions. M. lepromatosis was not included in this analysis.
The modern human M. leprae strain S15 was also excluded because it contains an
unusually high number of SNPs, likely related to its multi-drug resistance (Schuenemann
et al. 2013). To assess whether there was a sufficient temporal signal in the data to
proceed with molecular clock analysis, a regression of root-to-tip genetic distance against
dates of the M. leprae strains was conducted using TempEst (Rambaut et al. 2016).
Calibrated radiocarbon dates of the ancient M. leprae strains and isolation dates of the
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modern M. leprae strains and the NJ tree generated earlier were used as input for
TempEst. The R? value calculated in TempEst equaled 0.6212, signifying a positive
correlation between genetic divergence and time for the M. leprae strains (Figure 3).

Therefore, the data were found to be suitable for molecular clock analysis.
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Figure 3. Scatter Plot of Date vs Genetic Distance of M. leprae Strains. The x-axis
denotes mean date in CE (calibrated radiocarbon date for ancient strains and isolation

year for modern strains). The y-axis denotes root-to-tip genetic distance for each strain.

The SNP alignment was analyzed using BEAST v1.8.4 (Drummond et al. 2012).
The calibrated radiocarbon dates of the ancient strains in years before present (YBP, with
present being considered as 2017), the isolation years of the modern strains, and a
substitution rate of 6.87 x 10 substitutions per site per year as estimated by (Avanzi et
al. 2016) were used as priors. Using jModelTest2 (Darriba et al. 2012), the Kimura 3-
parameter model with unequal base frequencies was determined to be the best model of

nucleotide substitution. A strict clock model with uniform rate across branches and a tree
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model of constant population size were used. To account for ascertainment bias that
might result from using only variable sites in the alignment, the number of invariant sites
(number of constant As, Cs, Ts, and Gs) was included in the analysis. One Markov Chain
Monte Carlo (MCMC) run was carried out with 50,000,000 iterations, sampling every
2,000 steps. The first 5,000,000 iterations were discarded as burn-in. Tracer (Rambaut et
al. 2015) was used to visualize the results of the MCMC run. TreeAnnotator (Drummond
et al. 2012) was used to summarize the information from the sample of trees produced
onto a single target tree calculated by BEAST, with the first 2,500 trees being discarded
as burn-in. Figtree (http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize the

Maximum Clade Credibility (MCC) tree.

SNP analysis

The VCF files for the Ch4, SM1, and CM1 samples were analyzed using snpEff
v4.3 (Cingolani et al. 2012). The program was run using default parameters except that
the parameter for reporting SNPs that are located upstream or downstream of protein-

coding genes was set to 100 bases.

Screening wild nonhuman primates for presence of mycobacterial pathogens
Sampling

Buccal swab samples were collected from wild ring-tailed lemurs, Lemur catta, (n
=41) from BMSR, Madagascar, in the 2009 field season. Fruit wadge samples were
collected from wild chimpanzees, Pan troglodytes schweinfurthii, (n = 22) from Ngogo,
Kibale National Park, in the 2010 field season. Sampling was conducted according to
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institutional and national guidelines. The lemur buccal swab samples were collected
under CITES permit number 09US040035/9. A CITES permit was not required for

collection of the chimpanzee fruit wadge samples.

DNA extractions

DNA was extracted from the buccal swab samples using a phenol-chloroform
DNA extraction protocol (Sambrook and McLaughlin 2000) and from the fruit wadge
samples using the DNeasy Plant Maxi Kit (Qiagen) and following the manufacturer’s
instructions. For each batch of DNA extractions, a negative control sample (extraction
blank) was kept to ensure that no contamination was introduced during the DNA

extraction process.

gPCR assays

All extracts as well as extraction blanks were tested for the presence of M. leprae
DNA using two TagMan gPCR assays — one targeting the multi-copy rlep repeat element
(Truman et al. 2008) and another targeting the single-copy fbpB gene, which codes for
the antigen 85B (Martinez et al. 2011). Similarly, all extracts were also tested using
gPCR assays targeting the mycobacterial single-copy rpoB gene, which codes for RNA
polymerase subunit B (Harkins et al. 2015) and the multi-copy insertion element 1S6110,
which is found in most Mycobacterium tuberculosis complex (MTBC) strains (McHugh,
Newport, and Gillespie 1997; Klaus et al. 2010). The rpoB assay used in this study
targets members of the MTBC as well as some closely related mycobacteria such as M.
marinum, M. avium, M. leprae, M. kansasii, and M. lufu (Harkins et al. 2015). Genomic
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DNA from M. leprae SM1 and M. tuberculosis H37Rv strains were used to create DNA
standards for the appropriate gPCR assays. Ten-fold serial dilutions ranging from one to
100,000 copy numbers of the genome per pL. were used to plot a standard curve for
quantification purposes. Non-template controls (PCR-grade water) were also included on
each qPCR plate. The DNA extracts, extraction blanks, and non-template control were
run in triplicate whereas DNA standards were run in duplicate for each qPCR assay.
qPCR reactions were run in a 20 pL total volume: 10 pL of TagMan 2X Universal
MasterMix, 0.2 pL of 10mg/mL RSA, and 2 uL of sample (DNA, standard, or non-
template control). Primers and probe were added at optimized concentrations as given in
Harkins et al. (2015) and Housman et al. (2015). The qPCR assays were carried out on
the Applied Biosystems 7900HT thermocycler with the following conditions: 50°C for 2
minutes, 95°C for 10 minutes, and 50 cycles of amplification at 95°C for 15 seconds and
60°C for 1 minute. The results were visualized using SDS 2.3. Both amplification and
multicomponent plots were used to classify the replicates of the extracts as positive or
negative. An extract was considered to be positive for a qPCR assay if two or more

replicates out of three were positive.

2.4 Results
Sequencing the genomes of the nonhuman primate M. leprae strains
Mapping analysis

The detailed summary of the sequencing results is given in Table 1. A total of 97 -
98% of the M. leprae genome was recovered for samples Ch4, SM1, and CM1 with mean
coverage ranging from 13- to 106-fold.
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Table 1. Results of Whole-genome Sequencing of Nonhuman Primate M. leprae Strains

Percent
Analysis-  Average Mean genome
Strain  Host species Raw Reads Processgd Mapped ready read fold- covered
Reads reads b
reads length coverage > one-
fold
Ch4  Chimpanzee 55,710,090 50,164,345 41,193,171 3,463,490 100.7 106.8 98
sSM1 Sooty 697,450 526,512 349,276 293,217 279.8 25.1 98.8
mangabey
CM1  Cynomolgus Libraryl: Libraryl: 12,158,918 541,153 80.2 13.3 97.7
macaque 17,065,716 14,101,593
Library2: Library2:
32,883,154 30,595,430
Total:
44,697,023

% Reads used as input for mapping after adapter trimming, merging, and removing reads
less than 30 bp in length.
® Reads after filtering at Q37 quality threshold, removing duplicates, and removing reads

with multiple mappings

For samples LB1 and LB2, approximately 6% of post-processed reads mapped to
the M. leprae TN genome. After filtering the mapped reads, a negligible number of reads
remained and less than 0.1% of the M. leprae genome was covered.

The efficacy of the M. leprae whole-genome enrichment varied for samples Ch4
and CM1. For sample Ch4, only 16.4% of post-processed reads mapped to the Pan
troglodytes reference genome, whereas for sample CM1, 52.4% of post-processed reads
mapped to the Macaca fascicularis reference genome. Thus, the whole-genome

enrichment was more efficient for sample Ch4.
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Phylogenetic analyses

Trees constructed using MP (Figure 4) and NJ (Appendix C: Figure S1) methods
supported identical topologies for the M. leprae phylogeny. The Ch4 and the SM1 strains
belong to M. leprae Branch 4. Within Branch 4, the Ch4 and SM1 strains are closely
related to each other and form their own sublineage. On the other hand, the CM1 strain
belongs to M. leprae Branch 0 and is most closely related to the modern human M. leprae
strain S9 from New Caledonia.

According to the MCC tree (Figure 5), the Ch4 and SM1 strains diverged 295
YBP with a 95% Highest Posterior Density (HPD) range of 156-468 YBP. The
sublineage comprising these two strains last shared a common ancestor with the Branch 4
human M. leprae strains 1063 YBP (95% HPD 765-1419 YBP). The CM1 strain shows a
very deep divergence time of 2697 YBP (95% HPD 2011-3453 YBP) from its closest
relative, M. leprae strain S9. The most recent common ancestor (MRCA) of all M. leprae
strains was estimated to exist about 3590 YBP (95% HPD 2808-4606 YBP). Lastly, the

estimated M. leprae substitution rate was 6.95 x 10” substitutions per site per year.
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Figure 4. Maximum Parsimony Tree of M. leprae Strains. The tree was based on 233,509

genome-wide SNPs. M. lepromatosis was used as an outgroup to root the tree. The tree

was generated using the SPR algorithm and bootstrap support estimated from 1000

replicates is given near each branch. The five M. leprae branches are highlighted. The

nonhuman primate M. leprae strains sequenced in this study are given in red. The

geographic origin is given next to the name of each strain.

29



793 (535 - 1091)

£

959 (686 - 1293)

2645 (2091 - 3322)

0.99

3590 (2808 - 4606)

1

1063 (765 - 1419) Branch 4
1 295

L—— 2504 (2007 - 3147)

1

2110 (1702 - 2650)

1

1837

1

1569 (1201 - 2019)

156 - 468
1834 (1476 - 2259)
1681 (1360 - 2076)
! 1159 (965 - 1399) Branch 3
, e
1305 (1183 - 1460)
1443 (1270 - 1665) Branch 2
1483 (1125 - 1919)
(1443 - 2330)
Branch 1

| 761 (520 - 1058)

3084 (2327 - 4029)

|1453 (1026 - 1970)

4
4* 2697 (2011 - 3453)

Branch 0

400 years

Br4923 (Brazil)

$14 (Mali)

$13 (Mali)

SM1 (West Africa)
Ch4 (Sierra Leone)
Jorgen625 (Denmark)
Brw15-20 (UK)
NHDP63 (USA)

SK2 (UK)

SKB8 (UK)

Refshale16 (Denmark)
3077 (Sweden)
Airaku3 (Japan)

511 (India)

S2 (Antilles)

Thai53 (Thailand)

TN (India)

Kyoto2 (Japan)

510 (China)

S9 (New Caledonia)

CM1 (The Philippines)

Figure 5. Maximum Clade Credibility Tree of M. leprae Strains. The tree was built using

747 genome-wide SNPs. The five M. leprae branches are highlighted. The nodes are

labeled with median divergence times in years before present, with the 95% HPD given

in brackets. Posterior probabilities for each branch are shown near the branches. The

nonhuman primate M. leprae strains sequenced in this study are given in red. The

geographic origin is given next to the name of each strain.

SNP-effect analysis

The Ch4, SM1, and CM1 strains showed 129, 124, and 167 total SNPs,

respectively. The list of SNPs found in the nonhuman primate M. leprae strains and their

effects are given in Appendix A: Table S2. 18 SNPs were found to be unique to the Ch4-
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SML1 sublineage (i.e. they have so far not been found in any of the human M. leprae
strains). Additionally, the Ch4, SM1, and CM1 strains showed 9, 4, and 54 unique SNPs,

respectively. The summary of the SNP-effect analysis is given in Table 2.

Table 2. Summary of SNP-effect Analysis for the Nonhuman Primate M. leprae Strains

Type of variant Ch4 SM1 CM1
missense variant in protein-coding gene 36 (4) 34 (2) 54 (20)
start loss variant in protein-coding gene 1(0) 1(0) 1(0)
synonymous variant in protein-coding gene 24 (1) 24 (1) 28 (8)
variant in pseudogene 45 (3) 42 (0) 51 (10)
variant in intergenic region 23 (1) 23 (1) 33 (16)
Total 129 (9) 124 (4) 167 (54)

Numbers outside of the parentheses denote the total number of variants of this type.
Numbers inside the parentheses denote the number of variants of this type unique to that

particular strain

Screening of wild nonhuman primates for presence of mycobacterial pathogens
gPCR assays

All ring-tailed lemur samples and chimpanzee samples tested negative for M.
leprae DNA based on the rlep and 85B gPCR assays. All of the samples also tested
negative for the rpoB and 1S6110 gPCR assays signifying absence of infection by

pathogens belonging to the MTBC.
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2.5 Discussion

Studies have shown that M. leprae, which was once thought to be an exclusive
human pathogen, infects animals such as nine-banded armadillos in the New World
(Walsh, Meyers, and Binford 1986; Truman et al. 2011) and red squirrels in the UK
(Avanzi et al. 2016). Nonhuman primates including white-handed gibbons, rhesus
macaques, African green monkeys, sooty mangabeys, and chimpanzees are capable of
being experimentally infected with M. leprae resulting in symptomatic leprosy similar to
that observed in humans (see Rojas-Espinosa and Lovik 2001). This study aimed at
determining whether wild nonhuman primates may serve as a natural host of M. leprae
by elucidating the phylogenetic relationships between nonhuman primate and human M.
leprae strains. In this study, M. leprae genomes from three naturally infected nonhuman
primates were sequenced. Furthermore, to assess the prevalence of M. leprae and other
closely related mycobacterial pathogens in wild nonhuman primate populations, ring-
tailed lemurs from BMSR, Madagascar, and chimpanzees from Ngogo, Uganda, were
screened.

The Ch4 and SM1 M. leprae strains belong to M. leprae Branch 4. Strains
belonging to this branch have been found in West Africa and the Caribbean where they
were brought due to the slave trade (Monot et al. 2009). Strain S15, which was isolated
from a human patient from New Caledonia, also falls in Branch 4. Both Ch4 and SM1
strains were found to belong to the 40 subtype (Monot et al. 2009).

The Ch4 M. leprae strain was isolated from a female chimpanzee captured from
Sierra Leone in 1980 and held at a research facility in Japan. The chimpanzee developed
symptoms of leprosy in 2009 (Suzuki et al. 2010). Since the Ch4 strain is West African in
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origin, the chimpanzee was likely infected in Sierra Leone before being sent to Japan.
The SM1 M. leprae strain was isolated from a West African sooty mangabey (originally
denoted as individual A015). This mangabey was shipped from Nigeria to the US in 1975
and developed symptoms of leprosy in 1979. It is the first of two known cases of
naturally occurring leprosy in sooty mangabeys (Meyers et al. 1985). The second sooty
mangabey is thought to have acquired leprosy from A015 while both animals were
housed together in the US (Gormus et al. 1988); however, samples from the second
mangabey could not be obtained for the purposes of this study. The M. leprae strain
isolated from A015 was reported to be partially resistant to dapsone (Meyers et al. 1985),
suggesting the mangabey might have acquired leprosy directly or indirectly from a
human patient who had received dapsone treatment. This study did not find SNPs known
to be associated with dapsone-resistance, such as the Thr>’lle and Pro>°Leu changes in the
folP1 gene (Maeda et al. 2001), in the SM1 strain.

18 SNPs were found to be unique to the Ch4-SM1 sublineage. These included
seven missense variants occurring in genes coding for proteasome-related factors,
glutamine-dependent NAD synthetase, acetyltransferases, and integral membrane
proteins. The close relationship of the Ch4 and SM1 strains suggests that M. leprae might
be transmitted between chimpanzees and sooty mangabeys in the wilds of Africa. The
geographic ranges of chimpanzees overlap with those of sooty mangabeys (Figure 6).
Chimpanzees are also known to hunt and kill other primates including mangabeys
(Goodall 1986; Watts and Mitani 2000) and can acquire pathogens during predation and

via consumption of bushmeat (Formenty et al. 1999).
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Since M. leprae can be transmitted through consumption of infected animal meat, this
might be one of the possible routes for transmission of M. leprae between nonhuman

primates.

Pan troglodytes
Cercocebus atys

Figure 6. Map showing the Geographic Ranges of Chimpanzees and Sooty Mangabeys in
Africa. The map was generated using RStudio (R Core Team 2017). The geographic
range of chimpanzees (Pan troglodytes) is given in red and that of sooty mangabeys
(Cercocebus atys) is given in blue. The overlap between the two ranges is shown in

purple.

In Africa, interactions of humans and nonhuman primates, such as through zoos
or sanctuaries, via hunting for bushmeat, or due to the use of nonhuman primates for
exportation, sport, entertainment, and as family pets are major sources of pathogen

transmission (Wolfe et al. 1998, Wolfe et al. 2005; Wallis and Lee 1999). Nonhuman
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primates are highly susceptible to pathogens such as the simian immunodeficiency virus
(S1V), Ebola virus, and Bacillus cereus biovar Anthracis (Calvignac-Spencer et al. 2012).
In the context of mycobacterial pathogens, nonhuman primates are highly susceptible to
the MTBC and may harbor novel lineages (Coscolla et al. 2013).

The results of this study support a scenario in which a human M. leprae
sublineage was transmitted to a nonhuman primate species and has been circulating in
nonhuman primates such as chimpanzees and sooty mangabeys in Africa. However, due
to the paucity of M. leprae Branch 4 genomes, the data cannot rule out the possibility that
this M. leprae sublineage is currently present in humans in West Africa and is not
specific to nonhuman primates.

The CML1 strain belongs to M. leprae Branch 0. This branch also includes strains
from New Caledonia, Japan and China and is the most deeply diverged branch of the M.
leprae phylogeny (Schuenemann et al. 2013). The CM1 strain is subtype 3K similar to
other strains in Branch 0 (Monot et al. 2009; Schuenemann et al. 2013). The CML1 strain
has 167 SNPs, out of which 54 have so far not been found in other M. leprae strains.
Interestingly, the CML1 strain showed presence of 54 missense variants, out of which five
variants occurred in genes belonging to the ESX system. Three of these variants occur in
the ML0049 gene including a unique Ala® Thr change. This strain also has a unique
Glu?™Lys change in the ML0054 gene. The ML0049 and MLO0054 genes belong to the
ESX-1 gene system encodes proteins which are major determinants of virulence in M.
leprae, M. tuberculosis, M. kansasii, and M. marinum (Groschel et al. 2016). They help
the pathogen escape from the phagosome, thereby allowing further replication, cytolysis,
necrosis, and intercellular spread (Simeone et al. 2012).

35



The CML1 strain was recovered from a cynomolgus macaque that had been
shipped to the US from The Philippines in 1990. The animal started showing symptoms
of leprosy in 1994 (Valverde et al. 1998). A sample of skin biopsy tissue from this animal
had been stored using the FFPE method since 1994, from which DNA was extracted for
the purposes of this study. However, FFPE preservation is known to cause fragmentation
of DNA (Dedhia et al. 2007); the average length of mapped reads for sample CM1 were
80 bp, as compared to 100 bp for sample Ch4. Additionally, the efficacy of the capture
was higher for sample Ch4 (82% of post-processed reads mapped to the M. leprae
genome) as compared to that for CM1 (only 52% of post-processed reads mapping to M.
leprae). This was not unexpected given that sample CM1 had been preserved in FFPE for
over twenty years, whereas for sample Ch4, DNA had been extracted from the
chimpanzee fairly recently in 2009.

Cynomolgus macaques, also known as crab-eating or long-tailed macaques, cover
a broad geographic distribution in southeast Asia and have had a long history of contact
with human populations (Fooden 1995). The geographic ranges of macaques overlap with
human settlements, and contact between the two has increased due to human
encroachment upon their habitats, hunting, and trapping activities. There is a high
demand for macaques in biomedical research, pet trade, as performing animals, and as
food (Jones-Engel et al. 2005). Due to their religious significance in Hinduism and
Buddhism, macaques are respected in most of southeast Asia and are often included in
religious festivities of the local populations. They are also a prominent species in monkey
temples, which serve as popular tourist attractions. These temple settings provide ample
opportunities for physical contact due to tourists feeding the monkeys as well as the
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monkeys climbing on, biting, and scratching tourists (Jones-Engel et al. 2006). Such
interactions significantly increase the risk for pathogen transmission between humans and
macaques.

Cynomolgus macaques have been found to be infected with pathogens such as
cercopithecine herpesvirus 1 (Engel et al. 2002), simian foamy viruses (Jones-Engel et al.
2006, 2001), MTBC (Wilbur et al. 2012), and Plasmodium species (Zhang et al. 2016). In
the case of MTBC infection, prevalence is higher in macaques from Thailand, Indonesia,
and Nepal, where tuberculosis is endemic, and lower in Gibraltar and Singapore, where
tuberculosis is not endemic (Wilbur et al. 2012). The Philippines ranks first in the
Western Pacific Region in terms of absolute number of leprosy cases, with about 2000
new leprosy cases reported annually (WHO 2016a). The results of this study support the
hypothesis that M. leprae strains may be transmitted between humans and nonhuman
primates especially in countries where leprosy is endemic.

Across the three nonhuman primate M. leprae strains, the highest number of SNPs
were found in the ML0411 gene, which is known to be the most polymorphic gene in M.
leprae (Schuenemann et al. 2013). This gene codes for a serine-rich protein and is
thought to have diversified under selective pressure imparted by the host immune system
(Kai et al. 2013).

According to the dating analysis, the MRCA of all M. leprae strains was
estimated to exist about 3590 YBP (95% HPD 2808-4606 YBP), which is in congruence
with the previous estimate of 3483 YBP (95% 2401-4788 YBP) (Avanzi et al. 2016) as
well as with the oldest skeletal evidence for leprosy which dates to 2000 BCE India
(Robbins et al. 2009).
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The estimated M. leprae substitution rate was 6.95 x 10°”° substitutions per site per
year, which is also similar to previous estimates (Schuenemann et al. 2013; Avanzi et al.
2016).

To assess whether mycobacterial pathogens are transmitted between humans and
nonhuman primates in tuberculosis- and leprosy-endemic regions, broad phylogeographic
screenings of nonhuman primate populations need to be conducted. The ring-tailed lemur
populations screened in this study were not necessarily expected to show prevalence of
M. leprae infection, since successful experimental or natural transmission of M. leprae
has not been reported in any lemur species. However, Madagascar reports approximately
1500 new leprosy cases (WHO 2016a) and 29,000 new tuberculosis cases (WHO 2015)
each year. Interactions between the lemur populations at BMSR and the surrounding
local human populations (Loudon et al. 2006) could lead to anthroponotic transmission of
M. leprae and other pathogens to the lemur populations. However, the lemurs included in
this study did not show evidence of infection by members of the MTBC or M. leprae.

Additionally, chimpanzee populations at Ngogo, Kibale National Park, in Uganda
were also screened for the presence of these mycobacterial pathogens. Uganda reports
about 43,000 new tuberculosis cases (WHO 2015) as well as approximately 250 new
leprosy cases (WHO 2016a) annually. The ease of transmission of MTBC strains
between different mammalian hosts underlies the need for screening wildlife for the
presence of MTBC infection especially in tuberculosis-endemic regions. However, the

chimpanzees screened in this study did not test positive for mycobacterial infection.
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2.6 Summary

To the best of our knowledge, this is the first paper to report the genomes of
nonhuman primate M. leprae strains. The phylogenetic analyses suggest that nonhuman
primates may acquire M. leprae infection from humans as well as transmit M. leprae
strains between themselves. In this study, wild nonhuman primate populations from
Madagascar and Uganda were screened for the presence of mycobacterial infection;
however, they tested negative. Further studies conducting broad phylogeographic
screenings of nonhuman primates, especially in countries where leprosy is endemic, are
necessary. The prevalence of leprosy-causing bacteria, M. leprae and M. lepromatosis, in
nonhuman primate populations has important implications for leprosy eradication and

nonhuman primate conservation strategies.
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CHAPTER 3

INSIGHTS FROM THE GENOME SEQUENCE OF MYCOBACTERIUM
LEPRAEMURIUM, THE CAUSATIVE AGENT OF MURINE LEPROSY
3.1 Abstract

Mycobacterium lepraemurium is the causative agent of murine leprosy. It causes a
chronic, granulomatous disease similar to human leprosy; however, unlike human
leprosy, the peripheral nerves are not impaired. Due to similar clinical manifestations of
human and murine leprosy, M. leprae and M. lepraemurium were once thought to be
closely related, although later studies suggested that M. lepraemurium might be closely
related to M. avium. In this study, the complete genome of M. lepraemurium was
sequenced using a combination of PacBio and Illumina sequencing. Phylogenomic
analyses confirm that M. lepraemurium is a distinct species within the M. avium complex
(MAC) and is not closely related to M. leprae. Members of the MAC cause tuberculosis-
like disease in birds and other animal species as well as systemic disease in
immunocompromised humans. The M. lepraemurium genome is 4.05 Mb in length,
which is considerably smaller than other MAC genomes, and comprises 2,687 functional
genes and 1,137 pseudogenes. The presence of humerous pseudogenes suggests that M.
lepraemurium has undergone a genome reduction event. An error-prone repair
homologue of the DNA polymerase III a-subunit was found to be non-functional in M.
lepraemurium, which might contribute to pseudogene-formation due to accumulation of
mutations in non-essential genes. M. lepraemurium can only be cultivated in vitro under
highly stringent conditions and thus seems to be evolving towards retaining a minimal set

of genes required for an obligatory intracellular lifestyle within its host, similar to M.
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leprae. M. lepraemurium has retained the functionality of several genes thought to

influence virulence among members of the MAC.

3.2 Introduction

Murine leprosy is a chronic, granulomatous disease caused by Mycobacterium
lepraemurium. The disease mainly affects the skin, mucosa of the upper respiratory tract,
and eyes (Dean 1903; Dean 1905; Stefansky 1903). Unlike in human leprosy, the viscera
are commonly affected (Krakower and Gonzalez 1940; Kawaguchi et al. 1976) and the
peripheral nerves are not affected (Rojas-Espinosa et al. 1999; Tanimura and Nishimura
1952). Murine leprosy was first reported in the early 20" century in rats in Ukraine (W.
K. Stefansky 1902), following which similar cases were reported from other countries
(Dean 1903; Marchoux and Sorel 1912). M. lepraemurium also causes a leprosy-like
illness in cats, resulting in granulomatous skin lesions that often involve ulceration
(Pedersen 1988). Feline leprosy occurring due to M. lepraemurium infection is thought to
be acquired through bites from infected rodents (Lawrence and Wickham 1963). Recent
studies have shown that feline leprosy is a syndrome caused by a number of
mycobacterial species in addition to M. lepraemurium, such as Mycobacterium sp.
Tarwin, Mycobacterium sp. cat, and M. visibile (Hughes et al. 2004; Malik et al. 2002;
Fyfe et al. 2008; Foley et al. 2004).

In humans, leprosy is primarily caused by Mycobacterium leprae and M.
lepromatosis, with the latter causing a severe form known as diffuse lepromatous leprosy.
M. leprae also infects armadillos (Walsh, Meyers, and Binford 1986) and certain
nonhuman primates (Donham and Leininger 1977; Gormus et al. 1991; Suzuki et al.
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2010; Meyers et al. 1985; Gormus et al. 1988; Valverde et al. 1998), and both M. leprae
and M. lepromatosis infect red squirrels (Avanzi et al. 2016). The finding that M. leprae
and M. lepromatosis also infect rodents such as red squirrels implies that these pathogens
might be closely related to that causative agent of murine leprosy.

Numerous similarities exist between human and murine leprosy including disease
transmission through abrasions in the skin and the mucosal respiratory surfaces, similar
spectrum of disease manifestation such as the tuberculoid and lepromatous forms, and the
depression of cell-mediated immunity and lack of depression of humoral immunity seen
in case of the more severe form of lepromatous leprosy (Banerjee 1979; Rojas-Espinosa
1994; Rojas-Espinosa and Lovik 2001). Early serological and microbiological studies of
M. leprae and M. lepraemurium suggested that these species were closely related and
hence, it was thought that murine leprosy might serve as a model for human leprosy
(Walker and Sweeney 1929; Schmitt 1911; Dean 1905). M. leprae and M. lepraemurium
are both slow-growing mycobacteria and are difficult to cultivate using standard
microbiological media. M. leprae cannot be cultivated in vitro at all, whereas M.
lepraemurium can be cultivated using a 1% Ogawa egg yolk medium (Mori and Kohsaka
1986) or a cell-free liquid medium (pH = 6.0 - 6.2) (Nakamura 1999).

M. leprae and M. lepraemurium are distinct species, but their relationships within
the context of the mycobacterial phylogeny remain unclear. DNA hybridization studies
have suggested that M. lepraemurium might be closely related to the M. avium complex
(MAC) (Athwal, Deo, and Imaeda 1984); however, the lack of a genome sequence

restricts our understanding of the biology and evolutionary history of M. lepraemurium.
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Therefore, in this study, the genome of M. lepraemurium was sequenced using a
combination of Single Molecule Real-Time (SMRT, Pacific Biosciences) and lllumina

technology.

3.3 Materials and Methods
Bacilli culture and purification

M. lepraemurium Hawaii was grown using serial infections in BALB/c mice
injected by the intraperitoneal route. At 6 months post-infection, the infected spleen and
liver were harvested. The bacteria were purified following the protocol in Prabhakaran,
Harris, and Kirchheimer (1976), followed by the Percoll step in Draper (1980). Isolation
was conducted following previously established protocols (Wek-Rodriguez et al. 2007,
Rojas-Espinosa, Wek-Rodriguez, and Arce-Paredes 2002). Purified and isolated bacilli
were suspended in an aliquot of Middlebrook 7H9 broth medium (Becton Dickinson Co.)
supplemented with 10% OADC (Becton Dickinson Co.) and air-dried to form a cell

pellet.

DNA extraction

DNA extraction was carried out using a custom-designed protocol for
mycobacterial DNA. The bacterial cell pellet was washed with 500 uL of phosphate
buffer saline (PBS) prior to centrifugation at 5000 g for 10 minutes. The supernatant was
discarded and the pellet was re-suspended in 1 mL of bacterial lysis buffer B1 (50 mM
Tris-HCI pH 8.0; 50 mM EDTA pH 8.0; 0.5% Tween 20; 0.5% Triton-X100) containing
45 pL of proteinase K (20 mg/mL) and 20 pL of lysozyme (100 mg/mL). The mixture
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was then transferred into bead-beating tubes containing 500 uL of 0.1 mm zirconia beads
prior to physical disruption using the Precellys24 homogenizer at 6.5 m/s for 25 seconds.
After incubating at 56°C for one hour, the mixture was centrifuged and the supernatant
was transferred to a new tube. An additional incubation with 20 pL proteinase K was
conducted at 56°C for 30 minutes. The mixture was incubated at 4°C for 15 minutes.
RNase A (Sigma) was added and the sample was incubated 30 minutes at 37°C, followed
by the addition of 350 pL of bacterial lysis buffer B2 (3M guanidine hydrochloride, 20%
Tween 20), and incubated for 30 minutes at 50°C. The DNA was purified using the
Qiagen Genomic-Tip/20G according to manufacturer’s instructions, and eluted in 2 mL
elution buffer. The DNA was precipitated using 0.7X volume of isopropanol and
centrifuged at 4°C for 15 minutes. The pellet was washed twice with 200 uL 70%
ethanol, air-dried, and suspended overnight in 200 pL Tris HCI buffer (pH 8.0) at room
temperature under continuous shaking. The DNA was then purified using AMPure beads
(Thermofisher) with 0.45X ratio. Quality of the DNA extract was checked using the
Fragment Analyzer (Advanced Analytical Technologies) and the DNA was quantified

using the Qubit 2.0 (Life Technologies).

Illumina sequencing

50 uL of DNA extract was sheared using the Covaris S220 Focused-ultrasonicator
(Covaris) to obtain 400 bp-long DNA fragments, and purified using AMPure beads (1.8x)
and the manufacturer’s protocol. The sheared DNA was quantified using the dsDNA
High Sensitivity assay and the Qubit 2.0 flurometer (Life Technologies). Up to 1 ug of
DNA in 50 pL was used for library preparation using the Kapa Hyper prep kit (Roche)

44



and the PentAdapters (Pentabase) for indexing. The library was quantified using the
dsDNA Broad Range assay and the Qubit 2.0 fluorometer. The library was sequenced on

the Illumina HiSeq 2500 (1 x 101 bp run).

SMRT (PacBio) sequencing

5.1 ng DNA was sheared using a Covaris g-TUBE (Covaris S220) to obtain 10 kb
fragments and the size distribution was checked using the Fragment Analyzer (Advanced
Analytical Technologies). 4 pg of the sheared DNA was used to prepare a SMRThell
library with the PacBio SMRTbell Template Prep Kit 1 (Pacific Biosciences) according
to the manufacturer's recommendations. The resulting library was size-selected using a
BluePippin system (Sage Science Inc.) for molecules larger than eight kb. The recovered
library was sequenced using a SMRT cell with P6/C4 chemistry and MagBeads on a

PacBio RSII system (Pacific Biosciences) at 240 min movie length.

Genome assembly

The PacBio reads were processed using the HGAP2 and HGAP3 pipelines (Chin
et al. 2013). Resulting contigs were compared to the nucleotide database at NCBI using
BLAST (Altschul et al. 1990). The two largest contigs produced by HGAP3 v2.3.0
(which were 2.3 and 1.7 Mb in length, respectively) matched to M. avium sequences.
These two contigs corresponded to the three largest contigs produced by HGAP2 v2.3.0
(which were 1.7, 1.6, and 0.6 Mb in length) and two shorter contigs (61 and 21 kb in
length). The two HGAP3 contigs could be joined by the overlapping HGAP2 contigs,
resulting in a single consensus sequence with overlapping ends, indicative of a circular
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genome. To correct for possible sequence errors, Illumina reads were mapped onto the
draft genome sequence using Bowtie2 (Langmead and Salzberg 2012) resulting in 35-
fold coverage of non-duplicate reads. Variants were called using SAMtools mpileup (Li
et al., 2009) and VarScan2 (Koboldt et al. 2012), resulting only in five single nucleotide
polymorphisms (SNPs) and two short insertion-deletions (InDels).

Four percent of lllumina reads that did not map to the final genome sequence
were assembled using MIRA (https://sourceforge.net/projects/mira-assembler/). The
resulting 34 contigs (of which the largest was 1.9 kbp long) were compared to the
nucleotide and protein databases at NCBI using BLAST. The contigs matched to Mus

musculus or various bacteria. No evidence of a putative plasmid sequence was found.

Gene prediction

De novo gene prediction was conducted using the RAST server (Aziz et al. 2008)
with the frameshift correction option. Reference-based gene prediction was conducted
using RATT (Otto et al. 2011) with annotations from M. avium subsp. paratuberculosis
K-10 (NC_002944.2) and M. avium subsp. hominissuis TH135 (AP012555.1). All
predictions were merged, and inconsistencies and large intergenic areas were manually
checked by using BLAST to compare the problematic sequences against the protein
database at NCBI. Gene predictions, shorter than 100 nucleotides in length and not
conserved in the genomes of other M. avium species, were removed. The annotated

genome was submitted to GenBank (Accession No. CP021238).
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Phylogenetic analyses

Publicly available genome data were acquired for 16 comparative mycobacterial
species (Appendix D: Table S3). Since the M. lepraemurium contigs showed highest
identity with M. avium sequences, representative genomes for all MAC species were
included in this analysis.

Contigs or finished genomes of these species were aligned to the M. avium 104
reference genome using LAST (Kietbasa et al. 2011) with the following parameters: -u =
0, -e = 34, and -j = 5. The maf-convert program was used to convert the alignment file to
a SAM file and SAMtools was used obtain a BAM file which was used for further
analyses. SAMtools (Li et al. 2009) mpileup and bcftools call were used to produce the
VCF files. VCF files for all strains were combined using the CombineVariants tool
available in the Genome Analysis Toolkit (GATK) (McKenna et al. 2010). The
SelectVariants tool in GATK was used to output a VCF file containing the sites
comprising SNPs. VCFtools (Danecek et al. 2011) was used to remove InDels, tri-allelic
sites, and sites with missing data. A SNP alignment comprising a total of 460,625 sites
was generated using a perl script (Bergey 2012) .

Phylogenetic trees were constructed using the Maximum Likelihood (ML)
method in RAXML v7.2.8 (Stamatakis 2006) and the Neighbor-Joining (NJ) and
Maximum Parsimony (MP) methods in MEGA7 (Kumar, Stecher, and Tamura 2016).
The ML tree was generated using the GTR-GAMMA model and 100 bootstrap replicates.
Since MAC species show high genetic identity, the NJ tree was generated using the p-

distance method, and bootstrap support was estimated from 500 replicates.

47



The MP tree was generated using the Subtree-Pruning-Regrafting (SPR) algorithm and

500 bootstrap replicates.

3.4 Results and Discussion
Genome statistics

The PacBio and Illumina HiSeq data together provided 60-fold coverage of the M.
lepraemurium genome, which was sufficient for de novo assembly. The M. lepraemurium
genome was found to be circular, and 4,050,523 bp in length. The total GC content is
68.99%. The genome comprises 3,824 protein-coding genes, out of which 2,687 are

functional genes and 1,137 are pseudogenes.

Phylogenetic analyses

According to the ML tree, M. lepraemurium belongs to the MAC and is more
closely related to the M. avium clade than to the M. intracellulare clade (Figure 7). Thus,
M. lepraemurium is not closely related to the causative agents of human leprosy, M.
leprae and M. lepromatosis. The MP and NJ trees supported identical topologies

(Appendix E: Figures S2 and S3).
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Figure 7. Maximum Likelihood tree of M. lepraemurium and Other Mycobacterial
Species. M. abscessus was used as the outgroup to root the tree. The tree was based on
460,625 variable nucleotide sites and the GTR-GAMMA model. Bootstrap support
estimated from 100 replicates is given below each branch. Species belonging to the M.

avium complex are highlighted in blue and M. lepraemurium is denoted in red.

The MAC includes the two well-studied species, M. avium and M. intracellulare,
as well as recently-defined species such as M. chimaera, M. colombiense, M. arosiense,
M. timonense, M. vulneris, M. marseillense, M. indicus, and M. bouchedurhonense (see
Coelho et al. 2013). Furthermore, M. avium comprises four subspecies, M. avium subsp.
avium, M. avium subsp. hominissuis, M. avium subsp. paratuberculosis, and M. avium
subsp. silvaticum (Thorel, Krichevsky, and Lévy-Frébault 1990). Members of the MAC

are capable of infecting a diverse range of host species and possess a high degree of
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genetic similarity. M. avium subsp. avium and M. avium subsp. silvaticum cause
tuberculosis-like disease in birds (Thorel, Krichevsky, and Lévy-Frébault 1990; Dhama et
al. 2011), M. avium subsp. paratuberculosis causes Johne’s disease in ruminant mammals
(Harris and Barletta 2001), and M. avium subsp. hominissuis causes systemic infection in
immunocompromised humans especially HIV-AIDS patients (reviewed by Coelho et al.
2013). Although mice have been used as a model to study M. avium, M. lepraemurium is
the first member of this complex found to be adapted to rodents. This study provides

evidence that M. lepraemurium is a distinct species within this complex.

Genome downsizing and pseudogene formation

At 4.05 Mbp, the M. lepraemurium genome is the smallest genome belonging to
the MAC. Within the MAC, obligatory pathogenic species such as M. avium subsp.
paratuberculosis K10 (4.83 Mbp) and M. avium subsp. avium Env77 (4.58 Mbp) have
smaller genomes as compared to those of opportunistic pathogens such as M. avium
subsp. hominissuis TH135 (5.14 Mbp) (Cases, De Lorenzo, and Ouzounis 2003; Ignatov
et al. 2012). The presence of 1,137 pseudogenes confirms that the M. lepraemurium
genome has been downsized. To date, it is the fourth mycobacterial species known to
have undergone reductive evolution; the other species include M. leprae and M.
lepromatosis, which have severely downsized their genomes, as well as M. ulcerans,
which is in a state of intermediate reductive evolution (Cole et al. 2001; Singh et al. 2015;
Stinear et al. 2007). Interestingly, despite its distinct evolutionary history from M. leprae
and M. lepromatosis, the M. lepraemurium genome seems to be evolving in a similar
manner towards an obligatory intracellular parasitic lifestyle.
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In M. leprae, loss of the DnaQ-mediated proof-reading mechanism of DNA
polymerase III a-subunit has been hypothesized as the cause of pseudogene-formation
(Liu et al. 2004; Cole et al. 2001). According to this study, in M. lepraemurium, an error-
prone repair homologue of the DNA polymerase III a-subunit (MLM_3495) was found to
be non-functional, which might contribute to a higher error rate leading to pseudogene
formation in this species. Analysis of pseudogene families within a diverse set of
prokaryotes has shown that pseudogenes are most likely to occur in ABC transporter,
short-chain dehydrogenase/reductase, sugar transporter, cytochrome P450, and PE/PPE
gene families (Liu et al. 2004). M. lepraemurium shows presence of pseudogenes in all

these families.

Species-specific genes in M. lepraemurium

Comparison of M. lepraemurium and M. leprae genes showed that most genes
which are functional in M. leprae also have a functional orthologue in M. lepraemurium.
The majority of M. lepraemurium genes are shared with other members of the MAC, and
only 27 genes are unique to M. lepraemurium (Appendix D: Table S4). An M.
lepraemurium-specific gene (MLM_3300) encodes a Fic family protein, which can
contribute to pathogenicity in bacteria. Fic proteins are cell filamentation proteins, which
are commonly found in bacteria and are involved in post-translational modifications of
proteins. Although the functions of Fic proteins are not well understood, pathogenic
bacteria are known to secrete Fic proteins which act as toxins and interfere with

cytoskeletal, trafficking, signaling, or translation pathways in the host cell (reviewed by
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Roy and Cherfils 2015). Thus, the MLM_3300 gene might constitute a virulence factor

for M. lepraemurium.

PE/PPE genes

Members of the PE and PPE multigene families encode the Gly-Ala-rich cell
envelope proteins which are unique to mycobacteria and have been found to influence
virulence (Li et al. 2004; Ramakrishnan et al. 2000). However, in general, MAC genomes
show decreased numbers of PE and PPE genes as compared to M. tuberculosis (Li et al.
2005). In M. lepraemurium, three functional and two non-functional PE genes and 14
functional and nine non-functional PPE genes were identified. This relative reduction in
the numbers of functional PE/PPE genes suggests that while they may influence
virulence, they are not essential for it. This is supported by the paucity of PE/PPE genes
in M. leprae, which contains only five PE and six PPE functional genes (Cole et al.

2001).

Interaction with macrophages

Mycobacteria such as the MTBC, M. leprae, and MAC are intracellular parasites
of macrophages; however, they interact with macrophages in different ways. Upon
entering the macrophage, M. leprae disrupts the phagolysosomal membrane and escapes
into the cytoplasm where it proliferates. In contrast, after entering the macrophage,
members of the MAC reside within phagosomes (Ignatov et al. 2012). These pathogens
inhibit the maturation of the phagosome (by preventing the acidification of the
phagosome to a pH below 6.4) and do not allow its fusion with the extremely acidic
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lysosome. Studies have shown that mutations in the PPE gene (MAV_2928) and PE gene
(MAV_1346) of M. avium cause the pathogen to be unable to inhibit maturation and
acidification of phagosomes, resulting in decreased virulence (Li et al. 2010; Li et al.
2004). In M. lepraemurium, gene MLM_2357 (homologous to MAV_2928) and
MLM_1265 (homologous to MAV_1346) are fully functional, suggesting that they may
help its survival in macrophages. Additionally, the MLM_2012 gene encodes a
homologue of the LppM lipoprotein, which is an important virulence factor in M.
tuberculosis, and is also involved in the manipulation of the phagosomal maturation in
macrophages (Deboosére et al. 2016).

In response to infection by mycobacteria, macrophages produce reactive oxygen
species which form an integral part of the microbicidal response of macrophages. Studies
have shown that the phagocytosis of M. lepraemurium occurs without triggering the
generation of reactive oxygen species (Rojas-Espinosa et al. 1998); however, reactive
oxygen species are produced during early stages of M. lepraemurium infection. The
ability of pathogens to produce enzymes such as catalase-peroxidase, epoxide hydrolase,
and superoxide dismutase (SOD), which remove reactive oxygen species, enable the
survival of M. tuberculosis and M. avium within macrophages. M. lepraemurium shows
catalase-peroxidase activity (Lygren et al. 1986). Three catalase-encoding genes were
identified in M. lepraemurium. Among them, MLM_2092 is functional and encodes the
catalase-peroxidase, whereas MLM_0454 and MLM_1574 are pseudogenes.

Additionally, four functional genes (MLM_0642, MLM_0684, MLM_1194,
MLM_1485) were found to encode epoxide hydrolases, whereas two other epoxide
hydrolase-encoding genes (MLM_0312 and MLM_1930) were found to be non-
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functional. M. lepraemurium seems to produce both SODs found in M. tuberculosis —
sodA and sodC. MLM_0123 encodes a Mn-Fe SOD (sodA) and MLM_2650 encodes a
Cu-Zn SOD (sodC) precursor, whereas MLM_3522, which encodes a sodC precursor, is
nonfunctional. These enzymes may help M. lepraemurium survive in macrophages;
however, studies of M. leprae suggest that they are not essential for virulence, as M.
leprae has functional sodA and sodC but non-functional catalase-peroxidase (Eigimeier

et al. 1997), and fewer peroxidoxins and epoxide hydrolases (Cole et al. 2001).

ESX gene system

The ESX system, also known as the Type VI secretory system, consists of
proteins that transport selected substrates across the cell envelope and are associated with
pathogenicity and host-pathogen interactions (Groschel et al. 2016). ESX-1 is an
important determinant of virulence in M. tuberculosis and M. leprae; however it is
missing in most M. avium species, including M. lepraemurium. The functions of ESX-2
and ESX-4 systems are unknown; however, these systems are not essential for growth or
virulence. In M. leprae and M. lepromatosis, ESX-2 is non-functional and ESX-4 is
missing (Singh et al. 2015). In M. lepraemurium, both ESX-2 and ESX-4 are present, but
are nonfunctional. The ESX-3 system is fairly conserved across all mycobacteria,
including M. lepraemurium, and seems to fulfill an essential function in metal
homeostasis. The ESX-5 system, specifically the PE/PPE proteins and EccD5, are
essential in the pathogenesis of M. tuberculosis. In M. lepraemurium, the majority of
ESX-5 components are functional, except for the cytochrome P450 hydroxylase
(MLM_2361), which is also nonfunctional in M. leprae. However, in M. leprae, the
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ESX-5 associated pe/ppe and esx genes are deleted, whereas these are functional genes in
M. lepraemurium. Thus, similar to M. tuberculosis, the ESX-5 might influence virulence

in this organism; however, the exact mechanism remains unknown.

Other virulence genes

Expression of some genes involved in polyketide synthesis (pks genes) is known
to be upregulated in infected macrophages (Hou, Graham, and Clark-Curtiss 2002). This
study shows that in M. lepraemurium, genes encoding pks10 (MLM_2480), pks11
(MLM_2477), and pks12 (MLM_2156) are fully functional, whereas pks2 is
nonfunctional.

The mycobacterial mmpL and mmpS proteins mediate the transport of lipid
metabolites to biosynthesize cell wall lipids such as mycolic acids. In M. lepraemurium,
six mmpS and six mmpL genes are functional, whereas two mmpS and 11 mmpL genes are
non-functional (Appendix D: Table S5). M. leprae has only two mmpS members and five
functional mmpL genes. Thus, these genes may not be required for a strict intracellular

lifestyle and therefore, might be undergoing pseudogenization in M. lepraemurium.

3.5 Summary

In this study, the 4.05 Mbp genome of M. lepraemurium, the causative agent of
murine leprosy, was sequenced and annotated. Phylogenetic analyses confirmed that M.
lepraemurium is a distinct species within the MAC. The presence of nearly 1100
pseudogenes suggests that M. lepraemurium has undergone reductive evolution. Since
reductive evolution is a hallmark of pathogens that have undergone an evolutionary
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bottleneck and adapted to a new environment (Gomez-Valero et al. 2007), the M.
lepraemurium progenitor may have jumped from a different host into rodents and adapted
to this new host/niche. This likely resulted in genome downsizing and losing the
functionality of the majority of the genes required for survival outside of its host.
However, M. lepraemurium seems to have retained the functionality of most of the genes
required for virulence in MAC species as well as of certain genes that allow it to be

grown in vitro under very specific conditions.
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CHAPTER 4
MYCOBACTERIUM TUBERCULOSIS GENOMES FROM POST-CONTACT ERA
NORTH AMERICA
4.1 Abstract

Tuberculosis (TB), caused by members of the Mycobacterium tuberculosis
complex (MTBC), is one of the oldest known human diseases. Skeletal evidence suggests
that TB was prevalent in the Americas before the arrival of Europeans whereas recent
genomic evidence shows that TB cases in pre-contact era Peru were caused due to a
zoonotic transfer of MTBC strains from pinnipeds, such as seals, to human populations
living in the coastal regions. However, it is not known whether these pinniped-derived
MTBC strains were the primary causative agents of TB in pre-contact era North America
or if other lineages of the MTBC also caused TB in this region. In this study, 65 skeletal
samples from pre- and post-contact era North American archaeological sites were
screened for the presence of MTBC DNA using quantitative PCR assays and in-solution
MTBC gene capture. Following whole-genome enrichment using in-solution
hybridization capture and multiple rounds of Illumina sequencing, approximately 90% of
the MTBC genome was recovered from five samples with mean coverage ranging from
5- to 26-fold. All five of these samples belong to the post-contact era archaeological sites
of Cheyenne River Village (Arikara) in South Dakota; Highland Park cemetery in New
York; and St. Michael, Old Hamilton, and Ekwok in Alaska. Phylogenetic analyses show
that all five strains belong to the Euro-American lineage (Lineage 4). The St. Michael and
Ekwok strains are closely related to Russian M. tuberculosis strains belonging to
sublineage 4.2 (the Ural sublineage) whereas the Old Hamilton strain belongs to
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sublineage L4.5 which is found in Middle Eastern or East Asian countries but rarely in
the Americas or in Russia. Secondly, the Highland Park strain belongs to the sublineage
comprising H37Rv-like strains which were highly prevalent in Britain during the 18" and
19" centuries as well as in the US during the early 20" century. Lastly, the Cheyenne
River Village (Arikara) strain belongs to sublineage 4.4 and contains the DS
deletion, which has been commonly found in strains that were brought to Canada by
European fur traders. Overall, this study provides evidence for the introduction and
dispersal of European M. tuberculosis strains to native populations in North America due

to the fur trade.

4.2 Introduction

TB is one of the oldest known human diseases and remains a major public health
concern with approximately 10.4 million new cases reported in 2015 (WHO 2016b). TB
is caused by members of the MTBC which comprises the human-adapted M. tuberculosis
and M. africanum, animal-adapted M. microti (voles), M. caprae (goats), M. pinnipedii
(seals, sea lions), M. bovis (cattle), and M. orygis (oryx), as well as M. canettii.
Furthermore, human M. tuberculosis strains are divided into seven lineages (L1 - 7) with
each lineage being associated with specific geographic regions (Comas et al. 2013).

Although MTBC strains are adapted to specific hosts, cross-species transmissions
occur frequently. Previous research from this group led to the recovery of three ancient
MTBC genomes from approximately 1000 year-old mummies from archaeological sites
in coastal Peru (Bos et al. 2014). These Peruvian MTBC strains were found to be closely
related to M. pinnipedii which infects pinnipeds such as seals and sea lions. Today, M.
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pinnipedii infection is restricted to pinnipeds in the southern hemisphere (Bastida et al.
1999), with occasional reports of zoonotic transfer to humans (Forshaw and Phelps 1991;
Kiers et al. 2008; Thompson et al. 1993) and other animals (Moser et al. 2008; Loeffler et
al. 2014). The discovery of pinniped-derived MTBC strains in ancient Peru suggested
that infected pinnipeds transmitted MTBC strains to human populations living near the
coast (Bos et al. 2014). The hunting of pinnipeds for meat and blubber (Orquera 2005;
Orquera, Legoupil, and Piana 2011; Schiavini 1993), as well as use of their skin and
bones for making artifacts and in mortuary practices (Arriaza 1996; Arriaza and Standen
2005) would have provided avenues for transmission of MTBC strains from pinnipeds to
humans (Bastida, Quse, and Guichon 2011); however, the possibility of anthroponotic
transfer from humans to pinnipeds is unlikely since these populations did not farm
pinnipeds. It remains to be determined whether these pinniped-derived MTBC strains
adapted to their human hosts and spread to non-coastal areas of the Americas or whether
they were restricted to the coastal areas.

In North America, skeletal evidence of tuberculosis dates back to approximately
900 CE (reviewed by Roberts and Buikstra 2003; Stone et al. 2009), with an unpublished
report from Point Hope, Alaska dating to 100 BCE - 500 CE (Dabbs 2009). The presence
of partial 1S6110 insertion repeat elements, which are commonly found in MTBC species
(Thierry et al. 1990; McHugh, Newport, and Gillespie 1997), has been reported in
individuals from the circa 11" -13™ century Schild cemetery in lllinois, as well as from a
15™ century Canadian ossuary sample (Braun, Collins Cook, and Pfeiffer 1998; Raff,
Cook, and Kaestle 2006). However, 1S6110 cannot be used to determine the phylogenetic
placement of MTBC strains, and to date, MTBC genomes have not been recovered from
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pre-contact era North America. Therefore, it is not known whether TB cases in pre-
contact era North America were caused by spread of the pinniped-derived MTBC strains
from the South or by different MTBC lineage(s) introduced via other routes.

Today, the majority of TB cases occurring in the Americas are caused by human-
adapted M. tuberculosis L4 strains. L4 is also known as the Euro-American lineage, as it
likely evolved in Europe and spread all over the world due to European migration and
colonization, thereby becoming the most widespread human TB lineage (Demay et al.
2012; Stucki et al. 2016). Previous ancient DNA studies have used a metagenomics
approach to reconstruct 18™ century M. tuberculosis L4 genomes from Hungary (Kay et
al. 2015; Chan et al. 2013). Using the radiocarbon dates of these individuals as
calibration points, the most recent common ancestor (MRCA) of L4 strains has been
estimated to have existed around 396 CE (Kay et al. 2015). This is supported by PCR-
based finding of the pks15/1 deletion specific to L4 strains (Marmiesse et al. 2004) from
2"9-4™ century Britain (Miiller, Roberts, and Brown 2014).

Even though MTBC strains are highly genetically identical, genome-wide single
nucleotide polymorphisms (SNPs) have been used to classify L4 strains into seven
sublineages — L4.1, L4.2, L4.3, L4.4, L4.5, L4.6, and L4.10 (Stucki et al. 2016; Coll et al.
2014). Some sublineages such as L4.1.2, L4.3, and L4.10 are globally distributed, others
such as L4.1.1, L4.2, and L4.4 are found at intermediate frequencies, and some
sublineages such as L4.1.3, L4.5, L4.6 are geographically restricted to less than ten
countries all over the world (Stucki et al. 2016).

In this study, 66 individuals from various North American archaeological sites
spanning the pre- and post- European contact eras were screened for the presence of
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MTBC infection using quantitative PCR (gPCR) assays and in-solution gene capture
techniques. Samples which passed the screening process were further analyzed using

whole-genome enrichment and Illumina sequencing.

4.3 Materials and Methods
Sample processing

This study comprised 66 individuals from various North American archaeological
sites spanning the pre- and post-contact eras (Appendix F: Table S6). All individuals
showed characteristic symptoms of skeletal tuberculosis disease. The majority of the
samples obtained were skeletal elements such as vertebrae or ribs; however, teeth or
dental calculus samples were also screened. Skeletal and tooth samples were processed in
a dedicated ancient DNA laboratory at Arizona State University (ASU) and dental
calculus samples were processed at the University of Oklahoma Laboratories of
Molecular Anthropology and Microbiome Research (LMAMR). All sample processing
was conducted in accordance with established contamination control precautions and
workflows (Cooper and Poinar 2000).

In case of skeletal samples, debris and dirt were removed using a sterilized
Dremel tool. Surfaces of the skeletal samples and teeth were wiped with 10% bleach
solution followed by distilled water, and UV-irradiated for 1 minute on each side.
Skeletal samples were powdered using the 8000M Mixer/Mill (SPEX). Teeth were sliced
transversally at the cementoenamel junction using a small, sterilized hand-saw and the
roots were ground to a powder using a sterilized hammer. Dental calculus samples were
collected using a scaler as given in Warinner et al. (2014).
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DNA extraction

Three different DNA extractions protocols were used over the course of this study
(Rohland and Hofreiter 2007; Dabney et al. 2013; Warinner et al. 2014) (Appendix F:
Table S6). The majority of the skeletal samples and teeth were extracted at ASU using
the protocol given in Dabney et al. (2013) with a minor modification - the final elution
was carried out in 100 uL EBT buffer pre-heated to 65°C. Three samples had been
previously extracted in 2012 using the protocol given in Rohland and Hofreiter (2007) at
the University of Tuebingen, Germany. The dental calculus samples were extracted at
LMAMR as given in Ozga et al. (2016). An extraction blank (negative control) was kept
during each batch of extractions to check for possible contamination introduced during
the extraction process. All DNA extracts and extraction blanks were quantified using the

Qubit dsDNA High Sensitivity assay (Life Technologies).

Screening for MTBC DNA

The DNA extracts were screened for the presence of MTBC DNA using gPCR
assays and an in-solution MTBC gene capture method.
gPCR assays

At ASU, undiluted extracts and extraction blanks were tested for MTBC DNA
using three TagMan gPCR assays. A 1:10 dilution of each extract was used to test for
presence of inhibitory substances in the ancient DNA extracts. The first gPCR assay
(rpoB2 assay) targets a region of the rpoB gene, which is a single-copy gene found in all
bacteria and codes for RNA polymerase subunit B. This assay uses a TagMan probe that
binds to an MTBC-specific sequence in the gene (Harkins et al. 2015); however, due to
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lack of sequence data for a number of mycobacterial species, this assay might test
positive for closely-related mycobacterial species as well. The other two assays target
regions of the multi-copy insertion elements 1S6110 and 1S1081 that are specific to the
MTBC (McHugh, Newport, and Gillespie 1997; Klaus et al. 2010; Eisenach et al. 1990;
Collins and Stephens 1991). Genomic DNA from M. tuberculosis H37Rv was used to
create DNA standards for the gPCR assays. Ten-fold serial dilutions ranging from one to
1,000,000 copy numbers of the genome per pL. were used to plot a standard curve for
quantification purposes. Non-template controls (PCR-grade water) were also included on
each qPCR plate. DNA extracts, extraction blanks, and non-template control were run in
triplicate whereas DNA standards were run in duplicate for each qPCR assay. gPCR
reactions were run in a 20 puL total volume: 10 pL of TagMan 2X Universal MasterMix,
0.2 uL of 10mg/mL RSA, and 2 pL of sample (DNA, standard, or non-template control).
Primers and probe were added at optimized concentrations as given in Housman et al.
(2015). The gPCR assays were carried out on an Applied Biosystems 7900HT
thermocycler with the following conditions: 50°C for 2 minutes, 95°C for 10 minutes,
and 50 cycles of amplification at 95°C for 15 seconds and 60°C for 1 minute. The results
were visualized using SDS 2.3. Both amplification and multicomponent plots were used
to classify the replicates of the extracts as positive or negative. An extract was considered

to be positive for a qPCR assay if two or more replicates out of three were positive.

In-solution MTBC gene capture
At ASU, DNA extracts which tested positive for one or more qPCR assays were
processed into double-indexed libraries using 10-20 uL of extract and following protocols
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given in Meyer and Kircher (2010) and Bos et al. (2014). Libraries were indexed using
AmpliTaq Gold (Life Technologies) for 20 cycles and quantified using the DNA1000
assay on the Bioanalyzer 2100 (Agilent) and the KAPA Library Quantification kit (Kapa
Biosystems). At LMAMR, the dental calculus extracts were processed into libraries as
given in Ozga et al. (2016). A library blank (negative control) was processed along with
the samples in each library preparation run.

All libraries, including library blanks, were target-enriched using an in-solution
capture protocol at ASU. The libraries were target-enriched for five genes - the rpoB,
gyrA, and gyrB genes commonly found in all mycobacterial species, and the katG and
mtp40 genes specific to the MTBC, as given in Bos et al. (2014). Enriched libraries were
amplified to a concentration of 10" copies per reaction using AccuPrime Pfx DNA
polymerase (Life Technologies) and quantified using the Bioanalyzer 2100 (Agilent) and
the KAPA Library Quantification kit (Kapa Biosystems). The libraries were pooled at
equimolar concentrations and sequenced on an Illumina MiSeq using V2 chemistry
(2x150 bp run).

The sequence reads were trimmed and merged using SeqPrep
(https://github.com/jstjohn/SeqPrep) using default parameters except the minimum
overlap for merging was modified to 11. Merged reads were mapped to the hypothetical
MTBC ancestor reference (Comas et al. 2010) using the Burrows-Wheeler Aligner (bwa
v0.7.5) (Li and Durbin 2009). In order to avoid mis-mapping of reads from
environmental mycobacteria present in the samples, the stringency of the mapping was
increased using the parameter n = 0.1, while the seed was disabled (-1 = 1000) as
suggested for ancient DNA (Schubert et al. 2012). SAMtools v0.1.19 (Li et al. 2009) was
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used to filter the mapped reads at a minimum Phred quality threshold of Q30 and to
remove PCR duplicates and reads with multiple mappings. The resulting BAM files were
visually analyzed using Geneious R7 (Biomatters) and the percentage of the targeted
genes covered at greater than one-fold coverage was determined. Samples for which
more than 50% of all five genes were covered at least one-fold were selected for MTBC

whole-genome enrichment.

Shotgun sequencing
Library preparation and sequencing

All samples that passed the cut-off for the in-solution MTBC gene capture were
shotgun-sequenced to determine the percentage of endogenous MTBC DNA. At ASU,
DNA extracts for these samples were processed into highly concentrated libraries using
80 uL of extract and following the protocols mentioned earlier. Prior to library
preparation, the DNA extracts were treated with the USER enzyme (New England
BioLabs), which contains uracil DNA glycosylase (UDG) and endonuclease VIlI
(endoV11I). Together, these enzymes are used to remove deaminated cytosines from
ancient DNA fragments and repair the resulting abasic site (Briggs et al. 2010). At the
Max Planck Institute for the Science of Human History (MPI1-SHH), Germany, adapter
dimers and heteroduplexes that had formed during the course of library preparation were
removed using a reconditioning PCR. This was done by amplifying the libraries for two
cycles using Herculase 11 Fusion DNA Polymerase (Agilent). The libraries were

quantified using the D1000 assay on the TapeStation 4200 (Agilent), pooled at equimolar
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amounts of 10 nM, and sequenced using the Illumina NextSeq 500 (1x76 bp run). Both

non-UDG treated and UDG-treated libraries were sequenced.

Data analyses

Sequenced reads were trimmed and merged using EAGER (Peltzer et al. 2016).
The merged reads were used as input for the MEGAN Alignment Tool (MALT) which
compares the reads to a comprehensive database of all bacterial genomes available
through NCBI RefSeq (Herbig et al. 2016). The MALT analysis was performed using the
following parameters: minPercentldentity = 95, minSupport = 5, topPercent = 1, BlastN
mode, and SemiGlobal alignment. The resulting alignment was viewed in MEGANG
(Huson 2016) and the number of reads assigned to the MTBC node was determined.
Samples were classified as strongly or weakly positive for the MTBC based on visual
analysis of whether the aligned reads were distributed randomly across the MTBC
reference genome (as opposed to being accumulated at certain loci) and whether they

showed high similarity (> 99%) to the MTBC reference genome.

MTBC whole-genome enrichment and sequencing
Sample selection

Based on the results of the MTBC screening process, a total of eight ancient DNA
samples were selected for MTBC whole-genome enrichment and sequencing (Table 3).
These included five samples (AD12, AD340, AD344, AD346, and AD351) selected

based on the results of the gPCR assays and in-solution MTBC gene capture conducted at
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ASU, as well as three samples (AD114, AD127, and AD128) which had been processed
into libraries and screened using the in-solution gene capture in 2012 (see Bos et al.

2014).

Table 3. Samples selected for MTBC Genome Enrichment and Sequencing

Sample Archaeological Context Date Included in final
analyses ?
AD12 Cheyenne River Village (39ST1), Arikara, 1750 - 1775 CE Yes

South Dakota

AD114 Highland Park cemetery , New York 1826 - 1863 CE No
AD127 Highland Park cemetery , New York 1826 - 1863 CE No
AD128 Highland Park cemetery , New York 1826 - 1863 CE Yes
AD340 St. Michael, Alaska 1643 - 1953 CE " Yes
AD344 Old Hamilton, Alaska 1681 - 1950 CE " Yes
AD346 Pilot Station, Alaska Not dated, but post-contact No
AD351 Ekwok, Alaska 1679 - 1950 CE ® Yes

% Indicates whether enough coverage of the genome was obtained to include it for further
analyses
® Date estimated using radiocarbon dating has a wide range, but these samples are

unlikely to belong to the 20™ century
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MTBC whole-genome capture probe design

AT MPI-SHH, synthetic oligonucleotide probes were designed using the
hypothetical MTBC ancestor genome (Comas et al. 2010) as a reference. The probes
were 60 base pairs (bp) in length and had a tiling density of 5 bp. Low complexity
regions were masked using DustMasker (Morgulis et al. 2006) from BLAST 2.2.31+
using standard parameters. Probes with more than 20% of masked nucleotides as well as
repetitive and duplicate probes were removed, resulting in 852,164 unique probes. By
randomly sampling probes, the probe set was enlarged to 968,000 probes so as to obtain
the maximum number of probes that can be included on an Agilent 1,000,000-feature

array.

MTBC whole-genome capture and sequencing

The UDG-treated and non-UDG treated libraries of the eight samples and
corresponding library blanks were enriched for the M. tuberculosis genome using the
aforementioned probe set and following the protocol given in Fu et al. (2013). Enriched
libraries were sequenced using the lllumina HiSeq 2500 (2x76bp run) and the sequence
data were analyzed using EAGER. Preliminary analyses suggested that only five samples
showed enough coverage of the MTBC reference genome to be useful for further
analyses. The UDG-treated enriched libraries for these samples were re-sequenced using
the Illumina HiSeq 2500 (1x76 bp run) so as to obtain a targeted coverage of
approximately 20-fold. Preliminary analyses of the sequence data using EAGER
suggested that the two of the libraries would benefit from a further round of sequencing,
and hence, these were sequenced on another 1x76 bp run on the lllumina HiSeq 2500.
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Data analyses

Data from the UDG-treated enriched libraries for all five samples were
preliminarily analyzed using EAGER. Reads were mapped using bwa with default
parameters (except n = 0.1), duplicates were removed, and SNPs were called using the
Unified Genotyper in the Genome Analysis Toolkit (GATK) (McKenna et al. 2010) with
the following parameters: minimum reads covering the position =5, minimum quality =
30, and minimum frequency to call a homozygous SNP = 0.9. SNP allele frequency
histograms plotted using RStudio (R Core Team 2017) showed an unexpectedly high
number of heterozygous SNPs for all samples, likely due to mis-mapping from non-

MTBC environmental mycobacteria (Appendix G: Figure S4).

Filtering for MTBC-specific reads

To remove reads likely to belong to non-MTBC mycobacteria prior to mapping, a
custom-designed filtering program called FINGERPRINT was used (Rosenberg 2016).
This program uses k-mer composition profiling of the desired target (MTBC) and likely
contaminants (non-MTBC mycobacteria) to score individual reads on a scale ranging
from -100 to 100, based on how its k-mer composition compares to the target and
contaminant datasets. Reads with positive values are more likely to belong to the target
dataset.

For the final analyses, data from the UDG-treated libraries obtained across all
[llumina runs were used. The raw sequence reads were trimmed using AdapterRemoval
v2 (Schubert, Lindgreen, and Orlando 2016) with the following parameters: --trimns, --
trimqualities, --minquality 20, and --minlength 30. For the paired-ended data, reads were
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merged using a minimum overlap for merging equal to 11. Merged reads from the paired-
ended run as well as processed reads from the single-ended runs were concatenated
together. The concatenated dataset was filtered using FINGERPRINT so as to retain only
those reads which scored > 50. Filtered reads were mapped to the MTBC ancestor
reference genome using bwa with default parameters except n = 0.1. SAMtools v0.1.19
was used to filter mapped reads at a Phred quality threshold of Q37 and to remove
duplicates and reads with multiple mappings. Qualimap v2.2.1 (Garcia-Alcalde et al.
2012) was used to determine the mean coverage and the percentage of the reference

covered > five-fold.

Variant calling

An mpileup file was generated using SAMtools and VarScan v2.3.9 (Koboldt et
al. 2012) was used to produce a VCF file containing all sites (variant as well as
invariant) using the following parameters: minimum number of reads covering the
position =5, minimum of reads covering the variant allele = 3, minimum variant
frequency = 0.2, minimum frequency to call a homozygous variant = 0.9, minimum base
quality = 30, and maximum frequency of reads on one strand = 90%. VCFtools (Danecek
et al. 2011) was used to remove insertion-deletions (InDels) and exclude positions which
occurred in known repeat regions, insertion and mobile elements, phage-related genes,
PE, PPE and PGRS genes, muturase and resolvase genes, REP family genes, and tRNAs
and rRNAs (Appendix F: Table S7). The SelectVariants tool in GATK (McKenna et al.
2010) was used to output a VCF file containing positions comprising SNPs. Finally, the
numbers of homozygous and heterozygous SNPs were determined for each sample. The
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SNP allele frequency histograms for the filtered dataset are given in Appendix G: Figure
S5. A comparison of the mapping statistics for the unfiltered and filtered datasets is given
in Appendix F: Table S8, whereas the final summary of mapping statistics for the five

North American ancient MTBC genomes given in Appendix F: Table S9.

Determining MTBC lineages

BAM files containing analysis-ready reads were visually inspected using
Geneious R7 for the presence of MTBC lineage-defining SNPs as given in Coll et al.
(2014). All five strains were found to belong to M. tuberculosis Lineage 4 (L4) based on
the presence of the pks15/1 deletion specific to this lineage (Marmiesse et al. 2004).
Strains were further classified into sublineages of L4 based on the presence of

sublineage-defining SNPs (Stucki et al. 2016).

Comparative data

Since the post-contact era North American strains were found to belong to L4, M.
tuberculosis strains representing all known L4 sublineages were used for the
phylogenetic analyses. In order to test hypotheses regarding the origins of the post-
contact era Alaskan TB strains, such as possible introduction and dispersal via Russia,
modern L4 strains originating from this region as well as strains representing other
countries but belonging to similar sublineages as these five strains were highly
represented in this dataset. The list of strains used in the analyses is given in Appendix F:

Table S10.
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For lllumina datasets, reads were processed using AdapterRemoval v2 and
mapped to the MTBC reference genome using bwa with mapping stringency n = 0.1. For
finished genomes, FASTA files were aligned to the MTBC reference genome using
LAST with the gamma-centroid option (Kietbasa et al. 2011). The maf-convert program
was used to covert the alignment file to a SAM file and SAMtools was used obtain the
BAM files. For the BAM files obtained after processing the lllumina datasets, an mpileup
file was generated using SAMtools and processed using VarScan v2.3.9 (34) using the
aforementioned parameters. For the finished genomes, SAMtools (v1.3.1) mpileup and
bcftools call were used to produce the VCF files.

VCF files for all genomes used for the analysis were combined using the
CombineVariants tool in GATK. VCFtools was used to remove Insertion-Deletions
(InDels), tri-allelic sites, and exclude positions with more than 5% missing data and those
given in Appendix F: Table S7. The SelectVariants tool in GATK was used to output a
VCF file containing the sites where at least one of the strains has a SNP. A perl script
was used to generate a FASTA alignment which included only homozygous SNPs

(Bergey 2012).

Phylogenetic analyses

Trees were built using the Maximum Likelihood (ML), Maximum Parsimony
(MP), and Neighbor Joining (NJ) methods using MEGA7 (Kumar, Stecher, and Tamura
2016) and a Bayesian approach using BEAST v1.8.4 (Drummond et al. 2012). The SNP
alignment of all L4 genomes comprised 9,775 variable sites. The ML tree was generated
using the General Time Reversible (GTR) model and 100 bootstrap replicates. The MP
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tree was built using the Subtree-Pruning-Regrafting (SPR) algorithm and 500 bootstrap
replicates. The NJ tree was built using the p-distance method and 500 bootstrap
replicates.

To assess whether there was a sufficient temporal signal in the data to proceed
with molecular clock analysis, a regression of root-to-tip genetic distance against dates
was conducted using TempEst (Rambaut et al. 2016). Calibrated radiocarbon dates of the
ancient samples and isolation dates of the modern M. tuberculosis strains were used as
given in Appendix F: Table S10. The NJ tree was used as input for TempEst. The R?
value calculated in TempEst equaled 0.4541 suggesting a positive correlation between
genetic divergence and time for the L4 strains (Figure 8). The data were thus concluded
to be adequate for molecular clock analysis. The likelihood ratio test in MEGA was used
to determine whether the null hypothesis of a single molecular clock across all branches
was supported. The null hypothesis of equal evolutionary rate throughout the tree was

rejected at a 5% significance level (P = 0).

Estimating divergence times using BEAST

To determine divergence times of strains, a SNP alignment comprising 8,984
SNPs across the M. tuberculosis L4 strains was analyzed using BEAST v1.8.4 (39). The
calibrated radiocarbon dates of the ancient samples in years before present (YBP, with
present being considered as 2017) and the mean isolation years of the modern strains
were used as priors. Samples AD340, AD344, and AD351 were excavated by Ales
Hrdlicka between 1926-1938 and were not fresh graves at that time (Hrdlicka 1943), and
hence, it is unlikely that they date to the 20™ century. Therefore, the lower limit for the
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date of these samples was constrained to 100 YBP. Using jModelTest2 (Darriba et al.

2012), the TVM model was determined to be the best model of nucleotide substitution.
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Figure 8. Linear Regression of Time vs Root-to-tip Distance for M. tuberculosis Lineage
4 Strains. The x-axis denotes the date of isolation (in CE) and the y-axis denotes the root-

to-tip genetic distance as calculated by TempEst.

To account for ascertainment bias that might result from using only variable sites
in the alignment, the number of invariant sites (number of constant As, Cs, Ts, and Gs)
was included in the analysis. Lastly, an uncorrelated lognormal clock with a fixed
substitution rate of 4.6 x 10°® substitutions per site per year as estimated by Bos et al.
(2014) was used as a prior. Since the modern M. tuberculosis strains are known to have
undergone a population expansion (Bos et al. 2014; Kay et al. 2015), the analysis was
conducted using a 10-step Bayesian Skyline demographic model. One Markov Chain

Monte Carlo (MCMC) run was conducted at 100,000,000 iterations sampling every
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10,000 steps. The first 10,000,000 iterations were discarded as burn-in. Tracer (Rambaut
et al. 2015) was used to visualize the results of the run. TreeAnnotator (Drummond et al.
2012) was used to summarize the information onto a single target tree calculated in
BEAST, with the initial 2,500 trees being discarded as burn-in. Figtree
(http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize the Maximum Clade

Credibility (MCC) tree with median heights.

4.4 Results
Screening for MTBC DNA
gPCR assays

A total of 55 samples were screened using the gPCR assays. Out of these, 15
tested positive for the rpoB2 assay, 13 for the 1S6110 assay, and 12 for the 1S1081 assay
(Appendix F: Table S6). A total of 13 extracts tested positive for more than one assay.
None of the extraction blanks tested positive for any assay, signifying that no
contamination had been introduced during the extraction process. A total of 18 samples
which tested positive for one or more assays were selected for the in-solution MTBC

gene capture.

In-solution MTBC gene capture

Libraries for these 18 samples along with those for six dental calculus libraries
were screened using the in-solution gene capture. Four samples showed greater than 50%
coverage of all five genes (Appendix F: Table S6). One sample did not pass the cut-offs
for all genes, but showed > 60% coverage of the MTBC-specific mtp40 element. All five
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samples were selected for MTBC-genome enrichment. Three samples from the Highland
Park cemetery, which had been screened using the in-solution capture in 2012 (see Bos et
al. 2014), were also selected for MTBC-genome enrichment. Thus, a total of eight
samples were selected for whole-genome enrichment and sequencing (refer Table 3).
None of the dental calculus samples showed any coverage of the MTBC-specific genes
katG and mtp40 and were not selected for further study. The library blanks showed

negligible amounts of reads mapping to the MTBC reference genome (< 0.1% coverage).

Shotgun sequencing and MALT analysis

The data for shotgun-sequenced UDG-treated and non-UDG treated libraries were
analyzed using MALT and the reads were mapped to the MTBC ancestor reference
genome to determine the percentage of endogenous DNA prior to target enrichment
(Table 4). Shotgun sequencing of the UDG-treated libraries showed that the endogenous
MTBC DNA content ranged from 0.032 to 0.1% signifying low prevalence of
endogenous MTBC DNA and confirming the necessity of whole-genome enrichment for
the M. tuberculosis genome. According to MALT, the number of reads assigned to the
MTBC for the samples ranged from 264 to 5,424. Samples AD12 and AD346 were
determined to be borderline positive for the MTBC, whereas AD340, AD344, and

AD351 were determined to be strong positives for the MTBC.
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Table 4. Mapping Statistics and MALT Analysis for Shotgun-Sequenced Libraries

S e RSP ey, Mapped MG Endogera
MALT reads
UDG-treated libraries
AD12U 2,666,810 2,594,797 264 1,549 769 0.032
AD340U 3,997,627 3,884,932 3,011 4,394 3,326 0.088
AD344U 4,095,200 3,944,858 5,424 6,902 5,659 0.146
AD346U 4,058,362 3,899,790 476 3,832 1,435 0.039
AD351U 2,429,317 2,363,674 2,080 2,829 2,288 0.100
Non-UDG treated libraries
AD12nU 4,711,737 4,587,951 402 5,240 2,643 0.063
AD340nU 4,052,820 3,929,877 2,769 5,551 4,010 0.106
AD344nU 501,152 485,290 514 901 686 0.143
AD346nU 4,199,809 4,057,892 408 8,773 4,258 0.111
AD351nU 4,690,218 4,558,046 4,308 8,170 5,815 0.139

# U denotes UDG-treated library and nU denotes non-UDG treated library
b Number of mapped reads retained after filtering at threshold Q37 and removing

duplicates

MTBC-genome capture, sequencing, and data analyses
Authentication of ancient DNA

In order to authenticate the presence of ancient MTBC DNA, the sequence data
for the enriched non-UDG treated libraries were analyzed. The number of analysis-ready

reads varied from 12,458 to 261,938 (Table 5).
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Table 5. Mapping Statistics for Non-UDG Treated Enriched Libraries

Reads

% of .

post- % of Analysis-  Average
Sample Raw reads trimming reads kept  Mapped reads ready length

and after reads mapped reads®  of reads

. processing

merging
AD12 4,406,615 4,232,561 96.06 49,764 1.18 22,939 73.56
AD128 3,313,973 3,154,935 95.21 40,707 1.3 12,458 67.19
AD340 2,886,249 2,800,507 97.03 196,175 7.01 155,664 72.62

AD344 2,292,735 2,206,367 96.24 351,126 15.92 259,320 74.72

AD351 2,944,131 2,852,249 96.88 318,693 11.18 261,938 65.99

# Reads obtained after filtering at Q37 quality threshold, removing duplicates, and

removing reads with multiple mappings

All samples showed characteristic ancient DNA patterns such as shorter average
read lengths (65-74 bp) and a bias for purines before the start of reads (Briggs, Stenzel,
and Johnson 2007). Sample AD128 also showed the characteristic 5* C-to-T and
corresponding 3’ G-to-A mis-incorporations (Green et al. 2009; Krause et al. 2010)
(Figure 9), whereas the other samples did not. The damage plots for samples AD12,
AD340, AD344, and AD351 are given in Appendix G: Figures S6 - S9. The absence of
C-to-T mis-incorporations in the context of mycobacterial DNA has been observed in
genomes retrieved from medieval-era individuals with leprosy (Schuenemann et al. 2013)
and 18™-century Hungarian individuals with tuberculosis (Kay et al. 2015); the lipid-rich
myecolic acids in the cell walls of mycobacteria seem to protect the DNA from post-

mortem hydrolytic damage.
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Figure 9. DNA Damage Patterns for AD128 (Enriched Library). (a) Average base
frequencies at positions within individual reads (grey box) flanked by all calls from reads
in neighboring sequences. (b) Frequencies of specific base substitutions at specific
positions near the 5’-end (left) and 3’-end (right) occurring within reads. C-to-T changes

are indicated by the red line and corresponding G-to-A changes by the blue line.

Analysis of enriched UDG-treated sequence data

Of the eight libraries that were enriched for the MTBC genome and sequenced on
a paired-ended run, only five showed sufficient coverage to be considered for further
analyses. These five libraries (AD12, AD128, AD340, AD344, and AD351) were deeply-
sequenced to obtain mean coverage which ranged from 5- to 26-fold.
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Initial mapping analyses of the data conducted using EAGER revealed that all
samples showed a high number of heterozygous SNPs ranging from 190 to 2,055
(Appendix F: Table S8, Unfiltered data). Filtering the dataset for reads with
FINGERPRINT scores of > 50 decreased the numbers of heterozygous SNPs to realistic
numbers and thus, this filtered dataset was used in further analyses (Appendix F: Table
S8, Filtered data).

The number of overall SNPs in the final dataset ranged from 398 to 641. The least
number of SNPs were observed in strain AD128; however, the percentage of the AD128
genome covered > five-fold (which is the minimum coverage required to call a SNP) was
only 53%. The sample with the highest percentage coverage at > 5X was AD351

(92.9%).

Determining MTBC lineages

The five ancient North American MTBC strains belong to the human-adapted M.
tuberculosis L4 (Euro-American lineage), based on the presence of the L4-specific
pks15/1 deletion. Additionally, strain AD12 was found to contain the DS62“***° deletion
(H37Rv coordinates: 1,987,457-1,998,849) that is found in modern M. tuberculosis
strains in Quebec and other parts of Canada (Pepperell et al. 2011; Nguyen et al. 2004).

Table 6 gives the L4 sublineages for these five strains.
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Table 6. L4 Sublineages of Post-ontact era North American M. tuberculosis strains

Strain Archaeological context L4 Sublineage
AD12 Cheyenne River Village, South Dakota 4.4 (DSE™)
AD128 Highland Park, New York 4.10 (H37Rv-like)
AD340 St. Michael, Alaska 4.2.1 (Ural)
AD344 Old Hamilton, Alaska 4.5
AD351 Ekwok, Alaska 4.2.1 (Ural)

Phylogenetic analyses

The ML phylogeny of M. tuberculosis L4 strains is shown in Figure 10. Strain
AD128 (Highland Park cemetery, New York) was found to be closely related to strain
H37Rv. Strain AD12 (Cheyenne River Village, South Dakota) was found to belong the
DS6%"®* sublineage of L4 strains and is closely related to strains from Canada as well as
Russia. Strains AD340 and AD351 were found to belong to L4.2.1 (the Ural sublineage)
and were closely also related to modern M. tuberculosis strains of Russian origin. Strain
AD344 was found to belong to a separate branch of sublineage L4.5. These relationships
were supported by the tree topologies shown by the MP and NJ method (Appendix G:

Figures S10 and S11).
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Figure 10. Maximum Likelihood Tree of 98 M. tuberculosis Lineage 4 Strains. The tree

was based on 9,775 variable sites and built using the GTR model. Bootstrap support

estimated from 100 replicates is given near the branches. The L4 sublineages are color-

coded and the strains generated in this study are denoted in red. Geographic origin is

given next to each strain.
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Dating analysis

Based on the BEAST analysis, strain AD12 (Cheyenne River Village, Arikara)
diverged from the clade comprising three modern Canadian-origin L4.4 strains
(SUMu003, SUMu006, and SUMu008) 358 YBP (324-383 YBP 95% HPD). The MRCA
of all L4.4 strains containing the DS62"***° deletion dates to 791 YBP (735-844 YBP
95% HPD). Strain AD128 (Highland Park cemetery, New York) diverged from the
branch comprising strains H37Rv and SUMu012 approximately 342 YBP (293-388 YBP
95% HPD). Strain AD344 belongs to a separate branch of sublineage L4.5 and diverged
from the other strains in this sublineage about 967 YBP (913-1027 YBP 95% HPD). Two
of the Alaska strains, strain AD340 (St. Michael) and AD351 (Ekwok) lie within L4.2.1
and last shared a common ancestor about 521 YBP (487-559 YBP 95% HPD). Lastly, the
MRCA of all L4 strains was estimated to exist 1347 YBP (1288-1403 YBP 95% HPD),
which is fairly in agreement with previous estimates of the MRCA for this lineage (Kay

et al. 2015).
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4.5 Discussion

The aim of this study was to recover ancient MTBC genomes from North
American pre- and post-contact era archaeological sites to determine the type of pre-
contact MTBC lineages prevalent in this region and to assess how rapidly these were
replaced by European-origin M. tuberculosis strains. Despite screening 66 individuals,
none of the pre-contact era samples showed sufficient MTBC DNA preservation to
enable genome reconstruction. However, nearly-complete M. tuberculosis genomes were
recovered from five post-contact era individuals. These ancient M. tuberculosis strains
were found to belong to M. tuberculosis L4 (Euro-American lineage) confirming they

were brought to the Americas after European contact.

Archaeological context of the post-contact era North American M. tuberculosis
strains
Cheyenne River Village, South Dakota

Individual AD12 belonged to the Cheyenne River Village (39ST1) site, in
Arikara, South Dakota (Figure 12). European contact with the Arikara has been
documented from 1706 CE onwards (Jantz and Owsley 1994). Initially, the Arikara
benefitted from European contact due to establishment of trade relations leading to
increased prosperity; however ultimately, disease transmission from Europeans to the
Arikara decimated their numbers (Lawrence et al. 2010). Several disseminated skeletal

TB cases have been identified from Arikara sites (Palkovich 1981).
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Out of these, the Cheyenne River Village site is located on the right bank of the Missouri
River in South Dakota and has been attributed to the later Bad River 2 phase of the post-

contact Coalescent tradition (1770-1790 CE) (Jantz 1972).

Highland Park, New York

Individual AD128 belonged to the skeletal collection excavated from Highland
Park cemetery in Rochester, New York (Figure 12). The cemetery comprised the burials
of European-origin individuals of low socio-economic status who died in the Monroe

County Poorhouse between 1826 and 1863 CE (Steegman 1991).

? 2 Highla
Chpeyenne River Park
Village

Figure 12. Map showing the Cheyenne River Village and Highland Park Archaeological

Sites.

Native Alaskan archaeological sites
Individuals AD340, AD344, and AD351 belonged to the Native Alaskan post-

contact era sites of St. Michael, Old Hamilton, and Ekwok, respectively (Figure 13). St.
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Michael is located on the east coast of St. Michael Island in Norton Sound. It was the
northernmost Russian settlement in Alaska and comprised a Russian trading post that was
built in the 19™ century (Griffin 1996). The site of Old Hamilton is located near St.
Michael and was an Eskimo village (called Aunguamut). It served as a landing area and
supply station for the early riverboats (Griffin 1996; Orth 1971). Lastly, Ekwok is located
farther away from the coast, along the Nushagak River, and is the oldest continuously

occupied Yup'ik Eskimo village on the river.
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Figure 13. Map showing the Locations of St. Michael, Old Hamilton, and Ekwok in

Alaska.

Radiocarbon dating analyses
The Cheyenne River Village site has been dated to 1750-1775 CE (Jantz and
Owsley 1994). The Highland Park cemetery was used for burials between 1826-1863 CE

(Steegman 1991). As these sites have compact date ranges, samples AD12 and AD128
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were not radiocarbon dated. Instead, the dates mentioned here were directly used in the
dating analyses.

Vertebral body fragments of AD340, AD344, and AD351 were sent to Beta
Analytic Inc., for radiocarbon dating and nitrogen stable isotope analyses. However,
these samples posed a problem for radiocarbon dating because the diet of the individuals
at these sites had a large marine component comprising marine mammals, birds, ocean
and anadromous fish, and marine invertebrates (McCartney and Veltre 1999). The marine
diet has been associated with inaccuracies in radiocarbon dating from skeletal elements
due to the ‘Old Carbon’ effect (Stuiver, Pearson, and Braziunas 1986). This occurs due to
upwelling of **C-depleted deep water which can result in marine organisms having **C
ages 600-1000 years older than the apparent ages of terrestrial material. A regional
correction (AR) was estimated using the proportion of marine food in the diet for all three
individuals, as given in (Arneborg et al. 1999). OxCal v4.3.1 (Bronk Ramsey 2009) was
used to determine a mixed marine/terrestrial calibration curve based on these proportions

and to calibrate the radiocarbon dates (Table 7).
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Table 7. Radiocarbon Dating Analyses for Alaskan Samples

Sample Conventional Marine protein Dates cal AD (95%
Site d15N  di13C AR
No. radiocarbon age contribution (%) probability)
St. 486 + 54
AD340 +184 -15.9 640 + 30 BP 60 1643-1953
Michael years
old 486 + 54 1681-1782 (28%) and
AD344 +15.8 -155 470 £30BP 64.7
Hamilton years 1793-1950 (68%)
242 +50
AD351 Ekwok +13.4  -16.9 390 + 30 BP 48 1679-1950

years

For all three samples, bone elements were used for radiocarbon dating.

Distribution of L4 sublineages in post-contact era and modern North America
Modern L4 sublineages in North America

Currently, the majority of M. tuberculosis L4 strains prevalent in the US belong to
sublineages L4.1.2, L4.3, and L4.10, whereas sublineages L4.1.1 and L4.4 are found at
intermediate frequencies, and L4.5 is found very rarely (Stucki et al. 2016). In Canada,
sublineages L4.1.2, L4.3, and L4.10 are dominant, whereas L4.1.1 and L4.4 are prevalent
at intermediate frequencies, and L4.2 and L4.6 are found very rarely (Stucki et al. 2016;
Lee et al. 2015; Pepperell et al. 2011). Recent studies have shown that the Canadian fur
trade between 1710 to 1870 is known to have caused the spread of M. tuberculosis
DS6UP*_type strains (Nguyen et al. 2004; Nguyen et al. 2003) from European fur
traders to the Aboriginal populations living in Ontario, Saskatchewan, and Alberta

(Pepperell et al. 2011).
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Prevalence of H37Rv-like M. tuberculosis strains in 19" century New York

Strain AD128 (Highland Park) belongs to L4.10, which is one of the major
sublineages prevalent in North America today and also has a widespread dispersal all
over the world. Within L4.10, strain AD128 is closely related to strain H37Rv and the
two strains diverged about 342 YBP. Strain H37Rv was first isolated in 1905 from a
patient in the US (Steenken and Gardner 1946). PCR-based analyses have suggested that
H37Rv-like strains were prevalent in continental Europe in the 16"-18" centuries and
were geographically dispersed in the 18™-19" centuries in Britain (Mdiller, Roberts, and
Brown 2014). Thus, our analyses suggest that H37Rv-like strains were brought to the US
sometime in the past 350-400 years and may have been prevalent among European-origin

individuals especially belonging to the lower socioeconomic classes.

Introduction of DS6%***°-lineage M. tuberculosis strains to Arikara populations due to
the fur trade

Strain AD12 (Cheyenne River Village, Arikara) belongs to L4.4, which is found
in intermediate frequencies in North America, but more frequently in China, southeast
Asia, and Australia as well as in certain countries in Europe and Africa (Stucki et al.
2016). Within this sublineage, strain AD12 is closely related to modern L4.4 strains
containing the DS6%"***° deletion; these include strains from Canada, Russia, Germany,
UK, Nepal, and Uganda. L4.4 also comprises strains from Vietnam; however, these do
not show the DS6U* deletion (Figure 14). The DS62“®**® strains are thought to have
been introduced to Quebec, Canada, by European fur traders in the 17"-18" centuries.
Further dispersal of these strains to Aboriginal populations in Canada likely occurred
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between 1730-1870 due to the westward expansion of the fur trade and through social
contact (Pepperell et al. 2011). Our results suggest that these DS6"**° strains were also
introduced to the Arikara peoples of South Dakota by the mid-18" century likely through

contact with European fur traders.
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Figure 14. Position of the DS62"***° Deletion within the M. tuberculosis Lineage 4
Strains. The deletion is found in strains belonging to sublineage L4.4 as defined by Coll
et al. (2014). The ML tree shown here is the same as that in Figure 10, except that certain

sublineages have been collapsed to save space.
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Introduction of Russian M. tuberculosis strains to Native Alaskan populations

Strains AD340 (St. Michael) and AD351 (Ekwok) belong to sublineage L.4.2.1
(known as the Ural sublineage) and are closely related to modern strains of Russian
origin. A recent study of nearly 1000 modern Russian M. tuberculosis strains revealed
that the L4 sublineages prevalent in the country include L4.1.2, L4.3, L4.2.1, and
L4.4.1.1 (Casali et al. 2014). L.4.2.1 strains are mostly prevalent in modern-day Russia
and China and to a lesser extent in certain countries in Africa and Europe (Stucki et al.
2016).

Russian contact with the Native Aleut began around 1741 (Smith and Veltre
2010) and expanded considerably due to the demand for fur and sea otter pelts. The fur
trade played a vital role in the development of Siberia, the Russian Far East and the
Russian colonization of the Americas. Tuberculosis deaths among the Aleut were
documented as early as 1770 (Fortuine 1989; Fortuine 2005). Strains AD340 and AD351
last shared a common ancestor about 500 years ago. Thus, our analyses support the
introduction of Russian-origin M. tuberculosis strains were introduced to the Alaskan
populations in the latter half of the 18" century.

The AD344 strain (Old Hamilton) belongs to sublineage L4.5 but lies on
its own branch within this sublineage. Interestingly, the Old Hamilton and St. Michael
strains are not closely related, despite the geographic proximity of these sites. Strains
from sublineage L4.5 have been isolated from Middle Eastern and East Asian countries
including Iran, China, and Vietnam, but this sublineage is rarely found in the Americas or

Russia (Stucki et al. 2016).
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However, only a few L4.5 genomes have been sequenced. Genome data for more
L4.5 strains may help clarify the origins and phylogenetic relationships of strain AD344

within L4.5.

M. tuberculosis strains in post-contact era and modern-day Alaska

Interestingly, all post-contact era Native Alaskan L4 strains belong to sublineages
that are not commonly found in North America today. Today, Alaska ranks first among
the US states in terms of TB incidence. In 2015, the number of reported TB cases was 68,
which is equivalent to a case rate of 9.2 per 100,000 individuals and is significantly
higher than the rest of the US (3 per 100,000) (Department of Public Health and Social
Services, State of Alaska, 2015). Modern M. tuberculosis strains from Alaska have been
genotyped using epidemiological techniques used for detection of TB cases, such as
using spoligotyping and MIRU-VNTR. However, to the best of our knowledge, these
modern Alaskan TB strains have not been classified using the SNP-based typing scheme.

Spoligotype and MIRU-VNTR genotype data cannot be used to ascertain the
SNP-based sublineages due to convergence of spoligotypes and MIRU-genotypes across
different sublineages (Kay et al. 2015; Anderson et al. 2013). Since MTBC strains exhibit
high genetic identity and very less horizontal gene exchange, SNP homoplasies are
extremely rare; hence, SNPs are the ideal phylogenetic markers for pathogens such as the
MTBC (Stucki et al. 2016; Comas et al. 2009). Therefore, this study underlies a need to
obtain SNP-genotype data for M. tuberculosis strains currently prevalent in Alaska,
especially in the geographically isolated areas, so as to determine the relationships
between post-contact era and currently prevalent M. tuberculosis strains in this region.
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4.6 Summary

This is the first study to report post-contact era M. tuberculosis genomes from
North America and underlies the role of the fur trade in the introduction and dispersal of
M. tuberculosis strains in the northern part of North America. This study found that
Russian M. tuberculosis L4 strains were introduced to Native Alaskan populations in the
post-contact era. Secondly, L4 strains belonging to the DS6°"** lineage, which were
dispersed from European fur traders in Quebec to Aboriginal populations, were also
introduced to Arikara populations in South Dakota by the latter half of the 18" century.
Thirdly, M. tuberculosis strains in 19" century New York were found to be of European
origin and similar to the H37Rv strain that was widely prevalent in the UK. Thus, this
study provides evidence for the diversity of L4 strains that were brought to North
America after the 15™ century. Although this study could not recover pre-contact era
North American MTBC genomes, the availability of these in the future coupled with the
post-contact era genomes generated here, will help answer questions about the pattern
and timing of the replacement of the pre-contact M. tuberculosis strains in North

America.
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CHAPTER 5
CONCLUSION

The aim of this dissertation was to answer outstanding questions regarding the
evolutionary histories of the pathogens causing leprosy and TB, two diseases that have
afflicted human populations for millennia and continue to be a major public health
concern in developing countries (WHO 2016a, WHO 2016b). An important factor behind
the continued incidence of leprosy and TB in developing countries is the persistence and
propagation of the pathogens in reservoir hosts. In countries such as the US, where
leprosy is not a public health concern, the majority of leprosy cases in native-born
individuals, are due to zoonotic transmission from armadillos which serve as reservoir for
M. leprae (Truman et al. 2011). Furthermore, recent research has shown that a severe
form of leprosy is caused by a novel bacterial species M. lepromatosis (Han et al. 2008)
and red squirrels serve as a reservoir for M. leprae and M. lepromatosis at least in the UK
(Avanzi et al. 2016).

The aim of Chapter 2 was to assess whether nonhuman primates may serve as a
reservoir for M. leprae. To test this hypothesis, M. leprae genomes from three naturally
infected nonhuman primates were sequenced using whole-genome enrichment and next-
generation sequencing technology. Phylogenetic analyses suggest that nonhuman
primates may acquire M. leprae from humans as well as transmit M. leprae strains
between themselves. A novel M. leprae sublineage was discovered, which might be
specific to nonhuman primates in Africa. However, the lack of genomic data for human
M. leprae strains especially from Africa, where leprosy is endemic in several countries,
prevents us from conclusively determining whether this sublineage is restricted to
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nonhuman primates or is also prevalent in humans. As part of this study, wild nonhuman
primate populations from Madagascar and Uganda were screened for the presence of M.
leprae and other mycobacterial pathogens; however, they tested negative. Nonetheless,
this study underlies a need for conducting broad phylogeographic screenings of
nonhuman primates, especially in countries where leprosy is endemic. Future studies on
the prevalence of M. leprae and M. lepromatosis in nonhuman hosts have important
implications for leprosy eradication and wildlife conservation strategies.

In Chapter 3, the genome of M. lepraemurium, the causative agent of murine
leprosy, was sequenced and annotated. The aim of this study was to test the hypothesis
that M. lepraemurium, which infects mice, rats, and cats, might be closely related to the
pathogens causing human leprosy. Phylogenetic analyses confirmed that M.
lepraemurium is not closely related to M. leprae or M. lepromatosis; rather, it is a distinct
species within the MAC. Despite its lack of phylogenetic proximity to M. leprae and M.
lepromatosis, M. lepraemurium is undergoing reductive evolution similar to that found in
these two species. Reductive evolution has been thought to occur primarily due to a
change in lifestyle of a microorganism such as from a free-living to a host-associated life
or from a wide host range to a specific host (Gomez-Valero et al. 2007). These changes in
lifestyle may produce a relaxation of the natural selection pressure, resulting in
individuals accumulating detrimental or loss-of-function mutations. Based on the results
of this study, it can be hypothesized that the M. lepraemurium progenitor underwent an
evolutionary bottleneck (possibly a host switch) and after adapting to this new lifestyle

started losing the functionality of the majority of genes required for survival outside of its
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host. However, M. lepraemurium seems to have retained the functionality of most of the
genes required for virulence in MAC species.

In Chapter 4, 66 individuals from the North American archaeological record
showing symptoms characteristic of skeletal TB were screened for the presence of MTBC
DNA. The aim of this study was to recover MTBC genomes from pre- and post-contact
era North America to determine the types of pre-contact era strains present and to assess
the timing of their replacement by European-origin M. tuberculosis L4 strains. Previous
research from this laboratory showed that zoonotic transmission from pinnipeds (such as
seals) introduced MTBC strains to the coastal areas of Peru during pre-Columbian times
(Bos et al. 2014). The recovery of MTBC genomes from pre-contact era North American
sites could not be achieved in this study, likely due to lack of preservation of MTBC
DNA in these individuals. However, this study is ongoing in the laboratory and the
availability of these data in future will help clarify how far the seal-derived MTBC strains
were dispersed throughout the Americas as well as whether other types of MTBC strains
were introduced during pre-contact times. Five post-contact era M. tuberculosis genomes
from South Dakota, Alaska, and New York were analyzed. Phylogenetic analyses suggest
M. tuberculosis L4 strains were introduced from multiple sources to Native Alaskan
populations. The post-contact era Alaskan strains are related to modern M. tuberculosis
strains commonly found Russia and south-east Asia. Secondly, strains belonging to the
DS6°U* [ineage, which were introduced to Native populations of Canada by European
fur traders (Pepperell et al. 2011), were also prevalent in the native populations of South
Dakota. Interestingly, the post-contact era Alaskan strains do not comprise the L4
sublineages that are commonly found in Canada or the US today. Since Alaska has a
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disproportionately higher number of TB cases as compared to the continental US, future
work on this ongoing study could include generating whole-genome data for modern
Alaskan M. tuberculosis strains so as to place these in a phylogenetic context with the
post-contact era Alaskan strains. These data will help determine whether the post-contact
era L4 sublineages continue to persist in Alaska today or whether they have been
replaced by other L4 sublineages commonly found in the Americas. Lastly, M.
tuberculosis strains in 19th century New York were found to be of European origin and
similar to the H37Ryv strain that was highly prevalent in the UK (Muller, Roberts, and
Brown 2014). Thus, this study provides evidence for the diversity of L4 strains that were
brought to North America post-contact.

In summary, this dissertation has enhanced our understanding of how the
pathogens causing leprosy and TB have evolved over time. This work also helped assess
the prevalence of these pathogens in nonhuman hosts, which will help identify reservoir
hosts and inform us about the strategies necessary to control these diseases in highly

endemic regions.
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APPENDIX A
SUPPLEMENTARY TABLES FOR CHAPTER 2 (TABLES S1 — S2)

Consult Attached Tables using Microsoft Excel.
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APPENDIX B
LIST OF POSITIONS IN THE M. LEPRAE GENOME EXCLUDED FROM THE
PHYLOGENETIC ANALYSES

Consult Attached File using a Text Editor or Microsoft Excel.

123



APPENDIX C

SUPPLEMENTARY FIGURES FOR CHAPTER 2 (FIGURE S1).

124



S$15 (New Caledonia)

0.87| - Ch4 (Sierra Leone)
%{ - SM1 (West Africa)

! $13 (Mali)

0. r‘{ - Br4923 (Brazil)
1 Branch 4 $14 (Mali)

1 ~ Jorgen625 (Denmark)
1 . . Brl 5-20 (UK)

0.86| - NHDP63 (USA)
4{1 Branch 3 K2 (UK)

ey 3077 (Sweden)

....... ~we Refshale16 (Denmark)
SK8 (UK)

TN (India)

Thai53 (Thailand)

S2 (Antilles)

M. lepromatosis |

Airaku3 (Japan)
S$11 (India)
- Kyoto2 (Japan)
! 510 (China)
oer CM1 (The Philippines)

Branch
1 s - §9 (New Caledonia)

Branch 1

6.0E-5 substitutions per site

Figure S1. Neighbor Joining tree of all M. leprae strains based on an alignment
comprising 233,509 genome-wide SNPs. M. lepromatosis was used as the outgroup to
root the tree. The tree was built using the p-distance method. Bootstrap support estimated
from 1,000 replicates is given on each branch. The five M. leprae branches are
highlighted. The nonhuman primate M. leprae strains sequenced in this study are denoted

in red. Geographic origin is given next to the name of each strain.
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APPENDIX D

SUPPLEMENTARY TABLES FOR CHAPTER 3 (TABLES S3 — S5)
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Table S3. Publicly available mycobacterial genomes used for phylogenetic analyses

Species NCBI Accession Number
M. avium subsp. hominissuis TH135 AP012555.1

M. avium subsp. paratuberculosis K10 NC_002944.2

M. avium subsp. avium 104 NC_008595.1

M. marseillense DSM 45437 MYVHX00000000.1
M. timonense CCUG 56329 MV1L00000000.1
M. arosiense DSM 45069 MVHG00000000.1
M. chimaera AH16 CP012885.2

M. colombiense CECT 3035 CP020821.1

M. indicus pranii MTCC 9506 NC_018612.1

M. intracellulare ATCC 13950 NC 016946.1

M. leprae TN AL450380.1

M. lepromatosis Mx1-22A JRPY01000001

M. tuberculosis H37Rv NC_000962.3

M. marinum E11 HG917972.2

M. ulcerans Agy99 CP000325.1

M. abscessus NC_010397.1
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Table S4. M. lepraemurium - specific genes

Locus tag Description Functional
MLM_0980 FAD-binding mono-oxygenase Protein-coding
MLM_0981 TetR family transcriptional regulator Protein-coding

Helix-turn-helix XRE-family transcriptional
MLM_1065 Pseudogene
regulator
MLM_1066 Hypothetical protein Protein-coding
MLM_1327 Putative extradiol dioxygenase Protein-coding
MLM_1462 Uncharacterized protein Pseudogene
MLM_1829 Restriction endonuclease Pseudogene
MLM_1829A Hypothetical protein Protein-coding
MLM_2063 Short-chain dehydrogenase Pseudogene
MLM_2065 Putative short-chain dehydrogenase Pseudogene
MLM_2701 Putative LysR-family transcriptional regulator Protein-coding
MLM_2702 Hydroxymethylglutaryl-coA lyase Protein-coding
MLM_2703 Acyl dehydratase Protein-coding
MLM_2704 4-hydroxybutyrate:acetyl-coA coA transferase Protein-coding
MLM_2705 Pyruvate oxidase Protein-coding
MLM_2706 Nitroreductase Protein-coding
MLM_3070 Uncharacterized protein Pseudogene
MLM_3071 Uncharacterized protein Pseudogene
MLM_3074 Uncharacterized protein Pseudogene
MLM_3077 DUF58 domain-containing protein Pseudogene
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MLM_3078
MLM_3079
MLM_3080
MLM_3300
MLM_3510
MLM_3526

MLM_3527

Mobile element protein
moxR-like ATPases
Uncharacterized protein
Fic family protein
Uncharacterized protein
Uncharacterized protein

Uncharacterized protein

Pseudogene
Pseudogene
Pseudogene
Protein-coding
Pseudogene
Pseudogene

Pseudogene
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Table S5. mmpS and mmpL genes in M. lepraemurium

Locus tag Description Functionality
MLM_2755 mmpS1 Protein-coding
MLM_3163 mmpS2 Protein-coding
MLM_1982 mmpS3 Protein-coding
MLM_2607 mmpS4 Protein-coding
MLM_3862 mmpS protein homologous to MAH_4110 Protein-coding
MLM_3920 mmpS protein homologous to MAH_4169 Protein-coding
MLM_0064 mmpS protein homologous to MAH_0105 Pseudogene
MLM_3086 mmpS protein homologous to MAP_3050c Pseudogene
MLM_3085 mmpL2 Pseudogene
MLM_0413 mmpL3 Protein-coding
MLM_0065 mmpL4 Pseudogene
MLM_2756 mmpL4 Protein-coding
MLM_2609 mmpL4_2 Protein-coding
MLM_2608 mmpL4_3 Protein-coding
MLM_3919 mmpL4_6 Pseudogene
MLM_3861 mmpL4 7 Pseudogene
MLM_2999 mmpL5 Pseudogene
MLM_3511 mmpL5 Pseudogene
MLM_3164 mmpL6 Pseudogene
MLM_2750 mmpL10 Protein-coding
MLM_0409 mmpL11 Protein-coding
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MLM_1218
MLM_2843
MLM_3116

MLM_4004

mmpL13
mmpL protein homologous to MAH_1462
mmpL protein homologous to MAH_3317

mmpL protein homologous to MAH_4604

Pseudogene
Pseudogene
Pseudogene

Pseudogene
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APPENDIX E

SUPPLEMENTARY FIGURES FOR CHAPTER 3 (FIGURES S2 — S3)
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Figure S2. Maximum-Parsimony tree of M. lepraemurium and other mycobacterial

species. M. abscessus was used as the outgroup to root the tree. The tree was based on

460,625 variable nucleotide sites and built using the SPR algorithm. Bootstrap support

estimated from 500 replicates is given below each branch. Species belonging to the M.

avium complex are highlighted in blue and M. lepraemurium is denoted in red.
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Figure S3. Neighbor-Joining tree of M. lepraemurium and other mycobacterial species.

M. abscessus was used as the outgroup to root the tree. The tree was based on 460,625

variable nucleotide sites and built using the p-distance method. Bootstrap support

estimated from 500 replicates is given below each branch.

Species belonging to the M.

avium complex are highlighted in blue and M. lepraemurium is denoted in red.
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APPENDIX F
SUPPLEMENTARY TABLES FOR CHAPTER 4 (TABLES S6 — S10)

Consult Attached File using Microsoft Excel.
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APPENDIX G

SUPPLEMENTARY FIGURES FOR CHAPTER 4 (FIGURES S4 — S11)
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Figure S4. Histograms of SNP allele frequency distributions for heterozygous SNPs
called in the unfiltered dataset.

Heterozygous SNPs were called if the SNP allele was covered by 10 - 90% of reads. The
x axis denotes the frequency of reads covering the SNP allele (given in percentage) and

the y axis denotes the number of SNP calls corresponding to the particular frequency.
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Figure S5. Histograms of SNP allele frequency distributions for heterozygous SNPs

called in the filtered dataset.

Heterozygous SNPs were called if the SNP allele was covered by 20 - 90% of reads. The

x axis denotes the frequency of reads covering the SNP allele (given in percentage) and

the y axis denotes the number of SNP calls corresponding to the particular frequency.
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Figure S6. DNA damage patterns for AD12 (enriched non-UDG treated library).

a) Average base frequencies at positions within individual reads (grey box) flanked by all
calls from reads in neighboring sequences. b) Frequencies of specific base substitutions at
specific positions near the 5’-end (left) and 3’-end (right) occurring within reads. C-to-T

changes are indicated by the red line and corresponding G-to-A changes by the blue line.
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Figure S7. DNA damage patterns for AD340 (enriched non-UDG treated library).

a) Average base frequencies at positions within individual reads (grey box) flanked by all
calls from reads in neighboring sequences. b) Frequencies of specific base substitutions at
specific positions near the 5’-end (left) and 3’-end (right) occurring within reads. C-to-T

changes are indicated by the red line and corresponding G-to-A changes by the blue line.
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Figure S8. DNA damage patterns for AD344 (enriched non-UDG treated library).
Average base frequencies at positions within individual reads (grey box) flanked by all
calls from reads in neighboring sequences. b) Frequencies of specific base substitutions at
specific positions near the 5’-end (left) and 3’-end (right) occurring within reads. C-to-T

changes are indicated by the red line and corresponding G-to-A changes by the blue line.
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Figure S9. DNA damage patterns for AD351 (enriched non-UDG treated library).

a) Average base frequencies at positions within individual reads (grey box) flanked by all
calls from reads in neighboring sequences. b) Frequencies of specific base substitutions at
specific positions near the 5’-end (left) and 3’°-end (right) occurring within reads. C-to-T

changes are indicated by the red line and corresponding G-to-A changes by the blue line.
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Figure S10: Maximum Parsimony tree of MTBC strains built using 9,775 variable

nucleotide positions across 98 M. tuberculosis L4 strains. The tree was generated using

the SPR algorithm and bootstrap support was estimated from 500 replicates. The M.

tuberculosis L4 strains are color-coded by sublineages; certain sublineages are collapsed

to save space. The ancient North American L4 genomes sequenced in this study are

shown in red.
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Figure S11: Neighbor Joining tree of MTBC strains built using 9,775 variable nucleotide
positions across 98 M. tuberculosis L4 strains. The tree was generated using the p-
distance method and bootstrap support was estimated from 500 replicates. The M.
tuberculosis L4 strains are color-coded by sublineages; certain sublineages are collapsed
to save space. The ancient North American L4 genomes sequenced in this study are

shown in red.
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