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ABSTRACT

Leprosy, or Hansen’s disease, is often relegated to antiquity, yet it remains a
modern public health concern with around 200,000 new cases reported annually around
the world (World Health Organization, 2023). Most leprosy cases in humans are caused
by Mycobacterium leprae, but a small number of cases are now known to be caused by
Mycobacterium lepromatosis, which is found mostly in Mexico and the Caribbean (Han
et al., 2008; 2012). Recent work has improved our understanding of the pattern of
genomic variation in M. leprae strains, however certain regions remain understudied.
Additionally, ongoing surveillance has identified pockets of hyperendemicity, which
could act as hotspots for the spread of drug-resistant strains. Despite increased
surveillance, there has been limited genomic research in regions like the Pacific and few
surveys incorporating a broad species range in endemic areas. To address this, M. leprae
genomes were isolated from clinical formalin-fixed, paraffin-embedded (FFPE) samples
from the Pacific Islands and used in phylogenetic and phylogeographic analyses. 21
novel M. leprae strains from these samples were sequenced and dating analyses
determined that M. leprae strains have been circulating in the Pacific since the original
peopling of the region. Furthermore, recent radiation events among the Pacific Islands, as
well as a rise in drug-resistant M. leprae strains, were identified and described.
Additionally, a survey of animals in an endemic state in Brazil resulted in the first M.
leprae genome isolated from a big cat. This body of research leverages genomic data to
characterize novel diversity of M. leprae strains, identify drug-resistant strains in these
regions, and determine how this pathogen spreads through space and time. The results of



this work will aid in our understanding of the history of leprosy and improve public

health responses to this disease.
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CHAPTER 1
INTRODUCTION

1.1 Background

Leprosy, also known as Hansen’s disease, is an infectious disease caused by the
obligate, intracellular pathogens Mycobacterium leprae and the more recently discovered
Mycobacterium lepromatosis (Han et al., 2012; 2008). Although M. leprae strains are
widely dispersed, M. lepromatosis has been identified mostly in the Caribbean and
Mexico, with isolated cases reported in Singapore and Canada (Vera-Cabrera et al., 2011;
Jessamine et al., 2012). Leprosy is a neglected tropical disease, so defined by an outsized
impact on impoverished countries, its presence in the tropics, the potential for stigma or
lack of access to treatment, and less research or money going towards eradication
(Jayashankar et al., 2024). There are around 200,000 new cases of leprosy reported each
year, with the highest case numbers in India, Brazil, and Indonesia (WHO, 2023).
Leprosy damages peripheral nerves and, if left untreated, can cause blindness, limb

deformities, and death (WHO, 2023).

Although the mechanism of leprosy transmission is not fully understood, the most
likely route is through droplets during coughing or sneezing, as well as via skin-to-skin
contact (Avanzi et al., 2020c). The clinical presentation of the disease is described by the
Ridley-Jopling classification system, which depends on the individual’s cell-mediated
immune response and spectrum of symptoms (Ridley & Jopling, 1966). The classification
system ranges from tuberculoid, which consists of a small number of lesions and a low
bacillary load, to lepromatous, which involves numerous infiltrated lesions, more

significant nerve damage, and a higher bacillary load (Britton, 1993). Borderline cases
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exist on a spectrum between tuberculoid and lepromatous leprosy. The WHO has also
recommended an additional classification system based on bacillary load, from
paucibacillary to multibacillary (WHO, 2017). The paucibacillary and multibacillary
classifications correlate with the two ends of the Ridley-Jopling system, from tuberculoid

to lepromatous.

1.2 Molecular Biology and Genetics of Causative Agents

M. leprae is a slow-growing, Gram-positive, and acid-fast bacillus, which is
around 1-8 um long and has a diameter of 0.3 um (Draper 1983). It is nonmotile and non-
spore-forming, with straight or slightly curved rods (Scollard et al., 2006). A major lipid
in the cell wall is phenolic glycolipid-1 (PGL-1), which is important for serological
diagnosis via the detection of IgM antibodies in humans (Scollard et al., 2006; Stefani,
2008). Furthermore, M. leprae displays strong tropism towards Schwann cells and
macrophages and grows very slowly, with a doubling time of 14 days. (Scollard et al.,
2006). Although M. leprae cannot be cultivated in traditional media, it can be grown in
mouse-footpads and nine-banded armadillos (Dasypus novemcinctus) (Stefani, 2008).

Microbiological analysis of M. lepromatosis has not been performed to the same extent.

Genomic Diversity and Categorization

The genome of M. leprae is compact, at ~3.27 Mb, and has undergone significant
reductive evolution with nearly half of the genome’s length made up of pseudogenes
(Cole et al., 2001). The genomic diversity among M. leprae strains is relatively low—
there are around 300 single-nucleotide polymorphisms (SNPs) differentiating among

geographically distant strains (Monot et al., 2009; Schuenemann et al., 2018). M. leprae
2



genomes are grouped by shared informative SNPs and variable number tandem repeats
(VNTRS) into four SNP types and 16 SNP subtypes (1 — 4 and A — P, respectively)
(Monot et al., 2005; 2009). More recently, phylogenies generated from whole genome
data have been used to define six branches (branches 0 —5), although branch 1 and the
paraphyletic branch 2 belong to the same clade (Benjak et al., 2018; Schuenemann et al.,
2013; 2018). The branches and SNP types have strong geographic associations, with
branch 0 primarily found in Eastern Asia and the Pacific, branch 1 largely in Southern
and Eastern Asia, branch 2 in the Near East and South Asia, branch 3 in the Americas,
branch 4 in West Africa and South America, and branch 5 in the Pacific Islands (Benjak

et al., 2018; Monot et al., 2009; Schuenemann et al., 2018).

M. leprae and M. lepromatosis diverged an estimated 13.9 Mya, which was likely
after a significant amount of reductive evolution in the ancestral lineage had occurred
(Han et al., 2012; Singh et al., 2015). The M. lepromatosis genome is small (~3.3 Mb)
and shares 93% nucleotide sequence identity in coding regions and 82% pseudogene
nucleotide sequence identity with M. leprae (Singh et al., 2015). Between 20-40% of
leprosy cases reported in Mexico are due to M. lepromatosis and, of those, cases
involving coinfection with both causative agents have been reported (Avanzi et al.,

2020c; Singh et al., 2015).

Intrahost Diversity

The study of intrahost diversity in M. leprae reveals genomic variation within
individual hosts, however most research is limited to comparing SNP and VNTR

differences between different sample types from the same individual (Lima et al., 2016;
3



Tio-Coma et al., 2020a). Longitudinal studies on leprosy are challenging, because there
may not be enough variation for differentiation when only SNP types are analyzed over
time. Additionally, minimally invasive sampling methods like slit-skin smears and nasal
swabs are easier to collect but contain less bacterial DNA compared to tissue biopsies,
which provide more genomic material (Avanzi et al. 2020c). Despite these barriers to
intrahost studies, research comparing SNP and VNTR types across different sample types
has shown some differences, suggesting the presence of different strains within one host
(Lima et al., 2016; Tio-Coma et al., 2020a). Furthermore, Avanzi et al. (2020c) suggest
that nasal swabs may capture passive carriage of M. leprae from individuals in close
contact with leprosy patients. Araujo et al. (2016) observed that while nasal carriage of
M. leprae was not predictive of disease onset, seropositivity and blood presence increased
the risk of leprosy among individuals living with leprosy patients, highlighting the need
for further exploration of intrahost dynamics and disease risk analysis. These findings
underscore the complexity of leprosy infections and the hidden genetic diversity within
hosts, posing challenges for traditional phylogenetic studies and the development of
effective treatment strategies. Understanding these dynamics is crucial for managing drug

resistance and improving leprosy control efforts.

1.3 Epidemiology and Spillover of M. leprae

M. leprae is difficult to study due to the pathogen's unculturable nature and low
genetic diversity, particularly when focusing solely on SNP/VNTR typing (Hall &
Salipante, 2010). There is a growing body of work devoted to characterizing the
molecular epidemiology of M. leprae, with the goal of understanding transmission routes

4



and predicting community disease risk (Avanzi et al. 2020c; Hall & Salipante, 2010).
There is clearly a higher risk for leprosy among household contacts and those in close
proximity to active cases (Romero-Montoya et al., 2017; Araujo et al., 2016), though
multiple strains may coexist within households or communities in hyperendemic areas
(Avanzi et al., 2016a). In addition to more abiotic factors, such as proximity, genetic
susceptibility also plays a large role in disease risk (Das et al., 2020). Transmission risk is
further complicated by the long incubation period of leprosy, which lasts around 3-10

years, although it can last up to 30 years (Avanzi et al., 2020c).

In addition to humans, M. leprae has also been detected in naturally infected nine-
banded armadillos (D. novemcinctus) (Sharma et al., 2015; Truman et al., 2011), six-
banded armadillos (Ephractus sexcinctus) (Frota et al., 2012), British red squirrels
(Sciurus vulgaris) (Avanzi et al., 2016Db), captive but wild-born non-human primates,
including Pan troglodytes, Macaca fasicularis, and Cercocebus atys (Honap et al., 2018),
and wild populations of western chimpanzees (Pan troglodytes verus) (Hockings et al.,
2021). M. lepromatosis has also been isolated and characterized from British red squirrels
(Avanzi et al., 2016b), but has yet to be isolated from other non-human hosts. Modern
animal strains for M. leprae largely correspond to the SNP types of human strains
circulating in the same region (Honap et al., 2018; Ploemacher et al., 2020; Sharma et al.,

2015).

Spillover of leprosy to and from animals is an ongoing public health concern that
is listed as a barrier to eradication in the WHO Global Hansen’s Disease Strategy 2021-

2030 (WHO, 2023). An estimated two thirds of autochthonous cases of leprosy in
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humans in the United States are armadillo-associated strains (Sharma et al., 2015). Brazil
has also seen direct animal transmission from armadillos, with da Silva et al. (2018)
identifying spillover in communities that hunt and consume the animals. Although similar
direct transmission has not been seen between other animals and humans, ongoing
surveillance in animal populations in endemic regions of leprosy will further clarify the

role natural animal reservoirs play in disease prevalence (Ploemacher et al., 2020).

A wide array of alternative vectors for M. leprae has been investigated, including
in free-living amoeba (Wheat et al., 2014), kissing bugs (da Silva Neumann et al., 2016),
and ticks (Ferreira et al., 2018). Although M. leprae can remain viable in these organisms
for a short length of time, there is little evidence to support transmission via these
vectors. Viable M. leprae has also been identified in soil samples outside of households
with active infections (Lavania et al., 2008, Turankar et al., 2016; 2022). Additionally, M.
leprae may persist in water sources near communities with active infections (Mohanty et
al., 2016). As with the potential vectors, more work is needed to interrogate the risk of

transmission and length of M. leprae viability in the environment.

1.4 Leprosy in History and Modern Challenges

Identification of leprosy in skeletal remains can be difficult as distinguishing
characteristics of the disease, such as truncation of the phalanges and metacarpals or
changes in the rhinomaxillary region, may also be caused by syphilis or various types of
joint diseases (Donoghue et al., 2015). Despite this difficulty, well-supported osteological
evidence for leprosy has been identified as early as 2000 BCE at the Balathal site in

India, with textual references in the region beginning in 600 BCE (Robbins et al., 2009).
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Other skeletal evidence has been found extensively in Europe, including some of the
earliest cases dating to 400 BCE in modern day Italy (Mariotti et al., 2005) and around
400 CE in UK sites (Donoghue et al., 2015). Beyond Europe and the Near East, skeletal
remains with signs of leprosy have been identified in Southeast Asia, which date to
around 300 to 200 BCE (Tayles & Buckley, 2004) and later in Japan between 1400 to
1700 CE (Suzuki et al., 2014). Potential evidence for leprosy in the Pacific Islands has
been found in the Mariana Islands, dating to around 800 CE, however these remains only

exhibit the destruction of the metatarsals, metacarpals, and phalanges (Trembly, 1995).

The oldest sequenced M. leprae genome dates to the 2nd century BCE and was
isolated from an Egyptian mummy excavated from Abusir el-Meleq, located in Middle
Egypt (Neukamm et al., 2020). Molecular support has also been identified in remains
from the 1st century CE in Jerusalem (Matheson et al., 2009), and more extensive
genome sequencing has focused on remains from 850 CE on in Europe (Schuenemann et
al., 2013; 2018). Schuenemann et al. (2018) proposed two models to explain the high
genetic diversity observed in medieval Europe: either M. leprae originated in Western
Eurasia, or diverse strains with different geographical origins were introduced to Europe
before the Medieval period. There is a bias towards European strains in our current
understanding of ancient M. leprae genomic diversity. Dating methods have revealed that
the most recent common ancestor of all M. leprae strains was circulating between 2000
and 4000 BCE (Hockings et al., 2021; Schuenemann et al., 2018). Branch 0 is the most
basal clade and branch 0 strains are now found in the Pacific Islands, as well as in
skeletal remains from medieval Denmark (Blevins et al., 2020; Schuenemann et al.,

2018).



Effective treatment for leprosy began in the 1940s with dapsone, and the
implementation of multi-drug therapy (MDT) by the WHO in 1982 significantly reduced
the global disease burden (Smith et al., 2017). Despite this, certain countries are still
endemic for the disease, with most new cases occurring in India, Brazil, and Indonesia
(WHO, 2019). Further complicating eradication efforts is the rise of drug resistance in M.
leprae strains. Key genes implicated in resistance to primary drugs in MDT (rifampicin,
dapsone, and ofloxacin) include rpoB, folp1, and gyrA/gyrB (Williams and Gillis, 2012;
Benjak et al., 2018). Cambau et al. (2018) reported that up to 5% of relapsing leprosy
cases worldwide could be linked to emerging drug resistance. Most surveillance is
ongoing in hyperendemic regions, however drug-resistant strains have been identified in
non-endemic regions and require further study (Blevins et al., 2020; Cambau et al., 2018;

Williams and Gillis, 2012).

1.5 Research Scope

Since a significant focus of leprosy in history has been on Europe and the Near
East (e.g., Donoghue et al., 2015 and Schuenemann et al., 2018), there are large gaps in
our understanding of the origin and modern genetic diversity of M. leprae in other
regions. Specifically, the Pacific Islands have very poor representation in the M. leprae
phylogeny and in paleopathological studies. Chapter 2 of this dissertation aims to
determine the timing of the origin of M. leprae into the Pacific, as well as characterize
modern strains circulating among the islands. The former question of origin is of
particular interest as historians trace the presence of leprosy in the Pacific to the 1800s,

due to the appearance of the disease in contemporary public health records and



administrative accounts (Inglis, 2014). Dating analyses of the most basal branches of the
M. leprae phylogeny show that branch 0 - a branch largely represented by strains in the
Pacific - diverged much earlier at around 2000-3000 BP (Schuenemann et al., 2018).
Thus, Chapter 2 addresses this discrepancy by performing phylogenetic and dating
analyses on nine novel strains isolated from the Pacific Islands.

Chapter 3 of this dissertation furthers the goals of Chapter 2 to both sequence
even more M. leprae strains circulating in the Pacific, as well as to characterize the
spatial dynamics and timing of transmission among the islands. These aims are explored
through leveraging novel M. leprae genomes isolated from the Pacific Islands and
phylogeographic approaches to determine how specific strains may have spread. Both
chapters not only enhance our understanding of the modern genomic diversity of M.
leprae but are also the first to characterize the spread of leprosy in the Pacific Islands

using phylogenomic techniques.

Chapter 4 of this dissertation analyzes the spillover risk of animal-associated
strains of M. leprae in Brazil, which has the second highest incidence of new cases
reported each year (WHO, 2023). Although ongoing surveillance has identified M. leprae
strains and spillover in local armadillos (da Silva et al., 2018; Frota et al., 2012), a
broader range of species has not been analyzed beyond PCR-based analyses (Maruyama
et al., 2018). Chapter 4 describes the surveillance of mammals collected from the
Amazonian side of Peru and the state of Mato Grosso in Brazil. A low-coverage genome
of M. leprae was successfully isolated from a puma (P. concolor), which raises intriguing
questions about the potential host range for M. leprae and hidden genomic diversity

present in animal populations.



Ultimately, this dissertation aims to address unknown genetic diversity of M.
leprae by expanding our knowledge of strains circulating in specific regions or species.
Phylogenetic, phylogeographic, and Bayesian approaches are used to quantify this
genetic diversity, as well as to infer the origin and spread of leprosy. The results of this
dissertation have implications for the global health response to leprosy, including an

increased need for surveillance of natural reservoirs and drug resistance.
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CHAPTER 2

EVOLUTIONARY HISTORY OF MYCOBACTERIUM LEPRAE IN THE PACIFIC
ISLANDS

2.1 Abstract

As one of the oldest known human diseases, leprosy, or Hansen’s disease,
remains a public health concern around the world with over 200,000 new cases in 2018.
Most human leprosy cases are caused by Mycobacterium leprae, but a small number of
cases are now known to be caused by M. lepromatosis, a sister taxon of M. leprae. The
global pattern of genomic variation in M. leprae is not well defined. Particularly in the
Pacific Islands, the origins of leprosy are disputed. Historically, it has been argued that
leprosy arrived on the islands during 19th century colonialism, but some oral traditions
and paleopathological evidence suggest an older introduction. To address this, as well as
investigate patterns of pathogen exchange across the Pacific Islands, we extracted DNA
from 39 formalin-fixed paraffin embedded biopsy blocks dating to 1992-2016. Using
whole-genome enrichment and Next-Generation Sequencing, we produced nine M.
leprae genomes dating to 1998-2015 and ranging from 4-63x depth of coverage.
Phylogenetic analyses indicate that these strains belong to basal lineages within the M.
leprae phylogeny, specifically falling in branches 0 and 5. The phylogeographic
patterning and evolutionary dating analysis of these strains support a pre-modern

introduction of M. leprae into the Pacific Islands.
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2.2 Introduction

Leprosy, or Hansen’s disease, is a chronic and progressive infectious disease
caused by the obligate intracellular pathogen Mycobacterium leprae and the more
recently discovered Mycobacterium lepromatosis (Han et al., 2008; 2012). The M. leprae
genome is compact and demonstrates a low level of diversity, with less than 300 SNPs
segregating geographically disparate strains (Schuenemann et al., 2018; Benjak et al.,
2018; Cole et al., 2001). In initial comparative genetic studies, Monot et al. (2005)
compared the reference TN (India) genome sequence to 142 kb of sequence from a
Brazilian strain (Br4923) and found five SNPs; of these, three SNPs were used to identify
and define M. leprae types (SNP types 1-4) in a broader range of strains. Subsequent
comparative analyses resulted in the identification of additional SNP subtypes (A-P)
(Monot et al., 2009) that have been used for broader genotyping studies (e.g., Lavania et
al., 2015; Reibel et al., 2015; Singh et al., 2011).

More recently, phylogenies generated from genome data were used to define six
branches (denoted by 0-5) (Benjak et al., 2018; Schuenemann et al., 2013; 2018). As with
the SNP subtypes, the branches have geographic associations, with branch 0 found
mainly in Eastern Asia, branch 1 found mainly in Southern and Eastern Asia, the
paraphyletic branch 2 found in the Near East and South Asia, branch 3 primarily found in
North and Latin America, branch 4 found mainly in West Africa and South America, and
branch 5 found in the Pacific Islands (Schuenemann et al., 2018; Monot et al., 2009).
Monot et al. (Monot et al., 2009) suggest that the geographic patterning of strains reflects
human migration patterns and trade along early and more modern routes, including the
Silk Road. Despite close geographic associations of branches, new genomic data, and

12



recent work adding to the understanding of ancient genetic diversity (Schuenemann et al.,
2013; 2018), the origin and dispersal of M. leprae is still not well understood.

Leprosy was endemic in many Western Pacific and Pacific Island countries prior
to 2010 (World Health Organization, 2008; 2011). Today, the success of public health
campaigns and effectiveness of multidrug therapy are evident; now most of the Pacific
Islands have prevalence rates below the elimination threshold (WHO, 2016; WHO,
2019). The antiquity of the disease in the region, however, is not well documented by
historical or paleopathological sources. While cases caused by M. lepromatosis have not
been identified in the Pacific Islands, two previously published whole M. leprae genomes
from the region belong to the deepest lineages 0 and 5 (Benjak et al., 2018), and
genotyping studies have identified the presence of all M. leprae SNP types in New
Caledonia (Monot et al., 2005; Reibel et al., 2015). Unfortunately, genomic data are
limited for strains present in the region, precluding a clear understanding of the diversity
and evolutionary history of this pathogen.

Antiquity of M. leprae Globally and in the Pacific Islands

The oldest probable skeletal evidence of leprosy comes from Balathal, India,
dating to 2000 BCE (Robbins et al., 2009), although there is a skeleton from Europe with
possible rhinomaxillary signs of leprosy dating to 1500 years earlier (Kohler et al., 2017).
The oldest written record of leprosy is described in the Suchruta samhita, an Indian text
from around 600 BCE (described in Skinsnes, 1973; Dharmendra, 1947). Later evidence
of leprosy in South-East Asia comes from a skeleton in Thailand, dating to 200 BCE -
300 CE (Tayles & Buckley, 2004). Skeletal and biomolecular evidence of leprosy from
around the first to third century CE has also been identified in Central Asia (Blau &

13



Yagodin, 2005; Taylor et al., 2009). Lack of molecular evidence from these early skeletal
cases, however, makes confirmation of the disease difficult.

More recent discussion of M. leprae population history has focused on entry into
regions, specifically western Eurasia, rather than global patterning. Donoghue et al.
(2015) argue that westward migration of groups from Central Asia in the first millennium
may have introduced different M. leprae strains to Europe, whereas Schuenemann et al.
(2018) offer two models for the high level of genetic diversity in medieval Europe. Either
M. leprae originated in Western Eurasia or diverse strains of M. leprae with different
geographical origins were introduced to Europe prior to the Medieval period
(Schuenemann et al., 2018). Recent efforts to fill in the history of M. leprae have
introduced many more ancient lineages to the family tree, however these ancient isolates
are largely limited to Western Europe and Eurasia (Schuenemann et al., 2013; 2018).

Despite the considerable number of paleopathological investigations in the Pacific
Islands, particularly on the US territory of Guam (see Pietrusewsky & Douglas, 2012),
there is little published evidence of premodern skeletal leprosy. This could be due to its
misdiagnosis as treponemal disease (Heathcote et al., 1998), compounded by the poor
preservation of hand and foot bones - important for identifying skeletal leprosy - in
tropical environments. The oldest convincing skeletal evidence of leprosy from the
Pacific Islands comes from the Mariana Islands. Trembly (1995) describes six skeletons
with destruction of the metatarsals, metacarpals, and manual and pedal phalanges,
including concentric atrophy of the diaphyses, indicating probable leprosy infection
(Mgller-Christensen, 1961). One of these individuals’ dates to 830 + 170 CE, and the
three others for which radiocarbon dating was performed date between 1140 and 1370

14



CE, suggesting the disease was present in the Pacific Islands prior to Portuguese and
Spanish contact in the 1500s.

The earliest skeletal evidence of leprosy in Japan is later, with the oldest known
skeletal case dated to the medieval period (1200-1400 CE) (Hirata et al., 2000). Suzuki et
al. (2014; 2015) present skeletal and biomolecular evidence of leprosy infection from
later time periods (1400-1800 CE). Historical evidence of leprosy in Japan, however, can
be traced back to the 8th century CE in the Chronicles of Japan (Nihon Shoki) (described
in Burns, 2019). Called rai, the disease description matches that of leprosy and was said
to have been introduced by a migrant from the Korean peninsula (Burns, 2019, p. 20).

Following the WHO’s regional country designations (WHO, 2019), the earliest
historical and skeletal evidence of leprosy from the South-East Asia region and the
continental portion of the Western Pacific region predates the earliest evidence from the
Western Pacific Islands. While there is no published skeletal evidence of leprosy from
premodern China, a passage from the medical text Lingshu describes signs consistent
with leprosy, such as collapse of the nose, leg deformity, eyebrow loss, and hoarseness
(Skinsnes, 1980); this text has been used to establish the presence of leprosy in China
before the first century CE (Leung, 2009, pp. 19-25).

Based on the lack of diagnostic evidence and unclear descriptions of signs and
symptoms, some historians and physicians have concluded that leprosy was introduced to
the Pacific Islands during the 19th century, first in Hawaii and then to other Pacific
Islands by Chinese migrants (McCarthy & Numa, 1962; Montgomerie, 1988). Native
Hawaiians report that a mysterious disease arrived in the Hawaiian Islands from China,
brought by Chinese sailors or by Native Hawaiians who had been sent to China on trade
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missions. They call the disease ma ‘i pake, meaning “Chinese disease” and m ‘ai ali i,
meaning “chief’s or royal disease” (Silva & Fernandez, 2006; Bindord, 1936). It has been
argued that an uptick in leprosy cases occurred across the Pacific Islands during the
1800s (Luker & Buckingham, 2017); this is likely a bias introduced by Western
physicians diagnosing the disease and geopolitical pressure to isolate those affected on
island colonies, for example Kalaupapa on Molokai or Makogai in Fiji (Edmond, 2007).
Because the convincing skeletal evidence of leprosy on the Mariana Islands by 800 CE
(1995; 2002) is limited, it remains unresolved whether M. leprae were introduced during
the initial island migrations or later during subsequent periods of colonialism and
imperialism (Lange, 2017).

To further the understanding of the origins of M. leprae in the Pacific Islands as
well as the phylogeography and genetic diversity of strains in an under sampled region,
we present phylogenetic and evolutionary dating analyses of nine M. leprae genomes
from Samoa (n=2), Hawaii (n=5), and Guam (n=2) isolated from formalin-fixed paraffin-
embedded (FFPE) tissue samples. Such archival tissue specimens are valuable resources
for clinical genomics; however, fragmentation and low DNA yield can make sufficient
recovery difficult (Do & Dobrovic, 2015). We applied techniques used more commonly
on ancient DNA, and after analyses of the genomic data, we determined that these isolate
lineages fall into branches 0 and 5, which form the deepest lineages of the M. leprae
family tree. These data also support a strong geographic association of modern lineages,
with a temporal and geographic distribution that indicates an introduction of the pathogen

during the peopling of the Pacific Islands.
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2.3 Materials and Methods
Sampling

Data and samples were retrospectively collected from the pathology database at
Hawaii Pathologists Laboratory, Honolulu, HI. Biopsies were pathologically diagnosed
with leprosy between 1991 and 2016. In order to focus on the Pacific Islander population,
presumptive Hawaiian or Polynesian ethnicities were determined by the patient’s first or
last name. Thirty-nine formalin-fixed paraffin-embedded (FFPE) samples from Pacific
Islanders were obtained for this study. Patient samples were received throughout the
Austronesian region; Oahu (n=18), Hawaii neighbor islands (n=6), Guam (n=3), Saipan
(n=2), American Samoa (n=6), Marshall Islands (n=2) and Palau (n=2). There were 21
males and 18 females. The study population ranged from 9 to 79 years-of-age with an
average age of 34 years-old.
DNA Extraction and qPCR analyses

Thirty-nine FFPE tissue biopsies from 34 people were sectioned using a
microtome; one to three 40-46pm slices were removed from the FFPE block. In some
cases, almost all of the sample was used. Other genetic studies using FFPE blocks
removed 2-10 slices at 5-20um per slice. We chose to use fewer but thicker slices so that
we could manually excise the tissue sample from the paraffin, thereby reducing the
amount of paraffin in the extraction reaction and inhibition in downstream PCR. Excess
paraffin was manually removed from each slice using a scalpel blade, and extractions
were performed directly on the excised tissue samples. The microtome blade and scalpel
were sterilized with a 10% bleach solution, followed by water and 70% ethanol between
sampling of each FFPE block.
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DNA extractions were performed on 28 FFPE block samples following
Purification of Total DNA from Animal Tissues protocol from the Qiagen DNeasy Blood
and Tissue (DBT) kit with no FFPE-specific pre-treatments (following Do & Dobrovic,
2015) and some modifications: lysis occurred for 24 hours with intermittent vortexing,
Qiagen MinElute spin columns were used in place of the DBT spin columns, and DNA
was eluted twice in 100ul of Tris EDTA buffer with 0.05% Tween-20 (TET). Due to low
yields, further extractions were performed using a protocol developed for extracting
ancient DNA with a modified digest step (DAB) (Duggan et al., 2016; Dabney et al.,
2013). DAB was used to extract DNA from 19 samples, including 11 new samples and
eight of the samples previously extracted using DBT. To improve yields further, the DAB
protocol was modified to include a 15-minute heat treatment at 98 °C during digestion
and prior to the addition of proteinase K, following Gilbert et al. (2007).

All extracts, 1:10 dilutions of the extracts, and extraction blanks were screened for
M. leprae DNA in triplicate using TagMan gPCR assays designed to target two M.
leprae-specific elements: 85B and RLEP. 85B is a single-copy gene, and RLEP is a
multi-copy gene found in M. leprae (Martinez et al., 2006; Truman et al., 2008). Samples
were chosen for whole-genome capture based on how many replicates amplified for both
assays.

Library preparation and whole-genome capture

Fragment shearing was not necessary due to the already short fragment lengths
(<300 bp). The 8 DBT and 11 DAB extracts that had the best gPCR signals were
converted into double-indexed libraries following Meyer and Kircher (2010). Nucleotide
misincorporation patterns were identified in the DBT sequencing data, so the 11 DAB
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extracts were treated with uracil-DNA glycosylase (UDG) during library preparation. For
the DBT libraries, 35 - 290 ng were enriched for the M. leprae genome using an Arbor
Biosciences myBaits kit V' 3.02. The in-solution capture reaction used biotinylated baits
prepared from M. leprae Br4923, Thai53, and NHDP strains. After a 48-hour
hybridization reaction, capture products were amplified for 14 cycles using AccuPrime™
Pfx DNA Polymerase. The DBT enriched libraries, extraction blank, and library blank
were sequenced on the Illumina HiSeq2500 with 2 x 100 cycles. For the DAB libraries,
542-2890 ng were enriched for the M. leprae genome using the myBaits kit V' 3.02 with
the same bait preparation as above. The enriched DAB libraries, extraction blank, and
library blank were sequenced with 2 x 75 cycles across two Illumina Mi-Seq runs.
Data acquisition and processing

Due to their low depth of coverage after DBT extraction, Samples 511, 515, 519,
and 523A1 were re-extracted using DAB, re-captured, and re-sequenced. The quality of
the raw data for these four samples from both sequencing runs was visualized using
fastgc v0.11.7 (Andrews, 2018) and determined to be of high enough and consistent
quality to concatenate, thus increasing genome coverage and depth of coverage. Paired-
end reads from all samples were trimmed and merged using AdapterRemoval v2 v2.2.3,
with the following parameters --minguality 20 --minlength 30 (Schubert et al., 2016). The
resulting merged reads were mapped to the M. leprae TN strain (NCBI NC_002677.1)
using Burrows-Wheeler Alignment tool (BWA) v0.7.17 with the following commands
and parameters: aln samse -1 1000 -n 0.1 (Li & Durbin, 2009). Unmapped reads were
removed using samtools view and PCR duplicates were removed using samtools
markdup -r v1.9 (Li et al., 2009). Given that samples not treated with UDG exhibited
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terminal misincorporations (Supplementary Figures 1 and 2), MapDamage 2.0 (v2.0.9)
was used to rescale the quality scores for terminal bases prior to variant calling
(Okonechnikov et al., 2016). Coverage and mapping quality estimates were generated
using QualiMap 2 (v2.2.1) (54).

For comparative purposes, genomic data for 164 modern and ancient M. leprae
samples were downloaded from the NCBI Sequence Read Archive in FASTQ and
FASTA format (Supplementary Table 1). Raw fastq data were downloaded using SRA
Toolkit v2.8.0 (https://github.com/ncbi/sra-tools) fastg-dump command. The 164
comparative samples used in this analysis do not include published samples with an
average depth of coverage of <6x. Samples that have been identified as hypermutators
were included in the maximum likelihood and maximum parsimony phylogenetic trees
but not in the BEAST analysis (Benjak et al., 2018). Ancient sample data were processed
exactly as the study samples. Modern sample data were processed similarly to the above
samples, except that paired-end reads were not merged, and the mapping qualities were
not rescaled. Assembled genomes in FASTA format, TN, Br4923, Kyoto-2, and M.
lepromatosis JRPY were mapped to the reference genome using bwa mem with default
parameters (Li, 2013).

Variant calling and analysis

SNPs were called for all samples using GATK UnifiedGenotyper v3.5 with
default parameters except for --out_mode EMIT_ALL_SITES (DePristo et al., 2011).
The resulting VCF files were filtered for homozygous SNPs with a coverage depth of at
least 5x and a GATK genotyping quality of at least 30 and aligned using

MultiVCFAnalyzer v0.85.1 (https://github.com/alexherbig/MultiVCFAnalyzer/releases)
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(Bos et al., 2014). Also using MultiVCFAnalyzer, positions that are in known repeat
regions and that were covered in the SK12 negative control were excluded, following
Honap et al. (2018) and Schuenemann et al. (2013). SNPs in the M. lepromatosis
outgroup were only called if they were also present in M. leprae. For the full genomes,
the VCF files were manually edited for a coverage depth of >5x and a genotyping quality
of at least 30 so that they could be filtered simultaneously with the raw fastq data. An
alignment of 3521 SNPs was generated; after removing sites with less than 95% coverage
across the dataset, a final alignment of 2736 SNPs was used for phylogenetic analyses.
After removing genomes previously identified as hypermutators (Schuenemann et al.,
2018) and sites with less than 95% site coverage, a final alignment of 2184 SNPs was
used for BEAST (Bouckaert et al., 2014) analysis.

To investigate the effects of the unique SNPs in our samples that are shared
among the Pacific Island strains, the VCF files for the samples generated in this study
were processed using SnpEff v3.1 to annotate variants and determine their functional
effects (Cingolani et al., 2012). Default parameters were used, except the upstream and
downstream interval size was set to 100. SnpEff v3.1 was used to ensure compatibility
with the MultiVCFAnalyzer SNP table output.

Phylogenetic Analysis

To examine consistency in topology across different methods, two phylogenetic
trees were made. A maximum likelihood tree was constructed using the GTR nucleotide
substitution model with the GAMMA model of rate heterogeneity (-m GTRGAMMA)
with 1000 bootstrap replicates using RAXML v8.2.12 (Stamatakis, 2014). A maximum
parsimony (MP) tree was made using the subtree-pruning-regrafting inference model and
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a bootstrap test of phylogeny with 1000 replicates in MEGA7 (Kumar et al., 2016). All
trees were rooted using M. lepromatosis as the outgroup.

We also estimated the time to Most Recent Common Ancestor (tMRCA) and
substitution rates through application of Bayesian methods using BEAST 2.4.5
(Bouckaert et al., 2014). A concatenated SNP alignment of 2184 informative sites was
used in the analysis. Additionally, counts of invariant sites shared by all strains and the
reference were included to avoid ascertainment bias of only using variant sites. The
alignment was run through the jModelTest2 tool (Darriba et al., 2012; Guindon &
Gascuel, 2003) to determine a best-fit model of nucleotide substitution. The alignment
was analyzed using a Bayesian Skyline model, assuming a variable population size
(Bouckaert et al., 2014) with a relaxed clock and a GTR substitution model (Drummond
et al., 2005; 2006). The alignment was also run again using a strict clock with a GTR
substitution model and a lognormal relaxed clock with an HKY substitution model. Each
run was completed with 300,000,000 iterations and a 30,000,000 burn-in. Calibrated
radiocarbon dates were used for ancient strain tip dates and sampling/isolation dates were

used for modern samples.

2.4 Results
DNA extraction and Screening

DNA extraction for DBT and DAB (Duggan, et al., 2016; Dabney et al., 2013)
methods yielded between <0.50 ng/ul and 18.2 ng/ul. For the initial 28 DBT extractions,
the yields were between 0.0005 and 0.7 ng/ul. Due to these low yields, further extractions
were performed on 19 samples, eight of which had also been extracted using DBT. The
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DAB extraction yields were between 0.516 - 18.2 ng/ul. All samples and 1:10 dilutions
of each sample underwent gPCR assays in triplicate for 85B and RLEP regions. Samples
with all three replicates amplifying for at least one assay were considered for whole-
genome capture, including assays of 1:10 diluted extracts (Table 1). In addition to the
number of replicates amplified, the mean number of cycles of amplification, DNA
quantity, and leprosy type were evaluated before a subset of samples was selected for

whole-genome capture and sequencing (Supplementary Table 2).

Table 1. Summary of DNA extraction concentrations and gPCR assay results for samples
sequenced in this study. The number of successfully amplified replicates out of three is

given for each assay.

DNA DNA
Sample Type Extraction  Concentration 85B 85B1:10 RLEP RLEP 1:10

1D Type (ng/ul)
511 LL DBT 0.414 3/3 2/3 3/3 3/3
DAB 6.68 0/3 0/3 3/3 3/3
DBT 0.198 3/3 1/3 3/3 3/3
i LL DAB 9.96 0/3 0/3 173 3/3
DBT <0.01 3/3 3/3 3/3 3/3

1 LL

e DAB 2.56 0/3 0/3 3/3 3/3
DBT 0.436 3/3 3/3 3/3 3/3
) e DAB 6.9 0/3 0/3 3/3 3/3
DBT 0.67 3/3 3/3 3/3 3/3
A% Bk DAB 1.56 0/3 0/3 0/3 3/3
DBT 0.26 3/3 3/3 3/3 3/3
19 BL DAB 6.06 0/3 0/3 0/3 3/3
520 BL DBT 0.138 3/3 3/3 3/3 3/3
DAB 2.46 0/3 0/3 0/3 3/3
DBT <0.01 3/3 3/3 3/3 3/3
D0l L DAB 1.75 0/3 0/3 0/3 3/3
536 LL DAB 18.2 0/3 0/3 0/3 3/3
537 LL DAB 6.3 3/3 0/3 3/3 3/3
538 LL DAB 1.23 1/3 1/3 0/3 3/3
539 BL DAB 0.516 3/3 0/3 3/3 3/3
540 BL DAB 3.28 0/3 0/3 0/3 3/3
542 BT DAB 0.952 0/3 1/3 0/3 3/3
543 BT or BB DAB 2.98 0/3 0/3 0/3 3/3
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Genome-wide Analyses

Of the 15 samples chosen for whole-genome sequencing, nine have sufficient
coverage for whole-genome analysis (Table 2). Of these samples, the depth of coverage
ranges from 4x to 63x, with the percent of the reference genome being covered at 5x
ranging from 43% to 98%. The mapping statistics of the comparative data and a
comparison of the mapping statistics for the four samples that underwent extraction using
both methods are available in Supplementary Tables 2 and 3, respectively.

The average fragment lengths of merged reads mapped to the M. leprae reference
range from 38 to 71 bp for all 15 samples, and from 52 to 71 bp for the nine samples with
an average depth of coverage > 4x . For the eight samples that were sequenced without
UDG treatment, fragment misincorporation ranged from 1.5% to 3.5% at the terminal 3’
base and from 1.8% to 3.7% at the terminal 5° base (Supplementary Table 4). A visual
comparison of a sample that was sequenced with and without UDG treatment can be seen

in Supplementary Figures 1 and 2.
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Table 2. Whole-genome analysis summary of samples sequenced in this study. Note that

reads generated from separate extractions were concatenated for samples 511, 515, 519,

and 523A1.
Non- Average Yo % A N
s e Orisi Leprosy  duplicate, depth of reference reference f NS Endogenous B b Numberof - "'"'
AND o form uniquely coverage covered >= covered ngm:“ content* % IAnc SNPs 2:?““ rsn: :s
mapped reads  (X) X >=5X gt L Ly
511 Samoa LL 576,690 9.8 96 77 56 8.7 0 141 38
515 Hawai'i LL 635,824 10.1 95 73 52 15 5 101 20
516 Samoa LL 635,186 13.1 98 94 67 64.2 0 172 54
517 Guam LE 1,574,103 31.4 98 97 65 93.2 5 154 32
518 Hawai'i BL 2,899,280 63.2 98 98 71 80.5 0 184 57
519 Hawai'i BL 545,816 10.3 97 87 62 42.8 0 152 42
520 Hawai'i BL 1,616,046 32.7 98 97 66 94 0 183 56
523A1 Hawai'i BL 242,303 43 94 43 58 15.2 5 1 fted S
536 Guam LLp 374,295 6.1 91 52 53 20 5 69%* 12%%
Northern
537 Mariana LL 6,308 0.1 8 0 - 0.4 - - -
Islands
538 Samoa LL 1,365 0 2 0 38 11
Northern
539 Mariana BL 20,388 0.3 30 0 57 6.2 - - -
Islands
Northern
540 Mariana BL 4,691 0.1 T 0 54 1.3 - - -
Islands
542 Palau BT 1,589 0 2 0 53 537 - - -
543 Palau BgB‘“ 1,889 0 3 0 49 1.3

*# of reads after mapping before duplicate removal/number of trimmed and merged reads
**The low number of SNPs in samples 523A1 and 536 reflects the overall low coverage of those genomes at > 5x depth of coverage

Using SnpEff, a range of 31 to 184 SNPs was identified in the new genomes
presented here (Table 2). Additionally, samples have between 7 and 57 non-synonymous

SNPs in coding regions. A summary of SNPs and their effects can be found in
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Supplementary Table 5. Only five samples have unique SNPs located within genes, 515
(n=1), 516 (n=2), 517 (n=3), 518 (n=2), and 520 (n=1); details of these unique SNPs can
be found in Supplementary Table 6.

The genomes generated in this study were found to have all previously identified
branch-defining SNPs for either branch 0 or 5 (Supplementary Table 7) (Schuenemann et
al., 2018). Additionally, the Pacific Island clade of four genomes within branch 5 (515,
523A1, 536, US57) was found to share four non-synonymous SNPs, and the Pacific
Island clade of six genomes within branch 0 (511, S9-96008, 516, 518, 519, 520) was
found to share 20 non-synonymous SNPs, including one in a gene associated with drug
resistance (rpoB).

Phylogenetic analyses

Phylogenetic analyses show that the new M. leprae genomes fall within the most
basal branches, branches 0 and 5. Specifically, the genomes from Samoa (n = 2) fall onto
branch 0, the genomes from Guam (n = 2) fall onto branch 5, and genomes from Hawaii
fall onto branch 0 (n = 3) and branch 5 (n = 2) (Figure 1). All of our phylogenetic trees
reveal a topology that is consistent with previously published studies (Benjak et al., 2018;
Schuenemann et al., 2013; 2018), as well as a consistent branch placement for the nine
new genomes we introduce here (Figure 2 and Supplementary Figure 3).

The inclusion of the Pacific Island genomes creates geographically associated
substructure within branch 0. The Pacific Island genomes, including S9-96008 from New
Caledonia, form a clade, as do the East Asian lineages and the medieval European
lineages. Additionally, the branch 0 Pacific Island genomes are more closely related to a
strain isolated from a naturally infected crab-eating macaque from the Philippines (Honap
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et al., 2018) than they are to other branch 0 strains. In branch 5, the two genomes from
Hawaii (515 and 523A1) and one genome from Guam (536) are closely related to a strain
that was isolated from the Marshall Islands (US57), while one genome from Guam (517)

is more closely related to a strain previously isolated from the Ryukyu islands of Japan

(Ryukyu-2).

PR
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Figure 1. Map of the Pacific showing source locations of novel and previously sequenced
M. leprae strains from branch 0 and branch 5. Novel strains from this study all fall within

these branches and are shown as diamonds. Comparative data are shown as circles.
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Figure 2. (a) Maximum likelihood phylogenetic tree created using 2736 informative
SNPs from an alignment of 164 comparative samples and the nine new genomes
presented here; branch lengths are proportional to the number of substitutions, and the
bootstrap values above 85 are present at nodes. Novel strains from this study are shown
bold and in red. Pacific Island-specific clades are designated with beige boxes (b)
Bayesian phylogenetic tree based on 2184 informative SNPs as well as shared invariant
sites calculated with BEAST 2.4.5 (Bouckaert et al., 2014). Median divergence times
before present (BP) shown on main branch nodes. Novel strains from this study are

shown bold and in red. Pacific Island-specific clades are designated with beige boxes

BEAST Analyses

The time to the most recent common ancestor (tMRCA) for M. leprae strains was
estimated to be 3766 y BP (3011 y — 4572 y 95% Highest Posterior Density (HPD))
under the Bayesian Skyline model with a relaxed lognormal clock and a GTR substitution
model (Figure 2b). The mutation rate for M. leprae was estimated to be 3.255 x 10-°
(2.706 x 10°—3.821 x 10°°, 95% HPD) substitutions per site per year, which is slightly
slower than previous estimates (Schuenemann et al., 2018; Benjak et al., 2018; Honap et
al., 2018). The Bayesian Skyline analysis run under a strict clock model with a GTR
substitution model produced a tMRCA of 3878 y BP (3284 y - 4510 y BP 95% HPD)
with a substitution rate of 3.101 x 10 (2.654 x 10°— 3.554 x 10, 95% HPD)
substitutions per site per year. The Bayesian skyline analysis run under a relaxed clock

model with an HKY substitution model produced a tMRCA of 3765 y BP (2973 - 4623
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BP 95% HPD) with a substitution rate of 3.221 x 10-° (2.643 x 10°—3.834 x 10, 95%
HPD) substitutions per site per year. Further analyses run using two demographic models
using alignments without novel samples, as well as without low coverage 523A1 and 536

samples, had similar results (Supplementary Table 8).

2.5 Discussion

Here we report nine M. leprae genomes from the Pacific Islands. Phylogenetic
analyses show that they all belong to branches 0 and 5, which previously have been
identified in modern contexts only in the Western Pacific, including Japan, China, and the
Philippines, and, interestingly, in medieval Hungary and Denmark (Schuenemann et al.,
2018; Benjak et al., 2018; Honap et al., 2018). Prior to this study, only two whole
genomes from the Pacific Islands had been published, with Sample US57 (Marshall
Islands) falling within branch 5 and Sample S9-96008 (New Caledonia) falling within
branch 0 (Schuenemann et al., 2018; Benjak et al., 2018). In addition to creating
geographically associated substructure in branch 0, the Pacific Island genomes we
sequenced tripled the number of whole-genome samples within branch 5.

Our tMRCA estimate of 3766 y BP (3011 y — 4572 y 95% HPD) is very close to
that of Benjak et al. (2018) and about 300 - 750 years younger than the Schuenemann et
al. (2018) estimate. Analyses completed with different demographic and substitution
models also have estimates of tMRCA within decades of our initial estimate. The
estimated rates of substitution, however, differ slightly, both with different demographic
and substitution models and between other studies. The estimated substitution rate per
site per year of 3.255 x 10 (2.706 x 10°—3.821 x 10, 95% HPD) is similar but slightly
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slower than those estimated previously (Avanzi et al., 2016b; Benjak et al., 2018;
Schuenemann et al., 2013; 2018), with non-overlapping 95% HPD ranges in some cases
(Avanzi et al., 2016b; Benjak et al., 2018; Schuenemann et al., 2018). Our analyses
suggest a marginally younger tMRCA and slower substitution rate that is within the same
magnitude as previous estimates. Despite these differences with previously published
studies, our overlapping HPD ranges obtained when using multiple models and different
combinations of samples indicate that our data are robust and informative
(Supplementary Table 8).

Our data suggest that M. leprae may have been in the Pacific Islands since the
initial peopling of Remote Oceania and was possibly re-introduced during newly
recognized subsequent migrations (Posth et al., 2018; Lipson et al., 2018). Remote
Oceania was occupied beginning around 3000 BP by Austronesian-speaking people who
originally expanded out of East Asia (Posth et al., 2018; Spriggs, 2011; Petchey et al.,
2017; Skoglund et al., 2016). Ancient DNA data suggest that another migration wave
from New Guinea nearly replaced these original inhabitants by 2300 BP (Posth et al.,
2018; Lipson et al., 2018). Because the Pacific Island M. leprae genomes form a clade
within branch 0, and the date of the LCA of branch 0 clades is 3229 BP, it is possible that
the Austronesian migration brought this basal lineage to Remote Oceania. This scenario
also aligns with a South Asian origin of leprosy, which has been suggested elsewhere
(Monot et al., 2005). Since branch 5 strains share a common ancestor with branches 1-4
at 2964 BP and only consist of genomes from Pacific Islands, it is possible that these

younger lineages were introduced during subsequent migrations into Remote Oceania.
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The Pacific Island clade within branch 0 is differentiated from other branch 0
strains by a high number of non-synonymous SNPs, in contrast to the Pacific Island clade
within branch 5 and the overall low genetic diversity of M. leprae, which likely reflects
the older age of this clade. The low diversity within the branch 0 Pacific Island clade
could reflect an introduction and radiation of these strains within the Pacific Islands
around 350-400 years ago. The low divergence among these lineages, however, could be
the result of sampling bias or genetic drift during infection and transmission across the
Polynesian Islands during this time. Multiple lines of evidence, such as oral histories
(Cachola-Abad, 1993), geochemical analysis of traded stone tools (Weisler, et al., 2016;
Collerson & Weisler, 2007), and population genetics of the Polynesian rat (Matisoo-
Smith et al., 1998), demonstrate that voyaging among islands was common after initial
settlement until approximately 1600 CE (Weisler et al., 2016; Rolett, 2002). This
cessation of inter-island voyaging roughly aligns with the age of the branch 0 Pacific
Island clade and may have served as a bottleneck for M. leprae diversity. Nonetheless,
the tight geographic clustering of clades, particularly within branch 0, coupled with the
old age of the last common ancestor of Japanese and Pacific Island strains, strongly
supports a more ancient introduction.

Despite paleopathological evidence for leprosy in the Pacific Islands prior to 1000
CE, some researchers have suggested that leprosy was absent in the Pacific Islands until
the 19th century CE and was introduced as a result of European and Japanese imperialism
or large-scale Chinese migration throughout the region (Luker & Buckingham, 2017;
Lange, 2017; Browne, 1985; Akeli, 2007; D’ Arcy, 2014). However, if strains were
introduced during the Japanese imperial occupations beginning in 1890, we would not
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expect to see such deep divergence between Japanese and Pacific Island strains. Further,
we would expect the Pacific Island genomes to be more closely related to the genome
from China (S10-Ch-04), instead of having diverged over 3,000 years ago. Likewise, if
European colonists introduced M. leprae to the Pacific Islands, we would expect at least
some modern infections to be caused by branch 3 lineages, since (1) this branch was
suspected to have been introduced to the Americas by European colonists, (2) strains
falling within branch 3 have been isolated from modern squirrels in the UK, and (3)
members of the branch have been identified in high frequency, along with branch 2, in
medieval European skeletons (Schuenemann et al., 2018; Benjak et al., 2018; Drummond
et al., 2005). Additionally, if strains were introduced in the 16th century during European
exploration, then we would expect the Pacific Island strains in branch 0 to be more
closely related to the ancient European strains within branch 0 (SK11 and Jorgen 507).
Although the timeline we propose based on the phylogeographic and evolutionary
dating analysis is not corroborated by the archaeological record, this is likely due to the
poor preservation on tropical islands, as well as the paucity of large documented skeletal
assemblages from these earlier time periods across Asia. Additionally, it is possible that
these earlier lineages of M. leprae did not elicit the same skeletal response as they do
today, obscuring the identification of the disease in the archaeological record. We also
have a poor understanding of what animal reservoirs exist in this region and the extent of
exchange among species. Though the Pacific Island branch O strains are closely related to
one isolated from a crab-eating macaque from the Philippines (Honap et al., 2018), it is
unclear when and in which direction the exchange occurred. Further sampling is clearly
needed to expand our understanding of genetic diversity; however, in regions without
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sufficient archaeological evidence of leprosy and few surveys of potential animal
reservoirs, clinical specimens, such as FFPE samples, are valuable resources for
characterizing modern diversity of M. leprae in humans.

For this study FFPE samples allowed us to expand upon our knowledge of
modern standing diversity in branches 5 and 0. Such samples have been successfully used
in past M. leprae research (Benjak et al., 2018; Stefani et al., 2017), although both studies
used a DNA extraction kit more specific to FFPE DNA. We found that DNA extraction
protocols commonly used for ancient DNA were also effective. Our small comparison
between the DAB and DBT extraction techniques found marginal improvements in
coverage and mapping quality in the ancient DNA-specific DAB methods, but the limited
sample size prevents a conclusive comparison. Interestingly, the DAB extracts had an
increased extraction quantification of 2-50-fold over the DBT extracts but had fewer
replicates amplifying for the gPCR assays. This could reflect the inclusion of more
inhibitors through the DAB extraction or, since all 85B assays on the DAB extracts were
performed during the same experiment, an inefficient g°PCR run. The small sample size
of this study precludes definitive conclusions about which extraction method is best for
FFPE material. The added heat treatment step and extended proteinase K treatment
targeted DNA crosslinks and protein-DNA crosslinks, which are commonly induced
during the formalin fixation step (Mcdonough et al., 2019; Carrick et al., 2015). DAB
methods and downstream bioinformatics pipelines can also address extensive DNA
fragmentation found in FFPE samples, as well as the duplicates accumulated during the
multiple rounds of amplification required for targeting low-concentration endogenous
DNA (Do & Dobrovic, 2015; Dabney et al., 2013). Despite the difficulties of dealing
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with FFPE samples, methods are available to address their shortcomings and add a useful

resource to answer further questions regarding M. leprae evolutionary history.

2.6 Conclusion

The phylogeographic and evolutionary dating analyses of nine new M. leprae
genomes from the Pacific Islands suggest that M. leprae may have been introduced to
Remote Oceania during the first human migrations at approximately 3000 BP, with re-
introduction during subsequent migrations. Although a better understanding of M. leprae
genomic diversity in Near Oceania and China is needed to support this hypothesis further,
the data presented here strongly suggest a premodern introduction of leprosy into the
Pacific Islands and refute its initial introduction either during European exploration or

19th century imperialism and colonialism.

2.6 Ethics

The Dermatopathology services at Hawaii Pathology’s Laboratory approved of
the ethical use of this formalin fixed paraffin embedded tissue for the exploration of
population genetic inquiries into the diaspora of Mycobacteria leprae for genomics
studies in the Pacific. We believe that this research will allow us to create high resolution
diagnoses of tropical diseases and chart the future development of predictive diagnoses in

remote communities.
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2.7 Data, code, and materials

All raw sequencing data generated for this project, including samples, extraction
blanks, and library preparation blanks, can be found under the NCBI BioProject
accession PRINA603842. For convenience, NCBI SRA accession numbers by sample
can be found in Supplementary Table 1. Scripts are available at

https://github.com/ACStoneLab/MIleprae
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CHAPTER 3

GENETIC DIVERSITY AND SPATIAL DYNAMICS OF MYCOBACTERIUM

LEPRAE IN THE PACIFIC

3.1 Abstract

Leprosy, or Hansen’s disease, is a modern global health concern, with the WHO
reporting approximately 200,000 new cases each year. Recent work has improved our
understanding of the pattern of genomic variation in M. leprae strains; however, certain
regions remain understudied and unrepresented in the phylogeny. There is especially poor
representation from M. leprae isolates in the Pacific, which have only seen recent efforts
in whole-genome sequencing. Furthermore, obtaining sequences from less severe cases of
leprosy has been difficult given the lower bacillary load and common clinical sampling
methods. To address these challenges, we extracted and sequenced DNA from 79
formalin-fixed paraffin-embedded (FFPE) tissue samples from Guam, Hawaii, the
Marshall Islands, Palau, Pohnpei, and Samoa collected between 1992 and 2016. Of that
number, 20 samples from mostly paucibacillary leprosy cases were selected for a
pairwise comparison of two DNA extraction methods developed for FFPE analysis.
Comparative and phylogenetic analyses of the sequences revealed distinct allelic changes
in intrahost samples during treatment, clustering of strains with other Pacific and East
Asian strains, and a potential distribution history of these stains. We also characterize the
movement of M. leprae strains through the Pacific with phylogeographic approaches to

clarify the geographic patterning and evolutionary history of leprosy.
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3.2 Introduction

Leprosy, or Hansen’s Disease, is caused by the intracellular, obligate pathogen
Mycobacterium leprae and the more recently discovered M. lepromatosis, which is
endemic to the Caribbean and Mexico (Han et al., 2012; 2008). The M. leprae genome
underwent reductive evolution and is compact (3.3 Mb) with 1614 protein coding genes
and 1300 pseudogenes, which make up approximately half of the genome’s length (Cole
et al., 2001). The genome is highly conserved, with <300 single-nucleotide
polymorphisms (SNPs) segregating among geographically distant strains (Monot et al.,

2009; Schuenemann et al., 2018).

M. leprae strains are commonly grouped by shared informative SNPs and six
single-base indels into four SNP types and 16 SNP subtypes (1 -4 and A—P
respectively) (Monot et al., 2005; 2009). Phylogenies generated from whole genome data
have also been used to define six branches (branches 0 — 5) (Benjak et al., 2018;
Schuenemann et al., 2013; 2018). The branches and SNP types have strong geographic
associations, with branch 0 primarily found in Eastern Asia and the Pacific, branch 1
largely in Southern and Eastern Asia, the paraphyletic branch 2 in the Near East and
South Asia, branch 3 in North and Latin America, branch 4 mainly in West Africa and
South America, and branch 5 in the Pacific Islands (Monot et al., 2009; Schuenemann et
al., 2018). Interestingly, recent work on M. leprae lineages isolated from European
skeletal samples has shown that extremely diverse strains were circulating in medieval

Europe, spanning branches 2, 3, 4, and 0 (Schuenemann et al., 2018).
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Although the transmission route for leprosy has not fully been established, there is
a higher risk for leprosy among household contacts and those in close proximity to active
cases (Romero-Montoya et al., 2017; Araujo et al., 2016). Research is ongoing regarding
animal reservoirs (Oliveira et al. 2019) and potential vector or environmental
transmission (Ploemacher et al., 2020). The most likely route is through infectious
aerosols when coughing or sneezing, as well as skin-to-skin contact with active cases
(Gama et al., 2018). The clinical presentations of leprosy depend upon immune response
and have been classically described by Ridley and Jopling (1966) as a spectrum ranging
between lepromatous leprosy to tuberculoid leprosy, with various borderline states in
between. Tuberculoid leprosy is characterized by a small number of skin lesions with low
bacillary load, also commonly referred to using the more recent WHO classification of
paucibacillary (Britton, 1993; WHO, 2017). The lepromatous form is characterized by
numerous infiltrated skin lesions with high bacillary loads, or “multibacillary” under
WHO classification. This is also associated with impaired peripheral nerves and possible
involvement of internal organs (WHO, 2017; Walker & Lockwood, 2007). Paucibacillary
and multibacillary classifications now cover the two ends of the leprosy manifestation

spectrum, including the borderline states in between tuberculoid and lepromatous.

The epidemiology of leprosy is difficult given its unculturable nature and low
genetic diversity, especially when analyzing SNP/VNTR typing, which is more common
and affordable in M. leprae studies (Hall & Salipante, 2010). Spatial clustering analyses
of leprosy suggest that there is strong familial aggregation but in hyperendemic areas,
multiple strains may exist in an individual, household, or community (Avanzi et al.,

2016a). Both genetic susceptibility and social factors, such as contact with infected
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individuals, contribute to the possibility of developing leprosy (Shields et al., 1987; Das
et al., 2020). This area of research has focused on disease risk analysis, GWAS studies
for susceptibility in humans, and phylogeographic approaches (Das et al., 2020; Faber et
al., 2023). Epidemiological studies that incorporate whole genome data focus on
generating many strains of an outbreak (e.g., Avanzi et al., 2020a) and may infer much
more about local spatial dynamics of the disease. Phylogenetic studies can incorporate
transmission dynamics to a lesser extent, but may be less resource-intensive, easily
incorporate historic and ancient strain data, and still add to our understanding of genetic

diversity and disease movement in under sampled outbreaks or understudied regions.

Here, we leverage newly sequenced M. leprae genomic data and a
phylogeographic approach to characterize the spread of the disease through the Pacific.
We hypothesize that transmission patterns in the Pacific will trace the route of the initial
peopling of the Pacific between 3000 BP and 2300 BP (Posth et al., 2018; Lipson et al.,
2018), with later novel strain inflow from European and Asian contact during recent

centuries.

3.3 Materials and Methods
Sample Selection

79 formalin-fixed, paraffin-embedded (FFPE) tissue samples were collected from
63 individuals undergoing treatment for leprosy between 1995-2015 in Chuuk State
(Micronesia), Guam, Hawaii, the Marshall Islands, Palau, Pohnpei (Micronesia), Saipan,

and Samoa. Some individuals had multiple tissue biopsies collected over the course of
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treatment, and those time-series samples were included in our study. Of that number, 68
cases were classified as borderline lepromatous or lepromatous leprosy, and 11 cases
were classified as borderline or borderline tuberculoid leprosy. Tissue samples were
manually excised from the paraffin blocks and diced to increase surface area. Previous
work (Blevins et al., 2020, Stefani et al., 2017) used a microtome to section FFPE
samples; however, we have found that manual excision more easily removes more wax
from tissue without the extra use of xylene or other organics often recommended (Gilbert

et al., 2007).
DNA Extraction Methods

Initial DNA extractions of 59 FFPE tissue samples (borderline lepromatous or
lepromatous leprosy cases) were done using the DNeasy Blood and Tissue Kit (Qiagen).
As per Gilbert et al. (2007) recommendations, an extended digestion step of 96h at 56C
was included. Due to low initial DNA concentrations as determined by Qubit 3.0
Fluorometer (Invitrogen), 20 more FFPE tissue samples (borderline tuberculoid,
borderline, borderline lepromatous, and lepromatous cases) were selected for a paired
analysis of two FFPE-specific DNA extraction methods. Each sample was divided and
underwent DNA extraction using the Hot-Alkaline Lysis Phenol-Chloroform protocol
(Campos & Gilbert, 2012; Hahn et al., 2021) and the Ql1Aamp FFPE DNA Kit (Qiagen),
as they were both developed for FFPE tissue DNA extraction and recommended in recent
methods papers (Hahn et al., 2021; McDonough et al., 2019; Sarnecka et al., 2019). DNA
extraction modifications for paired samples are fully described in supplementary data

(Supplementary Document 1).
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All DNA extractions, 1:10 dilutions of the extracts, and extraction blanks were
screened for M. leprae DNA using a TagMan gPCR assay designed to target two M.
leprae specific elements RLEP and 85B (Truman et al., 2008; Martinez et al., 2006).
Samples were run in triplicate and those that had at least two replicates amplify moved on
to library preparation. Paired samples with at least one or both assays showing the

presence of RLEP or 85B went on to library preparation.
Library Preparation, Enrichment, and Sequencing

DNA extracts underwent fragment analysis using the TapeStation and those
exceeding 300 bp in length were sheared using a Covaris M220 Ultrasonicator (ASU
Genomics Facility) for a target insert size of 200 bp. Unpaired extracts (HL1-HL59) were
converted into double-indexed, single-stranded libraries using the BEST protocol
optimized for ancient and degraded DNA (Kapp et al., 2021), whereas paired extracts
(HL60-HL98) underwent double-indexed, double-stranded library preparation following
Meyer and Kircher (2010). The Meyer and Kircher (2010) was used due to poor initial
results with the BEST protocol. Both library preparation procedures included a partial
uracil-DNA glycosylase (UDG) treatment step. UDG treatment is commonly used in
ancient DNA sequencing to reduce nucleotide misincorporation and has been shown to
dramatically reduce non-reproducible sequence artifacts seen in FFPE tissues (Berra et
al., 2019; Rohland et al., 2015). Libraries were enriched for the M. leprae genome using a
Daicel Arbor Biosciences myBaits kit v5 with biotinylated baits prepared from M. leprae
strains Thai53, and NHDP. Capture products were then amplified using the KAPA HiFi
DNA Polymerase (Roche). Enriched libraries, extraction blanks, and library blanks were

sequenced on the Illumina HiSeq (Fulgent Genomics, California, United States). Due to
42



poor sequencing results, enriched libraries and blanks were re-sequenced on the Illumina

NovaSeq X Plus (Admera Health, New Jersey, United States).
Data Analysis

Raw sequence data were processed using the EAGER v2 pipeline (Fellows Yates
et al., 2021), which uses Nextflow v22.10.6 (Di Tommaso et al., 2017) to scale the
pipeline up for high-throughput data analysis. For the purposes of this study,
bioinformatics tools used in EAGER v2 included FastQC v0.11.9 (Andrews, 2018),
AdapterRemoval v2.3.2 using default parameters (Schubert et al., 2016), and the
Burrows-Wheeler Aligner (BWA) mem v2.2.1 (Li, 2013) for mapping against the M.
leprae TN reference strain (NCBI NC_002677.1). Filtering of mapped files in EAGER
v2 was completed with SAMtools v1.20 (Li et al., 2009) and the BamUtil v1.01.15
(Breese & Liu, 2013) clipOverlap function, which removes potential overlap between
paired reads, which reduces the bias in genotype likelihoods. Coverage and mapping
quality estimates will be generated using QualiMap v2.2.1 (Okonechnikov et al., 2016)
and damage patterns were ascertained with MapDamage v2.2.1 (Jonsson et al. 2013).
Variants were called within EAGER 2 through the GATK Unified Genotyper v3.5 (Van

der Auwera & O’Connor, 2020).

For comparative purposes, we used publicly available genomes from modern and
ancient M. leprae sequences on the NCBI Sequence Read Archive (SRA)
(Supplementary Table 9). Raw fastq data were downloaded using SRA Toolkit v2.8.0
(https://github.com/ncbi/sra-tools) fastgdump command and processed through the same

workflow as the novel sequences we generated. For finished M. leprae genomes, fasta
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files were aligned against the reference M. leprae TN strain and BAM files were
generated with default parameters with LAST (Kielbasa et al., 2013). The BAM files

were then processed through EAGER v2 with other comparative data.

A concatenated SNP alignment was generated from VVCF data using
MultiVCFanalyzer v0.85.2 (Bos et al., 2014) with a minimum genotyping quality of 30, a
minimum coverage for base calls of 5x, and minimum allele frequencies for homozygous
calls and heterozygous calls of 0.8 respectively, as per recommendations by Benjak et al.,
(2018). MultiVCFanalyzer was also used to filter out insertions and deletions, as well as
positions in known repeat regions, rRNA, and positions covered by the SK12 negative
control sample often included in M. leprae comparative data (Honap et al., 2018).

Finally, the concatenated SNP alignment was run through SnpEff v4.3.1t (Cingolani et al.
2013) with the M. leprae TN annotation as a reference to annotate variants and determine

functional effects.
Phylogenetic Analysis

To examine potential geographic associations with strains, we built phylogenetic
trees with several methods. A maximum likelihood (ML) tree was constructed using
RAXML v8.2.12 (Stamatakis, 2014) with a TVM-GAMMA model and 1000 bootstrap
replicates. This model was selected based on the modeltest function within RAXML to
determine the best fit model for our data. We examined the robustness of this topology by
constructing a neighbor-joining tree in MEGA11 (Tamura et al. 2021). We estimated the
time to the Most Recent Common Ancestor (tMRCA) and substitution rates through the

application of Bayesian methods using BEAST v1.10.4 (Suchard et al., 2018). SNPs from
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known hypermutator strains (Benjak et al., 2018) were excluded from the BEAST
analysis. Invariant sites were manually included in the .xml file to avoid ascertainment
bias of only using variant sites. These sites were determined through the number of sites
shared fully by all comparative strains and the reference. We implemented generalized
stepping-stone sampling (GSS) to infer a best-fit model of nucleotide substitution (Baele
et al., 2016). Based on this, we used an HKY nucleotide substitution model with a
relaxed clock. The alignment was also run using an GTR nucleotide substitution model
with a relaxed clock to determine the robustness of data. Calibrated radiocarbon dates
were used for ancient strain tip dates and sampling/isolation dates were used for modern

strain tip dates.
Spatial Analysis

To explore the distribution of cases, we implemented a Bayesian discrete
phylogenetic approach. A discrete space is appropriate for when samples are clustered
based on geographic location in which spread within a unit is freer and more spread
between units may be hindered by geographical barriers (e.g., Pacific Ocean). This
approach was run through BEAST v1.10.4 (Suchard et al., 2018) with the addition of
sequence collection location as part of the trait input. The nucleotide substitution model
was selected using previously determined inferences for the dating analysis. We specified
a symmetric substitution model which allows for a discrete state for ancestral
reconstruction. Results were visualized in the software SpreaD3, or Spatial Phylogenetic
Reconstruction of EvolutionAry Dynamics using Data Driven Documents (Bielejec et al.,

2016), which visualizes the output of Bayesian phylogeographic analyses.
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3.4 Results
Sample Screening and Sequencing Results

79 FFPE tissue samples underwent DNA extraction, with 20 paired samples
undergoing two DNA extractions for comparative purposes. DNA concentrations ranged
from 0.372 ng/ul to 56.5 ng/ul. Further DNA extraction concentrations, qPCR screening,

and sample selection for library preparation are described in Supplementary Table 2.

Twelve novel M. leprae genomes were sequenced from 11 individuals with mean
coverage ranging from 1.05x - 25.97x (Table 1). The sequences were isolated from FFPE
tissue samples collected between 1999 - 2015 from individuals from Chuuk State (n=1),
Guam (n=3), Hawaii (n=5), and Palau (n=2). HL15 and HL18 are time-series samples
collected three months apart from the same individual during treatment. Branch specific
SNPs were checked manually using IGV and a table with branch-specific SNPs from

Schuenemann et al. (2013).

Two low coverage genomes (HL27 with 2.1x and HL53 with 2.58x) have an
undetermined SNP type and were removed from further analysis as they were too poor
quality to confidently determine branch placement, use for dating analyses, or scan for
the presence of SNPs associated with drug resistance. Phylogenetic analyses show that
isolates HL15 (Hawaii), HL18 (Hawaii), and HL65 (Palau) fall into branch 0. Samples
HL26 (Chuuk State), HL39d (Hawaii), HL56 (Guam), HL57 (Guam), HL73 (Palau), and
HL96 (Guam) fall into branch 5. The HL98 strain falls into branch 1 and is the first from

Hawaii to be placed into this branch (Figure 1).
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Table 1: Sample metadata and sequencing results for 12 novel M. leprae genomes
isolated from 11 individuals. The pathology type is listed per Ridley & Jopling (1966)
classification. Mapping statistics completed with QualiMap v2.2.1 (Okonechnikov et al.,

2016).

DNA Mean Percent  Percent o
Sample Date Lecation Type DNA Extraction Con:e‘nl’ratian RLEP Ct 85B Ct  Branch Read Mean Genome  Genome Enda -ennus #SNPS
h P ¥p Method Avg. Avg. Placement Length Coverage covered covered D:'A Called

(ng/ul) (bp) >1x >5x

DNeasy Blood
LL  and Tissue Kit 346 28.20 2934 0 64.38 53x 9344 53.32 97.58 83
(Qiagen)
DNcasy Blood
LL  and Tissuc Kit 70 26.12 28.02 0 118.22 5.38x 85.08 4344 88.63 108
{Qiagen)
DNeasy Blood
LLp and Tissue Kit D212 30.18 33.13 5 71.66 1.49x 57.49 749 98.23 12
(Qiagcen)
DNeasy Blood
LL  and Tissue Kit 0212 29.48 30.58 Undetermined 66.85 2.1x 77.78 11.29 93.78 4
(Qiagen)
DNeasy Blood
LLs and Tissuc Kit 148 25.15 2690 5 7321 8.87x 97.02 81.39 92.09 125
(Qiagen)
DNeasy Blood
LL  and Tissue Kit 6.26 3559 3429 Undeiermined 56.38 2.58x 80.89 17.64 99.29 9
{Qiagen)
DNeasy Blood
LL  and Tissue Kit 3.94 31.27 30.04 5 68.65 13.8x 96.87 85.11 99.43 128
(Qiagen)
Hagit DNcasy Blood
HLS7 2015 By ang Tissue Kit 252 3553 3472 5 5702 105x 5996 1.19 99.51 0
Guam
(Qiagen)
QlAamp FFPE
DNA Kit 2.04 29.48 35.85
(Qiagen)
HL65 2002 Koror, Palau LLP  HA Phenol- 5 69.80  1216x 96385 87.89 76.82 186
Chloroform
(Campos &
Gilbert, 2014)
QIAamp FFPE
DNA Kit 0.362 30.43 3596
{Qiagen)
HL73 2006 Koror, Palau LL  j{A Phenal- 5 7413  2597x  97.46 97.17 53.36 152
Chloroform
(Campos &
Gilber, 2014)
QILAamp FFPE
DNA Kit 142 3424 38.19
. (Qiagen)
HL96 2013 T'é“u“:‘;"& BT  HA Phenol 5 6575  923x  97.10 £3.09 29.43 132
Chloroform
{Campos &
Gilbert, 2014)
QILAamp FFPE
DNA Kit 153 26.31 31.80

(Qiagen)
HLO® 1999 HomellL - henol 1 6771  1451x 9715 91.51 43.99 57

Hawai'i
Chloroform
(Campos &
Gilbert, 2014)

HLIS 1999 'lonolulu.
Hawai'i
Waianae,
Hawai'i

HL18 199%

Weno,

HL26 2002 TS

Waianac,

HL27 2003 -
Hawai'i

Honolulu,
Hawai'i

HL3%d 2006

‘Waipahu,

HL53 2013 Hawar'i

Dededo,

HL56 2015
Guam

7.88 21.06 2819

8 21.87 29.05

3.67 3198 3891

5.8 3347 4583
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Figure 1: Map of novel strains and comparative strains from Pacific Islands or East Asia
in branch 0, branch 5, and branch 1 visualized with ggplot2 (Wickham, H., 2016) in R (R

Core Team, 2023).

Phylogenetic and Dating Analysis

A maximume-likelihood tree was generated from a SNP alignment using 4002
sites and 253 comparative strains with a bootstrap test of phylogeny with 1000 replicates
(Figure 2a). RAXML’s model testing function was used to determine the best-fit model
for this alignment, and the analysis was then run with TVM-GAMMA for this tree with
M. lepromatosis as an outgroup. Only strains with a mean coverage of >5x were used for
phylogenetic analyses. To determine the robustness of the alignment, a neighbor-joining

tree was also generated in MEGA11, which supported our maximum-likelihood
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phylogeny (Supplementary Figure 6). The phylogenetic results supported the branch
placement of the 10 genomes based on branch-informative SNPs as previously described.
HL15 and HL18, both isolated from the same individual, clustered together in the Pacific
Island subclade in branch 0. HL65, HL73, HL39d, HL96, and HL56 cluster in branch 5.

HL98 is clustered with strains Ph15, Ph17, and the M. leprae reference strain TN.

BEAST v1.10.4 (Suchard et al., 2018) was used to estimate tMRCA with an
alignment of 3496 sites and 249 strains, omitting known hypermutator strains (Benjak et
al., 2018). GSS analysis supported the use of HKY as a best-fit model of nucleotide
substitution. HL18 was removed from this analysis as its inclusion was found to act as a
hypermutator strain, which skews the estimated tMRCA and substitution rate (see
discussion in Benjak et al., 2018). The analyses were run with 300,000,000 interactions
and a 30,000,000 burn-in. Calibrated tree annotation (Figure 2b) shows tMRCA to be
4453 y BP for M. leprae (3575 y BP - 5188 y BP 95% Highest Posterior Density [HPD]),
1297.5 y BP for the tMRCA of branch 1, 3998.8 y BP for branch 0, and 3329.8 y BP for
branch 5. The substitution rate was estimated to be 7.87 x 10-° (5.9 x 10° —9.84 x 10

95% HDP) substitutions per site per year.
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Figure 2: (a) Maximum-likelihood tree generated in RAXML v8.2.12 (Stamatakis, 2014)

with 253 comparative strains, 4002 informative sites, and a bootstrap test of phylogeny
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tree was run with a TVM-GAMMA best-fit model with M. lepromatosis as an outgroup.
(b) Bayesian phylogenetic tree based on 3496 informative SNPs as well as shared
invariant sites calculated with BEAST v1.10.4 (Suchard et al., 2018). Median divergence
times before present (BP) shown on main branch nodes. Novel strains from this study are

shown bold and in red.

Spatial Analysis

To visualize the distribution of isolates through time, we implemented a Bayesian
discrete phylogenetic approach, which used the phylogenetic tree generated for dating
analyses through BEAST v1.10.4 (Suchard et al., 2018). A KML file (Keyhole Markup
Language) was generated in SpreaD3 (Bielejec et al., 2016) with latitudes and longitudes
used at the country or state level. Resolution at the city level was lost, but the results were
visualized in R (R Core Team, 2023) with ggplot2 (Wickham, H., 2016). From these
results, hotspots of leprosy spread near the Pacific are seen in Hawaii, Guam, and
Bangladesh (Figure 3). Although directionality is not determined, direct movement of M.
leprae strains is identified between Hawaii and Japan, Guam, Samoa, and New
Caledonia. Furthermore, transmission is identified from Hawaii to Hungary, which shows
the connection between branch 0 strains in Hawaii and the medieval Hungarian strains
SK11 (Schuenemann et al., 2018), which also falls in branch 0. In the Pacific, the
Marshall Islands, New Caledonia, and Samoa have limited connections to the rest of this
network, while Guam and Hawaii are connected to multiple islands in the Pacific and

regions in East Asia.
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Figure 3: Transmission map using BEAST v1.10.4 (Suchard et al., 2018) phylogenetic
tree (see dating analyses) and SpreaD3 (Bielejec et al., 2016). The map shows locations
of M. leprae isolates with black lines indicating transmission but not direction. Large

circles indicate sites with many points of potential transmission to other regions.

In the analysis of functional effects, we used SnpEff to scan for nonsynonymous
and synonymous SNPs in coding regions and focused on a list of 9 genes specifically
associated with drug resistance (Benjak et al., 2018). All 12 genomes contained between
2-36 nonsynonymous SNPs in coding regions (Table 2), and each isolate except for HL98
contained SNPs in regions associated with drug resistance. All gyrA mutations, which
were present in HL15, HL18, HL39d, HL53, HL73 and HL96, were nonsynonymous. For

the time-series isolates HL15 and HL18, the latter contains 10 more nonsynonymous
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SNPs, including one in the rpoB region. HL18 was collected three months after HL15,
during the course of the patient’s treatment. None of the Pacific strains contained any
SNPs in the regions fadD9, ribD, ethA, or pks4, and HL57 lacked any SNPs in any of the

regions listed in Benjak et al. (2018).

Table 2: Presence of SNPs in regions associated with drug-resistance (Benjak et al.,

2018) with synonymous SNPs shown by a black “X*” and nonsynonymous SNPs shown

by ared “X”.

Sample # N““g;“g'“"“ folPl rpoB gyrA gyrB  fadD9 nth
HL15 26 X X X
HLI18 36 X X X X
HL26 4 X
HL27 2 X

HL39d 3 X X X
HL53 10 X
HL56 29 X X X X
HL57 5
HL65 10 X X
HL73 33 X X X X
HL96 27 X X X X
HL98 1

3.5 Discussion

Our study aimed to explore the phylogenetic and geographic distribution of M.
leprae in the Pacific, leveraging newly sequenced and published genomes to characterize
transmission patterns and genetic diversity. We generated 12 novel M. leprae genomes
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from FFPE tissue samples collected from leprosy patients during treatment in Chuuk
State, Guam, Hawaii, and Palau (1999-2015). Of that number, 10 genomes were suited
for further phylogenetic, dating, and spatial analyses. This work not only adds valuable
genomic data to the limited pool of M. leprae sequences from the Pacific but also

provides insights into the historical and recent spread of leprosy in this understudied area.

Phylogenetic and Dating Analysis

The phylogenetic analysis revealed that the novel genomes predominantly belong
to branches 0 and 5, with a single genome (HL98 from Hawaii) being placed into branch
1. These results align with previous findings that suggest a strong geographic association
of M. leprae lineages, in which branch 0 is typically found in Eastern Asia and the
Pacific, and branch 5 is primarily found in the Pacific Islands (Monot et al., 2009;
Schuenemann et al., 2018). HL26 is the first M. leprae whole genome isolated from
Chuuk State. These data nearly double the known whole genome sequences from the
Pacific Islands, which include strains isolated between 1996 - 2015 from the Marshall
Islands (Benjak et al., 2018), New Caledonia (Schuenemann et al., 2013), and genomes
generated by Blevins et al., (2020) from Guam, Hawaii, the North Mariana Islands,
Palau, and Samoa. Finally, Honap et al. (2018) sequenced an isolate CM1 from a
naturally infected cynomolgus macaque (Macaca fascicularis) in the Philippines, which

is to date the only animal-associated strain in branch 0.

The tMRCA for M. leprae strains was estimated to be 4453 y BP for M. leprae
(3575 y BP - 5188 y BP 95% HPD) with a relaxed lognormal clock and an HKY

substitution model (Figure 2b). This estimate is earlier than previous estimates of
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tMRCA, but the 95% HPD ranges overlap (Hockings et al., 2021; Blevins et al., 2020;
Schuenemann et al., 2018). The substitution rate was estimated to be 7.87 x 10 (5.9 x
10° - 9.84 x 10° 95% HDP) substitutions per site per year, which is comparable to
previous estimates (Schuenemann et al., 2018; Benjak et al., 2018; Honap et al., 2018).
The similarity in estimates and overlapping 95% HPD ranges suggest that this alignment
is robust; however, an earlier tMRCA may be due to the addition of several novel strains
with long branch lengths due to the presence of drug-resistance associated SNPS. These
isolates with potentially highly mutated genes associated with drug resistance could
interfere with the clock models in Bayesian inference and therefore tMRCA estimation

(Benjak et al., 2018).

The presence of branch 1 in Hawaii, a lineage more commonly associated with
Southern and Southeast Asia (Monot et al., 2009) may indicate either recent travel of the
individual to those areas or a more historic introduction of branch 1 strains to Hawaii
through earlier migration or trade interaction. The dating results suggest that HL98
diverged from its most recent common ancestor with Ph15 in 230.3 y BP and the slightly
more diverged Ph17 in 264.3 y BP. These strains were isolated from the Philippines
between 1990 - 2008 (Avanzi et al., 2020a), whereas HL98 was collected in 1999 in
Hawaii. The divergence time suggests that the strain was brought over to Hawaii in the
1700s, possibly due to migration to the island or due to trade. Alternatively, without the
presence of other branch 1 genomes circulating in Hawaii, this strain may be due to
recent travel history of the patient. The demographic information we have for the patients
in treatment was limited, however the host patient of HL98 is known to be a Hawaiian

resident and part of the local Filipino community. We do not have travel information,
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however the hypothesis of recent travel to the Philippines as a source of origin for HL98
is better supported by known patient information. This the first branch 1 genome isolated
from Hawaii, but branch 1 strains have also been identified in other areas of the Pacific
and Southeast Asia, such as New Caledonia (Monot et al., 2005), Indonesia (Benjak et

al., 2018), the Philippines (Avanzi et al., 2020a), and Japan (Singh et al., 2014).

Recent and Historic Spread of Leprosy

Public health campaigns and effective multidrug therapy implementation in the
Pacific Island countries have reduced prevalence of leprosy to below the elimination
threshold (WHO, 2019), which means that it is no longer considered endemic in the
region. Despite this, leprosy care is still impaired by the stigma surrounding the disease
and a lack of rapid diagnostics at early disease stages (Avanzi et al., 2020c). The past
decade has seen fluctuations in the rates of new cases in the Pacific Islands, which could
be attributed to targeted external case identification and SNP typing (Rahevar et al.,
2012; Reibel et al., 2015) or to the general decrease in reporting during the COVID-19

pandemic (WHO, 2023).

The antiquity of the disease in the region was explored in Blevins et al., (2020),
which found that M. leprae likely spread with the initial peopling of the Pacific and in
subsequent waves, from 3000 BP to 2300 BP (Posth et al., 2018; Lipson et al., 2018). The
presence of branch 0 and 5 strains across multiple geographically distant Pacific locations
suggests that early migrations introduced distinct and multiple M. leprae strains, which
spread and experienced more recent radiation within and among islands in the past three

centuries (Blevins et al., 2020). Although this sheds some light on broader transmission
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of the disease, further inferences of ancient strains are difficult as there is very limited

skeletal evidence in the region (Trembly, 1995).

The 19th century saw a shift in how leprosy was seen in the Pacific. European and
American colonial presence in the Pacific Islands brought leprosy to the forefront of
contemporary public health measures and shaped the governance of colonies. This focus
on leprosy and the timing of other disease introductions by Europeans led to modern
historians tracing the presence of the disease in the Pacific to the late 18th or early 19th
century (Luker & Buckingham, 2017; Inglis, 2014). In 1865, the government of the
Kingdom of Hawai’i instituted quarantine for individuals infected with leprosy, and by
the overthrow of the monarchy in 1893 and later annexation of Hawaii by the US in
1898, over 5000 people with leprosy had been exiled to the island of Moloka’i
(Amundson & Oakaokalani Ruddle-Miyamato, 2010). In 1938, an injectable version of
the traditional ayurvedic remedy chaulmoogra oil (as designed by Alice Ball) was
recommended for use in leprosy treatment (Inglis, 2014). This treatment had limited
success for the symptoms, but the implementation of dapsone for treatment in the 1940s
significantly improved patient outcome (Inglis, 2014). By 1969, the quarantine laws were
abolished for Molokai exile, and multidrug therapy (MDT) was recommended by the
World Health Organization in 1983 (WHO, 2016; Amundson & Oakaokalani Ruddle-
Miyamato, 2010). Such quarantining and exile were seen in other islands of the Pacific in
the late 19th century and early 20th century (Luker & Buckingham, 2017), which has
interesting implications for the evolution of M. leprae during this time. In addition to M.
leprae strains largely endemic to the Pacific, input of novel European strains and trade

between colonies may have brought in more diverse strains.
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Although we are unable to infer within-island nuance with these data, among-
island interactions have been characterized to a limited extent. Within the Pacific, Hawaii
and Guam seem to act as important regions for transmission towards other islands (Figure
3). This analysis also shows interesting spatial clustering with Hawaii, Samoa, and New
Caledonia, as well as between Palau and the Marshall Islands. Despite branch 5 strains
identified in all locations sampled, the Marshall Islands, New Caledonia, and Samoa act
as very limited origin points for M. leprae strains. Although the Marshall Islands and
Samoa are more remote, New Caledonia has been identified as an area with diverse M.
leprae strains among humans (Monot et al., 2005; Schuenemann et al., 2013). This
discrepancy may be due to more migration of strains into New Caledonia and a longer
time circulating in that region. An important caveat to this map is that strains from
Bangladesh are overrepresented in the M. leprae phylogeny, and within the Pacific Island
genomes, strains from Guam and Hawaii also outnumber those from other islands. This
drawback is part of a larger issue of using phylogenetic data to infer epidemiological
relationships. Although we may infer disease hotspots to a degree, overrepresentation of
strains makes it difficult to determine which locations may act as points of disease
transmission and which locations are overrepresented. Despite this limitation,

phylogeographic methods are useful for a broader view of strain relationships.

Implications for Public Health and Future Research

The identification of multiple strains within a single individual or potential rapid
evolution in a single strain (HL15 and HL18) over a short time span highlights the
dynamic nature of M. leprae infections and ongoing intrahost evolution. There were 10
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additional nonsynonymous SNPs present in HLP18, one of which was present in rpoB,
which confers rifampin resistance (Williams & Gillis, 2004). This underscores the
importance of monitoring genomic changes in clinical settings, particularly for
understanding drug resistance and treatment efficacy. Additionally, the detection of SNPs
associated with drug resistance in the novel genomes, especially those documented in
gyrA in six newly sequenced isolates, highlights the potential for circulation of drug
resistant strains over a wide expanse of the Pacific. Despite better documentation of drug
resistant cases and associated SNPs in M. leprae genomes, there is very little work on
resistance to second line drugs (Avanzi et al., 2020c) and the role drug resistance plays in
relapse cases (Cambau et al., 2018). Ultimately, we call for further surveillance in the
Pacific and a push for integrating whole-genome sequencing, historical context, and a

phylogeographic approach to address leprosy treatment and eradication.

3.6 Conclusion

Leprosy care is still significantly limited by stigmatization of infected individuals,
lack of resources in certain regions to diagnose or treat, and an incomplete view of global
genomic diversity (Avanzi et al., 2020c). This study demonstrates the importance of
integrating whole-genome sequencing and phylogeographic approaches to understand
evolutionary history of M. leprae. These efforts also clarify how human migration, travel,
and even policy may affect pathogen evolution. Further work that combines genomics
and a historical approach is necessary to understand the nuances of human-pathogen co-

evolution.
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CHAPTER 4

ISOLATION OF LOW COVERAGE MYCOBACTERIUM LEPRAE GENOME FROM

PUMA CONCOLOR IN BRAZIL

4.1 Abstract

Brazil has the second highest incidence of new cases of leprosy reported each
year, with the highest number of relapse cases. Ongoing surveillance has identified
pockets of hyperendemicity, which could act as hotspots for the spread of drug-resistance
strains. Despite this, there have been limited surveys for leprosy in animals in the region.
Most research in Brazil on animal-associated M. leprae, one of the causative agents of
leprosy, focuses on armadillos. Here, we present a low coverage M. leprae genome
isolated from a puma (Puma concolor) in the state of Mato Grosso, Brazil. Phylogenetic
analysis suggests that strains circulating in local human populations are also potentially
transferring to animal populations. Although this finding does not clarify the transmission
route of this case or leprosy more broadly, it strongly supports both the need to increase

surveillance of animals in endemic regions and a larger host range for M. leprae.
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4.2 Introduction

Leprosy (Hansen’s disease) is a chronic infectious disease that has long been
recognized as a significant public health concern. Despite a primary research focus on the
disease in humans, a growing body of literature on animal-associated leprosy raises
intriguing questions about zoonotic reservoirs, spillover concerns, and new approaches to

eradication (Avanzi et al., 2020c; Urban et al., 2021).

Leprosy in humans is largely caused by the obligate, intracellular bacterium
Mycobacterium leprae, as well as the more recently discovered M. lepromatosis (Han et
al., 2008; 2012), which is limited in geographic range to Mexico and the Caribbean. M.
leprae and M. lepromatosis diverged around 13.9 Mya and have both experienced
extensive reductive evolution and gene decay (Han et al., 2008; Cole et al., 2001). M.
leprae has a small genome of ~3.27 Mb, and approximately half of the genome is made
up of pseudogenes (Monot et al., 2005; 2009). Using genetic typing, M. leprae strains
were initially categorized into four single nucleotide polymorphism (SNP) types (1-4)
and 16 SNP subtypes (A-P) based on a series of informative SNPs and variable number
of tandem repeats (VNTRS) (Monot et al., 2005; Scheunemann et al., 2018). Whole
genome sequencing has allowed for more comprehensive phylogenetic analyses, and six
branches have been characterized that generally correspond to the SNP types and
subtypes. M. leprae branches and SNP types have strong geographic associations:
branches 0 and 5 were identified in Eastern Asia and the Pacific, branch 1 in Southern
and Eastern Asia, the paraphyletic branch 2 in the Near East and South Asia, branch 3 in
the Americas, and branch 4 in West Africa and South America (Blevins et al., 2020;

Monot et al., 2009; Schuenemann et al., 2013; 2018).
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M. leprae has been characterized as the causative agent of leprosy in naturally
infected nine-banded armadillos (Dasypus novemcinctus) (Sharma et al., 2015; Truman et
al., 2011), six-banded armadillos (Ephractus sexcinctus) (Frota et al., 2012), British red
squirrels (Sciurus vulgaris) (Avanzi et al., 2016), captive non-human primates, including
Pan troglodytes, Macaca fasicularis, and Cercocebus atys (Honap et al., 2018), and wild
populations of western chimpanzees (Pan troglodytes verus) (Hockings et al., 2021). M.
lepromatosis has also been isolated from British red squirrels (Avanzi et al., 2016), but
has yet to be identified in naturally occurring cases in other animal species. In the
southern United States, around two thirds of autochthonous human cases are armadillo
associated strains (Sharma et al., 2015). Genomic analysis reveals that these animal
strains correspond to the SNP types of human strains in same geographic region, with the
interesting exception of M. lepromatosis isolated from red squirrels in the UK (Avanzi et

al., 2016).

Animal-associated strains and spillover are of particular interest in countries like
Brazil, which has the second highest incidence of new cases per year and pockets of
hyperendemicity (>40 cases/100,000 people per year) (World Health Organization,
2023). Ongoing surveillance has focused on disease prevalence in the Amazonian states
of Brazil, with recent increased rates found in the states of Mato Grosso and Tocantins
(WHO, 2023, Maruyama et al., 2018; Montiero et al., 2015). Work examining disease
trends in Brazil during the last several decades suggests that leprosy rates increased due
to urbanization and deforestation, as well as the construction of the national highway in

the 1970s and 1980s (Montiero et al., 2015; Schaub et al., 2020). As in the United States,

62



spillover from armadillos in Brazil into humans has been connected to hunting and food

preparation (da Silva et al., 2018; Frota et al., 2012).

Further animal surveys in Brazil have yielded mixed results. Maruyama et al.
(2018) ran PCR assays targeting the repeat RLEP region of M. leprae in 69 captive and
free wild animals and found positive results in a captive margay (Leopardus wiedii), one
captive and one free-ranging lowland tapir (Tapirus terrestris), free-ranging capuchin
monkeys (Sapajus apella), and an owl monkey (Aotus trivirgatus). Similar surveys of
armadillos and other mammals native to the region vary wildly in PCR-based
identification of M. leprae, from 0% prevalence in endemic regions (Ploemacher et al.,
2020; Araujo Stefani et al., 2019) to high prevalence in armadillos near infection hotspots

(Cardona-Castro et al., 2009; Frota et al., 2012).

Given such a wide range of potential reservoirs and endemic areas, we sought to
both expand the types of mammals examined and broaden the geographical range of
study. In addition to including Brazil cases in our analyses, we also incorporated samples
from the Amazonian side of Peru to capture more species in an area of potential spillover.
To this end, we analyzed 108 mammals from the endemic state of Mato Grosso in Brazil
and the Madre de Dios region of Peru. We hypothesized mammals from the state of Mato
Grosso would have higher prevalence of M. leprae circulating than in Peru, and that those
strains identified would be closely related to strains circulating in local human
populations. If strains in animals reflect the diversity of strains also circulating in
humans, we also expect to find multidrug resistance strains, which remain low globally

for M. leprae, but are on the rise in Brazil (Rosa et al., 2020). Here, we present results of
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this survey, which includes the first M. leprae genome isolated from a puma (Puma

concolor).

4.3 Materials and Methods
Brazil Mammal Screening

Necropsies were completed by veterinary staff at the Federal University of Mato
Grosso (Universidade Federal de Mato Grosso) on roadkill in the state of Mato Grosso,
Brazil. Animals showing skin ulcers were selected for further analysis. Spleen tissue
samples (0.5g) were homogenized in 4mL of lysis buffer with proteinase K. This mixture
was incubated overnight at 56°C. A 1mL aliquot was then processed for phenol-
chloroform extraction and resuspended in nuclease-free, molecular grade water. DNA
extracts were purified with the PureLink PCR Purification Kit (Invitrogen). All extracts
underwent PCR analysis for RLEP, a multicopy element in M. leprae, using protocols as

recommended in Woods and Cole (1990).

In total, 14 DNA extracts that tested positive for RLEP at the Federal University
of Mato Grosso were sent to the Molecular Laboratory of Anthropology at Arizona State
University for further screening and processing. The DNA extracts processed at ASU
came from a range of mammals (Table 1) and were quantified using a Qubit 3.0
Fluorometer (Invitrogen). All DNA extracts and 1:10 dilutions of the extracts were
screened for M. leprae DNA using a TagMan quantitative polymerase chain reaction
(gPCR) assay. All DNA extractions, 1:10 dilutions of the extracts, and extraction blanks

were screened for M. leprae DNA with a TagMan gPCR assay designed to target two M.
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leprae specific elements RLEP and 85B (Truman et al., 2008; Martinez et al., 2006).
Samples were run in triplicate and those that had at least two replicates amplified moved

on to library preparation.
Peru Mammal DNA Extraction and Screening

In the Madre de Dios region of Peru, 94 small mammals (including rodents,
marsupials, and lagomorphs, see table X) were trapped for minimally invasive sampling
of tissues and ectoparasite collection. At ASU, ear and tail biopsies from these animals
underwent DNA extraction using the DNeasy Blood and Tissue kit (Qiagen). Following
kit recommendations for mammal ear and tail samples, the proteinase K digestion time
was increased to three hours. DNA extracts were quantified using a Qubit 3.0
Fluorometer (Invitrogen). Out of 94 extracts, 68 extracts had DNA concentrations >0.01
ng/pl and those underwent screening for M. leprae DNA using the above TagMan gPCR
assay for RLEP and 85B (Truman et al., 2008; Martinez et al., 2006). DNA extracts, 1:10
dilutions of extracts, and extraction blanks were screened in triplicate. Samples with
amplification of at least two replicates during gPCR assays moved on to library

preparation.
Library Preparation and Enrichment

Samples that passed gPCR screening were sheared using a Covaris (ASU
Genomics Core) and converted into double-indexed libraries (Meyer & Kircher, 2010).
Based on pre-library qPCR screening results, post-library gqPCR quantification results,
and fragment analysis using the Agilent 4200 TapeStation (ASU Genomics Core), we

proceeded to targeted enrichment with 8 samples. The indexed libraries were enriched for
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the M. leprae genome using an Arbor Biosciences myBaits kit v5 with biotinylated baits
prepared from M. leprae strains Thai53 and NHDP (as per the recommended protocol).
Capture products were then amplified using the Kapa Hifi HotStart ReadyMix (Roche).
We sequenced the enriched libraries on the [llumina MiSeq at ASU’s Genomics Core
(Arizona, United States). After initial poor sequencing results but high complexity as
determined for certain libraries with Preseq (Daley & Smith, 2013), we resequenced the
enriched libraries on the Illumina NovaSeq X Plus (Admera Health, New Jersey, United

States).
Data Analysis

Raw sequencing data were processed using EAGER v2, a bioinformatics best-
practice analysis pipeline, originally developed for ancient DNA data analysis (Fellows
Yates et al., 2021). The EAGER v2 pipeline uses Nextflow v22.10.6 (Di Tommaso et al.,
2017), which is a workflow tool that connects a variety of bioinformatic tools and can
scale for large-batch sequence analysis for data generated using different methods across
different platforms. For the purposes of this study, EAGER v2 was used to visualize raw
sequence quality with FastQC v0.11.9 (Andrews 2018), trim and merge sequences with
AdapterRemoval v2.3.2 using default parameters (Schubert et al., 2016), and map to the
M. leprae TN reference strain (NCBI NC_002677.1) using the Burrows-Wheeler Aligner
(BWA) aln v0.7.17 (Li & Durbin, 2009). BAM files were filtered with SAMtools v1.20
(Li et al., 2009) and variants were called within EAGER v2 through the GATK Unified

Genotyper v3.5 (Van der Auwera & O’Connor, 2020).
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For comparative purposes, publicly available genomic data from modern and
ancient M. leprae sequences on the NCBI Sequence Read Archive (SRA) were
downloaded as raw fastq data using the SRA Toolkit v2.8.0 (https://github.com/ncbi/sra-
tools) fastgdump command. These data were processed through the same pipeline as the
novel sequences, except ancient genomes underwent extra processing to generate
coverage and mapping quality estimates through QualiMap v2.2.1 (Okonechnikov et al.,
2016). For finished M. leprae genomes, fasta files were aligned against the reference M.
leprae TN strain and BAM files were generated with default parameters with LAST
(Kielbasa et al., 2013). The BAM files were then processed through EAGER v2 with

other comparative data.

VCFs for novel data and comparative data were merged using MultiVCFanalyzer
v0.85.2 (Bos et al., 2014) with a minimum genotyping quality of 25, a minimum
coverage for base calls of 1x, and minimum allele frequencies for homozygous calls and
heterozygous calls of 0.8 respectively, as per recommendations by Benjak et al. (2018).
MultiVCFanalyzer was also used to filter out insertions and deletions, as well as positions
in known repeat regions, rRNA, and positions covered by the SK12 negative control

sample often included in M. leprae comparative data (Honap et al., 2018).
SNP and Phylogenetic Analyses

Variant annotation and functional effect prediction were performed using SnpEff
5.2 (Cingolani et al., 2012). Variants were checked manually in IGV (Robinson et al,

2011) due to the low mean coverage of the genome. The results were cross-checked
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against known drug-resistance associated regions in the M. leprae genome (Benjak et al.,

2018).

A concatenated SNP alignment of 4123 informative sites was used to perform
phylogenetic analyses in MEGA11 (Tamura et al., 2021). Evolutionary history was
inferred using the neighbor-joining method (Saitou & Nei, 1987) with positions 80% site
coverage or more included. The tree was run with a bootstrap test of phylogeny of 1000
replicates. This alignment was also used to generate a pairwise distance matrix with
strains isolated in Brazil using MEGAL11. This analysis was completed using a bootstrap
test with 1000 replicates and a GAMMA model of rate heterogeneity. To determine
robustness of the topology, phylogenetic analyses were performed in MEGA11 with

minimum-evolution methods.

4.4 Results
DNA Extraction and Sample Screening

Brazil mammal DNA extracts were quantified at ASU and had a large range in
concentrations (0.01-94.2 ng/ul). Given the low number of samples and positive PCR
assays performed by the veterinary team in Brazil, 8 samples that had at least one
replicate pass for either the RLEP or 85B qPCR assay were chosen for library preparation
(Table 1). We successfully extracted DNA from 68/94 samples from Peruvian mammals
with a quantification range of 2.16-30 ng/ul. None of these DNA extracts tested positive
for the RLEP or 85B qPCR assays for any replicate and were removed from further

analyses (Supplementary Table 10).

68



Table 1: Sample metadata, DNA extraction information, and qPCR screening results for
the Brazil mammal samples. DNA concentrations of <0.001 ng/ul fell below the lower

Qubit limit.

Sample ID Host Location DNA Concentration (ng/ul.) RLEP Avg. Ct 85B Avg. Ct

Br2021-1 South American coati Cuiaba, Brazil 208 n/a 14
(Nasua nasua )

Brazilian guinea pig

— N . . P
Br2021-2 (Cavia aperea) Barrio de Melgago, Brazil 4.18 n/a n/a
Brao21.3  Black-tailed marmoset Cuiabé, Brazil 2.94 n/a 16
(Mico melanurus)
Capybara . . ;
21 - <
Br2021-4 (Hydrochoerus hydrochaeris) Cuiaba, Brazil 0.001 n/a n/a
Br2021-5 Gray brocket Cuiaba, Brazil 2.12 n/a 26
(Mazama gouazoubira)
Br2021-6 Southern tamandua Cuiabi, Brazil 5.9 40 n/a
(Tamandua tetradactyla)
Br2021-7 Puma Cuiabd, Brazil 15.7 n/a 23+

(Puma concolor)

Br2o21-s  Dlack-tailed marmoset Cuiabs, Brazil 94.2 28* 44
(Mico melanurus)
Br2021-9 Six-banded armadillo Chapada dos Guimaraes, Brazil <0.001 38 32
{Euphractus sexcinctus)

Azara's night monkey

Br2021-10 = Cuiab4, Brazil <0.001 28* 33*
(Aotus infulatus)

Br2021-11 Southern tamandua Cuiab, Brazil 6.78 30 22

(Tamandua rerradactyla )

Br2021-12 Puma Cuiaba, Brazil <0.001 n/a n/a
(Puma concolor)

Br2021-13 Crab-cating fox Poconé, Brazil 372 n/a 14
(Cerdocyon thous)

Br2021-14 Tayra Cuiabé, Brazil 6.78 n/a n/a

(Eira barbara)

*Denotes at least 2/3 replicates amplifying during gPCR assay

Sequencing Results

We recovered one low coverage genome (1.3x, “Br2021-7”) with ~44% of the
genome covered >1x, a mean length of mapped reads of 236bp, and a high number of
duplicate reads from a puma from Mato Grosso, Brazil. We analyzed library complexity
on all samples sequenced, and Br2021-7 has a highly complex library, which suggests

that re-sequencing may provide more informative sequence data for this sample.

Given the novel host and lack of serological data, we sought to verify the host of
this isolated strain to ensure there was no contamination from within the lab environment.

In addition to aligning sequence data against M. leprae TN, the data were also aligned

69



using the EAGER v2 pipeline against the reference genome for P. concolor mtDNA
(GCF_003327715.1) and Homo sapiens mtDNA (GCF_000001405.40). These reference
genomes were selected because the most likely source of contamination was M. leprae
strains from human hosts, and mtDNA analysis would better identify a host from M.
leprae-enriched samples. The P. concolor mtDNA alignment resulted in a mean genome
coverage of 4.03x, whereas the Homo sapiens mtDNA alignment resulted in a mean
genome coverage of 0.017x. Metagenomic screening using Kraken2 (Wood et al., 2019)
found that most unmapped reads cluster with the M. leprae Kyoto2 strain

(GCF_003584725.1) and the reference M. leprae TN strain (NCBI NC_002677.1).
Veterinary Pathology Results

The P. concolor host was an adult male (29.7kg) that was found on a federal
highway in the Tangara da Serra municipality in Mato Grosso, Brazil. The cause of
death was attributed to six bullet wounds (three in the head and three in the abdomen).
Multiple skin ulcers were identified, but unfortunately, skin was not collected for
histological analysis. Tissue samples were collected from the brain, lung, liver, heart,

spleen, and kidney for further analysis.
SNP and Phylogenetic Results

Branch-specific SNPs as described in Scheunemann et al. (2018) were manually
checked in IGV (Robinson et al., 2011) with limited success. The low coverage meant
that there were no reads covering certain informative sites. Despite this drawback, we
determined that Br2021-7 did not fall into branches 1 or 2 based on branch-specific

SNPs. A concatenated SNP alignment of 4123 informative sites was used to perform
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phylogenetic analyses in MEGAL11 (Tamura et al., 2021). Evolutionary history was
inferred using the neighbor-joining method (Saitou & Nei, 1987) with positions 80% site
coverage or more included (Figure 1). The tree was run with a bootstrap test of
phylogeny of 1000 replicates. This alignment was also used to generate a pairwise
distance matrix with strains isolated in Brazil using MEGAZ11 with a bootstrap test with
1000 replicates, a GAMMA model of rate heterogeneity, and elimination of any site with

less than 80% covered (Supplementary Figure 1).

Based on these results, Br2021-7 falls within Branch 4, which hosts strains from
west Africa and South America. We were unable to resolve the SNP type of Br2021-7, so
further strain clustering was determined with the distance matrix (Supplementary Figure
7). Br2021-7 clustered closely with Br2016-141 (SNP type 1D), Br2016-16 (SNP type

4N), and Br2016-45 (31-1), which fall in branches 1, 4 and 3 respectively.

SNP analysis with SNPeff identified three variants in regions associated with drug
resistance as defined in Benjak et al. (2018). The regions rpoB and gyrA both contain

nonsynonymous variants, but the variant identified for gyrB is synonymous.
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Figure 1: Neighbor-joining tree generated in MEGAL11 (Tamura et al., 2021) with
alignment of 4123 informative SNPs and 80% site coverage or more included. A

bootstrap test of 1000 replicates was performed and results shown out of 1 on branches.
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4.5 Discussion

Br2021-7 is the first M. leprae genome isolated from a puma or any large cat
species. The low coverage of 1.3x but high library complexity suggests that this sample
should be re-sequenced. Despite the poor quality of the genome, we could place the strain
in branch 4, which contains strains isolated from West Africa and South America. M.
leprae genomes in Brazil reflect the country’s and the continent’s history of slave trade,
imported laborers, and colonization, with strains largely clustering into branches 3 and 4,

as well as sporadically into branch 1 (Fontes et al., 2017; 2009).

In a pairwise genetic distance analysis, Br2021-7 was closer to three Brazil stains
that fell into branches 1, 3, and 4 (Supplementary Figure 1). This result reflects both the
expected strain type in the country, as well as our difficulty in placing Br2021-7 due to
low mean coverage. Within the country, branch 3 strains were found circulating in
humans in the states of Rio de Janeiro and S&o Paulo, both in southeastern Brazil (Fontes
et al., 2009). In northeastern states, branch 4 strains and a small number of branch 1
strains have been identified (Fontes et al., 2012). Branch 1 and the paraphyletic branch 2
are part of the same larger clade; however, those strains in branch 2 (SNP types 2E, 2G,
2H) are found in eastern Africa, the Arabian Peninsula, and central Asia instead of the
Americas (Avanzi et al., 2016a; Benjak et al., 2018). There are few whole genomes of M.
leprae isolated from animals, which are published. However, within the Americas, W09
was sequenced from a nine-banded armadillo (D. novemcinctus) (Truman et al., 2011).
W09 is in branch 3 along with other human-associated Brazil strains, but it was collected
from the southeastern United States. Branch 4 contains other animal-associated strains,

both of which come from non-human primates in western Africa (Honap et al., 2018).
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These strains belong to SNP subtype 4N/O within branch 4, which are found in humans

in Brazil and the non-human primates in West Africa (Benjak et al., 2018, Honap et al.,

2018). Brazil strains and their branches are visualized in Figure 2.
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Figure 2: Map showing Brazil and Peru mammals samples used in this study and 21
locations of origin for published samples in Brazil with their branch information. Strains

in this area without region- or city-specific location information were not included.

Br2021-7 clusters with the expected local strain types found in humans and has mutations
associated with drug resistance. Despite relatively low rates of drug resistance, areas of

hyperendemicity in Brazil are a particular concern for public health efforts. In a former
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leprosy colony in the Brazilian Amazon, rates of the disease were as high as 12.8% and
relapse cases showed multidrug resistance to rifampicin and dapsone (Lazaro et al., 2010;
Rosa et al, 2020). Although these numbers are very high compared to the rest of the
country (WHO, 2023), these pockets are primed for circulation and spread of multidrug
resistant strains (Bouth et al., 2023). The Br2021-7 nonsynonymous variants in the rpoB
and gyrA regions are associated with rifampicin and fluoroguinolone resistance
respectively (Williams & Gillis, 2012). The presence of this strain potentially circulating
in wild populations suggests that rates of drug resistance in Brazil may be higher than

previously thought.
Infection of Host and Reservoir Potential

Isolation of Br2021-7 from the spleen suggests that the animal was infected by M.
leprae. Unlike the well documented animal reservoir D. novemcinctus, we do not have
enough information to determine if P. concolor is a natural reservoir for leprosy. We
suggest that the host of Br2021-7 became infected through consumption of already
infected prey. Spillover from armadillos to humans in the United States and Brazil occurs
through handling, hunting, and consumption (Truman et al., 2011; da Silva et al., 2018;
Frota et al., 2012). In lieu of further histological and survey evidence in P. concolor, we
find a limited spillover event due to predator-prey interaction to be the most

parsimonious explanation.

The range of P. concolor extends across the Americas, from Canada to the
southern tip of South America (Castilho et al., 2011). Although severe habitat loss and

illegal hunting in southern Brazil have caused genetic bottlenecks in P. concolor
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populations, they maintain a wide range across forested and agricultural areas in the
country (Castilho et al, 2011; Magioli et al., 2014). Their prey includes armadillos and
other small and midsize mammals, such as capybaras (Magioli et al., 2014). The puma
range and food choice overlap with known animal reservoirs of M. leprae. The D.
novemcinctus range extends to South America, where the other 20 extant armadillo
species are also widely distributed (Superina et al. 2013). Of those species, only the six-
banded armadillo (E. sexcinctus) has shown positive M. leprae PCR results, though such
surveys are extremely limited (Frota et al., 2012). Around 70% of studies on armadillos
and M. leprae focus only on nine-banded armadillo (D. novemcinctus), which is the only
armadillo species in North America (Deps et al., 2020). Surveys of M. leprae in D.
novemcinctus show that prevalence in Brazilian armadillos could be as high as 10% of
the population; however, wide variation in assay type (e.g., PCR assays and Ziehl-
Neehlsen staining), sample size, and tissue type suggests that this number is not accurate
(Deps et al., 2020; da Silva Ferreira et al., 2020). Despite such uncertainty with M. leprae
prevalence in armadillos and other potential prey, the ranges of these species support our

hypothesis that transmission to the puma occurred through hunting of infected prey.

Finally, we must consider the potential of puma to act as a natural reservoir. Aside
from positive M. leprae PCR results from the margay (L. wiedii) (Maruyama et al.,
2018), a small wild cat native to Central and South America, there have been no M.
leprae strains identified in domesticated or wild cats. This may reflect the lack of cat
species in the Americas studied for M. leprae, but we find no evidence to support that the
pathogen is permanently maintained in P. concolor or that the P. concolor can actively

transmit M. leprae to other species. These key traits help define a reservoir species
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(Viana et al., 2014). Additionally, so few animal-associated M. leprae genomes have
been sequenced, that it is difficult to determine if spillover is limited to specific
hyperendemic regions. M. leprae is particularly difficult to study in wild animal
populations as infected animals may die of other causes (i.e., Br2021-7 puma host), the
pathology in such populations may be different from known reservoirs and therefore
difficult to identify, and frequency of testing (as well as pathogen load) is low. Much
more research is needed on South American mammals and M. leprae to adequately

understand the extent to which animal reservoirs may affect leprosy eradication efforts.

In addition to surveys of mammals in endemic areas, researchers have also
investigated alternative vectors and the presence of M. leprae in the environment. Viable
M. leprae has been found to persist in free-living amoebae for up to 8 months in specific
species (Wheat et al., 2014), kissing bugs for 20 days (da Silva Neumann et al., 2016),
and in the tick midgut and ovaries (Ferreira et al., 2018). The latter two studies found that
small mammals could be successfully inoculated using kissing bugs and ticks,
respectively. There is also great interest in the persistence of viable M. leprae bacilli in
the environment. Multiple studies have identified M. leprae RNA in soil samples in
endemic areas and outside of households with active infections (Lavania et al., 2008,
Turankar et al., 2016; 2022). Mohanty et al. (2016) identified a quarter of soil and water
samples collected in endemic areas positive for 16S rRNA during screening. Tio-Coma et
al. (2019) expanded these analyses by investigating soil samples across Bangladesh,
Suriname, and the British Isles by analyzing patients’ households, armadillo holds, and
red squirrel habitats. As with previous soil studies, M. leprae does persist in the

environment for a limited time, however given the obligate, intracellular nature of the
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pathogen, more work is needed to determine actual transmission versus viability by RNA
presence. Although these potential sources for Br2021-7 are intriguing, there is not
enough support for vector- or environmentally-mediated transmission as a primary

mechanism of transmission for this strain.
One Health Approach to Leprosy

Despite its historical association with human populations, the spillover of M.
leprae into animal reservoirs poses novel challenges to our understanding of the
epidemiology and evolutionary aspects of leprosy. The WHO Global Hansen’s Disease
Strategy 2021-2030 report noted that global eradication of the disease would be difficult
or infeasible due to zoonotic transmission (WHO, 2023). Advocates for a One Health
approach to leprosy have sought to address this problem by leveraging ancient and
modern genetics of M. leprae with veterinary and public health approaches (Deps et al,
2020; Urban et al., 2021; 2024). There is a clear need for an integrated approach to
reducing the transmission and impact of leprosy in Brazil as pockets of hyperendemicity,
“hidden cases” in isolated populations, and unknown animal reservoirs harm local public

health efforts.
4.6 Conclusion

Here we present the first whole genome M. leprae strain sequenced from a puma
(P. concolor). This isolate, Br2021-7, was collected from a puma in the state Mato
Grosso in Brazil, which is a high-risk region for leprosy and zoonotic spillover of the
disease (WHO, 2023). Although the mean low coverage of the genome prevented SNP

typing, we were able to place Br2021-7 in branch 4 of the M. leprae phylogeny, which is
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one of three common branches represented in Brazil M. leprae strains. The presence of
Br2021-7 in a wild puma suggests the need for broad surveillance of mammal
populations for M. leprae or M. lepromatosis to characterize natural reservoirs of these

pathogens and better address the global health burden of leprosy.
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CHAPTER 5
CONCLUSION

Leprosy is one of the oldest known human diseases and remains a modern global
health problem. The global patterning of genomic variation of M. leprae, along with
zoonotic spillover risk and transmission routes, are not well defined but have been
increasingly studied with the advent of whole-genome sequencing (Avanzi et al., 2020c;
Schuenemann et al., 2018). This dissertation aims to address gaps in our understanding of
M. leprae origin and dispersal in the Pacific, as well as to characterize strains in novel
host species in Brazil. The background on leprosy, its causative agents, and their
molecular biology and epidemiology have been outlined in Chapter 1.

Chapter 2 addresses questions regarding the origin of leprosy into the Pacific, as
well as characterizing unknown genetic diversity of M. leprae in this region. Through
whole-genome sequencing, 9 novel M. leprae genomes were added to the phylogeny,
tripling the number of sequenced strains in the Pacific Islands. Phylogenetic analyses
placed these novel strains with other M. leprae genomes in branches 0 and 5, which
cluster with other isolates from the Pacific and East Asia. Furthermore, this chapter
supports and expands limited dating analyses already done on the divergence times of
branch 0 strains into the Pacific. The entry of M. leprae in this region was determined to
be around 3000 BP, which occurred around the initial peopling of the Pacific Islands.

Chapter 3 expands upon Chapter 2 by incorporating additional whole-genome
data and phylogeographic analyses to determine how various M. leprae strains are
circulating among the Pacific Islands. To this end, 12 novel M. leprae genomes were
sequenced from Guam, Hawaii, the Marshall Islands, Palau, Pohnpei, and Samoa.
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Comparative and phylogenetic analyses of the sequences revealed distinct allelic changes
in intrahost samples during treatment, clustering of strains with other Pacific and East
Asian strains, and a potential distribution history of these stains. The movement and
timing of M. leprae strains through the Pacific were characterized with a
phylogeographic approach that incorporated Bayesian methods to clarify the geographic
patterning and evolutionary history of this pathogen.

Finally, chapter 4 describes a new, low-coverage M. leprae genome isolated from
a puma in Mato Grosso, Brazil. Brazil has the second highest incidence of new cases of
leprosy reported each year and has high genetic diversity in circulating strains (WHO,
2023). Additionally, ongoing surveillance has identified likely zoonotic spillover from
armadillos into humans, as well as a rise in drug-resistant strains (Frota et al., 2012).
Therefore, this chapter not only presents an animal-associated M. leprae strain from a
novel host, but also suggests the need to improve surveys of a wider range of mammal
species in endemic regions. These cases also reveal more about the evolutionary
mechanisms of zoonotic diseases and how they might be transmitted between species.

Ultimately, this dissertation addresses significant gaps in our understanding of
genomic diversity of M. leprae in the Pacific and identifies the need for further
surveillance in understudied animal populations. The long incubation period of leprosy,
along with the unculturable nature of the pathogen, present unique challenges to tracking
the spread of the disease. Through a more robust body of genomic data of M. leprae
strains and a phylogenetic approach that accounts for movement across time and space,

we may better inform global health efforts in addressing leprosy.
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APPENDIX A

SUPPLEMENTARY FIGURES 1 AND 2: UDG AND NON-UDG FRAGMENT

ANALYSIS
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APPENDIX B

SUPPLEMENTARY FIGURE 3: MAXIMUM PARSIMONY TREE

104



0°0€e

sisoyewouda|”dnoibino

8TS

0zs 86°0
L1570

6TS

91§

118 NM‘.\%M— £8°0
80096-6S
TNO
10G-uabior
mis
¥0-Ud-0TS
oresely

g-nsjesny

1wnz|

emezeuey|
-M0
2-010AY

T-010AY

Z-g-ealI0Y

y-oysuaz
T-egnynsL

LEO
LEO

z-oysuaz
§-oysuaz
TvEezS
58°0 _,_
GIS
66'0
9€S
LSSn

LTS
Z-nfnky

-

lwewy
6-oysuez ‘mo|jaA ur pajyblybiy ape|o puels| ouoed LvO3IN
b youeig ul sayeoldas 000T Yyum AuabojAyd jo 1sa1 deisiooq
© pue [apow dduaiayul Buiyeibal-buiunid-aangns
€ youelg
ayy Buisn apew aa1) (dIN) Auowisred wnwixew y :g ainbiH |S
Hz youeig

spues| oyioed
Yy} ul aeuda] wnua1eqodAN Jo AlolSIH Areuonn|on]

de¢ youelg
T

ML Jaded

g

105



APPENDIX C

SUPPLEMENTARY FIGURE 4: MAXIMUM LIKELIHOOD TREE
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APPENDIX D

SUPPLEMENTARY FIGURE 5: BAYESIAN SKYLINE TREE WITH GTR MODEL
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APPENDIX E
SUPPLEMENTARY TABLE 1: COMPARATIVE SAMPLE INFORMATION
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APPENDIX F
SUPPLEMENTARY TABLE 2: CHAPTER 2 SCREENING INFORMATION

[CONSULT ATTACHED FILE]
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APPENDIX G
SUPPLEMENTARY TABLE 3: METHODS COMPARISON FOR CHAPTER 2
METHODS

[CONSULT ATTACHED FILE]
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APPENDIX H

SUPPLEMENTARY TABLE 4: SUMMARY OF DNA DAMAGE PATTERNS FOR

CHAPTER 2
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Supplementary Table 4. Summary of DNA damage patterns for all samples that were
sequenced without UDG treatment and samples that were sequenced with and without
having been UDG treated

Sampl

511

515

519

523A1

516
517
518
520

Extrac
tion
type
DBT

DAB +
UuDG

treatme

nt
DBT

DAB +
UuDG

treatme

nt
DBT

DAB +
uDG

treatme

nt

DBT
DAB +
UDG
treatme
nt

DBT
DBT
DBT
DBT

Gto A
misincorporati
on 1st Base 3'

0.025

0.014
0.035

0.022
0.022

0.025
0.015

0.034
0.02
0.031
0.026
0.024

GtoA
misincorporat
ion 2nd Base
3
0.028

0.003
0.034

0.004
0.023

0.004
0.016

0.012
0.019
0.032
0.026
0.023
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CtoT
misincorporat
ion 1st Base 5'

0.025

0.013
0.037

0.022
0.023

0.027
0.016

0.034
0.02
0.031
0.026
0.024

CtoT
misincorpor
ation Base 5'

0.029

0.002
0.037

0.004
0.023

0.004
0.018

0.012
0.018
0.033
0.026
0.023



APPENDIX |
SUPPLEMENTARY TABLE 5: CONCATENATED SNPEFF OUTPUTS.
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APPENDIXJ
SUPPLEMENTARY TABLE 6: UNIQUE SNP AND SNP-EFFECT LIST
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APPENDIX K
SUPPLEMENTARY TABLE 7: BRANCH DEFINING SNPS

[CONSULT ATTACHED FILE]
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APPENDIX L
SUPPLEMENTARY TABLE 8: SUBSTITUTION RATES AND TMRCA ESTIMATES
ACROSS SNP ALIGNMENTS

[CONSULT ATTACHED FILE]
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APPENDIX M
SUPPLEMENTARY DOCUMENT 1: PAIRED DNA METHODS AND ANALYSES

AS DESCRBIED IN KING (2023, MASTER’S THESIS, ASU)
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This document contains modified methods for Chapter 3 DNA extractions as used in the
thesis King (2023, ProQuest) for the project “Comparison of Two DNA Extraction
Methods for Isolating Mycobacterium leprae DNA from FFPE Tissue Collected in the
Pacific Islands Region”. The methods of DNA extraction listed are for the n=20 paired
samples used in the Chapter 3 analysis and therefore only include modifications to the
QIAmp DNA FFPE Kit (Qiagen) and the Hot Alkaline Lysis Phenol-Chloroform
procedure (Campos & Gilbert 2014 with recommendations by Hahn et al., 2021). The
modifications were designed by King (2023, ProQuest) as per manufacturer or source
article recommendations.

Protocol 1: QIAmp DNA FFPE Kit (Qiagen)

Manufacturer recommendations as seen in the QIAmp Handbook, 2020 (Qiagen) were
followed with several modifications. Residual paraffin was removed from the tissue
sample within the FFPE block by centrifugation with xylene. Samples were pelleted with
80% ethanol and then underwent an extended incubation of 56°C for three hours with
proteinase K. Lysis was not complete at this point, so 180 uL of Buffer ATL (Qiagen)
was added and incubation at 56°C was extended overnight for a total of 20 hours. A heat
step of 90°C for 1 hour occurred after the overnight incubation. Kit protocols were
followed for extraction with a final elution volume of 60 uL.

Protocol 2: Hot Alkaline Lysis Phenol-Chloroform

The Hot Alkaline Lysis Phenol-Chloroform procedure (HA-Lysis) was originally
developed by Campos and Gilbert (2014) and further modified in Hahn et al. (2021). The
samples processed in King (2023, ProQuest) and used for analysis in Chapter 3 in this
dissertation followed recommendations made by Hahn et al. (2021). The HA-Lysis
procedure was optimized for tissue slices with 3-10 um thickness, however samples here
were manually excised with a scalpel and diced carefully to increase surface area.
Following the autoclave lysis, extractions were conducted directly following Campos and
Gilbert (2014). There was an optional solution listed in the original protocol for pelleting,
however this was not used. Pellets were resuspended in 60 uL of TE buffer.

120



APPENDIX N
SUPPLEMENTARY TABLE 9: SAMPLE METADATA FOR CHAPTER 3
SCREENING

[CONSULT ATTACHED FILE]
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APPENDIX O

SUPPLEMENTARY FIGURE 6: NEIGHBOR-JOINING TREE
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APPENDIX P
SUPPLEMENTARY TABLE 10: PERU SAMPLE METADATA AND M. LEPRAE
SCREENING

[CONSULT ATTACHED FILE]
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APPENDIX Q
SUPPLEMENTARY FIGURE 7: DISTANCE MATRIX OF BRAZIL STRAINS IN

CHAPTER 4
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