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Abstract

Syphilis is a systemic infection caused by the bacteria Treponema pallidum subspecies
pallidum (TPA) that became largely controlled in Canada following the introduction of
penicillin treatment in the mid 20" century. Up until the 2000s, syphilis incidence remained
below 1 case per 100,00 people but since then there has been a nationwide resurgence.
Manitoba has some of the highest rates in the country, reaching 136.4 cases per 100,000
people in 2022, nearly four times the national average. This epidemic has also seen a
demographic shift, with women now representing more than 50% of new cases along with
the re-emergence of congenital syphilis. Given these rates and the return of previously
rare outcomes, understanding the genomic diversity of TPA could enhance surveillance,

identify transmission networks and guide public health responses.

This project established a workflow for sequencing TPA directly from clinical swabs
collected in Manitoba using Oxford Nanopore Technology (ONT). Screening specimens
with a {p47 PCR and implementation of a multiplex Lesion Panel assay improved
diagnostic efficiency and enabled prioritization of samples for downstream genomic
analysis. Extraction and amplification methods were evaluated, with total nucleic acid
extraction and selective whole-genome amplification (SWGA) providing the best
recovery of TPA DNA. Sequencing optimizations enhanced read depth and assembly
quality by incorporating adaptive sampling, flow cell reloading and sample multiplexing.
Reference-guided assembly and quality assessment produced thirteen high-quality

Manitoba genomes.



The results of the phylogenetic analysis aligned with a previous study that included
specimens from British Columbia and Alberta, Manitoba genomes clustered within the
SS14 lineage. Further in-silico analysis confirmed the genetic stability of key diagnostic
targets and the presence of macrolide resistance. Overall, this study demonstrates the
feasibility of producing TPA genomes from metagenomic clinical samples and highlights

the potential of Nanopore sequencing for the genomic surveillance of syphilis in Canada.
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Chapter 1: Introduction

1.1. The History of Syphilis
1.1.1. Disputed origins

Syphilis, caused by the bacteria Treponema pallidum subsp. pallidum (TPA), is a disease
whose origin is still debated today. Despite the contested origin, historical records suggest
that syphilis emerged in Europe during the late 15th century. This occurred around the
same time that Christopher Columbus returned from his expedition in the New World and
is the basis for the “Columbian Theory” (1,2). Evidence supporting this theory includes
accounts from physicians of the time documenting the arrival of sailors and the
emergence of the disease, along with recently conducted genetic studies revealing a

close relationship between TPA and other Treponema species (1,3).

However, an alternate hypothesis, the "pre-Columbian theory" asserts that before
Columbus's voyages syphilis was circulating in Europe but had been misdiagnosed, most
commonly as leprosy (1,4). Cases of venereal Leprosy seemed to disappear after the
15th century as the identification of Syphilis became more common (4). Advocates of the
Pre-Columbian Hypothesis suggest that Treponema carateum arose as the skin-limited
disease pinta, causing scaly and non-ulcerative lesions, around 15,000 BC (1,5). This
was followed by the divergence and global spread of an ancestral Treponema pallidum
subsp. pertenue (TPE) around 10,000 BC. Then around 7,000 BC, arid climates gave rise
to Treponema pallidum subsp. endicum (TEN). As larger communities developed in Asia,
a sexually transmitted strain of TEN evolved into TPA. Initially a mild disease, this strain

likely mutated in 15th-century Europe, resulting in the more severe form of syphilis (1,4).



Despite the disputed origin, the theories agree with syphilis rapidly gaining notoriety
following its European emergence, particularly during a devastating outbreak among
French troops in 1495 during the ltalian Wars (1,2). Italy, along with Germany and the UK,
blamed the French army for spreading it throughout the country. This led to the name “the
French disease”, while at the same time the French coined the term “the Neapolitan
disease” and “the Polish disease” was being used in Russia. It caught on that each
country would blame their neighbors (6,7). Regardless of naming, the conditions of the
war created an ideal environment for transmission. The movements of displaced peoples
and travelling soldiers enabled the rapid spread of the initial outbreak, which often
progressed to tertiary syphilis within months rather than years, resulting in severe disease

with a high mortality rate (1,8).

1.1.2. The first epidemic and following centuries of global spread

The first major syphilis outbreak in Europe happened in 1495 among the troops of Charles
VIIl, the French King, during his invasion of Naples (1,3). The disease spread quickly
among the soldiers and then throughout Europe as they returned to their home countries
after fighting. The mobility of mercenary armies and the growing trade networks of the

time enabled the swift transmission of the disease (9).

By the 17th century, scholars were documenting the rapid spread of syphilis across, and
subsequently beyond, Europe. Reports suggest that the disease likely reached Africa and
Asia through maritime expeditions led by explorers like Vasco da Gama (8,10). The trade

networks established through European exploration further facilitated the spread of TPA



between continents (11,12). A change in the clinical presentation of syphilis also occurred
during this time period. After the initial virulent outbreaks of the 16th century, a more
protracted but milder form of the disease gained prevalence. This attenuation was
observed by the attending physicians and has been noted in modern historical analyses

(8,12).

Through the 17th century, religious reform in Europe began framing syphilis as
punishment for immoral behavior. This interpretation contributed to a period of silence
and stigma where the disease was met with contempt rather than open discussion or
intervention (8). Similar views arose in Asia, where historical records link the severity of

syphilis symptoms to the degree of the perceived moral transgression (8,12).

Syphilis had emerged as one of the most significant public health challenges worldwide
by the late 18th century. In Europe, the disease was particularly widespread where it was
estimated that up to 20% of London’s population was infected by the 1770s (13). In East
Asia, syphilis reached similarly alarming levels and by 1886 it was considered the most
prevalent disease in Korea (14). This forced a turning point in societal attitudes where
there was growing interest in understanding syphilis, developing treatments and offering

support for those affected.

The 19th and early 20th centuries saw rapid urbanization, global migration and the first
World War. These events created densely populated cities and expanded commercial
sex work, which enhanced syphilis transmission (12). Public health responses included

the regulation of prostitution, awareness campaigns, mercury-based treatments and the



creation of specialized hospitals for venereal diseases (12,15). During this era, syphilis
was among the most common diagnoses in hospitalized patients, reinforcing the extent

of its clinical and societal burden (12).

In 1905, Fritz Schaudinn and Erich Hoffmann found TPA to be the etiological agent of
syphilis (16). However, it would still be several decades before an effective treatment was
discovered. By the 1940s, as World War |l intensified global movements of people,
syphilis remained a major threat to both the military and civilian populations. Efforts to
combat the disease took on greater urgency, ultimately leading into clinical trials with
penicillin which ended up revolutionizing syphilis treatment and dramatically reducing its
global impact (15,17). Unlike earlier therapies, penicillin was well tolerated and highly

effective (18).

1.1.3. The discovery of penicillin and decline of syphilis in Canada

With the effectiveness of penicillin, syphilis became manageable and was not the
destructive force it once was. Incidence in Canada fell quickly during the 1950’s and
remained relatively low through to the 1980s, around 12 per 100,000 people (19).
Increases were seen in the beginning of the 1980’s and were speculated to be caused by
endemicity in the MSM community. A subsequent outbreak in Winnipeg, during 1984,
was seen primarily in heterosexual groups. Three theories for this situation were put
forward; the result of a “bisexual bridge” linking the MSM and heterosexual persons,
migration of female sexworkers from Alberta due to economic reasons, or biological

changes to the bacteria conferring increased virulence (20).



Outside of those occasional outbreaks, incidence further fell in both male and female
populations during the 1990’s, with less than 1 per 100,000 people (21). However, the
National trends during the following decade would begin to show increasing incidence
predominantly among men ages 20-59. This was consistent with what was happening in

other Western countries (22).

1.1.4. Recent re-emergence of syphilis in Manitoba

In recent years, Manitoba has experienced a concerning resurgence of syphilis cases,
well exceeding the national trends in Canada. In 2022, syphilis rates in the province were
136.4 per 100,000 people while the national average was 36.1 per 100,000 people (23).
Another alarming trend, first noticed in Manitoba, was the demographic shift from men
who have sex with men, into heterosexual groups and women. By the end of 2021 over

half (51.9%) of cases were from women (24).

With the dramatic increases in cases in women the re-emergence of congenital syphilis
was inevitable, with Manitoba marking its first congenital syphilis case in over 30 years in
2015 (25). By 2020, 11% of all still births in Winnipeg had maternal syphilis listed as a
contributing factor (26). Subsequent provincial surveillance has documented more than
320 infants having probable or confirmed congenital syphilis from 2019 to 2024 (27). Later
maternal diagnosis in pregnancy and insufficient treatment prior to delivery have been
found to be major risk factors for congenital syphilis (28). Adverse fetal outcomes include

stillbirth or neonatal death, while surviving infants may present with neurologic impairment,



bone abnormalities, or deafness (29,30) These outcomes not only directly impact the
quality of life for affected children but also impose long-term societal costs (31).

1.2. Overview of Treponema pallidum

1.21. T. pallidum Biology

Treponema pallidum is described as a Gram-negative, spiral-shaped bacteria measuring
6—15 pM in length and belonging to the family Spirochaetaceae (29,32,33). The cell has
a thin peptidoglycan layer located between an inner and outer membrane. However,
unlike typical Gram-negative bacteria, it has a dearth of outer-membrane proteins and
does not possess lipopolysaccharide which contributes to its ability to evade the immune
response (34-36). Another distinguishing feature is the presence of endo-flagella, located
within the peri-plasmic space. These flagella provide the characteristic corkscrew motion,
best viewed using dark-field microscopy, which enables effective tissue penetration and

dissemination(34,37).

The genome of T. pallidum was found to be circular genome of 1.14 megabase pairs
(Mbp) with 1041 open reading frames (ORFs) (38—40). Earlier annotation suggested that
~55% of the open reading frames (ORFs) encode proteins with known biological functions,
while 17% are classified as hypothetical proteins and 28% have no homologs, reflecting
its highly specialized and auxotrophic nature (38). Recent transcriptome profiling has
confirmed transcription of 98% of these features, including nearly all hypothetical proteins
(138 of 146) and all five annotated pseudogenes, providing experimental support for the
coding potential of the genome (40). Consistent with its reductive metabolism, TPA can

generate ATP through glycolysis but lacks genes encoding enzymes for the electron



transport chain and tricarboxylic acid cycle (38). It is also incapable of producing its own
nucleotides, fatty acids and enzyme cofactors, relying on host-derived macromolecules

acquired through various transporters (38,41).

1.2.2. The three subspecies of T. pallidum

The species Treponema pallidum comprises several closely related subspecies that are
morphologically and antigenically similar but have distinct clinical presentations (29,42).
These include TPA, which causes venereal syphilis; TPE, the agent of yaws; and TEN,
responsible for endemic syphilis (Bejel). Collectively, these infections are referred to as

treponematoses (29,41).

Although these subspecies vary in transmission and clinical manifestations, they share
over 99.5% genomic identity (41,43,44). The genetic differences that do exist, particularly
in genes encoding surface-exposed proteins such as the TPR family, are hypothesized
to contribute to variations in host interaction, tissue tropism, and disease progression
(41,45). However, because they cannot be routinely continuously cultured in vitro,
directed mutagenesis of these genes is not available to confirm their roles in pathogenesis

(43).

A significant distinction between the subspecies lies in their modes of transmission. TPA
is primarily transmitted through sexual contact, entering the host via intact mucous
membranes or microscopic abrasions. In contrast, TPE and TEN are spread through non-
venereal routes. TPE spreads via direct skin contact with infectious lesions in humid

tropical regions, predominantly affecting children, while TEN is transmitted through non-



sexual skin contact or the sharing of utensils in arid regions (46—48). Despite these
differences in transmission, all three subspecies progress through primary, secondary,
latent and tertiary disease stages when left untreated. The various stages of treponemal
disease have numerous clinical presentations frequently mimicking other diseases. The
diagnostic complexity led Sir William Osler to describe syphilis as "the great imitator”
(49,50). However, TPA also has the ability to progress to neurosyphilis and/or cause
congenital syphilis, as it can cross the maternal-fetal placental and blood-brain barriers

(41,48).

1.2.3. Disease stages of syphilis

The primary stage of syphilis develops 10 to 90 days after infection (typically around three
weeks) and is marked at the site of inoculation by the appearance of a chancre (50). The
chancre is a painless ulcer and can be found in the anogenital region, oral mucosa or
other points of contact (51,52). The chancre heals spontaneously within four to six weeks,
even in the absence of treatment (50). However, this resolution does not mean clearance

of the infection, as the bacteria will continue to spread systemically.

Following the disappearance of the chancre, secondary syphilis develops three to twelve
weeks later signifying hematogenous and lymphatic dissemination of TPA (52). The
hallmark of this stage is a generalized rash, which affects the soles and palms, and may
or may not be pruritic (50,53). Infectious lesions may also develop as oral ulcers, mucous
patches, or raised wart-like nodules called condylomata lata (50,52). In addition to

dermatological findings, systemic symptoms such as fever, sore throat, headache,



malaise, myalgia and generalized lymphadenopathy commonly appear (53) The rash and
systemic symptoms typically resolve within weeks, at which point the infection enters the

latent stage (51).

Latent syphilis is defined by the absence of clinical symptoms despite ongoing infection,
detectable only through serologic testing. This stage is further classified based on
occurrence as either early latent syphilis, within the first year of infection, or late latent
syphilis, which persists beyond one year (52). While individuals in the early latent stage
may experience symptomatic relapses, they can still transmit the infection congenitally
when asymptomatic (51). Those in the late latent phase remain asymptomatic. However,
if left untreated, one-third of individuals will progress to tertiary syphilis, which can

manifest years or decades post initial infection (50,52).

Tertiary syphilis is marked by severe, often irreversible complications affecting multiple
organ systems (50). One of the most well-known manifestations is gummatous lesions,
which present as chronic, granulomatous ulcers capable of causing significant tissue
destruction usually affecting the skin, and less frequently bones and soft tissue (51).
Cardiovascular involvement can result in myocarditis, coronary vessel disease and
syphilitic aortitis, leading to aortic aneurysms (52). Neurosyphilis, though capable of
occurring in any stage, is frequently seen in tertiary syphilis, where it presents as tables
dorsalis or general paresis (51) The widespread tissue destruction caused by tertiary

syphilis historically contributed to severe deformities depicted in artwork and medical



literature for centuries (1). These late-stage manifestations were frequent before the

advent of antibiotics but are now rarely observed (1,51).

In addition to its impacts on adults, Syphilis poses a major congenital risk when
transmitted vertically from mother to fetus at rates from 66% to 100% (54,55). The highest
risk occurs during primary, secondary or early latent syphilis, where TPA crosses the
placenta and may lead to stillbirth, pre-term birth, or severe neonatal abnormalities
(51,55). Babies born with congenital syphilis can present with a myriad of symptoms
including hepatosplenomegaly, bone damage, skin lesions, anemia and a bullous rash
(51,56). Early screening and treatment with penicillin during pregnancy are the most
effective strategies for preventing congenital syphilis (31). Figure 1.1 provides an
overview of the clinical stages of syphilis and their associated risks of neurosyphilis and

congenital transmission.
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INFECTION

10-90 days
PRIMARY SYPHILIS Painless lesion at inoculation site
(chancre) for 4-6 weeks
3-12 weeks

Generalized rash, infectious lesions,
SECONDARY SYPHILIS | fever, malaise, sore throat, myalgia,
headache and lymphadenopathy

With-in 1 year

EARLY LATENT SYPHILIS Generally asymptomatic though
symptoms may return

Beyond 1 year

LATE LATENT SYPHILIS Asymptomatic

‘ Increasing
Risk of

Years or decades post-infection

Neurosyphilis

Gummatous lesions affecting skin/ bone/

TERTIARY SYPHILIS . § =
soft tissue, cardiovascular complications

| Risk for vertical transmission of congenital syphilis |

Figure 1.1. Clinical stages of syphilis and associated risks.

The disease progression of syphilis from infection, primary, secondary, latent, and tertiary
stages. The risk of vertical transmission is present throughout all stages, while advancing
to late disease increases the likelihood of neurosyphilis.
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1.2.4. Historical and modern treatments for syphilis

Early treatments for Syphilis were often crude and dangerous. The most widely used
treatment during the 16th century was mercury, given as an ointment, ingested, or
vaporized. There were questions about the true efficacy, but the side effects of severe
toxicity, including neurological and gastrointestinal damage, were common (1,57). Then
the early 20th century saw the introduction of arsenic-based compounds like Salvarsan,
discovered by Sahachiro Hata and tested by Paul Ehrlich in 1910. This was seen as a
significant step forward as it was the first treatment recognized as an effective cure for
syphilis (58). Salvarsan was used for the next few decades, though it's drawbacks

included complex treatment administration and toxic side effects (59,60).

The discovery of penicillin by Alexander Fleming and its subsequent testing during the
1940s was a turning point in the treatment of syphilis. In 1943, Mahoney and colleagues
demonstrated penicillin’s ability to effectively treat early syphilis with minimal side effects,
outperforming earlier therapies (15,17). After World War Il, penicillin was widely available,
making syphilis treatment globally accessible. This led to dramatic declines in incidence
and mortality. By the mid-20th century, syphilis, once one of the most feared infectious
diseases, had become a treatable condition, with penicillin remaining the gold standard

of therapy.

Despite the continued effectiveness of penicillin and no documented resistance,
azithromycin gained attention in the 1990s as an alternative treatment. It offered a

convenient oral alternative to intramuscular benzathine penicillin and was available to
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patients with penicillin allergies (29,61). Early studies showed promising results; however,
concerns emerged in the 2000s as mass treatment programs appeared less effective,
raising questions about azithromycin’s reliability in practice (61,62). In 2004, it was
conclusively demonstrated that TPA could develop macrolide resistance through point
mutations in the 23S rRNA gene, prompting caution in the use of azithromycin in regions

with documented resistance (63).

1.2.5. Genomic features of T. pallidum

The genome of TPA is compact and specialized, spanning approximately 1.14 Mbp and
encoding 1,041 proteins and containing duplicate ribosomal RNA (rRNA) operons. This
reduced genome reflects its evolution as an obligate parasite, lacking genes for many
biosynthetic pathways, including those for amino acids, fatty acids, and nucleotides (38).
Instead, TPA is entirely dependent on the host for essential nutrients, a reliance
supported by the presence of numerous transport proteins that comprise nearly 5% of its
genome (32). Despite this minimalism, recent analyses suggest that its outer membrane
protein (OMP) repertoire is more diverse and functionally redundant than previously
recognized, likely facilitating nutrient acquisition across a variety of environments within
the host. This may aid pathogen persistence through regulation of surface proteins in

response to host environmental pressures (33).

Given the truncated genome, a small number of genes have become common in TPA
research, particularly in diagnostics, epidemiology, and understanding pathogenic

mechanisms. Among these, polA, tp47, arp, tp0470, and the tpr gene family are of
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particular importance, Figure 1.2 (64). The polA gene, which encodes DNA polymerase
I, has been a valuable diagnostic target due to its unique sequence features that
differentiates the T. pallidum subspecies from non-pathogenic treponemes and other

microorganisms (65).

The tp47 gene, encoding a 47-kDa membrane-bound protein, has been widely used as a
diagnostic PCR target due to its specificity and sensitivity (66-68). It's unique to
pathogenic treponemes and has no homology to known bacterial or eukaryotic proteins,
representing a novel class of penicillin-binding proteins (PBPs) (66,69). Importantly, tp47
was shown to be the most sensitive PCR target for detecting TPA DNA in clinical
specimens, outperforming others (70). Biochemically, the Tp47 protein hydrolyzes
penicillin by breaking the p-lactam ring, but the resulting products strongly inhibit further
activity by binding to the protein. Fortunately, this effectively limits its f-lactamase function
through product inhibition (71). To date, no tp47 variants conferring penicillin resistance
have been identified, but the gene remains an important target for ongoing surveillance

to ensure such mutations do not emerge.

The tp0433 gene, also known as the acidic repeat protein (arp) gene, is one of the few
loci in the TPA genome that exhibits substantial sequence variability across strains,
primarily due to differences in the number and composition of internal 60-bp tandem
repeats (72). Studies have reported between 4 and 25 repeat copies among Treponema
species, and up to 22 copies in TPA, resulting in substantial length heterogeneity (73,74).

Although its precise function remains unclear, arp is routinely used as a molecular typing

14



marker due to its polymorphic nature (75). However, the repetitive structure of this gene
poses challenges for both genome assembly and multiple sequence alignment in short-

read datasets (76).

The tp0470 gene also exhibits substantial length polymorphism due to variation in the
number of internal 24-bp tandem repeats (74,77). These repeats encode the highly
charged EAEEARRK motif, and repeat counts range from 4 to 29 among TPA genomes,
with even higher counts observed in TPE (74). Although the biological role of {p0470
remains unclear, the gene shows clade-associated repeat patterns, with Nichols-like
strains frequently harboring more repeat units than SS14-like strains (74). This clade-
specific length variation, coupled with its repetitive sequence, makes {p0470 a useful

target for molecular subtyping and comparative genomic analyses.

The Treponema pallidum repeat gene (tpr) family, comprises twelve genes that can be
grouped into three subfamilies based on sequence homology. The most well studied
member is tprK, which is important to TPA’s capacity for virulence and persistence in
infections (78). tprK undergoes extensive antigenic variation through non-reciprocal gene
conversion with tprD among 7 variable sites, providing a significant level of protein
diversity, hypothetically improving immune evasion (79). Other tpr genes are also
implicated in pathogenesis. Members of Subfamily | (tprC, tprD, tprF and tprl) show
extensive variation in the sequences of the predicted surface exposed regions,
suggesting roles in host interaction and immune recognition (80). Subfamily Il members

(tprE, tprG, tprd) have been found to be under transcriptional regulation by the non-tpr
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protein TP0262, indicating expression is not static and may be controlled during infection

or in response to host-mediated cues (81).
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Figure 1.2. Genomic map of T. pallidum highlighting genes of interest

Genes are displayed according to their forward (outer track) or reverse (inner track)
orientation. Members of the {pr gene family are shown in red, the rRNA operons in yellow
and selected genes of interest, including PCR or Vaccine targets, in blue. Figure created

with Proksee (htips://proksee.ca/)
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1.3. Molecular Screening of T. pallidum
1.3.1. T. pallidum Polymerase Chain Reactions

During the late 1980s, the diagnosis of syphilis posed significant challenges: T. pallidum
could not be isolated in artificial media, rabbit infectivity testing was impractical for routine
use, and dark-field microscopy lacked sensitivity (82). With syphilis cases increasing
among HIV-positive patients, there was growing concern about the limitations of
serological testing for early infections during primary syphilis, as well as the potential for
reactivation of latent syphilis in immunosuppressed individuals (82,83). These challenges
prompted the development of polymerase chain reaction (PCR) assays, which offered a
highly sensitive and specific means of directly detecting treponemal DNA in clinical

specimens.

Early PCR assays focused on detecting conserved regions of the T. pallidum genome to
maximize sensitivity and specificity. Initial targets included the treponemal membrane
protein A (tmpA), DNA polymerase | (polA), subsurface lipoprotein 4D (4D), the basic
membrane protein (bmp) and the 47-kDa membrane protein (tp47) (66,82—84). These
targets were chosen because they are conserved across Treponemal species and not
present in other common genital pathogens, minimizing the risk of false positives. More
recently, the tp47 and polA genes have been the main targets used in TPA PCR (67,85).
Comparative studies have shown that both targets provide equivalent sensitivity and

specificity in ulcer swabs, confirming their reliability in clinical practice (67).
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With improvements in commercial PCR master-mixes there has been a move towards
multiplexing the assays to simultaneously detect TPA alongside other pathogens that
cause genital ulcer disease, such as Haemophilus ducreyi and Herpes Simplex Virus
(66,86). This multiplex approach improves diagnostic efficiency in clinical settings where
rapid and comprehensive testing is needed. However, a notable limitation of all the
previously mentioned assays is that they rely on conserved targets such as tp47 and polA,
which cannot distinguish between T. pallidum subspecies like TPA, TPE or TEN (82).
Because these subspecies share nearly identical sequences in these regions, molecular
differentiation requires the use of alternative targets or additional methods, which are not

part of routine clinical testing (87).

1.3.2. Multi-Locus Sequence Typing of T. pallidum

Multi-locus sequence typing (MLST) was one of the earliest molecular tools used to
distinguish the T. pallidum subspecies and genotype TPA. With the inability for in vitro
culture and limited genetic diversity, MLST schemes were devised around a small number
of genomic loci exhibiting variability (88). Initial typing focused on the genes of putative
surface-exposed proteins ({p0136, tp0548, and tp0705) and repeat-rich genes (arp and

the tpr family), which show greater sequence heterogeneity across strains (75,89,90).

Despite its utility, even MLST has limitations in accurately differentiating subspecies,
particularly when loci have regions susceptible to recombination or convergent evolution.
Early typing schemes using arp, tpr, and tp0548 helped identify genotypes across global

populations, but also led to confusion when isolates displayed conflicting signatures. For
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instance, Grange et al. (2013) described an unusual T. pallidum isolate (11q/j) from a
genital lesion in France that was initially classified as syphilis (91). Upon examination of
the published {p0548 sequence, it was noticed that 11q/j was only a single nucleotide
polymorphism (SNP) away from sequences found in TPE and suggested this may be an
imported case of yaws (89). Subsequent investigations determined this isolate was a case
of sexually transmitted TEN which would be later supported by a Cuban study identifying

nine cases of TEN misdiagnosed as syphilis (92,93).

Although the recent decade has seen the emergence of WGS, the simplicity and
adaptability of MLST methods have continued to grow, and as late as 2018, optimized
schemes were being applied across Europe to monitor the re-emergence and spread of
syphilis, allowing international comparisons of TPA strains directly from clinical
specimens (94). The results of these MLST studies have extended beyond simple
genotyping. Noda et al. (2018) constructed a phylogenetic tree using nine different MLST
loci, demonstrating the scheme’s potential for understanding broader strain relationships

(93).

1.3.3. Whole Genome Sequencing of T. pallidum

While MLST and targeted gene studies laid the foundation for understanding the genetic
diversity of TPA, these approaches are inherently limited by the small number of loci. The
recent advances in next-generation WGS have provided insights into genome structure,

population dynamics and evolution.
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Until recently, TPA WGS primarily relied on bacterial propagation in rabbit testes to
provide sufficient amounts of DNA for Sanger sequencing (38,77). However, this
approach limited genetic studies to a small number of laboratory strains and raised
concerns about host-adaptive mutations. A series of modern techniques enabled
researchers to overcome these hurdles. Strategies such as anti-treponemal antibody
enrichment, methyl-directed enrichment, whole genome amplification (WGA), and
targeted hybrid-capture have allowed researchers to bypass rabbit passage and directly
sequence from clinical TPA samples (76,95-97). These methods have expanded the
number of genomes available for analysis and provided insight into the genetic diversity

present in modern syphilis.

This early wave of WGS applications has relied exclusively on short-read sequencing
technologies, typically lllumina-based platforms (76,96,98,99). While these methods are
capable of producing high quality data, they face challenges in resolving repetitive or
highly similar genomic regions, such as paralogous tpr genes and long tandem repeats
(76,100). Nevertheless, they have provided a foundation for global phylogenomic
analyses, offered insights into the epidemiology of syphilis outbreaks and identified some

mechanisms of antigenic variation.

1.3.4. Phylogenetics of T. pallidum
The Nichols strain of TPA, first isolated in 1912 and subsequently maintained through
rabbit passage, became the model for syphilis research and was the first TPA genome to

be sequenced (38). The SS14 strain became another important reference, particularly
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due to its association with macrolide resistance and later complete genome publication.
SS14 was isolated from a patient with a penicillin allergy who was not responding to
erythromycin treatment in 1977 (77,101). Through accumulated work with MLST and
whole genome fingerprinting (WGF), researchers found that TPA samples consistently

grouped into two major clades clustering around either Nichols or SS14 (43,102).

Building on those observations, recent studies using WGS have expanded our
understanding of TPA phylogeny. A global study by Beale et al. (2021) analyzed more
than 700 genomes from 23 countries, confirming the existence of the two clades with
distinct sub-lineages (103). It's notable that the SS14 lineage accounts for the majority of
contemporary cases worldwide, while the Nichols strains remain less common but are

still circulating.

Regional studies have provided further insight into these global patterns. In 2022, analysis
of 456 genomes from Australia revealed that multiple sub-lineages spanning both the
SS14 and Nichols clades were driving the on-going syphilis epidemic (104). In Japan,
nearly all circulating strains belonged to SS14 sub-lineage 1B, with phylogenetic
clustering by sexual orientation. This group of closely related strains between Japan and
China revealed an East Asian transmission network (105). In Buenos Aires, an unusually
high prevalence (37%) of Nichols-like strains were noted, more than global estimates,
along with an increase in macrolide resistance present in both TPA strains (106). The

results suggested regionally distinct transmission patterns were occurring.(106)
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Temporal analyses agree that following the discovery and use of penicillin in the mid-20th
century, syphilis incidence declined in many regions. However, the resurgence in the
early 2000s was shown to be driven by a few dominant sub-lineages that rapidly
expanded after a population bottleneck in the late 1990s (103,107). This increased
incidence likely reflects shifts in sexual behavior after the introduction of effective
antiretroviral therapies (103). While the diversity of the modern strains is linked to these
more recent events, historical phylogenetics indicate that the most recent common
ancestor of TPA lineages dates to the 17th century (98). Even with its long history, the
modern TPA population shows low overall genetic diversity and slow SNP accumulation,

and strains remain highly similar across continents and decades.

1.3.5. Potential Vaccine targets

Not long after TPA was identified as the etiological agent of Syphilis there was a desire
to develop a vaccine. In the early 1970’s, James Miller was able to provide complete
protection from infection, in a rabbit model, for at least 1 year (108). Although his approach
was not practical for human immunization, it established a benchmark for evaluating

vaccine efficacy in experimental models (109).

The exact mechanism of protection observed in Miller’s study remains unknown. However,
the family of 12 Tpr proteins have emerged as promising vaccine targets due to their
predicted surface localization and porin functions (29,110). Among these, TprK has
shown promise in rabbit models as immunization with recombinant TprK results in

significantly attenuated lesion development (111) Similarly, recombinant TprF and the N-
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terminal conserved region of TprF have also been shown to attenuate lesion development.
Unlike the highly variable TprK, there has been a somewhat surprising lack of TprF

sequence variation found, potentially making it a better candidate (110).

Other vaccine targets include Tp0751, a protein with dual functions that provides TPA an
effective method for dissemination. Tp0751 binds extracellular matrix components,
including vascular endothelial cells, improving bacterial adhesion and spread (112).
Additionally, it promotes clot dissolution by degrading fibrinogen and laminin, enabling the
spirochete to penetrate tissue barriers and circulate more effectively (113). These
functions contribute to the virulence of TPA but also make Tp0751 a strong candidate for
vaccine development. Multiple studies have demonstrated immunizing rabbits with
Tp0751 reduces bacterial organ burden and, when included in a tri-valent vaccine,

significantly attenuates the development of chancres (114,115).

Tp0326 (BamA ortholog), part of the B-barrel assembly machinery contains both a
periplasmic N-terminal domain and an outer-membrane embedded c-terminal B-barrel
domain. Both ends of the protein are targeted by rabbit anti-bodies however, only the
periplasmic segment is targeted by human antibodies (116). In Tp0326 immunized rabbits,
the animals that had high Tp0326-antibody titers showed some degree of protection in

subsequent exposures (117).

1.3.6. Challenges in Studying Syphilis
Research on TPA is hindered by several key limitations due to its biology, genomic

complexity, and experimental difficulties. In studies involving bacteria, a common first step
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is culture isolation. The small genome of TPA not only results in complex media
requirements but also lacks genes encoding the typical enzymes that deal with oxidative
stress (38) TPA instead uses proteins hypothesized to have been acquired from
hyperthermophilic anaerobic ancestors resulting in the requirement for microaerophilic
conditions, around 1.5% 02, in order to maintain viability and growth (41). Even brief
exposure to atmospheric oxygen levels can be lethal, necessitating specialized culture
environments that mimic mammalian tissues (118,119). Coupled with slow replication,
TPA has a doubling time of approximately 30-50 hours, Isolation has been extremely

difficult (119-121).

Historically, the only reliable method for propagating TPA involved the use of rabbit
models, where the bacteria was maintained through intratesticular inoculation (29,120).
However, recent breakthroughs have been demonstrated that build on previous methods
of short-term propagation (118,119) In 2018, long-term in vitro culture of TPA was
reported using a co-culture system with rabbit epithelial cells (Sf1Ep) and a specialized
medium (TpCM-2) in low-oxygen conditions. This system has since been refined to
sustain continuous growth for more than three years, with cultures retaining full viability

and infectivity (121).

Despite the recent advancements in culture systems they remain highly specialized and
are not widely accessible to most laboratories. Consequently, molecular studies typically
rely on nucleic acid directly extracted from clinical specimens. This enabled specific and

sensitive detection of TPA in cerebrospinal fluid (CSF), during latent and tertiary stages,
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using PCR (83,122). However, the low bacterial burden in patient samples severely limits
the quantity of recoverable TPA DNA rendering techniques beyond conventional PCR

challenging and complicating WGS efforts (123—-125).

Differential lysis of samples can be a common technique relying on the strength of the
prokaryotic cell wall compared to eukaryotic cell membranes (125-127)However, TPA
has been shown to be exceptionally fragile, making laboratory manipulation challenging.
The outer membrane is sensitive to mechanical stress induced during centrifugation and
non-ionic detergents (36,128). This fragility results in TPA cells being lysed during the

same steps that would remove the eukaryotic cells preventing DNA separation.

RNA-bait capture methods have gained popularity when using short-read sequencing
platforms. The probes, typically around 120 nucleotides in length, hybridize to fragmented
DNA, enabling the enrichment of specific targets (76,103,107,129). This provides an
effective means for capturing low-abundance DNA, but the short sequences present a
challenge for resolving regions with repetitive genomic elements. For example, the arp
gene of TPA contains between 4 and 20 copies of 60-base repeats, making it a useful
target in MLST schemes. However, when bait capture is used, accurately assembling
this region becomes challenging due to the difficulty in correctly mapping repetitive
sequences (76). Similarly, bait capture and short-read sequencing struggle to differentiate
reads originating from TPA’s nearly identical ribosomal RNA operons, which span over
4.8kbp, requiring the use of Sanger Sequencing to resolve the regions (96). This

complicates genome assembly by requiring an additional layer of sequencing and
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analysis. Due to these assembly challenges, regions are often masked as ambiguous
characters (N), limiting the ability to fully characterize TPA’s genomic variability. The
resulting masked sequences may hinder phylogenetic analyses, genomic surveillance

and impede efforts to develop vaccine candidates.

1.3.7. Advancing T. pallidum genomics with Oxford Nanopore sequencing

Advances in genomics and DNA sequencing technologies have the potential to
significantly improve our knowledge of TPA and Syphilis disease progression. Whole
genome sequencing (WGS) can aid in understanding the population structure of the
bacteria and the dynamics of infections (10,20,130). Through genome comparisons, it is
possible to differentiate strains and identify clusters which allows researchers to uncover

patterns of epidemic spread (124).

Genomics also enable the surveillance of antimicrobial resistance (131,132). Although
TPA remains susceptible to penicillin, cases of resistance to macrolides have been
reported world-wide (103). WGS can identify known mutations, such as those in the 23S
rRNA gene, and detect novel ones, allowing the emergence and spread of resistant
strains to be tracked (76,103). More recently, the use of doxycycline as post-exposure
prophylaxis (doxy-PEP) has shown promising results in reducing bacterial sexually
transmitted infections (STI) (133,134). While tetracycline resistance has not yet been
documented in TPA, the existence of 23S rRNA mutations proves ribosomal changes
imparting resistance can occur. It's already been found in Neisseria gonorrhoeae, the

V57M mutation in the 30S ribosomal subunit has been shown to provide tetracycline

27



resistance (135). For that reason, genomic surveillance will be important for monitoring

potential doxycycline resistant mutations in the ribosomes.

Additionally, genomic studies have enhanced our ability to identify potential vaccine
targets (136). High-throughput sequencing paired with proteomic analyses help uncover
conserved and immunogenic proteins, such as outer membrane proteins (OMPs) and
treponemal repeat proteins (Tpr), which are important for bacterial survival and immune
evasion (96). With the variability seen in these targets, using WGS, it may be necessary

to tailor the vaccines to locally circulating strains.

Furthermore, WGS can improve public health surveillance by enabling more precise
molecular epidemiology. Genomic data can be used to follow outbreaks in real time,
identify high-risk populations, and reveal unknown transmission patterns (130,132,137).
Integrating genomic surveillance with traditional epidemiological methods can enhance
early detection of outbreaks and facilitate targeted strategies for syphilis control and

prevention.

While short-read sequencing has made many of these advances possible, it struggles to
resolve repetitive and duplicated elements in the TPA genome. Long-read sequencing
with Oxford Nanopore Technologies (ONT) offers specific advantages for addressing
these challenges. ONT generates long reads that can span thousands of bases in a single
molecule (138) This can resolve problematic genomic regions such as the arp and {p0470
repeat loci, as well as the closely related fpr gene family and duplicated rRNA operons,

which are often masked in lllumina datasets (97,103,104). By reducing the need to mask
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large portions of the genome, long-read sequencing will enable a more complete picture

of TPA diversity.

In addition to read length, ONT sequencing offers features well suited to metagenomic
clinical specimens, where TPA DNA is often present at very low abundance relative to
host DNA (95). Adaptive sampling (AS), a software-based enrichment strategy, enables
the selective retention of bacterial reads and active rejection of non-target DNA as
sequencing occurs in real time (Figure 1.3) (139). This enrichment can increase the
proportion of TPA reads several-fold without additional laboratory steps, thereby
improving genome coverage from low-input or heavily contaminated samples (139,140).
Together, these abilities make Nanopore sequencing uniquely advantageous for

furthering TPA genomics and overcoming challenges in syphilis research.

29



Created with BioRender.com

Figure 1.3. Adaptive sampling during Oxford Nanopore sequencing

Adaptive sampling, a real-time enrichment strategy were DNA molecules are evaluated
as they enter the nanopore (blue pore). Strands mapping to a user-defined reference
genome (TPA) are retained and fully sequenced (green pore), while non-target DNA (host
sequences) are rejected and ejected from the pore (red pore). This process increases the
proportion of on-target reads.
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1.4. Study Rationale and Aims
This study is based on our hypothesis that the SS14 lineage has become the dominant
strain of TPA circulating in Manitoba. To test this hypothesis, we established the following

objectives:

(1) Identify and collect clinical specimens suitable for TPA analysis

(2) Develop a long-read sequencing protocol for metagenomic samples

(3) Establish a comprehensive bioinformatics pipeline for data processing and genome

assembly

(4) Compare long-read assembled TPA genomes from Manitoba to available global

genomic data, to investigate local strain diversity and potential epidemiological patterns.
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Chapter 2: Materials and Methods

Ethical approval for this study was obtained from the University of Manitoba Health
Research Ethics Board (Approval No. HS26285, January 2024). The protocol, Genomic
epidemiology and vaccines combined: A comprehensive approach to pre-clinical syphilis
vaccine discovery, was designed to describe the genetic epidemiology of Treponema
pallidum in Manitoba and across the Canadian Prairies. The study aims to sequence T.
pallidum in retrospective and prospective diagnostic samples to characterize circulating
strains and link genomic variation with epidemiological factors. The methods include
selective whole genome amplification, Oxford Nanopore long-read sequencing and
bioinformatic analysis. Only de-identified metadata (age, sex, specimen type, specimen
date) are linked to specimens, and all analyses are conducted at Cadham Provincial

Laboratory in collaboration with academic partners.

21. PCR screen

Cadham Provincial Laboratory receives mucocutaneous lesion specimens as flocked
swabs in Universal Transport Media (UTM) (Becton Dickinson and Company, cat#
220528) as part of routine clinical testing for Herpes Simplex Virus types 1 (HSV1),
Herpes Simplex Virus types 2 (HSV2) and Varicella-Zoster Virus (VZV). At the request of
the ordering physician, specimens can be further tested for TPA where a specimen aliquot
is taken and sent to the National Microbiology Laboratory (NML). All specimens are stored
at -80°C and previously identified TPA specimens were used as positive control material

for PCR.
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2.1.1. Tp47 Screening PCR

Following routine testing for HSV1, HSV2, and VZV, the extracted DNA was screened for
TPA (tp47 gene) using real-time PCR. Reactions were performed in a 20 pl final volume
with TagMan Fast Virus 1-Step Master Mix (Thermo Fisher Scientific, cat# 4444432),
containing 5 pl of template DNA, 500nM primers and 250nM probe targeting the Tp47
gene as previously described (70): forward primer 5'-CAACACGGTCCGCTACGACTA-3',
reverse  primer 5-TGCCATAACTCGCCATCAGA-3', and probe  5-HEX-

CGGTGATGACGCGAGCTACACCA-BHQ1-3".

The PCR was conducted on a CFX-96 Real-Time System (Bio-Rad Laboratories, cat#
C1000) with the following thermal cycling conditions: 50°C for 5 minutes, 95°C for 20
seconds, followed by 40 cycles of 95°C for 5 seconds and 61.4°C for 30 seconds with
fluorescence plate reading. Data analysis was carried out using CFX Maestro software (v
2.3). Any specimens that screened positive for TPA, had a cycle threshold (Ct) value

<40Ct, were stored for further use.

Synthetic TPA DNA (ATCC, cat# BAA-2642SD) was used as quantified positive control
material and serially diluted to produce a standard curve. Starting at an original
concentration of 4.7 x 10° copies/uL, 50uL was added to 450uL of IDTE pH8.0 1X TE
buffer (Integrated DNA Technologies, cat # 11-05-01-13). This was continued producing

dilutions of 450pL, from 10-'to 108,
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2.1.2. Lesion panel

A multiplex real-time PCR was performed on extracted DNA to detect TPA, HSV1, HSV2,
VZV, and human Beta-globin (BGB). Each reaction was prepared in a 20 ul volume with
TagMan Fast Advanced Mix (Life Technologies, cat# 4444557), including 5 ul of template
DNA. Primers and probes were used to amplify specific genes: the Tp47 gene for TPA,
the glycoprotein B (gB) gene for HSV1 and HSV2, the DNA polymerase gene for VZV,

and the BGB gene as an endogenous control for human DNA.

For HSV1, the sense primer (5-GCAGTTTACGTACAACCACATACAGC-3’) and the
antisense primer (5-AGCTTGCGGGCCTCGTT-3’) targeted the gB gene, with probe 5'-
(FAM/ZEN)CGGCCCAACATATCGTTGACATGGC-3'. For HSV2, amplification of the gB
gene used the sense primer (5-TGCAGTTTACGTATAACCACATACAGC-3’) with the
same antisense primer as HSVA1, and probe 5’-(HEX/ZEN)-
CGCCCCAGCATGTCGTTCACGT-3'. Detection of TPA was achieved by targeting the
Tp47 gene with the forward primer (5-CAACACGGTCCGCTACGACTA-3’), reverse
primer (5-TGCCATAACTCGCCATCAGA-3), and probe 5-(TXRed-
XN)CGGTGATGACGCGAGCTACACCA-BHQ2-3'. VZV detection targeted the DNA
polymerase gene with primers (5-CGGCATGGCCCGTCTAT-3’) and (5-
TCGCGTGCTGCGGC-3), and probe 5'-
(CYS/TAO)ATTCAGCAATGGAAACACACGACGCC-3'. BGB was amplified as a control
using the forward primer (5’-TGGATGAAGTTGGTGGTGAG-3’) and reverse primer (5'-
CCCAGTTTCTATTGGTCTCCTT-3), with probe 5-

(TYE705)CCTGGGCAGGTTGGTATCAAGGTT-BHQ2-3'.
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Reactions were run on a CFX-96 Real-Time PCR System (Bio-Rad Laboratories) in
multiplate 96-well unskirted PCR Plates (Bio-Rad Laboratories, cat# ML9601) sealed with
Microseal B film (Bio-Rad Laboratories, cat #MSB1001). Thermal cycling conditions were
as follows: initial hold at 50°C for 2 minutes, 95°C for 20 seconds, followed by 40 cycles
of 95°C for 3 seconds and 58°C for 30 seconds with plate read. Each run included
negative (no template) and positive controls. Data analysis was performed using CFX

Maestro software, version 2.3.

Synthetic TPA DNA (ATCC, cat# BAA-2642SD) was used as quantified positive control
material and serially diluted to produce a standard curve. Starting at an original
concentration of 4.7 x 10° copies/uL, 50uL was added to 450uL of IDTE pH8.0 1X TE
buffer (Integrated DNA Technologies, cat # 11-05-01-13). This was continued producing

dilutions of 450uL, from 10-'to 108,

Standard curves generated from Synthetic TPA DNA demonstrated consistent
performance across a dynamic range from 5 x 10* to 0.5 genome copies per reaction.
The regression equation was Ct = -3.27 logio(copies) + 34.25, with an R? of 0.999. The
average Ct difference between 10-fold dilutions was 3.27 cycles, corresponding to a PCR

efficiency of 102.4%.

2.1.3. Digital PCR
To create quantified PCR controls with the previously validated TPA tp47 primers and
probe, digital PCR (dPCR) was performed on the Absolute Q dPCR system (Thermo

Fisher Scientific, cat# A52864). Using the Absolute Q DNA Digital PCR Mix (Thermo
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Fisher Scientific, cat# A52490) with the forward primer (5'-
CAACACGGTCCGCTACGACTA-3'), reverse primer (5-TGCCATAACTCGCCATCAGA-
3’), and tp47 probe (5- FAM-CGGTGATGACGCGAGCTACACCA-ZEN/IABK-3') a
master mix was made according to the manufacturers recommendations. 1 ul of sample
DNA was added to 9 pl of master mix and 9 pl of that was transferred to the Absolute Q
MAP16 plate (Thermo Fisher Scientific, cat # A52688). The assay was run with the cycling
conditions recommended by the manufacturer, including an annealing temperature of
58°C. The dPCR data file was analyzed using QuantStudio Absolute Q digital PCR

Software, version 6.3.0.

The dPCR-quantified Tp47 standards were subsequently serially diluted and run on the
tp47 screening PCR to generate standard curves (Ct versus log1o copy number), which
enabled direct calculation of genome copy numbers in experimental samples. The
resulting curves had a range from 4 x 10° to 4 genome copies per reaction, with the
regression equation Ct = -3.361 log1o(copies) + 35.678, R? = 0.999, and an average 10-

fold dilution shift of 3.36 cycles, corresponding to a PCR efficiency of 98.4%.

2.2. DNA Extractions

Due to the metagenomic nature of mucocutaneous lesion swabs, multiple DNA extraction
methods were evaluated to optimize recovery of TPA DNA for downstream sequencing
applications. These included both selective DNA extraction methods aimed at enriching
bacterial DNA while depleting host DNA, and total nucleic acid extractions to capture all

DNA present.
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2.21. Selective DNA Extractions

The first method to increase the yield of TPA DNA involved using magnetic beads to bind
eukaryotic DNA, pellet the beads and transfer the supernatant to a new tube. This
effectively enriches for prokaryotic DNA. The second selective extraction involved using
differential lysis on the principle that prokaryotic cells contain cell walls that are more
resistant to detergents. Using a mild detergent, eukaryotic cells are lysed and the DNA
can be degraded with a DNase. Once the DNase is removed the prokaryotic cells are

lysed, providing a DNA eluate enriched for bacteria.

2.2.1.1.  Enriching Bacterial DNA

Total DNA, including host, microbiome and TPA, was extracted using the Qiagen DNeasy
Blood & Tissue Kit (Qiagen, Cat 69504). Briefly, 20 ul of proteinase K (Qiagen) and 200
ul of Buffer AL (Qiagen) were added to 200 pl of UTM containing the sample. The mixture
was vortexed and incubated at 56°C for 10 minutes. After incubation, 200 pl of ethanol
was added, and the sample was mixed before being transferred to a Qiagen spin column

(Qiagen).

The column was centrifuged at 6,000 x g for 1 minute, and the flow-through was discarded.
With a new collection tube, 500 ul of Buffer AW1 (Qiagen) was added, and the column
was centrifuged at 6,000 x g for 1 minute. Again, the flow-through was discarded, and the
column was transferred to a new collection tube. Next, 500 pl of Buffer AW2 (Qiagen)

was added, and centrifuged at 20,000 x g for 3 minutes. The column was then placed in

37



a fresh collection tube and centrifuged at 20,000 x g for an additional minute to ensure

removal of Buffer AW2 (Qiagen).

To elute the nucleic acid out of the spin column, it was placed in a clean elution tube and
200 pl of Buffer AE (Qiagen) was added. The column was incubated at room temperature
for 1 minute before a final centrifugation at 6,000 x g for 1 minute for total nucleic acid

collection.

The NEBNext Microbiome DNA Enrichment Kit (New England Biolabs, cat# E2612S) was
then used to remove the host DNA from the sample. Using the manufacturer’s
recommendations, 160 pyl of MBD2-Fc-bound magnetic beads (New England Biolabs)
were prepared in 5X Bind/Wash buffer (New England Biolabs) for 1 ug of input DNA. This
mixture was gently pipetted and rotated for 15 minutes at room temperature to allow
methylated host DNA to bind to the beads. The beads were bound on a magnetic
separation rack (New England Biolabs, cat# S1506S) and the supernatant containing

enriched microbial DNA was transferred to a clean tube.

Microbial DNA was further purified from the Bind/wash buffer using 1.8X AMPure XP
beads (Beckman Coulter, cat# A63880). The mixture was thoroughly mixed by pipetting
up and down and incubated at room temperature for 10 minutes to permit DNA binding.
Beads were then captured on a magnetic stand for 5 minutes, and the supernatant was
carefully removed. Two washes with 200 pl of 80% ethanol were performed, each with a
30-second incubation, followed by removal of the ethanol. After the final wash, the beads

were air-dried for 30 seconds. DNA was eluted by adding 50 ul of nuclease-free water
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(Integrated DNA Technologies, cat# 11-05-01-14), gently mixing, and incubating for 5
minutes at room temperature. The tube was returned to the magnetic stand, and the

cleared eluate was transferred to a clean tube.

2.2.1.2. Depleting Host DNA

Host DNA depletion extractions were performed on swab samples in UTM using the
QIAamp DNA Microbiome Kit (Qiagen, cat# 51704 ), following a protocol tailored for a 1
ml sample volume. Briefly, 500 pl of Buffer AHL (Qiagen) was added to 1 ml of sample in
a 2 ml microcentrifuge tube, mixed, and incubated for 30 minutes at room temperature
with end-over-end rotation. After incubation, samples were centrifuged at 10,000 x g for

10 minutes, and the supernatant was carefully discarded to avoid disturbing the pellet.

The bacterial pellet was treated with 190 pl of Buffer RDD (Qiagen) and 2.5 pl of
Benzonase (Qiagen), then incubated at 37°C for 30 minutes at 600 rpm. Following
Benzonase treatment, 20 pl of Proteinase K (Qiagen) was added, and the mixture was
incubated at 56°C for another 30 minutes. Next, 200 pl of Buffer ATL with Reagent DX
(Qiagen) was added, and the sample was transferred to a Pathogen Lysis Tube L
(Qiagen). Mechanical lysis was performed using a TissuelLyser Il (Qiagen, cat# 85300)

for 10 minutes at a frequency of 50/s.

After lysis, the sample was centrifuged at 10,000 x g for 1 minute to reduce foam, and the
supernatant was transferred to a fresh tube. An additional 40 pl of Proteinase K (Qiagen)
was added, followed by incubation at 56°C for 30 minutes. Next, 200 pl of Buffer APL2
(Qiagen) was mixed into the lysate, incubated at 70°C for 10 minutes, and 200 pl of
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ethanol was added. The sample was then loaded onto a QlAamp UCP Mini Column

(Qiagen) and centrifuged at 6,000 x g for 1 minute, with the process repeated as needed.

The column was washed with 500 pl of Buffer AW1 (Qiagen) and centrifuged at 6,000 x
g, followed by 500 ul of Buffer AW2 (Qiagen) and centrifugation at 20,000 x g for 3 minutes.
A final centrifugation step ensured the complete removal of residual wash buffer. DNA
was eluted in 50 pl of Buffer AVE (Qiagen) by incubating for 5 minutes at room
temperature, followed by centrifugation at 6,000 x g for 1 minute. Eluted bacterial DNA

was stored at 4°C for downstream applications.

2.2.2. Total Nucleic Acid Extractions

Total nucleic acid extraction methods are designed to recover all nucleic acids present in
a sample, including both host and microbial material. In this study, only DNA was
assessed and used for downstream applications. Unlike targeted enrichment or host
depletion strategies, these non-selective methods maximize the likelihood of recovering

low-abundance organisms such as TPA.

2.2.2.1. Qiagen DNeasy Blood & Tissue Kit

For total nucleic acid extraction, the Qiagen DNeasy Blood & Tissue Kit (Qiagen) was
used following the same protocol described in the earlier microbiome enrichment
experiments, with one modification: the final elution volume was reduced from 200 pL to
100 pL to increase nucleic acid concentration. Briefly, 20 uL of proteinase K (Qiagen) and
200 pL of Buffer AL (Qiagen) were added to 200 pyL of UTM containing the sample. After
vortexing and incubation at 56°C for 10 minutes, 200 uL of ethanol was added. The lysate
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was then transferred to a spin column and washed sequentially with Buffer AW1 (Qiagen)
and Buffer AW2 (Qiagen). Following a final high-speed centrifugation to remove residual
wash buffer, DNA was eluted with 100 pL of Buffer AE (Qiagen). No microbiome

enrichment or host DNA depletion steps were applied.

2.2.2.2. KingFisher Flex Extraction

Total nucleic acid extractions were performed on the KingFisher Flex instrument (Thermo
Fisher Scientific, cat# 5400610) with the Applied Biosystems 5x MagMAX-96 Viral
Isolation Kit (Thermo Fisher Scientific, cat#1836-5). Using a modified protocol and the
deep-well plate format, 200 yL of swab samples in UTM were added to 620 uL of lysis
binding solution/bead mix (Thermo Fisher Scientific). Sample lysis was followed with two
rounds of 300 uL of wash 1 (Thermo Fisher Scientific), two rounds of 300 uL of wash 2
(Thermo Fisher Scientific), and a 110 pL elution step (Thermo Fisher Scientific). The

extracted nucleic acid was stored at 4°C.

2.2.2.3. BioMérieux eMAG System

Swab samples in UTM were extracted using the BioMérieux eMAG automated system
(BioMérieux, cat# 418591) with the Generic_3.0.4 protocol. Initially, 200 ul of sample was
manually added to Lysis Buffer (BioMérieux) in individual extraction vessels (BioMérieux,
cat# 280135). The vessels were then placed back on the instrument, which performed
the remaining steps automatically: addition of 50 pl of silica (BioMérieux, cat# 280133),
sequential washing steps, and elution of nucleic acids in 110 uyl of Extraction Buffer 3
(BioMérieux) into clean eluate tubes.
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2.2.2.4. DNA Fragment Size Assessment

DNA fragment size distributions were assessed using the Agilent 2200 TapeStation
(Agilent, cat# G2964A) with Genomic DNA ScreenTape (Agilent, cat# 5067-5365). For
each sample, 1 pL of extracted DNA was mixed with 10 yL of Genomic DNA Sample
Buffer (Agilent, cat# 5067-5366) and loaded onto the ScreenTape. A DNA ladder provided
with the kit was prepared according to the manufacturer’s instructions and served as a
reference for fragment sizing. Prepared samples were run on the TapeStation instrument,
and electropherogram profiles were generated and analyzed using 2200 TapeStation

Software version A.01.05(SR1).

2.2.2.5. DNA Quantification Using Qubit Flex Fluorometer

Genomic DNA was quantified with the Qubit Flex Fluorometer (Invitrogen, cat# Q33327)
using the Qubit dsDNA High Sensitivity (HS) assay kit (Invitrogen, cat# Q32851). To
calibrate the instrument, two standard tubes were prepared by adding 190 ul of buffer
(Invitrogen) and 10 ul of each standard (Invitrogen). For each sample, a 0.5 ml Qubit
assay tube was prepared by adding 198 ul of Qubit dsDNA HS buffer (Invitrogen) and 2
pl of DNA sample. All tubes were briefly vortexed and incubated at room temperature for
two minutes, followed by a quick centrifugation to settle contents and remove air bubbles.
The Qubit Flex Fluorometer was calibrated with the two standard solutions, after which

the DNA concentration of each sample was measured and recorded.

2.3. Whole Genome Amplification
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None of the extraction methods tested yielded sufficient TPA DNA for Nanopore
sequencing. While RNA bait capture is commonly used to enrich microbial DNA, current
protocols are optimized for short-read sequencing and fragment sizes (~120 bp). As an
alternative, whole genome amplification (WGA) methods were explored to increase total
DNA while preserving long fragment lengths. These methods utilize isothermal multiple
displacement amplification (MDA) of entire genomes within a sample. Both random-
primed and sequence-specific approaches were evaluated to improve TPA DNA

concentration in the sequencing libraries.

2.3.1. Random-Primed Whole Genome Amplification

WGA was performed on extracted DNA samples using the REPLI-g Advanced DNA
Single Cell Kit (Qiagen, cat# 150363), which utilizes random hexamer primers and phi29
DNA polymerase. Briefly, 2.5 ul of template DNA (1 ng) was combined with 2.5 ul of Buffer
D1 (Qiagen) in a 0.2 ml PCR tube (Diamed, cat# DIATEC420-1377), vortexed, and
incubated at room temperature for 3 minutes to denature the DNA. Following denaturation,
5 ul of Buffer N1 (Qiagen) was added, mixed by vortexing, and the sample was placed

onice.

A master mix was prepared with 9 ul of nuclease-free water, 29 ul of REPLI-g Advanced
sc Reaction Buffer (Qiagen), and 2 ul of REPLI-g sc DNA Polymerase (Qiagen) per
reaction. For each sample, 40 ul of master mix was added to the 10 ul of denatured DNA
solution, bringing the final reaction volume to 50 ul. The reactions were incubated at 30°C

for 2 hours, followed by inactivation of the polymerase at 65°C for 3 minutes. Amplified
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DNA was purified using a 2X AMPure XP bead cleanup as described in Section 2.2.1.1,

eluting into 30 pl of nuclease-free water.

2.3.2. Selective Whole Genome Amplification

Selective whole genome amplification (SWGA) was performed to preferentially amplify
TPA DNA while minimizing host background. This method uses sequence-specific
primers designed with a high affinity to TPA genomic regions and low affinity to host DNA,

enhancing target specificity during amplification.

SWGA was carried out using the EquiPhi29 DNA Polymerase (Thermo Fisher Scientific,
cat# A39390) with the SWGA Pal 12 primer set developed by Thurlow et al., 2022 (Table
2.1). The SWGA primers included phosphorothioate bonds between the final two

nucleotides at the 3' end to resist the 3’->5’ exonuclease activity of phi29 polymerase.
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Table 2.1. SWGA primers developed by Thurlow et. al. 2022.

Primer Primer Name Sequence (5’ to 3’) References
Set ID
SWGA-Pal 4.1 | CGCGA*A*A Thurlow et al., 2022
SWGA-Pal 4.2 | CGTAC*C*G Thurlow et al., 2022
SWGA- SWGA-Pal 4.3 | CGTAC*G*A Thurlow et al., 2022
Pal 12 SWGA-Pal 4.4 | CGTAT*C*G Thurlow et al., 2022
SWGA-Pal 4.5 | TACGC*G*T Thurlow et al., 2022
SWGA-Pal 5.1 | CGCGT*A*A Thurlow et al., 2022
SWGA-Pal 2 CGCGC*A*A Thurlow et al., 2022

*Nucleotides with phosphorothioate bonds
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For each reaction, 2.5 pl of extracted DNA was combined with 1 pl of an 80 yM SWGA
Pal 12 primer pool, 1 ul of nuclease-free water, and 0.5 ul of 10x EquiPhi Reaction Buffer
(Thermo Fisher Scientific). The mixture was denatured at 95°C for 5 minutes using a
VeritiPro 96-well thermal cycler (Thermo Fisher Scientific, cat# A48141), then

immediately placed on ice.

The 5 pl of denatured DNA was combined with a master mix consisting of 1.5 pl of 10x
Reaction Buffer (Thermo Fisher Scientific), 0.2 pl of 100 mM DTT (Thermo Fisher
Scientific), 2 yl of 10 mM dNTPs (Thermo Fisher Scientific), and 1 pl of EqQuiPhi29 DNA
Polymerase (Thermo Fisher Scientific). The final reaction volume was adjusted to 20 pl
with nuclease-free water. Amplification was performed at 45°C for 3 hours, followed by
heat inactivation at 65°C for 10 minutes. Amplified DNA was cleaned using a 2X AMPure
XP bead cleanup as described in Section 2.2.1.1, with elution into 50 ul of nuclease-free

water.

2.3.3. Custom Quantification Curve for High-Abundance Samples
Digital-PCR (dPCR) setup, cycling conditions, and data analysis were identical to those
described in Section 2.1.3. Briefly, the previously validated Tp47 primer/probe assay was

run on the Absolute Q platform using the Absolute Q DNA Digital PCR Mix.

Because several WGA samples yielded Ct values far above the range of the synthetic
ATCC standards, a high-yield SWGA product (sample 0314) was selected to construct a
broader standard curve. A 1:10 serial dilution series (neat to 10-°) was prepared in

nuclease-free water, and each dilution was quantified once by dPCR.
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Quantifiable dilutions from 10-3 to 10-° produced a consistent 10-fold decrease in copy
number per dilution step, confirming dilution accuracy. Based on this verified log-linear
trend, concentrations of earlier dilutions that saturated the Absolute Q array (neat, 10",

10-2) were extrapolated; the undiluted sample was estimated at 4.0 x 107 copies per JL.

The resulting calibration curve provided quantification and was used to calculate fold
changes and copy numbers for all WGA products in both the random-primed (Section

2.3.1) and sequence-specific (Section 2.3.2) workflows.

2.3.4. De-Branched DNA Structures Using T7 Endonuclease |

Following whole genome amplification, branched DNA structures were removed using T7
Endonuclease | (New England Biolabs, cat# M0302) following the ONT Ligation
sequencing gDNA - whole genome amplification (SQK-LSK112) protocol. A total of 3 pl
of NEBuffer 2 (New England Biolabs) and 1.5 pl of T7 Endonuclease | (New England
Biolabs) were added to 1.5 ug of amplified DNA, and the volume was adjusted to 30 ul
with nuclease-free water. The reaction was incubated at 37°C for 15 minutes on a

VeritiPro thermal cycler (Thermo Fisher Scientific).

Immediately following incubation, 20 ul of TE buffer (Integrated DNA Technologies, cat#
11-05-01-13) and 50 ul of Ampure beads (1x) were added. DNA purification was
performed as described in Section 2.2.1.1, and the final product was eluted into 27 ul of

nuclease-free water.

2.4. Library Preparation and Flow Cell Loading
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2.41. Library preparation

Library preparation was adapted from Oxford Nanopore Technologies’ ligation-based
workflows, including the Ligation Sequencing gDNA - Whole Genome Amplification
(Version: WAL 9154 v112 revC_09Feb2022) and the Ligation sequencing gDNA -
native barcoding workflow (Version: NBE_9121 v109 _revG_19Jan2021). Modifications
were implemented to maximize the amount of DNA carried forward at each step and to
optimize sequencing performance for multiplexed clinical samples with variable genome-
wide amplification efficiency. After the barcoding stage, samples were split and processed
in duplicate to ensure enough DNA for 2 libraries, thus enabling a re-load step halfway

through sequencing.

Genomic DNA was normalized to 1000 ng in 53.5 ul of nuclease-free water prior to end-
repair and A-tailing. NEBNext Ultra Il End-prep Reaction Buffer and Ultra Il End-prep
Enzyme Mix (New England Biolabs, cat# E7647AA and E7646AA) were thawed to room
temperature and mixed. For each reaction, 3.5 pl of reaction buffer and 3 ul of enzyme
mix were added to the DNA in a 0.2 ml PCR tube (DIATEC, cat# 420-1377). Samples
were mixed by pipetting and incubated on a VeritiPro thermal cycler using the following
program: 20 °C for 10 minutes, 65 °C for 10 minutes, followed by a hold at 4 °C. End-
prepped DNA was purified with a 1x AMPure XP bead cleanup and eluted in 27 pl of
nuclease-free water. DNA concentrations were measured using a Qubit dsDNA High

Sensitivity assay.
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Barcodes were added using the Oxford Nanopore Technologies Native Barcoding
Expansion kit (Oxford Nanopore Technologies, cat# EXP-NBD196). End-prepped DNA
was normalized to 500 ng in 22.5 ul of nuclease-free water. Each barcoding reaction
consisted of 25 ul of NEB Blunt/TA Ligase Master Mix (New England Biolabs, cat#
MO367L) and 2.5 pl of the assigned Native barcode (Oxford Nanopore Technologies).
Reactions were incubated on a VeritiPro thermal cycler at 20 °C for 20 minutes, followed
by 65 °C for 10 minutes, and held at 4 °C. To prevent barcode carryover, a 1x AMPure
XP bead purification was performed, and the barcoded DNA was eluted in 27 ul of

nuclease-free water. DNA concentration was again assessed using a Qubit fluorometer.

Barcoded samples were pooled by combining equal volumes into a 1.5 ml DNA Low
retention tube (Labcon, cat# 3039-560-000-9). A 1x volume of AMPure XP beads was
added to concentrate the pooled DNA to 60 pl. The sample was then split into two 30 pl
aliquots to support a two-step sequencing strategy with flow cell reloading. Each 50 pl
adapter ligation reaction contained 30 ul of pooled DNA, 5 ul of either ONT Native Adapter
Mix (for R10.4.1 flow cells) or AMIl Adapter Mix (for R9.4.1 flow cells), 10 pl of NEBNext
Quick Ligation Reaction Buffer (New England Biolabs, cat# E6058AA), and 5 pl of Quick
T4 DNA Ligase (New England Biolabs, cat# E6057AA). Reactions were incubated at
room temperature for 20 minutes. Following adapter ligation, libraries were purified with
a 1x AMPure XP bead cleanup using two 250 ul washes of Short Fragment Buffer (SFB)
(Oxford Nanopore Technologies) in place of ethanol. Final libraries were eluted in 15 pl

of Elution Buffer (Oxford Nanopore Technologies) and quantified using a Qubit 1X dsDNA
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High Sensitivity assay. For the first sequencing run, only a single library was prepared,

and no reload was performed.

24.2. Flow cell Loading
Sequencing was performed on Oxford Nanopore MinlON flow cells using either R9.4.1
pore chemistry with AMII adapters (early experiments) or R10.4.1 chemistry with ONT

Native Adapters (later experiments). 13 pl of the final library was loaded per run.

2.4.3. Flow Cell Washing and Reload Strategy

To extend sequencing time and improve yield, sequencing runs incorporated a flow cell
wash and reload procedure using the ONT Flow Cell Wash Kit (Oxford Nanopore
Technologies, cat# EXP-WSHO004). After ~20 hours of sequencing, when active pore
usage dropped below 10%, the run was paused in MinKNOW and a wash was performed
according to the manufacturer’s protocol. 400 L of freshly prepared wash mix (2 uL Wash
Mix with DNase | and 398 yL Wash Diluent, Oxford Nanopore Technologies) was loaded
into the priming port of the flow cell, and the cell was incubated at room temperature for
60 minutes. The wash removed residual DNA and buffer components, helping to clear
idle or “recovering” pores and restore sequencing activity. After washing, the flow cell was
re-primed and reloaded with a second aliquot of the barcoded library, and sequencing
was resumed. This strategy allowed for re-engagement of pores and an extended

sequencing window, typically achieving an additional 20—30 hours of productive runtime.

2.5. Nanopore Sequencing
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2.5.1. Standard Sequencing (SS)

Sequencing was performed on the GridlON platform (Oxford Nanopore Technologies,
cat# GRD-MK1) using either R9.4.1 or R10.4 flow cells, depending on availability.
Libraries were basecalled in high-accuracy mode using MinKNOW version 23.11.7, with
default parameters, including a minimum Q score of 9 and no filtering on read length.

Active pore counts were checked prior to loading.

Each DNA library was split into two equal portions after barcoding (section 2.4.1), with 13
WL loaded per run. Sequencing was conducted for approximately 24 hours before being
paused for a flow cell wash and reload step, as described in Section 2.4.3. The second
portion of the library was then reloaded, and sequencing resumed for an additional 20—

24 hours, or until pore activity declined below 20%, at which point the run was terminated.

2.5.2. Adaptive Sampling (AS)

Adaptive sampling was conducted using the same instrumentation, run parameters, and
library preparation strategy as standard sequencing. The only difference was that
adaptive sampling mode was enabled in MinKNOW version 23.11.7, allowing real-time
enrichment for TPA DNA. The SS14 reference genome (NC_021508.1) served as the

enrichment target, guiding read retention during sequencing.

Reads aligning to the reference were sequenced to completion, while off-target reads
were ejected early to free sequencing pores. All other aspects of the workflow including

flow cell type, run duration, Q score thresholds, and the mid-run wash/reload protocol
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(Section 2.4.3), were identical to standard sequencing runs to enable direct performance
comparisons.

2.6. Bioinformatics Analysis

2.6.1. Basecalling and Read QC

Following sequencing, raw data files in either FASTS5 (for R9 flow cells) or PODS5 (for R10
flow cells) format were transferred to a GPU-enabled workstation for high-accuracy
basecalling. Dorado version 0.7.1 (Oxford Nanopore Technologies, Oxford, UK) was used
to perform basecalling using ONT’s super-accurate (SUP) models tailored to each
chemistry: dna_r9.4.1 _e8 sup@v3.6 for R9 datasets and
dna_r10.4.1_e8.2_400bps_sup@v5.0.0 for R10 datasets. The resulting BAM-formatted
outputs were then converted to FASTQ format using Samtools version 1.20 for

downstream analysis (141).

Initial read quality metrics were assessed using NanoPlot version 1.43.0 (142). For each
sample, NanoPlot generated summary statistics, read length distributions, and quality
score profiles, all compiled into structured HTML reports and graphical outputs. These
metrics were used to evaluate the overall quality of sequencing and guide trimming

thresholds.

Taxonomic classification of the basecalled reads was performed using Kraken2 version
2.1.3 against a custom database specific to TPA (143). Classification output included full

reports, summary files, and filtered FASTQ files containing only reads assigned to TPA.

52



These classified reads were used for downstream genome assembly and polishing

workflows.

Read trimming was carried out in two stages to improve data quality for assembly. First,
Filtlong version 0.2.1 was used to retain reads 21,000 bp in length (144). These filtered
reads were then processed with Chopper version 0.9.0, which removed 100 bp from both
the 5’ and 3' ends of each read and discarded any remaining reads with average Phred
quality scores below 10 (145). This trimming step was applied uniformly across all

samples.

2.6.2. Genome Assembly
2.6.2.1. De novo

De novo assembly of classified TPA reads was performed using three long-read
assemblers: Flye version 2.9.5, Raven version 1.8.3, and Unicycler version 0.4.4 (146—
148). Assemblies were attempted on FASTQ files from twelve high-coverage samples to
evaluate the performance and output of each assembler. Due to computational limitations
with large datasets, Raven and Unicycler could not be run on full datasets; therefore, a

non-random down-sampling strategy was applied to each prior to assembly.

Reads were first aligned to the TPA SS14 reference genome (NC_021508.1) using
Minimap2 version 2.24, and the resulting SAM files were sorted and indexed with
Samtools version 1.20 (149). Down-sampling was performed using the subsample_bam
utility from Pomoxis version 0.3.15 (Oxford Nanopore Technologies, Oxford, UK), which

extracted reads from aligned BAM files to achieve approximate genome coverages of 50x
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and 100x. These BAM files were then converted back to FASTQ format using Samtools

for input into each assembler.

Flye assemblies were generated for each down-sampled FASTQ file using the --nano-hq,
--meta, and --genome-size parameters. Raven assemblies were generated using the
default parameters. Unicycler was run in long-read only mode with the --mode bold

parameter to improve performance on sparse and metagenomic datasets.

QUAST version 5.3.0 was used to generate detailed assembly statistics (150). Each
assembly was compared to the SS14 reference genome (NC_021508.1), and metrics
such as N50, genome fraction, number of contigs 21 kb, and rates of mismatches and

indels per 100 kb were compiled.

2.6.2.2. Reference-guided

Reference-guided assembly was performed using the TPA SS14 reference genome
(NC_021508.1). All classified reads were aligned to the reference using Minimap2 version
2.24 with parameters optimized for ONT data (-ax map-ont). The resulting SAM files were
sorted and indexed using Samtools. Genome coverage, read depth and # of mapped

reads was determined with the Samtools version 1.20 Coverage module.

Consensus sequences were generated using the Samtools Consensus module, with
separate parameters for R9 and R10 data. With the R9 datasets, the following thresholds
were applied: a minimum mapping quality of 10 (--min-MQ), minimum base quality of 7 (-

-min-BQ), and consensus quality cutoff of 10 (-C 10). For R10 datasets, the configuration
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profile r10.4_sup was used instead, as recommended by Samtools for this sequencing

chemistry.

The resulting assemblies were then subjected to polishing and quality assessment as

described below.

2.6.3. Assembly Polishing

Genome polishing was performed to improve the base-level accuracy of reference-guided
assemblies by correcting ambiguous bases and insertion/deletion (indel) errors inherent
to ONT sequencing. Several polishing strategies were evaluated, and the final approach

was selected based on comparative performance.

2.6.3.1. Racon

The effectiveness of Racon version 1.5.0 was investigated to determine its proficiency at
improving consensus accuracy (151). For each sample, long reads were aligned back to
their respective draft assemblies, generated in section 2.6.3.2, using minimap2 with the
ONT flag -x map-ont to produce PAF-format alignments. These alignments were then
processed using Racon with default parameters. Polished assemblies were output in

FASTA format and used for downstream assessment.

2.6.3.2. Medaka

Medaka polishing was evaluated as an alternative to Racon. Using the unpolished
assemblies from 2.6.3.2, Medaka version 2.0.1 (Oxford Nanopore Technologies, Oxford,

UK) was applied using the medaka_consensus module. Chemistry-specific basecalling
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models were selected based on sequencing platform: r941_prom_sup_g507 was used
for R9 datasets, and r1041_e82 400bps_sup v5.0.0 was used for R10 datasets. Two
rounds of Medaka polishing were applied to each assembly. A third round was evaluated
but was not included in the final protocol due to diminishing returns and occasional

reintroduction of indel errors.

A final polishing step was performed using Homopolish to correct homopolymer-
associated errors remaining after Medaka (152). Homopolish version 0.4 was used along
with a bacterial sketch (bacteria.msh) and ONT flow cell-specific model files: R9.4.pkl for

R9 and R10.3.pkl for R10.

The final polishing workflow, two rounds of Medaka followed by one round of Homopolish,
was applied uniformly to all assemblies used in downstream quality assessment and

phylogenetic analysis.

2.6.4. Genome Assembly Assessment

Assembly completeness was assessed using BUSCO version 5.8.0 with the
spirochaetales _odb10 lineage dataset (version: 2024-01-08) (153). Each assembly was
evaluated for the presence of single-copy orthologs expected in TPA, and the number of
complete versus missing genes was used to estimate assembly quality. Assemblies
containing more than 317 complete BUSCO genes were considered high quality. To
visually summarize these results, a plot was generated using the generate_plot.py script

provided with BUSCO utilities.
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QUAST results, described previously in section 2.6.2.1, were used to compare each
assembly against the TPA SS14 reference genome (NC_021508.1), with key metrics
including N50, genome fraction, and indel/mismatch rates.

2.7. Analysis of TPA in Manitoba

2.71. Multiple Sequence Alignment

Polished consensus sequences from this study were combined with 89 publicly available
Treponema pallidum genomes downloaded from RefSeq for comparative analysis
(Appendix 1.2). Prior to multiple sequence alignment (MSA), all genomes were annotated
using Prokka v1.14.6 (154). Functional annotation was guided by a custom protein
FASTA file derived from the Nichols reference genome (CP_004010.1), provided via the
--proteins parameter. Annotations were standardized by specifying the genus

(Treponema), species (pallidum), and a locus tag prefix of “TP.”

During initial MSAs, poor alignment of the duplicated rRNA operons was observed. To
resolve this, using a custom python script each genome FASTA file was split at the 5’ end
of the 5S rRNA gene within the first rRNA operon, based on coordinates identified from
Prokka annotations. This process was automated in Python (see Supplemental
Information 1: split-fasta.py). The two resulting genome fragments were aligned
independently with MAFFT v7.525 using the --auto parameter. The alignments were then
rejoined by matching sequence IDs, restoring full-length assemblies (see Supplemental

Information 2: merge-alignments.py) (155).
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Manual curation of minor gaps and assessment of alignment quality were visualized in
Geneious Prime v2024.0.7 (https://www.geneious.com). In situations with specimens
being sequenced in multiple runs the assembly with the highest quality metrics was used

for the final trees.

2.7.2. Phylogenetic Analysis

Phylogenetic reconstruction of TPA genomes was performed using IQ-TREE version
2.3.6 based on the MSA generated with MAFFT (156). The full, unmasked alignment of
genome assemblies was used to retain complete genomic variation across samples,
including repetitive and divergent regions. IQ-TREE was run with the integrated
ModelFinder module (157) to select the best-fitting substitution model, and 10,000
ultrafast bootstrap replicates were performed using the -B 10000 flag to assess branch
support (158). The -T AUTO option was used to optimize CPU core usage. The resulting
maximum likelihood tree was used as the basis for downstream comparative analysis. All
tree visualization and annotation steps were conducted in R version 4.3.2 using RStudio

version 2023.09.1 (see Supplementary Information 3).

To identify macrolide resistance associated mutations, ONT reads were mapped to the
TPA Nichols reference rRNA operon (GenBank CP004010.2, positions 233169-236118)
using minimap2 with ONT-specific alignment parameters (-aLx map-ont --cs --MD).
Sorted and indexed BAM files were processed with Clair3 using ONT models (R10:
r1041_e82_400bps_sup_v500; R9: r941_prom_sup_g5014) depending on flow cell

chemistry. Variant calling was performed with the --haploid_precise setting to improve
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single-haplotype accuracy, and the --print_ref_calls flag was included to retain reference
positions. Variants were specifically reviewed at positions A2058 and A2059 (E. coli
numbering; position 3898 in TPA rRNA operon), which are associated with macrolide

resistance.

Sample-specific rRNA operon sequences were reconstructed using BCFtools consensus,
applying the Nichols reference operon as input (-f) and generating FASTA output with the
-0 flag. These reconstructed sequences were subsequently used for two purposes: (1)
confirmation of macrolide resistance genotyping, and (2) BLAST-based quality control to

identify and exclude assemblies with misassembled rRNA regions.

To ensure high-confidence phylogenetic analysis, genome assemblies were subjected to
a multi-criteria filtering process. Assemblies with fewer than 316 complete BUSCOs were
excluded, based on the expected maximum completeness for TPA reference genomes.
Among the genomes passing the BUSCO filter, further quality control was performed by
verifying the integrity of the 23s rRNA gene. BLAST+ version 2.16.0 was used to compare
each assembly’s 23s rRNA sequence to a custom reference database containing 23s
rRNA from the TPA reference genomes in Appendix A (159). Assemblies with less than
100% identity to any known 23s sequence were excluded to minimize the risk of mis-
assemblies or contamination. The remaining assemblies were manually inspected within
the MSA, and additional samples were removed based on clustered SNPs within the
rRNA operons. The final tree visualization and annotation steps were conducted in R

version 4.3.2 using RStudio version 2023.09.1 (see Supplementary Information 4).
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2.7.3. In-silico analysis of Genes of interest

To evaluate regions of interest such as PCR primer sites and genes with known or
suspected variability, an in-silico analysis was performed using assembled genomes from
samples with sufficient sequencing depth. For each gene of interest, coding sequence
(CDS) coordinates were extracted from the annotated genome assemblies generated
using Prokka (Section 2.7.1), and custom Python scripts were used to retrieve sample-

specific gene sequences, see Supplementary Information 5.

To investigate potential SNPs in the tp47 screening PCR target, samples were filtered
based on read depth across the gene using samtools depth version 1.20. Genes with a
minimum depth of >50x were extracted and compiled into a multi-FASTA file. The MSA
was performed using MAFFT version 7.525 with default parameters. The alignment was
visualized in Geneious Prime to inspect nucleotide conservation and assess potential
mismatches in the primer and probe binding regions used in the screening gPCR assay
(70,160). Primer and probe sequences were annotated on the alignment to facilitate

identification of SNPs that could interfere with assay performance.

To assess repeat copy number variation in the arp gene, which contains tandem 60-bp
repeats relevant to molecular typing, a similar approach was used. CDS coordinates were
extracted from Prokka annotations, and the corresponding sequences were retrieved per
sample. Mean per-base coverage was calculated using samtools depth, and only arp
sequences with 25x coverage across the full gene were included. Tandem Repeat Finder

(TRF) version 4.10 was used to identify and count 60-bp tandem repeat units within each
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arp gene using default parameters (161). TRF was run using the recommended quick

start parameters (i.e.. 257 80 10 50 2000).
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Chapter 3: Results

The inability to culture and obtain isolates of TPA makes any molecular work more difficult
as you are inherently working with a metagenomic sample where the organism of interest
is in relative low abundance. Each step of this analysis required careful considerations

and optimizations.

Optimization began with the initial DNA extraction step, which required consideration of
the fragility and low abundance of TPA (Results 3.1 - 3.2). During library preparation,
amplification conditions were adjusted to maximize recovery of TPA DNA to a suitable
concentration for sequencing, while also determining the number of samples that could
be multiplexed into a single flow cell (Results 3.4). Development of the analysis pipeline
involved evaluating numerous bioinformatics programs and establishing an appropriate
sequence for their execution (Results 3.6). Finally, high-quality assemblies were carried
forward for downstream comparative genomics. This included multiple sequence
alignment of assembled genomes, maximum likelihood phylogenetic reconstruction, and
in silico analysis of relevant loci such as arp and tp47 (Results 3.7). To ensure reliable
phylogenetic inference only 13 assemblies, achieving the highest quality metrics during
this project, were retained for the final analysis.

3.1. Clinical Specimen Collection for TPA Analysis

3.1.1. Screening PCR for Identifying TPA-Positive Samples

The Tp47 screening PCR was developed using previously published primer and probe

sequences and implemented as a TagMan-based qPCR assay (70,160). Validation was
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performed using both synthetic Treponema pallidum DNA (ATCC) and previously

confirmed TPA-positive clinical specimens as positive controls.

To optimize sensitivity, a temperature gradient was applied to refine the annealing
temperature, and the primer and probe concentrations were adjusted. Serial dilutions of
the synthetic TPA DNA (ATCC) ranging from 107" to 1078 were prepared to evaluate the
assay’s amplification efficiency, determine the limit of detection (LoD), and enable
accurate quantification of TPA DNA in clinical samples (Figure 3.1a). Each dilution was
tested in triplicate, yielding an amplification efficiency of 98.6% and an R? of 0.995,
indicative of a well performing assay (Figure 3.1b). Amplification was consistently
observed in all three replicates for the first six dilutions (10! to 10-6), while no ampilification
was detected in the last two dilutions (107 and 1098), establishing an LoD of 0.47

copies/uL.

Following optimization, a total of 5,107 extracted clinical nucleic acid specimens were
screened for TPA over a two-year period. The overall positivity rate for TPA was 6.5%
(n=334), with genital swabs comprising the majority (76%) of positive specimens. This
screening approach also facilitated the retrospective retrieval of clinical swabs stored in

UTM, providing sufficient TPA positive material for DNA extraction optimization.
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Figure 3.1. Screening PCR for TPA.

A) visualization of the relative fluorescent units (RFU) after each PCR cycle for the control
dilution series in log view. B) Cycle threshold (Ct) for each dilution plotted against the TPA
DNA copies per L.
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3.1.2. The Multiplex Lesion Panel

The resurgence of syphilis in Manitoba, with incidence rates exceeding the national
average, suggested potential gaps in diagnostic testing and the need for a more robust
approach to detecting TPA. The initial Tp47 screening PCR revealed a positivity rate of
6.5% (Table 3.2) and further investigation found that 36% of TPA-positive samples lacked
a corresponding physician-ordered TPA PCR request. Even more concerning was 19%
lacked syphilis serology within 30 days, demonstrating that case detection was often

dependent on clinical suspicion rather than systematic screening (68).
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Table 3.1. The demographics of specimens screened (sex, age, regional health

authority, specimen type) by the TPA screening assay.
Adapted with permission (68).

Characteristics HSV-1 HSV-2 vzv TPA (LDT)
Overall Detected Detected Detected Detected
N=5,107 (100%) N=670(13%) N =657 (13%) N =343 (6.7%) N =334 (6.5%)
Sex
Female 3,042 (60%) 458 (68%) 446 (68%) 212 (62%) 188 (56%)
Male 2,052 (40%) 209 (31%) 211 (32%) 130 (38%) 145 (43%)
Unknown 13 (0.3%) 3 (0.4%) 0 (0%) 1(0.3%) 1(0.3%)
Age group
0-9 625 (12%) 71(11%) 0 (0%) 11 (3.2%) 16 (4.8%)
10-19 480 (9.4%) 96 (14%) 47 (7.2%) 19 (5.5%) 53 (16%)
20-39 2,097 (41%) 292 (44%) 384 (58%) 116 (34%) 199 (60%)
40-59 1,034 (20%) 127 (19%) 163 (25%) 80 (23%) 59 (18%)
60+ 871 (17%) 84 (13%) 63 (9.6%) 117 (34%) 7 (2.1%)
Regional health authority
Winnipeg 2,854 (56%) 372 (56%) 368 (56%) 207 (60%) 127 (38%)
Prairie Mountain 449 (8.8%) 73(119%) 57 (8.7%) 30 (8.7%) 34 (10%)
Interlake East 377 (7.4%) 48 (7.2%) 38 (5.8%) 28 (8.2%) 33 (9.9%)
Northern 714 (14%) 64 (9.6%) 128 (19%) 35 (10%) 107 (32%)
Southern 465 (9.1%) 83 (12%) 42 (6.4%) 33 (9.6%) 16 (4.8%)
Unknown 248 (4.9%) 30 (4.5%) 24 (3.7%) 10 (2.9%) 17 (5.1%)
Specimen type
Female genital 1,287 (25%) 210 (31%) 321 (49%) 46 (13%) 132 (40%)
Male genital 708 (14%) 47 (7.0%) 186 (28%) 19 (5.5%) 119 (36%)
Rectal/perineal 192 (3.8%) 30 (4.5%) 40 (6.1%) 8 (5.5%) 23 (6.9%)
Oral 709 (14%) 227 (34%) 4 (0.6%) 7 (2.0%) 34 (10%)
Cutaneous 2,211 (43%) 156 (23%) 106 (16%) 263 (77%) 26 (7.8%)
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To address these diagnostic limitations, a multiplex lesion panel assay was developed for
the simultaneous detection of HSV-1, HSV-2, VZV, and TPA on a fully automated platform
(Hologic Panther Fusion). This new assay combined previously validated HSV and VZV
targets with the Tp47 target for TPA, enabling broad pathogen screening from a single

swab.

The implementation of the lesion panel PCR provided several advantages over the
previous workflow. TPA testing is done regardless of whether a physician specifically
requested syphilis testing, reducing the risk of missed diagnoses of acute infections.
Additionally, the turnaround time (TAT) for TPA testing improved substantially. Prior to
implementation, TPA testing required an average of 17.8 days as samples were sent out
to a reference laboratory (Figure 3.2). With the lesion panel, TAT was reduced to just 4
days, allowing for faster diagnosis and earlier treatment. Furthermore, the single-swab
testing approach eliminated the need for separate swabs for HSV/VZV and TPA PCR,

streamlining sample processing and improving laboratory efficiency.
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Figure 3.2. The time from collection to result for TPA request forwarded to the
reference lab.

Screening samples for TPA identified 334 positives, 36% did not have an accompanying
request for TPA reference testing. Of the 213 samples sent for reference testing, the
average TAT was 17.8 days, with most results being received within 14-20 days after
collection. Adapted with permission (68).
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In the lesion panel PCR, the BGB target serves as an internal control to assess sample
quality and DNA integrity. It can also provide a relative idea of the ratio of Human to TPA
DNA in a sample. The average BGB Ct values were consistently lower than Tp47 Ct
values (average of 27.4 vs. 32.7, respectively), demonstrating the higher abundance of
human DNA in clinical specimens, figure 3.3. This difference was statistically significant
(paired t-test, M = 5.34 cycles, 95% CI: 4.80-5.88, p < 0.001). Given that the human
genome is approximately 2800 times larger than that of TPA (162), and that a Ct
difference of ~3.3 cycles corresponds to a 10-fold difference in DNA concentration, the
observed 6-8 cycle gap between BGB and Tp47 indicates that human DNA levels were

roughly 100-300 times higher than TPA DNA in these samples.
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Figure 3.3. Average Ct values for Human BGB and TPA TP47, representing TPA
DNA in samples.

Boxplots show the distribution of cycle threshold (Ct) values for the human 3-globin (BGB)
internal control and the TPA Tp47 PCR target across clinical specimens. Median BGB Ct
values were lower than Tp47, showing a higher abundance of host DNA relative to TPA
DNA. A paired t-test confirmed that the difference between targets was statistically

significant (p < 0.001).
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3.2. DNA Extraction Optimization for Long-Read Sequencing
3.21. Selective DNA Extractions

For microbiome enrichment, testing was performed using the Qiagen DNeasy Kit in
combination with the NEBNext Microbiome. Enrichment Kit. Five samples were evaluated,
and the method produced only a minimal improvement in TPA detection, with the Tp47
target showing an average gain of 0.8 Ct. The human beta-globin (BGB) target, however,
decreased by an average of 2.6 Ct. These modest changes were insufficient to overcome
the overwhelming background of human DNA or to generate the yields required for library
preparation. As noted in the PCR section, the predominance of human DNA in clinical

specimens remained a major obstacle for downstream sequencing.

The impact of host DNA depletion using the Qiagen Microbiome Kit was evaluated by
comparing TPA (Tp47) and BGB Ct values to the no enrichment screening results. Overall,
the microbiome enrichment process consistently increased Tp47 Ct values by an average
of 5.03 cycles (SD = 1.59), indicating a substantial reduction in detectable TPA DNA
(Table 3.2). The most pronounced Ct shift was observed in Swab 9 (7.24 Ct increase),
while the smallest shift occurred in Swab 5 (3.38 Ct increase). Two samples (Swabs 3
and 4) did not yield microbiome kit results for Tp47, likely reflective of the low-abundance
TPA DNA in metagenomic samples. A paired t-test confirmed that the increase in Tp47

Ct values was statistically significant (p < 0.001).

For human BGB DNA, the microbiome kit resulted in an even greater average Ct increase
of 6.35 cycles (SD = 2.77) compared to the original screening values (Table 3.2). The

largest reduction in BGB DNA was observed in Swab 8 (10.11 Ct increase), while the
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smallest was in Swab 3 (0.77 Ct increase). A paired t-test confirmed that the reduction in
host DNA was statistically significant (p < 0.001). The results indicate that while the
microbiome enrichment kit effectively reduced host DNA, it also led to a measurable loss

of TPA DNA.

These findings demonstrate the challenge of working with metagenomic samples
dominated by host DNA. The NEB Microbiome Enrichment Kit achieved minimal
reductions in host DNA, while the Qiagen Microbiome Kit demonstrated improved host
DNA depletion but also led to significant loss of TPA DNA. Neither approach was effective

enough to recover sufficient TPA DNA for downstream long-read sequencing.
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Table 3.2. Comparing extraction results (tp47 and BGB) between the Qiagen
Microbiome kit and the no enrichment screening.

Swab 1 28.53 32.66 -4.13
Swab 2 32.1 36.4 -4.30
Swab 3 36.28 N/A -

Swab 4 30.91 N/A -

Swab 5 32.35 35.73 -3.38
Swab 6 30.8 34.43 -3.63
Swab 7 29.61 35.13 -5.52
Swab 8 27.61 34.64 -7.03
Swab 9 28.73 35.97 -71.24

Average Ct difference | -5.03
Standard Deviation 1.59

BGB Ct values
No enrichment screening

Swab result Microbiome kit Ct difference
Swab 1 24.35 29.13 -4.78

Swab 2 27.98 35.39 -7.41

Swab 3 30.69 31.46 -0.77

Swab 4 27.35 35.36 -8.01

Swab 5 23.57 30.56 -6.99

Swab 6 26.68 31.6 -4.92

Swab 7 24.89 30.17 -5.28

Swab 8 23.24 33.35 -10.11

Swab 9 25.15 34.01 -8.86

Average Ct difference | -6.35
Standard Deviation 2.77
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3.2.2. Total Nucleic Acid Extractions

Considering the results from Section 3.2.1, which highlights the limitations of selective
DNA extractions, a comparative evaluation of three total nucleic acid extraction methods
was conducted. Tp47 gqPCR was used to assess TPA DNA recovery across the
KingFisher Flex, BioMérieux eMAG, and Qiagen DNeasy platforms. Friedman testing
signaled significant overall differences were present among methods (p = 0.0018), shown
in Figure 3.4. Pairwise Wilcoxon signed-rank tests found that eMAG produced
significantly lower Ct values than both the KingFisher (p = 0.002) and Qiagen (p = 0.006),
representing the highest recovery of T. pallidum DNA. Although KingFisher outperformed
Qiagen in 8 of 10 paired samples, the difference in Ct values did not reach statistical

significance (p = 0.084).

74



40 0.084

0.0059

0.002

36
Friedman p = 0.00184

32 e

Tp47 Ctvalue

28

24
Emag Kingfisher Qiagen

Extraction method

Figure 3.4. Comparison of Tp47 Ct values across extraction methods.

Tp47 gPCR was used to assess TPA DNA recovery from 10 clinical swabs extracted with
the KingFisher Flex, bioMérieux eMAG, and Qiagen DNeasy methods. Friedman testing
found significant overall differences (p = 0.0018). Wilcoxon signed-rank test indicated that
eMAG yielded lower Ct values than both KingFisher (p = 0.002) and Qiagen (p = 0.006),
while KingFisher and Qiagen did not differ significantly (p = 0.084). Lower Ct values

indicate greater DNA recovery.
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To complement the qPCR analysis of DNA recovery, total nucleic acid yield was also
quantified across extraction methods. DNA concentration was measured using the Qubit
dsDNA High Sensitivity assay (Figure 3.5). The KingFisher method produced the highest
yields, with an average of 6.71 ng/uL across the 10 samples, compared with 4.23 ng/uL
for eMAG and 4.40 ng/pL for Qiagen. The Friedman test again confirmed significant
overall differences were present (p = 0.0055), and Wilcoxon signed-rank test showed that
KingFisher concentrations were significantly higher than both eMAG (p = 0.014) and

Qiagen (p = 0.020), while eMAG and Qiagen did not differ (p = 0.846).
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Figure 3.5. DNA concentration by extraction method.

DNA yields were measured using the Qubit dsDNA HS assay across 10 swab samples.
Friedman testing found significant overall differences (p = 0.0055). Wilcoxon signed-rank
test indicated that KingFisher produced higher concentrations than both eMAG (p =
0.014) and Qiagen (p = 0.020), while eMAG and Qiagen did not differ (p = 0.846).
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Lastly, DNA integrity was assessed by comparing fragment sizes across extraction
methods. DNA fragment size was evaluated using the Agilent 2200 TapeStation to assess
suitability for long-read sequencing. KingFisher produced the longest fragments on
average (22,629 bp), compared with eMAG (11,707 bp) and Qiagen (6,127 bp). Across
the dataset, KingFisher produced longer fragments than Qiagen in every measurable
sample (Figure 3.6). The Friedman test again identified significant overall differences (p
= 0.0057), and Wilcoxon signed-rank test confirmed that KingFisher yielded significantly
longer fragments than both eMAG (p = 0.031) and Qiagen (p = 0.031). Differences
between eMAG and Qiagen were not significant (p = 0.094). Several samples (4, 5, 6,
and 10) failed to register detectable fragments, which typically correlated with Qubit

concentrations <1 ng/uL.
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Figure 3.6 DNA fragment length by extraction method.

Fragment size was assessed using the Agilent TapeStation. Friedman testing found
significant overall differences (p = 0.0057). Wilcoxon signed-rank test indicated that
KingFisher produced longer fragments than both eMAG (p = 0.031) and Qiagen (p =
0.031), while eMAG and Qiagen did not differ (p = 0.094). Several low-yield samples
failed to register detectable fragments.
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Taken together, eMAG demonstrated the strongest performance in terms of DNA
recovery by qPCR, whereas KingFisher Flex consistently provided higher DNA
concentrations and longer fragment lengths. Because long-read sequencing platforms
benefit substantially from longer DNA fragments, and KingFisher additionally offers higher
throughput via a semi-automated 96-well format, this platform was selected for all
subsequent TPA DNA extraction and sequencing experiments. Its ready availability in the

laboratory further supported its adoption as the primary method.

3.3. Whole genome Amplification Optimization

Due to the low concentration of TPA DNA recovered from clinical swabs, no extraction
method proved sufficient to meet the minimum input requirements for Oxford Nanopore
Technologies (ONT) library preparation. While hybridization-based bait capture methods
can enrich low-abundance bacterial DNA in metagenomic samples, they are optimized
for short-read platforms such as Illumina and rely on ~120 bp fragment capture. These
approaches are currently incompatible with long-read sequencing, which requires

preservation of high-molecular-weight DNA.

To address this limitation, multiple displacement amplification (MDA) was explored as a
method to amplify the entire DNA content of each sample while preserving long DNA
fragments (>10 kbp). MDA uses random hexamer primers and the high-fidelity phi29 DNA
polymerase to perform isothermal, strand-displacing replication of genomic DNA. This
method is well-suited for whole genome amplification from low-input samples and has

been successfully used in other microbial metagenomic contexts (163—165). An additional
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approach, selective whole genome amplification (SWGA), was also evaluated to improve

amplification specificity for TPA DNA while minimizing host DNA background.

3.3.1. Random-Primed Whole Genome Amplification

Random-primed WGA (rpWGA) using the REPLI-g Advanced Single Cell Kit was
performed on six TPA—positive swab extracts with Ct values from 25.31 to 33.36 (M =
27.93, SD = 2.90). While two samples showed substantial reductions in Tp47 Ct values
(up to ~9.5 cycles, corresponding to >700-fold amplification of TPA DNA), most exhibited
only modest improvements. Four of the six samples had ACt values <3 cycles (<10-fold
change), and two were below 1.5 cycles (~2-fold), indicating that rpWGA generally

provided limited improvement of target abundance.

Following WGA, samples were treated with T7 Endonuclease | to remove branched DNA
structures and facilitate Nanopore library preparation. Qubit quantification confirmed
sufficient total DNA for sequencing (>20 ng/uL). However, when reads were mapped to
the TPA SS14 reference genome using Minimap2 (as described in the initial mapping
step of Methods 2.6.2.2) and visualized using Geneious, genome coverage was poor.
The resulting assemblies achieved only ~12% genome breadth at an average depth of

0.9X (Figure 3.7).

These results indicate that rpWGA with the REPLI-g system did not effectively enrich TPA
DNA. It is likely that the amplification was non-specific, favoring human genomic DNA or

other non-target sequences present in the sample. Unfortunately, BGB (host DNA) was
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not assessed post-amplification, but the low recovery of TPA reads strongly supports a

predominance of off-target amplification.
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Figure 3.7. Mapping rpWGA reads to the SS-14 reference genome.

The reference sequence (NC_021508.1) is the black bar highlighted in yellow. The red bar above the reference sequence
indicates regions of the genome with less than 2 supporting reads. The coverage histogram is barely visible with only two
positions showing >2x depth (histogram indicates a maximum depth of 87x). The sequencing reads are represented as
black boxes under underneath the reference sequence, illustrating the poor depth and coverage.
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3.3.2. Selective Whole Genome Amplification

Selective whole genome amplification (SWGA) using EquiPhi29 DNA polymerase and
the Pal 12 primer set from Thurlow et al. was applied to 11 clinical swab samples to
selectively enrich TPA DNA (Thurlow 2022). All samples showed a reduction in Tp47 Ct
values following amplification, indicating enrichment of the TPA target. Ct reductions
ranged from 5.5 to 12.1 cycles (M = 9.5, SD = 2.22), corresponding to an estimated 45-

to >4,000-fold increase in target abundance, see table 3.2.

BGB Ct values increased by 1.4 to 11.2 cycles (M = 6.60, SD = 2.39) following
amplification, indicating that host DNA was not amplified, see Table 3.3. This pattern
demonstrates that the Pal 12 primers selectively enriched TPA DNA, providing strong

evidence for their specificity.
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Table 3.3. Changes in Tp47 and BGB Ct values before and after selective whole
genome amplification (SWGA) of clinical swab extracts using the Pal 12 primer set.

Tp47 Ct values

Sample ID \ Pre-SWGA \ Post-SWGA Ct difference
1 25.23 13.54 11.7
2 27.23 15.14 12.1
3 26.80 17.66 9.1
4 32.12 24.09 8.0
5 25.58 15.15 10.4
6 25.65 20.20 5.5
7 25.65 19.65 6.0
8 26.58 17.25 9.3
9 25.65 14.26 11.4
10 25.73 15.81 9.9
11 24.19 13.25 10.9

Average Ct difference 9.49
Standard Deviation 2.22
BGB Ct values

Swab Pre-SWGA Post-SWGA Ct difference
1 23.76 29.40 -5.64
2 27.06 28.50 -1.44
3 23.19 31.11 -7.92
4 25.07 30.20 -5.13
5 28.81 35.67 -6.86
6 28.79 40.00 -11.21
7 26.28 32.54 -6.26
8 24.64 32.72 -8.08
9 25.07 31.00 -5.93
10 24.78 31.13 -6.35
11 23.85 31.63 -7.78

Average Ct difference -6.60
Standard Deviation 2.39
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Qubit measurements confirmed sufficient total DNA for sequencing (>32 ng/uL). After T7
endonuclease digestion to remove branched structures. Nanopore sequencing,
reference-guided mapping (as described in the initial mapping step of Methods 2.6.2.2)
and visualization using Geneious showed that some SWGA-enriched samples achieved
near-complete genome recovery. Several samples reached 100% genome breadth with
>100x mean coverage, and one exceeded 1,000x mean depth with a maximum of
28,857x in one region (Figure 3.8). These results confirm that SWGA is an effective
method for selectively amplifying TPA DNA from low-yield clinical samples, enabling

successful long-read sequencing and downstream genomic analyses.

However, despite successful enrichment and high coverage, read depth across the
genome remained uneven. Certain regions were amplified to extreme depths (>10,000x),
while others had low or no coverage, resulting in disproportionate coverage. This uneven
distribution complicated downstream analysis, particularly subsampling for genome

assembly and variant calling, is further discussed in Chapter 4.3.
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Figure 3.8. Mapping SWGA reads to the ss-14 reference genome.

The reference sequence (NC_021508.1) is the black bar highlighted in yellow. The green bar above the reference sequence
indicates regions of the genome with more than 50x depth, while the red boxes indicate depth of less than 2 reads. Mean
read depth was 1100x coverage (histogram indicates a maximum depth of 28,857x). The total number of reads cannot be

visualized at this scale.
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3.3.3. Quantification of Amplification Efficiency Across WGA Methods

Absolute quantification of Tp47 copies/uL before and after WGA was performed to assess
the relative amplification efficiency of rpWGA versus SWGA. Copy number estimates
were derived from Tp47 Ct values using a custom dPCR-based quantification curve (see

Section 2.3.3).

For rpWGA (n = 6), copy number gains were modest. Post-WGA concentrations ranged
from 122 to 2.81x10° copies/uL, with a median fold-change of 5.5 (IQR = 6.5). In several
cases, enrichment was minimal (<2-fold), indicating the varying efficiency of this method
for amplifying TPA DNA. A Wilcoxon signed-rank test confirmed that rpoWGA significantly
increased copy number compared to input (p = 0.016), though the overall gains were

small (Figure 3.9, blue bars).

In contrast, samples processed with SWGA (n=20) showed dramatically improved yields,
with post-amplification copy numbers between 7.33x103 and 2.13x107 copies/uL (Figure
3.9, dark red bars). Median fold-change was 2.6x103 (IQR = 4.2x10%), several orders of
magnitude higher than rpWGA. A Wilcoxon signed-rank test confirmed that SWGA
significantly increased copy number relative to input (p = 1.9x10). Direct comparison of
fold-change distributions between rpWGA and SWGA by Mann—-Whitney testing further
supported the superior performance of SWGA (p = 0.0015). One exception, WGA-sample
22, yielded an apparent copy number of <1 copy/uL despite adequate input, likely

reflecting DNA loss during cleanup rather than amplification failure.
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Figure 3.9. Comparison of T. pallidum Tp47 copy numbers before and after whole
genome amplification.

Yellow bars represent original (pre-WGA) copy number for each sample. Colored bars
indicate post-WGA copy numbers obtained using either random-primed WGA (rpWGA,
blue) or selective WGA (SWGA, dark red). Copy numbers are plotted on a log10 scale.
SWGA consistently resulted in several orders of magnitude greater amplification than
roWGA.
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Quantification of total DNA by Qubit confirmed that both rpWGA and SWGA significantly
increased DNA concentrations to sufficient amounts for ONT library preparation. For
roWGA, median concentrations rose from 3.3 ng/uL pre-amplification to 30.5 ng/uL post-
amplification (median fold-change = 7.9, IQR = 23.9; Wilcoxon signed-rank test, p =
0.031). For SWGA, median concentrations increased from 3.5 ng/uL to 47.5 ng/pL
(median fold-change = 8.3, IQR = 11.1; Wilcoxon signed-rank test, p < 0.001). A Mann—
Whitney test found no significant difference between the fold-change distributions of

roWGA and SWGA (p = 0.72), see Figure 3.10.
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Figure 3.10. Total DNA concentration before and after WGA.

DNA concentration was measured for samples amplified using rpWGA (blue) and SWGA
(dark red). Both methods significantly increased DNA concentration (rpWGA: p = 0.031;
SWGA: p < 0.001). Median fold-changes were comparable and a Mann—Whitney test
found no significant difference between methods (p = 0.72).

91



When considering both measures together, rpWGA and SWGA produced comparable
gains in total nucleic acid concentration, but SWGA yielded substantial and statistically
significant increases in TPA copy number. This indicates that while rpWGA amplifies bulk
DNA indiscriminately, SWGA provides greater specificity for TPA, consistently generating
significantly higher concentrations of target DNA. This specificity makes SWGA the more

suitable amplification strategy for downstream ONT sequencing applications.

3.4. Development of a Long-Read Sequencing Protocol for TPA

To optimize sequencing output from low-input clinical samples, We adopted a library
preparation workflow that preserved as much DNA as possible at each step. Although
SWGA improved TPA DNA recovery, a substantial proportion of the total DNA remained
host or commensal in origin. Libraries were prepared using an ONT ligation-based
protocol for whole-genome amplification (SQK-LSK112), incorporating the Native
Barcoding Expansion kit (EXP-NBD196) for multiplexing. The workflow, described in
Methods 2.4.1, was further modified to maximize DNA recovery at each step and allow

two-step loading of each flow cell.

3.4.1. DNA Requirements and Sequencing Strategy

The initial sequencing experiments were performed on TPA—positive clinical swab
extracts that had been amplified using rpWGA. Libraries were prepared using the ONT
ligation-based workflow with native barcoding as described in Methods 2.4.1, and
sequencing was carried out on R9.4.1 flow cells under standard conditions (without

adaptive sampling). These runs were performed to evaluate whether sufficient data could
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be obtained from rpWGA-amplified material and to optimize strategies for extending

sequencing throughput.

The first sequencing run used a flow cell loaded with four samples and was configured
for 72 hours without a duplicate library available for reloading. Initial pore activity began
at approximately 50%, indicating that half of the sequencing channels were actively
processing DNA strands. Activity declined to <10% within 18 hours, and with output

plateaued, the run was terminated early yielding 2.42 Gb of DNA.

For the second sequencing run, enough DNA was available to prepare two libraries from
the same barcoded pool. This allowed implementation of a flow cell wash and reload
strategy. As before, pore activity started at ~50% and dropped below 10% within 23 hours.
The run was paused, the flow cell was washed using ONT’s flow cell wash kit, and the
second aliquot of the same barcoded library was reloaded. This restored pore activity to
~40%, allowing an additional 20 hours of sequencing before activity again declined.
Although sequencing output plateaued around 44 hours, the run was allowed to continue

for the full 60 hours. The total yield reached 7.38 Gb of DNA.

The third run followed a similar pattern. Pore activity dropped below 10% by 20 hours,
prompting a wash and reload that restored activity to ~50%. Sequencing continued for an

additional 20 hours before activity again declined. The final yield was 5.33 Gb.

These results are summarized in Figure 3.11, which visualizes the pore activity states
across 2-hour time increments for each run. The plots illustrate the early decline in
sequencing activity during the first run, which lacked a reload, compared to the partial
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recovery and extended runtime observed in subsequent runs where a wash and reload
was performed. Implementing the reload strategy substantially improved sequencing
throughput, extending active sequencing time from ~18-20 hours to 40-50 hours and

increasing total data output by 2- to 3-fold relative to the initial single-loaded run.
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Figure 3.11. Nanopore sequencing activity with and without flow cell reloading.

Run 1) Sequencing was run for 18 hours and discontinued when pore activity fell below
10%. Run 2) Sequencing was run for 18 hours and then a flow cell wash and library reload
was performed and sequencing was run till hour 60. Run 3) Sequencing was run for 22
hours and the flow washed-reloaded and sequencing continued until 50 hours, when pore
activity fell below 10%.
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3.4.2. Multiplexing Sample Libraries

The ONT MinlON flow cell has a theoretical capacity of approximately 50Gb (166). In an
ideal scenario using pure TPA isolates, this would support multiplexing up to 96 samples
at roughly 450x coverage each. However, clinical samples are metagenomic, meaning
the majority of sequencing reads may be from non-target DNA. This drastically reduces

the effective yield of TPA reads and significantly limits multiplexing capacity.

To evaluate how multiplexing impacts genome recovery, sequencing runs were
performed in 2022, using barcoded libraries containing between 4 and 24 TPA-positive
samples (Table 3.4). Runs with smaller pools (4—6 samples) consistently produced
complete assemblies, while increasing the number of multiplexed samples led to
diminishing returns. Across 12 sequencing runs, those with 4—6 samples yielded the
highest number of near-complete TPA genomes. In contrast, runs with more than six
samples often failed to generate sufficient read depth per sample, resulting in incomplete

assemblies.

Interestingly, the total number of sequencing reads per flow cell remained relatively
constant, averaging approximately 5 million reads, regardless of the number of barcoded
samples. This indicates that sequencing output is limited by the physical constraints of
the flow cell and increasing the number of samples in libraries will not increase the total
data obtained. Thus, as larger sequencing libraries are made, the total yield is distributed

across more samples, reducing the sequencing depth per sample.
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These findings demonstrate that flow cell sequencing capacity is fixed and that sample
multiplexing must be balanced against the required sequencing depth per genome. For
TPA, a conservative multiplexing range of 4—-6 samples per flow cell provides the best

trade-off between cost-efficiency and genome recovery success.
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Table 3.4. Effect of sample multiplexing on TPA genome recovery across ONT flow
cells.

# of Multiplexed Complete # of Reads Obtained

Run ID Samples Genomes (log)

2022-10-14 AS 4 3 6.03
2022-10-14 Mk1C 4 3 6.09
2022-12-28 AS 4 3 6.82
2022-12-28 Mk1C 4 3 6.31
2022-07-08 AS 5 2 6.92
2023-01-27 Adh 6 3 6.71
2023-01-27 ONT 6 3 6.85
2022-09-18 AS 8 2 6.53
2022-09-29 Mk1C 8 2 6.47
2023-03-29 8x 8 1 6.42
2023-03-29 16x 16 0 6.42
2023-03-29 24x 24 1 6.56
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3.5. Standard vs. Adaptive Nanopore Sequencing

ONT sequencing enables real-time data acquisition and supports adaptive sampling (AS),
a strategy that enriches for target DNA by selectively sequencing molecules that align to
a reference genome (Figure 1.3). In this study, AS was used to enrich for TPA DNA using
the SS14 reference genome (NC_021508.1) as the alignment target. DNA molecules that
failed to align were ejected from pores within the first few hundred bases, allowing pores
to sequence new molecules. This selective approach was compared against standard
sequencing (SS) by preparing four libraries in duplicate and sequencing one set under
each condition. The total read count, genome coverage and read depth was calculated

with Samtools (Methods 2.6.2.2).

Across 20 samples, AS increased the number of TPA reads in 18 of them (Table 3.5).
The median AS/SS read count ratio was 1.84 (range: 0.63-2.74), corresponding to
median gains of 74,000 reads per sample (range: -396 to +878,547). In several cases,
AS more than doubled the number of classified reads, including Sample 34 (9.9x10° to
1.85x108 reads) and Sample 61 (4.67x10% to 1.28x10° reads). Samples 33 and 57
showed a net decrease in reads, they also had poor depth and coverage overall indicating
low input specimens. A Wilcoxon signed-rank test confirmed that AS produced

significantly higher read counts than SS (p < 0.001).
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Table 3.5. Comparison of TPA read counts obtained by standard sequencing (SS)
and adaptive sampling (AS)

Sample SS TPA Classified AS TPA Classified Ratio A TPA Reads

ID Reads Reads (AS/SS) (AS-SS)
33 3659 3298 0.90 -361
34 990000 1848663 1.86 858,663
35 31658 55522 1.75 23,864
36 81880 150023 1.83 68,143
37 872504 1645988 1.88 773,484
41 402052 746907 1.85 344,855
42 23886 44009 1.84 20,123
43 5322 9362 1.75 4,040
44 438540 824266 1.87 385,726
45 119681 220496 1.84 100,815
49 873326 986066 1.12 112,740
50 148059 166452 1.12 18,393
51 199422 227988 1.14 28,566
52 212735 241508 1.13 28,773
53 397957 454536 1.14 56,579
57 1072 676 0.63 -396
58 157078 425076 2.7 267,998
59 3974 8394 2.1 4,420
60 4363 10484 2.40 6,121
61 467224 1281353 2.74 814,129
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When comparing sequencing depth and genome coverage, AS consistently outperformed
SS (Figure 3.12). Low coverage samples had the largest benefit, Sample 33 increased
from 60.2% (SS) to 75.1% (AS) coverage, and Sample 57 from 20.4% (SS) to 38.3% (AS).
Overall, 19 of 20 samples showed improved or equivalent coverage with AS. Sample 52
was the only exception, with 99.9% coverage using SS and 99.8% with AS, both

representing near-complete recovery.

Like the significant improvement in total read count, the impact of AS on read depth was
also notable. Median read depth across all samples was 268.8x for AS compared to
161.6x for SS, representing a 1.66-fold increase (1.13-fold to 2.74-fold). In some cases,

AS more than doubled the read depth; Sample 61 increased from 474x to 1301x.

Together, these results demonstrate that AS improves TPA genome recovery in
metagenomic samples with low target abundance. The strategy enhances sequencing

efficiency making it a valuable tool in workflows where DNA quantity is a limiting factor.
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Figure 3.12. Comparative Performance of Adaptive Sampling (AS) and Standard
Sequencing (SS) in TPA sequencing

(A) Average read depth per sample for AS (gold) and SS (blue) runs. AS consistently
produced higher read depth across all samples.

(B) Percent genome coverage, defined as the proportion of the reference genome
covered by at least one read. AS improved coverage in 19 of 20 samples. Sample 52 was
the only case where SS slightly outperformed AS (99.9% vs. 99.8%), though both runs
achieved near-complete genome recovery.
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3.6. Bioinformatics Pipeline for Long-Read Data Processing and Genome
Assembly

Following sequencing with ONT, raw reads require systematic processing to ensure
accurate downstream analysis. A custom bioinformatics pipeline was developed to
manage these steps, beginning with basecalling and demultiplexing, followed by host-
read removal and quality control. Reads classified as TPA were then assembled with both
de novo and reference guided methods, polished, and assessed for quality using multiple
tools. The final assemblies were subjected to phylogenetic and comparative analyses as

outlined in later sections. An overview of this pipeline is provided in Figure 3.13.
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Figure 3.13. Bioinformatics workflow for long-read sequencing data processing
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Raw ONT sequencing reads from metagenomic clinical samples were processed through
a custom workflow to enable genome assembly and downstream phylogenetic analysis.
Using this pipeline, near-complete genomes were recovered through reference-guided
assembly, whereas de novo assembly often produced multiple contigs that could not be

fully resolved.
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3.6.1. Basecalling and Read Quality

Basecalling is the process of converting raw electrical signals from the pores in the ONT
flow cells into nucleotide sequences. The sequences are written as FastQ files that assign
Q-scores to each nucleotide base. The Q-score (Phred quality score) is a logarithmic
measure of per-base accuracy, where each increase of 10 units represents a ten-fold
decrease in error probability (Q10 = 90% accuracy, Q20 = 99%). Early in this project,
sequencing was performed using R9.4.1 flow cells, which use a single detection nanopore
structure. These datasets had relatively modest read accuracy, with a mean Q-score of
11.62 as determined by Nanoplot (Methods 2.6.1), reflecting the expected performance

of first-generation nanopore chemistry and models (Figure 3.14).

As the project progressed, R10.4.1 flow cells were adopted, offering significant
improvements in read accuracy. These newer flow cells employ a dual-read nanopore
and are optimized for use with ONT’s updated super-accurate (SUP) basecalling models.
Read accuracy improved as a result, with a significantly higher mean Q-score of 18.58
compared to the 11.62 with R9.4.1 (p < 2.2 x 107'6). This increase represents an almost
10-fold reduction in base error rates (from ~7.6% to ~1.4%), meaning more accurate

consensus and downstream genome reconstruction.
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Figure 3.14. Comparing mean read quality (Q-scores) between R9 and R10 flow
cells.

Boxplots show the distribution of mean read quality values per sequencing run, with
individual points overlaid. R10 flow cells produced significantly higher Q scores than R9
(p<2.2x107),
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With basecalling complete, the first quality control step was taxonomic classification and
filtering of raw reads using Kraken2. Even when both SWGA and AS were used to enrich
for TPA, a substantial fraction of sequenced reads still originated from human or microbial
background DNA. This further demonstrates the metagenomic complexity of clinical swab

samples and the need for enrichment protocols.

Because sequencing runs were extended to maximize yield from low-input samples, the
resulting FASTQ files were large (10-30 GB per sample). Kraken2 classification enabled
early removal of non-target reads, which in some cases halved the file size, reducing data

storage demands and accelerating downstream steps such as alignment and assembly.

Genome recovery outcomes are summarized in Table 3.6. Although a high proportion of
TPA reads were not required for successful assembly, both read proportion and absolute
TPA read count were associated with genome coverage and depth. For example, sample
as50 contained only 17% TPA reads yet achieved 99.8% coverage at 176x depth, while
as52 and as58 (29% and 26% TPA, respectively) produced similarly complete assemblies.
In contrast, samples with <2% TPA reads (as42, as59, as60) were insufficient, producing
assemblies with low mean depth (<49X) and incomplete coverage (<99%). These results
suggest that while modest read proportions can still yield near-complete genomes,

reliable recovery generally required at least 7% TPA reads or 100,000 classified reads.
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Table 3.6. Kraken2 Classification and Genome Coverage for Nanopore-Sequenced
Samples.

Unclassified TPA Classified Proportion of Genome Average
Reads Reads TPA reads Coverage (%) Depth

as57 1330996 2135 0% 38.3 0.8
as33 1662046 5210 0% 75.1 4.2
as43 1578779 9335 1% 92.1 10.8
as60 1263038 12206 1% 94.5 15.5
as59 884260 9869 1% 92.5 10.9
as42 2105133 40002 2% 97.9 49.0
as35 1607964 67603 4% 97.4 93.0
as36 2009711 157038 7% 99.6 189.1
as45 1122558 198043 15% 99.7 201.6
as50 678666 142470 17% 99.8 175.6
as58 1193986 412331 26% 99.8 456.4
as51 613895 240376 28% 99.7 336.1
as52 657031 270957 29% 99.9 377.4
as41 1175675 685577 37% 99.9 714.4
as53 476607 492216 51% 100.0 725.8
as34 1249420 1750339 58% 99.4 1563.8
as61 802259 1272626 61% 99.9 1301.9
as37 687116 1791293 72% 100.0 2018.7
as49 343096 931639 73% 100.0 1014.8
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3.6.2. De novo and Reference Guided Genome Assembly

De novo genome assembly was attempted using the twelve highest coverage TPA
samples. The reference-free approach was prioritized to avoid alignment bias and to
preserve potential structural variation present in local strains. However, because the
clinical specimens required WGA prior to sequencing, downstream issues such as
uneven genome coverage and amplification bias were introduced. As a result,
sequencing runs produced variable read depths and often required extended runtimes to
obtain sufficient data for assembly. The resulting large FASTQ datasets complicated

computational assembly even after the removal of non-TPA reads.

Initial assemblies were performed with three long-read assemblers: Flye, Raven, and
Unicycler (Methods 2.6.2.1). Raven and Unicycler failed to complete assembly on full
datasets due to memory constraints, while Flye was able to process the full datasets but
yielded highly fragmented assemblies with up to 255 contigs per sample. None of the Flye
assemblies could be resolved into a single, closed contig. Due to uneven coverage
introduced by WGA further, random subsampling of the reads disproportionately
represented high-coverage regions and produced large gaps across the genome. This
precluded the use of standard down sampling approaches that are typically applied to

improve assembly efficiency.

To address these limitations, Pomoxis was used to perform targeted subsampling to fixed
coverage depths (50x or 100x) based on alignment to the TPA SS14 reference genome.

This allowed all three assemblers to complete successfully. Assembly quality with the
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down-sampled datasets improved across all tools, with contig counts typically reduced to

10 - 40 per sample.

Figure 3.15 illustrates the number of unresolved contigs for each sample across
assemblers and subsampling conditions. Wilcoxon rank-sum tests indicated that
subsampling depth (50x vs 100x) did not significantly affect contig number within any
assembler (Flye: p = 0.214; Raven: p = 0.817; Unicycler: p = 0.077). In contrast,
assembler choice had a strong effect. The Wilcoxon rank-sum tests showed that Flye
performed worse than both Raven (p = 5.6 x 10°) and Unicycler (p = 0.00033) with
significantly more contigs. Raven and Unicycler had similar performances (p = 0.056) but

no complete genomes were generated.

Although subsampling improved De novo assembly performance, they remained
incomplete and highly fragmented, and no genome could be resolved into a single circular
contig. To overcome this an alternate assembly method was required. This involved reads
being aligned to the TPA SS14 genome and consensus sequences generated for each
sample (Methods 2.6.2.2). This approach produced single-contig assemblies, even in
low-coverage samples. This was made possible with contig gaps being filled with

ambiguous bases (Ns), which accumulated in regions of insufficient read depth.
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Figure 3.15. The number of contigs produced by each assembler using read depths
subsampled to 50x or 100x.

Barplot showing contig counts for each sample (grouped by subsampling depth) within
each assembler panel. Note the difference in y-axis scales, Flye is 0-200 contigs, while
Raven and Unicycler are 0-30 contigs. Wilcoxon rank-sum tests indicated no significant
effect of subsampling depth within assemblers (Flye: p = 0.214; Raven: p = 0.817;
Unicycler: p = 0.077). Though, assembler choice significantly impacted the amount of
fragmentation. Flye produced higher contig counts than Raven (p = 5.6 x 10°) and
Unicycler (p = 0.00033), while Raven and Unicycler did not differ significantly (p = 0.056).
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3.6.3. Genome Polishing and Error Correction

Although newer ONT chemistries and basecalling models improved raw read accuracy,
draft assemblies still contained errors. These include ambiguous bases (Ns),
insertion/deletion (indel) and homopolymer-rich regions (stretches of identical bases such
as “AAAAAA’ or “GGGGGG”). These errors can be mitigated with post-assembly
polishing tools, such as Medaka and Racon, that reanalyze the compiled reads and
correct nucleotide calls in the assembly. Ns and indel counts were calculated with QUAST

using the SS14 reference genome (NC_021508.1; Methods 2.6.2.1).

To evaluate polishing performance, four samples with high read depth and coverage were
assessed for changes in ambiguous bases (Ns per 100 kbp). Unpolished assemblies
contained between 16 and 187 Ns per 100 kbp. Polishing eliminated the ambiguity by
determining the correct base, reducing Ns to zero across all methods tested (median
reduction of 32.3 Ns per 100 kbp, corresponding to 100% removal) (see Appendix 1.1
for per-sample values). This confirmed the necessity of polishing for improving base-level

accuracy in consensus assemblies.

We next examined indels (Figure 3.16). Although one round of Racon (Racon x1)
eliminated ambiguous bases, there was a consistent increase in the number of indels
across all samples, rendering Racon-polished assemblies unsuitable for downstream
analyses. Medaka performed more consistently: one or two rounds (Medaka x1 or x2)
had equivalent reductions in indels without introducing additional errors, whereas a third

round (Medaka x3) occasionally increased indel counts, so it was not retained. To further
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address errors remaining after Medaka x2, adding Homopolish (Medaka x2 +
Homopolish) yielded the lowest indel rates in every sample. Based on these findings, the
final polishing strategy used for all assemblies comprised two rounds of Medaka followed

by one round of Homopolish.
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Figure 3.16. The effects assembly polishing on INDELS per 100 kbp.

Bar plots of indels per 100 kbp reported by QUAST relative to the SS14 reference
(NC_021508.1). Panels A-D correspond to Samples 1-4. Pipelines shown: Unpolished
consensus, Medaka x1, Racon x1, Medaka x2, Medaka x3, and Medaka x2 + Homopolish
x1. Across all samples, Medaka x2 + Homopolish x1 produced the lowest indel rates; both
Medaka x1 or x2 reduced indels relative to unpolished; Medaka x3 was inconsistent; and
Racon x1 increased indels.
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3.6.4. Genome Assembly Assessment

Polished assemblies were evaluated with two tools that assess different aspects of
genome quality: BUSCO (Benchmarking Universal Single-Copy Orthologs) (Methods
2.6.4) and QUAST (Quality Assessment Tool for Genome Assemblies) (Methods 2.6.2.1).
BUSCO identifies single copy orthologs, genes that occur once per genome in all
members of a lineage, as indicators of assembly completeness and accuracy. The
Spirochaetales dataset, containing 345 genes, was used as a reference for all TPA
assemblies. However, due to the well-characterized genome reduction in TPA (38), all
assemblies including the references, consistently lacked some of these genes.
Specifically, the maximum number of detectable BUSCOs in complete TPA genomes is
318. Therefore, this value was used as the benchmark for assembly completeness in this

study.

For quality assessment, only assemblies with at least 75% genome coverage were
included, representing 116 of the 132 total assemblies obtained in this project. In this
subset, BUSCO completeness showed a strong inverse correlation with the Ns per
100,000 bp (r = —0.964, p < 0.001). Figure 3.17A illustrates this relationship suggesting
that lower sequence ambiguity is closely associated with gene-level completeness.
Assemblies with fewer than 316 complete BUSCOs often showed elevated ambiguity,
whereas those at or above this threshold consistently had fewer Ns and more reference-

like sequence characteristics.
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Further assessment using genome fraction (%), from QUAST, showed a strong positive
correlation (r = 0.964, p < 0.001) to BUSCO completeness. Figure 3.17B illustrates that
assemblies with greater genome coverage contain more BUSCO genes. Again,
assemblies with at least 316 complete BUSCOs performed well, exceeding 96% of the

genome fraction.

These results show that assemblies with high BUSCO completeness also have good
sequence-level quality metrics, such as low ambiguity and broad genome coverage. This
also supports using a threshold of 2316 complete BUSCOs as a criterion for identifying

high-quality assemblies in this dataset.
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Figure 3.17. Relationship between BUSCO completeness and QUAST assembly
metrics.

Only assemblies with 275% genome coverage (n = 116) were analyzed. (A) Complete
BUSCOs plotted against the number of ambiguous bases (Ns per 100,000 bp), showing
a strong inverse correlation (r = —0.964). (B) Complete BUSCOs plotted against the
genome fraction (%), showing a strong positive correlation (r = 0.964).
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With established assembly metrics, we sought to assess whether AS improved assembly
quality relative to SS. The same 18 samples used to compare AS and SS read depth in
Results 3.5 were also evaluated for assembly completeness, Figure 3.18. Assemblies
generated from AS data consistently showed higher BUSCO scores and lower ambiguous
base content than their SS counterparts. Two samples that recovered fewer than 250
complete BUSCOs under SS improved to more than 300 when sequenced with AS, while
another rose substantially from 203 to 280. On average, AS assemblies contained 311
complete BUSCOs compared to 282 for SS assemblies. Moreover, 11 AS genomes
reached the TPA benchmark of 318 complete BUSCOs, compared with 8 SS genomes.
These results provide additional support for the use of adaptive sampling to enhance

assembly quality in metagenomic TPA sequencing.
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Figure 3.18. BUSCO completeness of paired assemblies generated with adaptive sampling (AS) and standard
sequencing (SS).

Stacked bar plots show BUSCO categories; Complete and single copy (S), Complete and duplicated (D), Fragmented (F),
and Missing (M) for 18 paired assemblies (x-axis alternates AS and SS for each sample ID). Assemblies generated with AS
consistently recovered more complete BUSCOs than SS. 11 AS genomes attained the 318 complete BUSCOs compared
with 8 SS genomes (annotated with white text).
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3.7. Comparison of TPA Genomes from Manitoba with Global Data
3.7.1. Multiple Sequence Alignments

To compare ONT-derived TPA genomes with global reference strains, multiple sequence
alignments (MSA) were generated using MAFFT. However, initial alignments were
challenged by large artificial gaps. This distorted downstream phylogenetic analysis by

exaggerating divergence among the ONT produced assemblies (Figure 3.19).

The issue stemmed from misalignment of the two ribosomal RNA (rRNA) operons, which
are present as two identical copies in the TPA genome. MAFFT frequently aligned the
first rRNA operon of one genome (located around 230,000 bp) with the second copy
(located around 280,000 bp) from another, resulting in mismatched regions and artificial
gaps approximately 50 Kbp in length, the genomic distance separating the two operons.
As a result, regions of the MSA that should have exhibited near-complete identity instead

showed inflated variation between genomes.
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Figure 3.19. Misalignment of ribosomal RNA operons in MAFFT alignments.

Initial MSAs of TPA genomes exhibited large artificial gaps caused by the misalignment
of the duplicate ribosomal RNA operons. rRNA copy 1 from one genome was frequently
aligned to copy 2 from another, introducing ~50 Kbp shifts and disrupting overall
sequence homology.
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To address this, assemblies were processed as described in Methods 2.7.1 to separate
the duplicated rRNA operons into distinct segments. Each segment was aligned
independently with MAFFT, then rejoined by sample ID to restore full-length genome
alignments. This approach improved alignment accuracy and provided confidence in

downstream phylogenetic reconstruction (Figure 3.20).

Even after correcting the rRNA operon misalignments, four distinct regions of high
sequence variability remained in the MSA. The first was located between ~329,000 -
340,000 bp, a region that consistently exhibited poor SWGA ampilification across all ONT-
sequenced assemblies. This led to reduced sequencing depth, low basecalling
confidence, and ultimately poor assembly quality. The other three variable loci: arp
(~466,000 bp), tp0470 (~510,000 bp), and tprK (~989,000 bp) are the only known regions
in the TPA genome with large, variable repeat structures. In arp and {p0470, variation in
the number and composition of tandem repeats generates extensive length heterogeneity
across strains (73,74). Separately, tprK undergoes antigenic variation through non-
reciprocal gene conversion with {prD among seven defined variable sites, providing a
major source of diversity among strains (79). No other genomic regions have been

consistently identified with comparable levels of size variation.

122



Low coverage
region tp0470
(329,000 —
340,000 bp) arp tprK

300,000 400,000 500,000 500,000 700,000 800,000 900,000 1,000,000
7

200.'000

Figure 3.20. Correction of rRNA operon misalignments through genome segmentation and realignment.

After splitting genomes at the annotated 5’ end of the first rRNA operon, re-alignment successfully corrected previous MSA

errors in the rRNA operons. The remaining four regions of high variability are due to low coverage or true genomic diversity
(arp, tp00470, tprK).
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3.7.2. Phylogenetic Analysis

A maximum likelihood phylogenetic tree was generated as described in Methods 2.7.2
(see R script in Supplementary Information 3) using IQ-TREE, based on the unmasked
MSA of TPA genomes. The analysis included 58 ONT assemblies with 316 or more
complete BUSCO genes and 89 publicly available reference genomes. The references
represent both Nichols-like and SS14-like lineages, with TPE (Yaws) included as an
outgroup, see Appendix 1.2 for metadata. The alignment preserved full genomic
variability (i.e. no gene masking) including repeat and indel-rich regions, and the resulting

tree is shown in Figure 3.21.

To improve interpretation heatmaps displaying sample metadata and QUAST assembly
metrics were included. These include sample origin, indel rate, ambiguous bases (Ns),
mismatch rate and genome fraction (%). While some ONT assemblies clustered
appropriately among the known references, others displayed elongated branches often
exceeding the length of the TPE outgroup. This is despite having passed the more than
316 BUSCO completeness threshold. The inflated branches suggested that genome
completeness alone has insufficient resolution to identify error-prone assemblies.
However, the QUAST metrics also failed to provide a cut point for quality. This meant

further analysis was required for additional quality control measures.
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Figure 3.21. Maximum likelihood phylogenetic tree of TPA genomes passing the
BUSCO completeness filter, annotated with assembly quality metrics.

The tree includes 58 ONT assemblies with 2316 complete BUSCOs alongside 89 publicly
available reference genomes. TPE is included as outgroup (red circle). Heatmaps display

QUAST assembly metrics: indels per 100 kbp, ambiguous bases (Ns) per 100 kbp,

mismatches per 100 kbp, and genome fraction (%). Several ONT assemblies display

inflated branches, exceeding the yaws sample.
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Although the indel rate per 100 kbp showed the closest indicator for branch lengths,
several assemblies with low indel counts (<5 per 100kbp) still exhibited inflated
divergence. For example, some samples with >5 indels per 100 kbp (such as 24-05_b01
and 24-05_b67) showed short terminal branches, while other assemblies with <5 indels
(including as41 and 24-05_b27) had branches approaching the length of the TPE (yaws)
outgroup (Table 3.7). Closer inspection of the MSA indicated unexpected variability was
present in the rRNA operons, regions that are highly conserved among bacterial species

(167).

To address this, BLAST searches were performed using the 23S rRNA genes from each
assembly (obtained in section 2.7.2) against the 23s genes of the reference genomes in
Appendix 1.2. Seventeen assemblies failed this QC step (<100% identity) and were
excluded. Technical replicates were also removed (N = 19), leaving 22 unique assemblies.
The remaining sequences were re-examined in the alignment, Figure 3.22, where several
still demonstrated dense clusters of SNPs in the rRNA operons (N = 9). In contrast, all

reference genomes showed 100% sequence identity in this region.
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Table 3.7. Quast Assembly Quality Metrics and rRNA Operon SNP Density for
Manitoba ONT Genomes.

Assemblies are separated by rRNA SNP density and then arranged by indels per 100kbp
in ascending order. Samples with low SNP density correspond to shorter terminal branch
lengths in phylogenetic analysis.

Sample ID Indels per Nsper ~ Mismatches % Genome rRNA operon

100kbp 100kbp per 100kbp fraction SNP density
23-06_b11 1.93 0.00 1.93 100.00 Low
01-27_b06 2.46 0.00 4.74 100.00 Low
7-08_as-02 2.72 29.07 5.18 99.87 Low
as37 3.16 0.00 2.28 99.94 Low
as52 3.34 110.38 6.16 99.75 Low
as49 3.52 15.02 7.12 99.79 Low
as53 3.95 0.00 413 99.87 Low
24-05_b01 5.12 489.68 6.26 99.50 Low
24-05_b67 5.22 537.11 14.33 99.19 Low
7-08_as-01 5.71 0.00 9.41 99.82 Low
12_as-26 5.97 0.00 37.40 99.97 Low
10-14_std-22 6.75 8.76 16.75 99.94 Low
as50 7.24 220.21 35.48 99.41 Low
24-05_b27 3.63 629.91 17.26 99.15 High
as41 4.06 0.00 23.91 99.49 High
24-05 b20 4.39 0.00 29.67 99.98 High
as61 5.37 57.80 15.33 99.65 High
24-05 b28 7.28 690.44 33.28 98.88 High
as51 7.31 313.07 27.30 99.53 High
as58 8.02 156.86 37.54 99.62 High
as36 8.13 424.63 40.13 99.29 High
as45 10.27 186.91 44.01 99.16 High
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Figure 3.22. Alignment artifacts in the rRNA operon of aligned TPA assembilies.

A zoomed-in region of the MSA displays a portion of the rRNA operon across a subset of ONT assemblies, visualized in
Geneious. Red arrows indicate assemblies with numerous SNPs. Each colored base represents a position that differs from
the consensus (grey). All reference genomes showed 100% sequence identity in this region, indicating that the observed
mismatches are sequencing artifacts.
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After assemblies with high SNP density were removed, the MSA of Manitoba assemblies
(N = 13) and 89 publicly available reference genomes were used to generate the final
maximum likelihood tree (Figure 3.23). As described in Results 3.7.2, phylogenetic
analysis was performed using IQ-TREE based on the unmasked alignment (Methods
2.7.2 and Supplementary Information 4). The additional quality filtering improved the
alignment and reduced artificial divergence in the final phylogenetic reconstruction. The
resulting tree exhibited more realistic branch lengths and consistent clustering among

known Nichols-like and SS14-like lineages.
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Figure 3.23. Maximum likelihood phylogenetic tree of TPA genomes with ONT
assemblies and global references.

The tree includes 13 ONT assemblies and 89 reference genomes. Four heatmaps are
displayed alongside the tree: sample origin, clade assignment, 23S rRNA macrolide
resistance genotype, sample country of origin. The tree shows the placement of all
Manitoba genomes within the SS14 lineage and the expected clustering of clades and
23s genotypes across global samples.
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The maximum likelihood phylogenetic tree, based on high-quality ONT assemblies and
reference genomes, showed that all Manitoba TPA samples clustered within the SS14
lineage. A single Nichols strain sample, provided by the National Microbiology Laboratory
(NML), grouped appropriately with other Nichols references, validating its lineage
assignment. The TPE reference remained a distinct outgroup with a longer branch length,
and all remaining assemblies displayed shorter terminal branches than TPE, indicating

improved sequence accuracy following manual curation and filtering.

Although overall tree topology improved after filtering, two Manitoba samples, 10-14_std-
22 and as50, retained noticeably elongated branches compared to other ONT assembilies.
These samples also exhibited the highest indel rates among the 13 best ONT assemblies
(6.75 and 7.24 per 100 kbp, respectively; Table 3.7), suggesting that residual assembly
errors persist outside the screened rRNA operon. Despite their longer branches, both
assemblies clustered appropriately within the SS14 lineage and did not show artificial

divergence beyond the YAWS subspecies observed in earlier tree versions.

Heatmap annotations alongside the tree confirmed that major lineages clustered
appropriately by both clade and genotype. Most of the Nichols clade included genomes
predicted to be macrolide-susceptible, shown in Appendix 1.2. The ONT-sequenced
NML Nichols sample clustered among them, also containing the macrolide sensitive
2058A allele (Table 3.8). Contrasting that, the SS14 lineage primarily consisted of
macrolide-resistant 2058G mutations. This genotype was determined through variant

calling of the rRNA operon, as outlined in Methods 2.7.2. The thiteen ONT genomes
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had the necessary coverage (>50x) for variant calling and the A2058G mutation was
detected in each one. Interestingly, a minority of SS14 reference genomes were also
macrolide-susceptible, demonstrating that resistance is common but not universal within

this lineage.
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Table 3.8. Macrolide Resistance (A2058G) Variant Calls in High-Quality ONT
Assemblies.

Sample ID | Reference allele | Alternate allele | Read Depth
01-27_b06 A G 222
10-14_std-22 A G 77
12 as-26 * NA NA N/A
23-06_b11 A G 629
24-05 b01 A G 1621
24-05 b67 A G 314
7-08 as-01 A G 293
7-08 as-02 A G 174
as37 A G 518
as49 A G 224
as50 A G 72
as52 A G 105
as53 A G 389

*Sample 12_as-26 is the Nichols strain, no variant allele was detected at that location
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In addition to lineage-level separation, some geographic structuring was observed in
Figure 3.23. SS14 genomes from China and Japan formed a tight cluster, as did samples
from Czechia. A group of six Manitoba genomes also clustered together within a single
subclade, supporting the presence of a regional epidemiological link. However, available
patient metadata for these samples, including age, sex and regional health authority,
showed no direct epidemiological connections between these cases. Given the limited
diversity of TPA genomes and the slow rate of sequence evolution (103), this clustering
may reflect broader regional circulation of a dominant strain rather than recent direct

transmission among cases.

3.7.3. In-Silico analysis of genes of interest

A total of 132 TPA genome assemblies were generated throughout this project, with
several samples sequenced in multiple independent runs. To assess the sequence
stability of the tp47 gene, a target used in the screening gPCR assay, assemblies were
filtered to include only those with a minimum read depth of 50x across the entire gene.

This filtering identified 61 assemblies suitable for downstream analysis.

From these 61 assemblies, the MSA of the {p47 gene revealed near-complete sequence
consensus. This high degree of conservation validates the selection of this gene as a
diagnostic target, where specificity and stability are crucial for reliable PCR detection

(Figure 3.24).
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A single nucleotide polymorphism at position 124 (T—>G) was observed in the technical
replicates of the NML-provided Nichols strain. The presence among all three replicates
indicates it is likely a true variant and not a sequencing artifact. Most importantly, this SNP
lies outside the PCR amplicon and would not interfere with assay performance. These
results confirm that the t{p47 gene is a highly stable target for molecular screening of TPA

and remains suitable for continued diagnostic use.
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The tp47 gene was aligned across 61 ONT assemblies. Primer-binding regions for the qPCR assay are indicated by green

arrows (forward and reverse primers), and the hydrolysis probe binding site is marked by a blue arrow. A single T—-G SNP

Figure 3.24. Multiple sequence alignment of the tp47 gene from high-depth TPA assemblies (N

at position 124 was identified in all replicates of one Nichols strain sample, highlighted in red well outside of the PCR

amplicon region (nucleotides 417—484).
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The arp gene contains a variable number of 60-bp tandem repeats that have historically
been used for strain differentiation (43,75,168). To investigate repeat copy number in the
ONT dataset, arp sequences were analyzed from all 132 genome assemblies using the
workflow described in Methods 2.7.3. Of these, 34 assemblies had a minimum mean
sequencing depth of 5x across the entire arp gene and were included in the analysis.
With Tandem Repeat Finder, the analysis identified a consistent pattern across all 34
samples, each arp gene contained 14 complete 60-bp tandem repeat units. No variation
in repeat count or repeat unit length was observed in this subset. This uniform repeat
structure suggests limited diversity in the arp locus among the sequenced samples in

Manitoba.
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Chapter 4: Discussion

4.1. Collection of Clinical Specimens
41.1. Advantages of Screening PCR

Research on TPA, the causative agent of syphilis, is significantly constrained by its
fastidious biology, small genome size, and experimental challenges associated with
culture isolation (38,41,119). As a result, identifying clinical samples with a higher
likelihood of successful downstream amplification for whole-genome sequencing is critical.
When this project was initiated, nested PCR was the most common approach for TPA
detection (169). Although nested PCR offers excellent sensitivity, it is less amenable to
precise quantification of bacterial load, which is important for prioritizing samples for

downstream analysis.

The results of the Tp47 screening assay (Results 3.1.1) and subsequent
implementations of the Lesion panel (Results 3.1.2) streamlined laboratory workflows
and significantly improved CPL TATs compared to the traditional nested PCR approach.
The gPCR assays enabled accurate quantification of TPA DNA, allowing us to identify

samples with higher DNA concentrations for downstream MDA and long-read sequencing.

41.2. Human vs. TPA Genome Abundance

Most bacterial WGS using Nanopore technology is performed on isolates, where the total
amount of DNA needed for library preparation is typically measured using Qubit
fluorometry or Nanodrop spectrophotometry (131,170). The library preparation protocols
have high DNA concentrations (>30 ng/ul) to ensure successful sequencing, and it is

generally assumed that the majority of the DNA originates from the target bacterial
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genome. However, in this study, the samples are metagenomic in nature because there
is no culture-based method for isolating TPA. Consequently, although nucleic acid
measurements may indicate sufficient DNA for library construction with our samples,

these values predominantly reflect the host microbiome, not TPA.

Our PCR results consistently showed a 6—8 cycle difference between the human BGB
control and the Tp47 target (Results 3.1.2 and Figure 3.3). This translates to more than
a 100-fold difference in DNA concentration, with human DNA vastly outnumbering T.
pallidum DNA in the extracted samples. Given that the human genome is approximately
2800 times larger than that of T. pallidum (38,162), the result is an overwhelming excess
of human DNA bases in each extraction. The predominance of human DNA effectively
monopolizes the Nanopores during sequencing, wasting sequencing capacity and
reducing the likelihood of generating sufficient TPA genome coverage. Ultimately, while
total nucleic acid measurements (Qubit or Nanodrop) may indicate that there is sufficient
DNA for library preparation, the proportion of TPA DNA is minimal. For effective Nanopore
sequencing additional strategies to enrich or selectively amplify T. pallidum DNA are

needed.

Beyond the immediate goal of developing WGS, the implementation of the Lesion Panel
also improved routine diagnostic workflows at CPL. By pairing the TPA and HSV/VZV
assays, the laboratory was able to better prioritize specimens, reduce reliance on clinical

suspicion, and improve the surveillance of syphilis in Manitoba.

4.2. DNA Extraction Optimization for Long-Read Sequencing
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4.21. Selective DNA Extractions

The performance of host depletion or microbiome enrichment strategies is necessary for
successful long-read sequencing of TPA in metagenomic clinical samples, where human
DNA overwhelmingly dominates total nucleic acid content. In this study two selective DNA
extraction kits, the NEBNext Microbiome Enrichment Kit and the Qiagen Microbiome Kit,

were evaluated alongside total nucleic acid extraction methods.

The NEBNext Microbiome DNA Enrichment Kit is designed to remove CpG-methylated
host DNA post-extraction, enriching microbial DNA in metagenomic samples. However,
in our study, the kit produced only a modest increase in BGB Ct values (2.6 cycles),
indicating minimal human DNA depletion (Results 3.2.1). This was accompanied by
relatively no improvement in Tp47 Ct values, suggesting that TPA DNA was not enriched
to a level sufficient for downstream library preparation. These findings diverge from those
of Thoendel et al., who observed 6- to 85-fold enrichment of bacterial DNA in sonicate
fluids (125). In contrast, our results are consistent with those of Marotz et al., who reported
no significant reduction in human-aligned reads in saliva samples treated with the

NEBNext kit as it underperformed to other methods (171).

The Qiagen Microbiome Kit showed better host DNA depletion, achieving an average
BGB Ct increase of 6.3 cycles (Results 3.2.1 and Table 3.2). However, this came at the
cost of an average increase of 5 cycles in Tp47 Ct values, indicating a parallel reduction
in TPA DNA recovery. These findings suggest that the mild detergent-based lysis steps

in the Qiagen kit, while effective at removing human DNA, likely also disrupt the fragile
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outer membranes of T. pallidum. This is consistent with earlier observations that TPA
outer membrane is highly sensitive to mechanical stress during centrifugation and non-
ionic detergents (36,128). Such fragility results in TPA cells being lysed during the same
steps intended to remove eukaryotic cells, preventing effective separation of bacterial
DNA from host DNA. Neither the NEBNext nor Qiagen kits provided sufficient TPA

recovery for successful long-read sequencing.

4.2.2. Total Nucleic Acid Extraction Methods

Without a suitable selective extraction method to enrich TPA DNA, total nucleic acid
extractions were evaluated to maximize TPA DNA recovery while preserving fragment
integrity for long-read sequencing (Results 3.2.2). The three methods tested, Qiagen
DNeasy, bioMérieux eMAG, and KingFisher Flex, successfully extracted detectable TPA
DNA from lesion swabs, as indicated by positive Tp47 qPCR results. However, the

methods varied in DNA yield, fragment length, and suitability for downstream sequencing.

The eMAG extraction produced significantly lower Tp47 Ct values, providing the highest
TPA DNA recovery by qPCR (Figure 3.4). Despite this, eMAG extracts had lower overall
DNA concentrations and shorter fragment lengths than those of the KingFisher Flex
(Figure 3.5 and Figure 3.6). The Qiagen DNeasy protocol, though commonly used and
easy to implement (96,99,107,172), underperformed in all 3 metrics. This may reflect
mechanical shearing during column-based elution or reduced binding efficiency for high-

molecular-weight DNA compared to magnetic bead-based methods.
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The KingFisher extraction achieved a favorable balance of performance: it yielded high
concentrations of DNA and consistently longer fragments across. Although the weaker
tp47 Ct values were considered significant in eMAG extracts, the averages were within 1
Ct (less than a 2-fold difference). Another consideration is that the purpose of the DNA
extraction is for ONT sequencing, the ability to recover long DNA molecules remains an
advantage. Furthermore, the KingFisher offers higher throughput (96-well format) with
semi-automation, key benefits for scaling genomic surveillance efforts. Together, these
findings support the use of the KingFisher Flex as the preferred extraction platform for

TPA long-read sequencing.

4.3. Whole Genome Amplification Strategies for Low-Yield TPA Samples

Despite identifying the KingFisher as the preferred extraction method, The TPA DNA
yields remained insufficient for long-read sequencing. To overcome this, whole genome
amplification (WGA) was employed to increase TPA DNA quantity. While RNA-bait
capture is popular for targeted enrichment, current protocols remain optimized for short-
read platforms and short DNA fragments (~120 bp) (173), limiting their compatibility with
Nanopore sequencing. Amplicon-based WGA approaches, such as those used for SARS-
COV-2 (174), are similarly impractical for bacteria due to the complexity of designing and
optimizing hundreds of primer sets for the larger genomes. In contrast, MDA offers a
solution by amplifying total DNA using a strand-displacing DNA polymerase like phi29.
However, the choice between random and sequence-specific priming has a major impact

on genome recovery outcomes.
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RpWGA, using the REPLI-g advanced kit, failed to deliver meaningful enrichment of TPA
DNA. Though the reactions generated enough total DNA to proceed to sequencing,
quantitative PCR showed minimal improvement in tp47 abundance. This was further
supported with the results from genome mapping (Figure 3.7) showing poor recovery
(~12% breadth, 0.9x mean depth). This suggested that the non-specific amplification
favored either host DNA or components of the broader microbiome, effectively
outcompeting low-abundance TPA sequences in the mix. Unfortunately, host DNA
content (as measured by BGB) was not assessed post-WGA, but the absence of TPA

reads support a predominance of background amplification.

In contrast, SWGA, which uses primers computationally designed with a high affinity to
TPA and minimal binding to host DNA, dramatically improved performance. Using the
SWGA-Pal 12 primer set from Thurlow et al. (2022), TPA enrichment was observed in
nearly all samples, with up to a 12-cycle Ct decrease in Tp47 and copy number increases
ranging from 103 to over 108 (Figure 3.9) (97). Unlike rpWGA, SWGA did not amplify host
DNA, as shown by stable or increased BGB Ct values post-amplification (Table 3.3). This
improved specificity provided sufficient TPA read recovery to achieve 100% genome
breadth and >1,000X coverage in several samples, allowing for successful long-read
assemblies directly from clinical material. These results support the original findings of
Thurlow et al. (2022), confirming that SWGA can effectively enrich T. pallidum DNA even

in low-input, high-background clinical swab extracts.
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One notable exception was WGA-sample 22, which showed a marked decrease in
amplification efficiency (Figure 3.9). This was likely due to DNA loss during post-
amplification bead cleanup rather than a failure of the SWGA process itself. Ampure XP
bead purifications can introduce variability and risk of sample loss if handling steps are
suboptimal. Moreover, despite its advantages, SWGA was not without limitations.
Coverage across the TPA genome was highly uneven, with some regions amplified to
>30,000x while others had little to no supporting reads (Figure 3.8). This variability
severely impacted de novo assembly: subsampling-based tools failed to retain low-
coverage regions, and assemblers using full datasets produced highly fragmented contigs
(Results 3.6.2). As a result, reference-guided assembly had to be adopted as the method

to produce genomes, further elaborated on in Discussion 4.6.2.

4.4. Development of a Long-Read Sequencing Protocol for TPA

Long-read sequencing of TPA from clinical specimens presents a unique set of
challenges due to the low abundance of bacterial DNA, the fragile nature of the pathogen,
and the overwhelming presence of host nucleic acids. Despite improvements in TPA DNA
concentrations using SWGA, amplification bias was present. This meant that further
protocol optimization was required throughout the sequencing library preparation

workflow.

4.41. DNA Requirements and Sequencing Strategy
Incorporating the larger reaction volumes described in the ONT Whole-genome

amplification protocol with the multiplexing method described in Native Barcoding
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expansion protocol provided enough DNA to duplicate sequencing libraries. This enabled
a flow cell reload strategy that substantially improved sequencing performance on the
ONT platform. The first sequencing attempt was performed without a reload, pore activity
dropped below 10% within the first 18—20 hours and total yield plateaued at 2.4 Gb, far
below what was needed for assembly (Figure 3.11). In contrast, performing a flow cell
wash and reload extended productive sequencing time to 40-50 hours and resulted in a
2- to 3-fold increase in total data output. The early decline in pore activity occurred despite
loading the ONT recommended amount DNA (50 fmol), suggesting that sequencing

depletion typically occurs within ~20 hours even under optimized conditions.

Another reason behind this drop in activity could be due to clogged or inactive pores. As
pores become idle or obstructed with DNA fragments, overall throughput diminishes.
Performing a flow cell wash removes buffer contaminants and clears the blocked pores.
Reloading a duplicate library then replenishes available DNA, allowing pores to re-engage
in sequencing. Notably, the restoration of pore activity after reload was 40-50% and
sequencing again tapered off after 20—30 hours, suggesting that pore degradation or DNA
exhaustion still limits the sequencing duration even with washing (Figure 3.11). Despite
this, the ability to double sequencing time and yield from a single flow cell represents a

substantial efficiency gain.

Even with this improvement in data generation, rpWGA-enriched samples were still
insufficient to recover full TPA genomes. Subsequent advances in amplification strategy

(via SWGA) and multiplex optimization were ultimately necessary to enable successful
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genome assembly (Table 3.4). However, the wash and reload strategy remained a key
component of the workflow, as additional data generation continued to be important even

under improved conditions.

4.4.2. Multiplexing samples with variable coverage

Our results demonstrate the trade-offs between cost efficiency and genome recovery
when multiplexing metagenomic TPA samples on the ONT MinlON platform. While the
theoretical capacity of a MinlON flow cell (~50 Gb) suggests that up to 96 TPA isolates
could be sequenced at high depth in a single run, this assumes ideal conditions where
the entire sequencing yield consists of target DNA (38,166). In reality, clinical samples
contain substantial amounts of non-target human and microbial DNA, even after targeted

enrichment.

This metagenomic background imposes a practical limit on the number of samples that
can be multiplexed per run. Our data show that the total number of sequencing reads per
flow cell remains relatively constant (~5 million reads), regardless of the number of
barcoded samples (Table 3.4). Therefore, increasing library size does not increase
sequencing output but instead divides the available reads among more samples. This
directly impacts the ability to achieve sufficient depth for high-quality genome assembly.
Multiplexing 4-6 samples per flow cell consistently yielded the highest number of near-
complete genomes. Conversely, as library size increases (N > 8) more samples failed to

generate assemblies due to insufficient per-sample read depth. This highlights the
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importance of matching a multiplexing strategy to both sequencing output and genome

size.

These results are also consistent with the empirical throughput limitations of MinlON
sequencing. Although the theoretical output over a 72-hour run is up to 50 Gb, our
observed yields were closer to 10 Gb per flow cell, aligning with reports from other ONT
metagenomic studies (138,166). With an average read length of 2 kb, this corresponds
to the 5 million reads per run shown in Table 3.4. These results suggest that the early
decline in pore activity may reflect the complete consumption of loadable DNA within the
first 18-20 hours of sequencing. In other words, most sequence-able material is
processed early in the run, and pores become idle not because of technical failures, but
due to exhaustion of available DNA. This is further supported by the successful recovery
of sequencing activity following a library reload, emphasizing that throughput is governed

by available DNA rather than run duration.

While increasing multiplexing may seem efficient from a cost-per-run standpoint, it can
be counterproductive in low-yield metagenomic contexts where depth of coverage is
critical. This is further exacerbated by the uneven amplification seen in SWGA (Figure
3.8) which requires extended sequencing to obtain reads for low coverage regions.
Improvements in WGA that can provide more uniform coverage would allow for larger
library sizes. Until then, low abundance specimens, such as TPA, require conservative

multiplexing to increase the likelihood of complete genome recovery.

4.5. Standard vs. Adaptive Nanopore Sequencing
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AS offers a novel approach to target enrichment during ONT sequencing. By exploiting
ONT’s real-time basecalling, the flow cell can reject DNA strands that do not align to the
TPA SS14 reference genome (NC_021580.1). This prevents the pore from spending
sequencing time on host or microbial DNA. In our experiments, sequencing runs typically
generated 10 Gb of data per flow cell, as discussed in the previous section. Without
enrichment, a larger proportion of this yield was comprised of non-target human DNA. AS
allowed us to preserve pore availability for TPA DNA, thereby increasing the number of

useful reads and improving read depth across all samples.

Increased read counts translated directly into improved genome coverage and
sequencing depth (Figure 3.12). Improvements in read depth were substantial, even in
high-quality samples with near-complete coverage (>99%). Median read depth increased
1.5 fold (1.13 to 2.74) across all samples and in some cases more than doubled. For

example, Sample 61 rose from 474x with SS to 1301x with AS.

Out of the 20 samples, 19 achieved greater or equal coverage through AS, particularly in
low-coverage specimens such as Sample 57 (20.4% to 38.3%). Sample 52 showed a
negligible difference (99.9% vs. 99.8%) in coverage, as it had already achieved near
complete genome recovery under both conditions. This result, paired with the samples
that obtained marginally better coverage with AS, suggests that when sufficient TPA DNA
is present any further enrichment yields diminishing returns. Conversely, in samples with
very low DNA input, AS improved coverage but could not fully rescue them to the

threshold required for whole-genome assembly. This demonstrates that there is a DNA
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concentration limit where some target DNA is present, but not enough for confident

genome recovery without AS enrichment.

Deeper sequencing not only increases the breadth of genome coverage but also
improves basecalling accuracy and reduces the likelihood of errors in consensus
assembly. The increased depth from AS improved downstream assembly metrics, as
shown by enhanced BUSCO gene recovery (Figure 3.18) and has implications for further
analysis such as variant calling were accuracy and uniform coverage. Our findings
support previous studies, including those by Ong et al. (2021), which demonstrated that
AS increased microbial read proportions without reducing throughput in host-dominated

bovine vaginal samples (140).

However, AS is not without limitations. Reported by Martin et al. (2022), enrichment
efficiency depends on the similarity between the target DNA and the reference used
during adaptive sampling (139). If there is significant divergence between the sample and
the reference genome, enrichment may fail to recognize variant sequences. In using AS
there is arisk of introducing bias by enriching reads similar to the reference and discarding
divergent regions, potentially masking diversity. Therefore, AS should be used with

caution in studies exploring strain variation or discovering novel lineages.

Through these results, adaptive sampling provides a practical advantage in the long read
metagenomic sequencing of TPA. It enhances sequencing efficiency and improves read
depth, though the reliance on a reference genome may limit its use in high-diversity

contexts.
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4.6. Bioinformatics Analysis
4.6.1. Basecalling and Read Quality

In Fall 2022, ONT released the R10.4 flow cells, announcing R9.4.1 flow cells would only
be available for SARS-CoV-2 surveillance. This shift to the updated chemistry ultimately
proved advantageous as the R10 flow cells produced higher quality reads. Early
sequencing runs with R9.4.1 flow cells produced reads with a mean Q-score of 11.62
(Figure 3.14), whereas the transition to R10.4.1 flow cells, coupled with ONT’s updated
SUP basecalling models, led to a significant improvement in read quality. The average
Q-score increased to 18.58, corresponding to an approximate 10-fold reduction in per-
base error rate from 7.6% to 1.4%. These comparisons are consistent with recent
benchmarking data, which demonstrate that R10.4.1 flow cells, in combination with SUP
basecalling, deliver significantly higher read accuracy than earlier chemistries (175).
While still below the Q40 values typical of lllumina platforms, reaching Q20 with ONT

sequencing represents a significant step forward for long-read applications.

Despite using both selective whole genome amplification (SWGA) and adaptive sampling
(AS) for targeted enrichment, a portion of the sequenced data consisted of host and
microbiome DNA. This reflects the biological complexity of clinical swabs and the
limitations of current strategies. Using Kraken2 to classify raw reads and filter out non-
TPA DNA, ensured that downstream analysis was focused solely on TPA reads. A
beneficial byproduct of Kraken2 filtering was that it reduced the file sizes by up to 50%,

improving both storage and computational efficiency.
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From the Kraken2 filtering the results showed that successful genome recovery was a
result of the absolute number of TPA reads rather than their relative abundance, further
supporting the findings of Results 3.5 and the decision to incorporate AS. Several
samples with less than 30% TPA-classified reads still had high read counts (as50, as52,
as58) and achieved near-complete assemblies (Table 3.6). While others (as57, as59)
with very small read counts (<10,000) yielded only partial coverage (Table 3.6). These
findings, together with Discussion 4.5, indicate that future enrichment efforts should

prioritize maximizing absolute TPA read yield rather than relative enrichment alone.

4.6.2. Genome assembly

De novo assembly remains the gold standard for reconstructing microbial genomes
without introducing reference bias and this was a goal for the genome assembly portion
of this study. Efforts to identify a de novo pipeline were conducted with the twelve highest-
coverage TPA samples. However, the use of SWGA, while necessary to generate
sufficient input DNA, introduced several challenges. The data generated for each sample
showed variable read depths across the genome. To obtain coverage in low depth regions,
sequencing runs had to be extended leading to FASTQ files far larger than typically
expected for a 1.14 Mb genome. This created computational bottlenecks and hindered

the performance of assembly programs.

Initial attempts using Flye, Raven, and Unicycler were unsuccessful in producing
complete assemblies. Raven and Unicycler failed outright on the full datasets due to

memory constraints, and although Flye completed assembly, the results were highly
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fragmented, with some samples producing over 250 contigs. Random down sampling
was considered as a way to reduce file size, but this approach removed reads from
already underrepresented regions, exacerbating the unevenness introduced by SWGA

and reducing genome completeness further.

To address this, targeted down-sampling was implemented using the subsample_bam
utility from Pomoxis (Results 3.6.2). This tool trims aligned reads to a defined maximum
depth (50x or 100x), retaining low-coverage regions while removing the excess read
depth that overwhelms computational memory. With the Pomoxis-normalized datasets,
all three assemblers ran to completion. Assemblies generated from 50x or 100x datasets
did not differ significantly (Figure 3.15). However, both Raven and Unicycler generated
assemblies with significantly fewer contigs than Flye. Despite these improvements, none
of the de novo assemblies produced a single contig or circularized genome. All methods
remained partially fragmented, indicating that uneven depth still posed a barrier to
complete reconstruction. Given these limitations, a reference-guided approach had to be

adopted.

Using the TPA SS14 genome (NC_021508.1) as a scaffold, we aligned reads and
generated consensus sequences for each sample. Unlike the de novo approach, this
method required no subsampling and successfully produced full-length (1.14 Mb), single-
contig genomes in every case. Even low-coverage samples yielded assemblies, although

regions with poor read support contained high densities of misassembled regions or
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strings of ambiguous bases (Ns). This method permitted full genome recovery and

enabled further analysis.

Despite the success of this assembly approach, limitations remain. The SS14 reference
genome was generated with short-read sequencing. Structural variation, repetitive
regions and novel insertions may be missed or misrepresented due to alignment bias. As
such, while reference-guided reconstruction was practical and reliable given the
constraints of our dataset, it may obscure biologically relevant variation among circulating

strains in Manitoba.

De novo assembly using long-read Nanopore data from clinical specimens is feasible but
remains challenging due to sample quality and SWGA-related coverage variability.
Targeted normalization with Pomoxis improved performance but was ultimately unable to
overcome the highly variable depth. Reference-guided assembly proved to be a more
robust and scalable strategy within this assembly pipeline, providing high-quality genome

reconstructions suitable for phylogenetic analysis.

4.6.3. Genome Polishing

Although the base accuracy in ONT sequencing is improving (Figure 3.14), it still lags
behind lllumina at the single-base level, particularly in homopolymer-rich regions (176).
This makes genome polishing an important step for correcting base-level errors and

reducing indels that may impact downstream analyses.

In this study, we compared polishing tools to improve reference-guided TPA assemblies
(Figure 3.16). While Racon is commonly used in lllumina or hybrid assembly pipelines, it
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has also been applied to long-read data (151). In our analysis, Racon effectively removed
ambiguous bases but introduced excessive indels and was therefore excluded from the
final workflow. This observation is consistent with other reports highlighting Racon’s

limitations in ONT-only datasets (176)

Medaka demonstrated more consistent performance. As an ONT-supported tool, Medaka
benefits from models trained on specific ONT flow cell chemistries, which enhances its
ability to correct typical long-read sequencing errors. One or two rounds of Medaka
polishing reduced both ambiguous base content and indel rates across all test samples.
A third round did not improve results and occasionally reintroduced indel errors, so it was

removed from the workflow.

To further reduce the indel burden, particularly in homopolymer regions, a final step using
Homopolish was implemented. When applied to assemblies previously polished with

Medaka, this combination yielded the lowest overall indel rates.

Although effective, it is worth noting that Homopolish relies on comparisons to bacterial
reference genomes. In cases where the target genome diverges from reference models,
it may introduce incorrect corrections (176). Despite this limitation, the final polishing
workflow, two rounds of Medaka followed by one round of Homopolish, proved to be a

reliable and effective strategy for improving ONT-only TPA assemblies.

4.6.4. Assembly assessment
BUSCO evaluates the presence of conserved genes across a given taxonomic group, for
this project it was the Order Spirochaetales. Interestingly, even complete TPA reference
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genomes consistently contain only 318 of the 345 expected BUSCO genes. This reflects
the organism’s genome reduction and supports the use of 318 as a practical maximum
for completeness (38). The ONT assemblies mirrored this pattern, with high-quality

genomes attaining no more than 318 complete BUSCOs.

When BUSCO completeness was plotted against either the number of ambiguous bases
or genome fraction, strong correlations were observed (Figure 3.17). Assemblies with
higher BUSCO scores had fewer ambiguous bases and covered a larger percentage of
the genome. These results are expected as higher-quality assemblies should be less

error-prone and have higher gene identity.

These relationships also explain why assemblies have inflated branch lengths in our
phylogenetic analysis, sometimes extending beyond what is seen in the TPE (Yaws)
outgroup (Figure 3.21). Branch elongation is unlikely to reflect true biological divergence
but rather due to higher accumulations of assembly errors. This interpretation is
consistent with prior work showing that T. pallidum genomes are highly clonal with limited

genomic diversity (96,103,177).

With a clearer understanding of assembly quality, we next compared AS and SS
assemblies. Using BUSCO, we found that AS produced more high-quality genomes with
a completeness of 318 (Figure 3.18). This trend aligns with the depth of coverage results
described in Results 3.5, where AS yielded higher median read depth and broader
coverage. Greater read depth likely contributed to improved consensus accuracy,

reducing ambiguity and enabling more genes to be confidently called by BUSCO. These
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findings provide additional support for incorporating AS into sequencing protocols for TPA,
particularly in metagenomic contexts where DNA quantity and purity are limiting.

4.7. Phylogenetic Analysis

4.7.1. Multiple Sequence Alignments

For clonal organisms such as TPA, phylogenetic reconstruction depends on accurate
alignments, since subtle differences among sequences can provide a signal of diversity.
The TPA genome is highly conserved but duplicated operons and variable repeat regions
can introduce technical challenges during alignment (103). In this study, MAFFT-based
alignment of complete genomes introduced large artificial gaps stemming from
misalignment of the two rRNA operons (Figure 3.19). These operons are identical in
sequence but separated by ~50 kbp on the chromosome. MAFFT frequently misaligned
rRNA copy 1 from one genome to copy 2 on another. As a result, regions that should
have 100% sequence identity displayed artificial gaps. This creates distorted tree

topologies and inflated branch lengths.

To address this, each genome was split immediately after the first rRNA operon based
on Prokka annotated coordinates, allowing homologous sections to be aligned separately.
The aligned segments were then merged to reconstruct full-length genomes. This
approach resolved the operon mismatch, eliminating the non-biological gaps and
restoring alignment accuracy (Figure 3.20). Specifically, the alignment showed high

sequence similarity in the rRNA regions between 230,000 to 280,000 bp.
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After correcting for the rRNA misalignment, four distinct regions of high variability
remained in the MSA (Figure 3.20). The first spanned 329,000 to 340,000 bp, which
included tprE and tprG. In all ONT assemblies, this region consistently had lowest read
depth, which reduced basecalling accuracy and consensus reliability. The apparent
variation in the MSA is therefore more likely a technical limitation of the SWGA rather

than true biological diversity.

The remaining three regions reflect genuine biological variation. The arp gene (466,000
bp) contains 60-bp tandem repeats that vary in copy number between strains. This
variation produces substantial length heterogeneity, making arp a useful molecular
subtyping marker. However, the repeats can also pose a challenge for genome
assemblies, particularly with short-reads (76). Similarly, the {p0470 gene (510,000 bp)
contains 24-bp repeat units, with repeat counts ranging from 4 to 29 in TPA and even
more in TPE. There is clade-associated variation in the repeat number as well, which
makes tp0470 relevant for molecular typing (74). Finally, the tprK gene (989,000 bp) is a
well-known site of antigenic variation and undergoes extensive sequence diversification
through recombination and insertion events. These three loci: arp, tp0470, and tprK
exhibited alignment gaps due to true biological diversity, and as such required no

correction.

These observations emphasize the importance of distinguishing between alignment
artifacts and authentic sequence polymorphisms in whole-genome comparisons. While

regions like the rRNA operons required correction, biologically variable loci should be
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preserved in an alignment to reflect a true signal. Although some comparative genomic
studies choose to mask repetitive regions, doing so may obscure meaningful diversity,

particularly in genes under selection or associated with antigenic variation (97,103,124).

Long-read sequencing offers improved resolution with these challenging regions.
Previous work has shown that short-read datasets often fail to fully resolve repeat loci like
arp, resulting in incomplete assemblies or requiring further Sanger sequencing (76). In
contrast, Lieberman et al. (2022) successfully utilized ONT sequencing to accurately
resolve repeat architecture in the arp and tp0470 genes. Though not whole genome
sequencing, this demonstrated the value of long-read technologies in characterizing

complex genomic features (74).

Collectively, the alignment strategy and repeat-aware approach ensured that both
conserved and variable regions were properly represented leading to accurate

phylogenetic reconstruction.

4.7.2. Phylogenetic analysis

The results in Section 3.6.4 supported the assembly threshold of requiring a minimum of
316 complete BUSCOs. However, the initial tree had substantial variability in branch
length among ONT-derived samples (Figure 3.21). Specifically, several assemblies
exhibited terminal branches longer than that of the TPE (yaws) outgroup, despite being
derived from clinical samples with laboratory and epidemiological profiles consistent with

TPA. This suggests that the exaggerated divergence is a result of assembly artifacts,
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rather than actual biological differences. This also indicates that using BUSCO

completeness alone has limitations as a quality threshold.

To better understand these artifacts, QUAST assembly quality metrics were included in
the tree as heatmaps. A threshold of less than 5 indels per 100kbp appeared useful for
flagging higher quality genomes. However, this metric was not perfectly predictive. Some
high-indel assemblies showed reasonable branch lengths, and conversely, some low-
indel genomes had terminal branches approaching the TPE (Table 3.7). Other metrics
such as ambiguous bases and mismatch rate similarly failed to clearly separate high from
low quality genomes. Because QUAST metrics were also insufficient for identifying the

highest-quality assemblies, further review of the MSA was necessary.

During the review of the alignment, some sequence variation was noted in the rRNA
operons and they were confirmed using BLAST to find assemblies with less than 100%
sequence identity 23S genes (Results 3.7.2). rRNA regions are highly conserved in
bacteria, so the presence of SNPs in the alignment is likely due to assembly artifacts and
not novel genomic variation (167). The remaining 23 ONT assemblies were re-aligned
with the reference genomes but variation in the operon remained (Figure 3.22). Closer
inspection showed regions of high SNP density were present in 10 assemblies. The
previous BLAST search was only performed on the 23S gene, explaining why those
assemblies had not been filtered out and suggests that future work should include the

whole rRNA operon.
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Focusing on the 23s region did allow for the assessment of the macrolide resistance-
associated A2058G mutation. Among the top 13 ONT assembilies, all had sufficient read
depth required for variant calling and, with the exception of the NML Nichols strain
(2058A), the macrolide resistant 2058G allele was present in all Manitoba assemblies

(Table 3.7).

With the exclusion of low-quality assemblies, the remaining 13 ONT derived genomes
were used for the final phylogenetic analysis (Figure 3.23). This subset represents the
best assemblies generated during this project and it is worth noting that these span the
entirety of the project. Although the majority of the 13 assemblies were sequenced with
AS and R10 flow cells three originated from alternate workflows. These combinations
were; AS with R9 flow cells (07-08_as-01 and 07-08_as-02), SS with R10 flow cells (10-
14 _std-22) and AS with R10 flow cells. Based on the results of this project, the reasoning
for this is likely that these 3 samples had higher read depth obtained during those
experiments as compared to their replicates, but analysis of the replicates has not been

performed.

In Figure 3.23, the ONT assembled genomes represent the highest quality, and their
placement in the phylogenetic tree is consistent with this interpretation. The terminal
branch lengths are similar to the reference sequences, in contrast to the branches seen
in the lower-quality assemblies of Figure 3.21. While branch length is not a formal quality

metric, it supports the conclusion that these ONT genomes are biologically accurate.
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In the phylogenetic analysis, limited but detectable regional clustering was observed
among Manitoba samples. Though many genomes were interspersed through the
broader SS-14 lineage, a small six-sample Manitoba subclade was identified, indicating
a regional epidemiological link. However, available patient metadata did not reveal any
direct epidemiological links between these cases. This pattern may reflect either multiple
introductions of genetically similar strains or ongoing circulation of a well-mixed local
population. It is also possible that this clustering is a result of the bioinformatics pipeline
used, being biased through mapping against the SS-14 reference genome, which is
known to introduce assembly bias (178). Importantly, all Manitoba ONT sequenced
genomes fell within the SS-14 clade. This observation is consistent with a previous study
finding the majority of British Columbia and Alberta also clustered within SS14 (103).
However, given the small number of Manitoba genomes analyzed in this current project,

conclusions about the dominant strain circulating in Manitoba cannot yet be made.

4.7.3. In-silico gene analysis

Although the majority of sequenced clinical samples did not yield high-quality, complete
genome assemblies, the data generated still provides substantial value. In-silico analysis
of individual genes remains feasible provided sufficient local sequencing depth is
achieved. This demonstrates a key strength of WGS, where even if full genome
reconstruction is not possible, targeted analysis of specific loci remains informative and

actionable.
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The tp47 gene, used in our screening gPCR assay, serves as a prime example. Among
the 132 assemblies generated, 61 had a minimum of 50x read depth across the gene,
enabling reliable sequence comparison. Reviewing the MSA confirmed that the gene is
highly conserved across Manitoba TPA genomes, with no variation observed in the primer
or probe binding regions (Figure 3.24). This supports its use as a diagnostic target and
provides confidence in the assay. The only SNP detected, a T->G substitution at position
124, was confined to multiple replicates of the NML Nichols strain. This SNP was

upstream of the PCR amplicon, indicating it will not impact diagnostic performance.

These results support the continued use of {p47 as a stable diagnostic marker for TPA. It
also illustrates how even sub-optimal genomic data has value. As sequencing
technologies become more deeply integrated into clinical workflows, routine in-silico
monitoring of diagnostic targets may serve as a valuable complement to traditional wet-

lab validation.

Similarly, analysis of the arp gene revealed a uniform repeat copy number of 14 tandem
60-bp units across all 34 samples with sufficient sequencing depth (=5x). Several
additional samples with lower arp depth (3-4x) showed the same result when analyzed
with Tandem Repeat Finder, suggesting that this repeat profile may be accurate in those

cases as well, despite falling below our depth threshold of 5x.

This finding is consistent with earlier surveillance data from Manitoba. Shuel et al. (2018)
analyzed TPA-positive clinical specimens collected between 2012 and 2016 and found

that most typeable samples (N = 55) carried 14 arp repeats. They also identified two
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samples showing 9 repeats and 17 were indeterminant (179). Although the ONT data is
limited, the agreement between studies suggests that the 14 repeat arp gene is common
in the region. While a single repeat pattern for arp provides limited resolution with-in
Manitoba, its ability to detect divergent or imported profiles still offers valuable
epidemiological insight.

4.8. Future Directions

4.8.1. Improving whole genome amplifications

Improving WGA represents the next logical objective for this project. Although SWGA
significantly increased TPA DNA, the amplification varied dramatically across the genome,
creating challenges from library preparation to genome assembly. One particular region,
from 330,000-340,000 bp, had low coverage across all assemblies. Further primer
optimization, including adjusting primer ratios or designing supplemental primers for
underrepresented regions, could provide more uniform coverage. The goal would be to
reduce the amount of sequencing time, allow for higher multiplexing in sample libraries,

and permit de novo sample assembly possible for clinical specimens.

4.8.2. Finding the true DNA limit of flow cells

Another area for improvement is finding the true upper limit of DNA for loading flow cells.
In this study, the maximum DNA concentrations recommended by ONT were followed
through each step of the library preparation and flow cell loading. However, post-
barcoding yielded sufficient DNA to allow for a duplicate library and flow cell re-load.
Taken together with the results showing sequencing activity dropped below 10% within

20 hours raises the question of whether library splitting could be avoided by loading
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significantly more DNA than ONT suggests. If pore clogging does not become a limiting
factor, this would simplify the sequencing workflow by removing the steps of washing and
reloading. Future protocols should test whether “over-loading” the flow cell provides

sequencing advantages for sequencing performance and wet lab time.

4.8.3. Producing high quality reference genome

There has yet to be an established reference genome for TPA. Both NC_021508.1, the
SS-14 strain, and CP004010.1, the Nichols strain, have been the more commonly used
reference sequences but establishing a consensus reference would be beneficial for
genome assembly and comparisons. A recent publication reported two Canadian TPA
genomes, one from Manitoba and one from Saskatchewan (180). The Saskatchewan
genome was assembled with a hybrid approach using ONT long reads and Illumina short
reads, while the Manitoba genome was based on short reads alone. Building on that study,
the workflow developed for this project demonstrates that long-read sequencing is
feasible, and a hybrid assembly incorporating short-read sequencing could produce an

in-house high-quality reference genome.

4.8.4. Improving Phylogenetic analysis

Future work should also focus on improving the precision of phylogenetic analysis. One
approach would be to incorporate root-to-tip analysis with QC metrics to better identify
indicators of quality assemblies. In this project, BUSCO and QUAST were primarily used
for assembly assessment, but there were no definitive indicators found requiring the need

for manual reviews of MSAs. Using the root-to-tip results provides an objective metric
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when comparing to the outgroup (YAWS), as opposed to stating branches appear shorter
or longer. Identifying correlations between root-to-tip results and one or more assembly

metrics could improve assembly assessment and reduce reliance on manual inspections.

4.8.5. Expanding regions of interest analysis

During this project 132 samples were sequenced however only 13 proved good enough
for phylogenetic analysis. Despite that, sufficient data was produced to analyze relevant
genes such as tp47 and arp in more than just the top assemblies. This could be expanded
to other regions, provided appropriate read depth was present, including MLST genes

(tp0470 and tp0705), vaccine targets (tp0757) and the tpr family (tprK, tprD, etc.).

4.9. Conclusion

This project established a workflow for sequencing Treponema pallidum subspecies
pallidum from clinical swabs in Manitoba. The initial {p47 screening PCR and subsequent
implementation of the Lesion panel assay enabled identification of specimens with higher
bacterial loads and made improvements to the province's diagnostic procedures. With a
sufficient amount of positive material, extraction methods were tested for downstream
sequencing suitability. Selective extractions for microbiome enrichment or host depletion
failed to capture enough TPA DNA, leaving total nucleic acid extraction as the more
reliable choice. Among the available platforms, the Kingfisher offered the best balance of
yield, fragment size, and throughput. However, the amount of TPA DNA recovered was

insufficient for ONT library prep requiring the need for whole genome amplification.
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Random primed WGA was ineffective, but SWGA significantly enriched TPA DNA,

allowing for successful ONT library preparation.

Sequencing strategies incorporated aspects of multiple protocols focusing on larger
volumes, sample multiplexing, and flow cell re-loading. These optimizations, coupled with
adaptive sampling, provided improved read depth when compared to standard
sequencing methods resulting in better quality assemblies, although also potentially
introducing reference bias. Uneven sequencing coverage prevented successful De novo
assembly, so full genomes were only possible using a reference-based assembly method.
The bioinformatic pipeline development involved TPA read classification, read filtering,
reference mapping to the SS-14 genome and assembly polishing. These steps produced

a practical path for recovering thirteen high-quality TPA assemblies from clinical samples.

The process of differentiating high- and low-quality assemblies requires multiple QC steps.
BUSCO completeness and QUAST provided initial quality thresholds but were not
predictive on their own. Careful review and split multiple sequence alignments of the
duplicate rRNA operons improved phylogenetic analysis and aided in identifying thirteen
high quality Manitoba genomes. These clustered within the SS-14 clade showing limited
regional structuring, including a small Manitoba-specific sub-clade, although no direct
epidemiological links between cases could be identified. Given the limited sample size, it

is not possible to determine the dominant TPA lineage in Manitoba.
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Finally, in-silico analysis demonstrated that incomplete datasets were informative. The
Diagnostic PCR target, tp47, was stable, and arp repeat counts were homogenous,

matching earlier provincial surveillance.

In summary, this work demonstrates that Nanopore sequencing of TPA from clinical
swabs is feasible with careful optimization and meaningful insights into circulating TPA

can be made even when complete genomes are not recovered.
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Appendix 1.1: Reduction of ambiguous bases (Ns per 100 kbp) after polishing with

the best performing polisher.

Sample  Best Method Unpolished Ns/100 kbp Polished Ns/100 kbp Absolute Reduction Percent Reduction (%)

Sample 1 Racon x1 187.4 0.0 187.4 100.0
Sample 2 Medaka x1 164 0.0 16.4 100.0
Sample 3 Medaka x1 41.7 0.0 417 100.0
Sample 4 Medaka x1 229 0.0 229 100.0
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Appendix 1.2: Reference Genomes Included in Phylogenetic Analyses of

Treponema pallidum
D Cluster |Country gg't':C“O” A2058G Publication DOI
CP016055.1 SS14  |Portugal 2013 G (resistant) |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016057.1 |SS14  |Portugal 2013 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016058.1 |SS14  |Portugal 2013 A Pinto_2016 10.1038/nmicrobiol.2016.190
CP016063.1 |SS14  |Portugal 2014 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016064.1 |SS14  |Portugal 2014 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016065.1 |SS14  |Portugal 2014 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016066.1  |SS14  |Portugal 2014 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016067.1 |SS14  |Portugal 2014 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016068.1 |SS14  |Portugal 2014 G (resistant)  |Pinto_2016 10.1038/nmicrobiol.2016.190
CP016069.1 |SS14  |Portugal 2014 G (resistant) |Pinto_2016 10.1038/nmicrobiol.2016.190
CP028438.1 SS14  |Czechia 2014 G (resistant)  |Grillova_2018 10.1371/journal.pone.0202619
CP034912.1 |SS14  |Czechia 2017 G (resistant)  |Grillova_2019 10.3389/fmicb.2019.01691
CP034915.1 |SS14  |France 2016 G (resistant)  |Grillova_2019 10.3389/fmicb.2019.01691
CP034916.1  |SS14  |France 2015 G (resistant)  |Grillova_2019 10.3389/fmicb.2019.01691
CP034917.1  |Nichols |Cuba 2015 A Grillova_2019 10.3389/fmicb.2019.01691
CP034918.1  |Nichols |[Australia 2014 A Grillova_2019 10.3389/fmicb.2019.01691
CP034919.1  |Nichols |France 2012 A Grillova_2019 10.3389/fmicb.2019.01691
CP034920.1 |SS14  |Cuba 2013 G (resistant)  |Grillova_2019 10.3389/fmicb.2019.01691
CP034921.1 [SS14  |Czechia 2014 A Grillova_2019 10.3389/fmicb.2019.01691
CP034972.1  |Nichols |Cuba 2016 A Grillova_2019 10.3389/fmicb.2019.01691
CP040555.1 |SS14  [China 2017 G (resistant)  |Liu_2019 10.1101/2019.12.16.877886
CP045004.1 |SS14 |USA 2009 G (resistant) |Addetia_2020 10.1371/journal.pntd.0007921
CP045005.1 |SS14 |[USA 2003 G (resistant) |Addetia_2020 10.1371/journal.pntd.0007921
CP073397.2  |Nichols |Africa 2007 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073399.2 |Nichols |Africa 2007 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073401.2 |Nichols |Africa 2007 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073402.2 |Nichols |Africa 2006 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073403.2 |Nichols |Africa 2006 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073404.2 |Nichols |Africa 2006 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073405.2 |Nichols |Africa 2006 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073468.2 |SS14  |Peru 2019 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
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CP073470.2 |SS14  |Peru 2019 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073471.2 |SS14  |Peru 2019 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073472.2 |SS14  |Peru 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073473.2 |SS14  |Peru 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073474.2 |SS14  |Peru 2018 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073477.2 |SS14 |USA 2001 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073479.2 |SS14 |USA 2001 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073480.2 [SS14 |[USA 2000 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073490.2 |[SS14 |USA 2002 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073493.2 |SS14 |Japan 2020 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073494.2 |SS14 |Japan 2020 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073495.2 |SS14 |Japan 2020 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073497.2 |SS14 |Japan 2020 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073498.2 |SS14 |Japan 2019 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073499.2 |SS14 |Japan 2019 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073500.2 |SS14 |Japan 2019 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073501.2 |SS14  |Japan 2019 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073502.2 |SS14 |Japan 2019 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073547.2 |SS14  |ltaly 2017 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073548.2 |SS14 |ltaly 2017 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073549.2 |SS14  |(ltaly 2017 G (resistant)  |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073550.2 |SS14 |(ltaly 2017 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073551.2 |SS14  |(ltaly 2017 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073552.2 |SS14 |ltaly 2017 G (resistant) |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073553.2 |Nichols |ltaly 2017 A Lieberman_2021  |10.1371/journal.pntd.0010063
CP073554.2 |SS14 |ltaly 2017 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073555.2 |SS14 |(ltaly 2017 G (resistant)  |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073556.2 |SS14 |(Ireland 2002 G (resistant)  |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073558.2 |SS14 |(Ireland 2002 G (resistant)  |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073559.2 |SS14  |Ireland 2002 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073560.2 |SS14 |(Ireland 2002 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073561.2 |SS14  |(Ireland 2002 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073562.2 |SS14 |[Ireland 2002 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073564.2 |SS14 |[Ireland 2002 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073565.2 |SS14 |(Ireland 2002 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073567.2 |SS14  |China 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
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CP073568.2 |SS14 |China 2018 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073569.2 |SS14 |China 2018 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073571.2 |SS14  |China 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073572.2 |SS14  |China 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073573.2 |SS14  |China 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073574.2 |SS14 |China 2018 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073575.2 |SS14  |Japan 2019 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP073576.2  |Nichols |ltaly 2017 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP104704.1 SS14  |China 2018 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP104707.1 Nichols |China 2019 NA Lieberman_2021 |10.1371/journal.pntd.0010063
CP104708.1 SS14  |China 2019 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP112930.1 |SS14  |Peru 2020 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP112931.1 |SS14  |Peru 2020 G (resistant)  |Lieberman_2021 |10.1371/journal.pntd.0010063
CP128599.1 |SS14 |USA 2021 G (resistant)  [Unpublished BioProject: PRINA974070
NC_016843.1 [Yaws |Africa 1960 A Unpublished BioProject: PRINA224116
NC_021508.1 [SS14 |USA 1977 G (resistant)  |Unpublished 10.1186/1471-2180-8-76
CP073566.2 |SS14 |(Ireland 2002 G (resistant) |Lieberman_2021 [10.1371/journal.pntd.0010063
CP073478.2 |SS14 |USA 2000 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073392.2 |Nichols |Africa 2007 A Lieberman_2021 |10.1371/journal.pntd.0010063
CP073394.2  |Nichols |Africa 2007 A Lieberman_2021  |{10.1371/journal.pntd.0010063
CP073398.2 |Nichols |Africa 2007 A Lieberman_2021 |10.1371/journal.pntd.0010063
AE000520.1 Nichols |USA 1912 A Fraser 1998 10.1126/science.281.5375.375
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Supplementary Information:

Supplementary Information 1: split.fasta.py

import os from Bio import SeqlO

def find_first 5s_gene_end(gff file):

""Finds the end position of the first 5S gene near 236000 in the GFF file.""

with open(gff_file) as dff:

for line in gff:

# Skip comments and ensure line has enough fields if not line.startswith("#") and
len(line.strip().split("\t")) >= 5:

fields = line.strip().split("\t")

feature_type = fields[2]

start_position = int(fields[3])

if feature_type == "rRNA" and "5S" in fields[-1] and 230000 <= start_position <= 240000:
end_position = int(fields[4])

return end_position

return None # If no gene is found

def split_fasta(input_fasta, gff file, output_dir):

"""Splits the FASTA file based on the end of the first 5S gene near 236000 and saves two
parts."""

sample_id = os.path.splitext(os.path.basename(input_fasta))[0]

split_position = find_first_5s_gene_end(gff file)

if split_position is None:

print(f"No 5S gene found near position 236000 in {gff file}. Skipping {input_fasta}.")
Return

# Output filenames for the two segments

output_fasta 1 = os.path.join(output_dir, f"{sample_id} 1.fasta")

output_fasta_2 = os.path.join(output_dir, f'{sample_id} 2.fasta")

with open(output_fasta_1, "w") as out1, open(output_fasta_2, "w") as out2: for record in
SeqlO.parse(input_fasta, "fasta"):

part1_seq = record.seq[:split_position]

part2_seq = record.seq[split_position:]

SeqlO.write(SeqlO.SeqRecord(part1_seq, id=record.id, description=""), out1, "fasta")
SeqlO.write(SeqlO.SeqRecord(part2_seq, id=record.id, description=""), out2, "fasta")

print(f"Split {sample_id} at position {split_position} based on the first 5S gene.")
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def process_all_samples(fasta_dir, gff_parent_dir, output_dir):

"""Processes all FASTA and GFF files in their respective directories."™
os.makedirs(output_dir, exist_ok=True)

for fasta_file in os.listdir(fasta_dir):

if fasta_file.endswith(".fasta"):

sample_id = os.path.splitext(fasta_file)[0]

off_file = os.path.join(gff_parent_dir, sample_id, f"{sample_id}.gff")

fasta_path = os.path.join(fasta_dir, fasta_file)

if os.path.exists(gff_file):

split_fasta(fasta_path, gff_file, output_dir)

else:

print(f"GFF file for {sample_id} not found in {gff_parent_dir}/{sample_id}. Skipping.")

directory list

fasta_dir = "g-ref-fasta”

gff_parent_dir = "all/14-prokka-prot"

output_dir = "/split-fasta”

process_all_samples(fasta_dir, gff_parent_dir, output_dir)

Supplementary Information 2: merge-alignments.py

from Bio import SeqlO

Set Paths to aligned files

aligned_split1 = "split1.aligned.fasta"
aligned_split2 = "split2.aligned.fasta"
output_combined = "2025-01-27.aligned.fasta"

store the combined sequences
combined_sequences = {}

Load split 1 sequences

for record in SeqlO.parse(aligned_part1, "fasta"):

sample_id = record.id # Keep the full

sample ID combined_sequences[sample_id] = str(record.seq)

Load split 2 sequences and combine with split 1 sequences
for record in SeqlO.parse(aligned_part2, "fasta"):
sample_id = record.id

if sample_id in combined_sequences:
combined_sequences[sample_id] += str(record.seq)

else:
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# contingency for when sample ID is not in split 1
combined_sequences[sample_id] = str(record.seq)

Write combined sequences to a new FASTA file
with open(output_combined, "w") as output_file:
for sample_id, sequence in combined_sequences.items():
output_file.write(f">{sample_id}\n{sequence}\n")

print(f"Combined aligned sequences saved to {output_combined}")

Supplementary Information 3: R Script to produce QC tree

library(ape) |

ibrary(ggtree)

library(readxl)

library(tidyverse)

library(ggnewscale)

#this script makes a tree with the green/red QC heat maps

Set working directory and file paths

setwd("Tree/prune tree")

tree_file <- "busco316.treefile"

metadata_file <- "tree_metadata.xIsx"
quast_study path <- "/quast/transposed_report.tsv"
quast_ref path <- "ref-quast/transposed_report.tsv"

Read and prep tree + metadata

tree <- ape::read.tree(tree_file)

tree <- ape::root(tree, outgroup = "NC_016843.1", resolve.root = TRUE)

metadata <- read_excel(metadata_file) %>% rename( sample_id = Header, cluster =
Cluster, country = Pays, macrolide_snp = A2058G, sample_origin = Origin) %>%

filter(sample_id %in% tree$tip.label)

metadata <- metadata %>% mutate(sample_origin = ifelse(sample_origin == "This Study",

"Manitoba Specimens", sample_origin))

Load and merge QUAST data
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quast_study <- read_tsv(quast_study path, col types = cols_only( Assembly =
col_character(), # indels per 100 kbp = col_double(), # N's per 100 kbp = col_double(), #
mismatches per 100 kbp = col_double(), Genome fraction (%) = col_double()))

quast_ref <-read_tsv(quast_ref_path, col_types = cols_only( Assembly = col_character(),
# indels per 100 kbp = col_double(), # N's per 100 kbp = col_double(), # mismatches per
100 kbp = col_double(), Genome fraction (%) = col_double()))

quast_combined <- bind_rows(quast_study, quast_ref) %>% rename( sample_id =
Assembly, indels_per_100kbp = # indels per 100 kbp, Ns_per_100kbp = # N's per 100
kbp, mismatches_per_100kbp = # mismatches per 100 kbp, genome_fraction = Genome
fraction (%)) %>% mutate( low_indels = indels_per 100kbp < 5, low_Ns =
Ns per _100kbp <= 300, low _mismatches = mismatches per 100kbp < 20,
high_genome_frac = genome_fraction > 99)

metadata <- left_join(metadata, quast_combined, by = "sample_id")

Collapse selected reference-heavy nodes

tree_base <- ggtree(tree) %<+% metadata
nodes to_collapse <- c()

tree_collapsed <- tree base for (node in nodes to collapse) { tree collapsed <-
collapse(tree_collapsed, node = node)}

tree_labeled <- tree collapsed + geom_point2(aes(subset = (node %in%
nodes_to_collapse)), shape = 21, size = 3, fill = "steelblue") + geom_tiplab(aes(label =
label), size = 2.5, offset = 0.0002, align = TRUE)

Heatmap 1: Sample Origin

sample_origin_data <- metadata %>% select(sample_id, sample_origin) %>%
column_to_rownames("sample_id")

h1 <- gheatmap(tree_labeled, sample_origin_data, offset = 0.00095, width = 0.02,
colnames = FALSE) + scale_fill_manual( name = "Sample Origin", values = c("Reference
Sequence" = "#1b9e77", "Manitoba Specimens" = "#d95f02"), guide =
guide_legend(order = 1))

#Heatmap 2: Indels

h2 <- h1 + new_scale fil() indel_data <- metadata %>% select(sample_id,
low_indels) %>% mutate(low_indels = ifelse(low_indels, "< 5", "= 5") %>%
column_to_rownames("sample_id")
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h3 <- gheatmap(h2, indel_data, offset = 0.00115, width = 0.02, colnames = FALSE) +
scale_fill_manual( name = "Indels per 100kbp", values = c("< 5" = "green", "= 5" = "red"),
guide = guide_legend(order = 2)) + annotate("text", x = 0.01005, y = length(tree$tip.label)
*1.01, label = "Indels", angle = 60, hjust = 0)

#Heatmap 3: Ns

h4 <- h3 + new_scale_fill() ns_data <- metadata %>% select(sample_id, low_Ns) %>%
mutate(low_Ns = ifelse(low_Ns, "< 300", "> 300")) %>%
column_to_rownames("sample_id")

h5 <- gheatmap(h4, ns_data, offset = 0.00135, width = 0.02, colnames = FALSE) +
scale_fill_manual( name ="N's per 100kbp", values = c¢("< 300" = "green", "> 300" = "red"),
guide = guide_legend(order = 3)) + annotate("text", x = 0.01025, y = length(tree$tip.label)
*1.01, label = "Ns", angle = 60, hjust = 0)

#Heatmap 4: Mismatches

h6 <- hS + new_scale_fill() mismatch_data <- metadata %>% select(sample_id,
low_mismatches) %>% mutate(low_mismatches = ifelse(low_mismatches, "< 20", "2
20")) %>% column_to_rownames("sample_id")

h7 <- gheatmap(h6, mismatch_data, offset = 0.00155, width = 0.02, colnames = FALSE)
+ scale_fill_manual( name = "Mismatches per 100kbp", values = c("< 20" = "green", "=
20" = "red"), guide = guide _legend(order = 4)) + annotate("text", x = 0.01045, y =
length(tree$tip.label) * 1.01, label = "Mismatches", angle = 60, hjust = 0)

#Heatmap 5: Genome Fraction

h8 <- h7 + new_scale fill() genome_frac_data <- metadata %>% select(sample_id,
high_genome_frac) %>% mutate(high_genome_frac = ifelse(high_genome_frac, "> 99",
"< 99")) %>% column_to_rownames("sample_id")

final_plot <- gheatmap(h8, genome_frac_data, offset = 0.00175, width = 0.02, colnames
= FALSE) + scale_fill_manual( name = "Genome Fraction", values = c("> 99" = "green",
"< 99" = "red"), guide = guide_legend(order = 5)) + annotate("text", x = 0.01065, y =
length(tree$tip.label) * 1.01, label = "Genome %", angle = 60, hjust = 0) +
geom_tippoint( data = subset(tree_collapsed$data, label == "NC_016843.1"), aes(x = X,
y =Y), shape = 21, size = 6, fill = "red", color = "black") + theme_tree2() + xlab("") + xlim(0,
0.011) + ylim(0, 150) + ggtitle("") + theme( legend.position = "right", legend.title =
element_text(size = 20), legend.text = element_text(size = 20), legend.box = "vertical",
legend.margin = margin(), axis.line.x = element_blank(), axis.ticks.x = element_blank(),
axis.text.x = element_blank(), axis.title.x = element_blank())

Print final tree
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print(final_plot)
save image as 1500x1500 and crop

Supplementary Information 4: R Script to produce Final tree

library(ape)
library(ggtree)
library(tidyverse) |
ibrary(readxl)
library(ggnewscale)

library(ggimage)

Set working directory and file paths

setwd("thesis figures/Tree")

tree_file <- "thesis figures/Tree/2025-05_green/green.treefile”

metadata_file <- "tree_metadata.xIsx"

quast_study path <- "thesis figures/assembly assessment/quast/transposed_report.tsv"
quast_ref path <- "thesis figures/Tree/prune tree/ref-quast/transposed_report.tsv"

#Load tree and metadata
tree <- ape::read.tree(tree_file)
tree <- ape::root(tree, outgroup = "NC_016843.1", resolve.root = TRUE)

#Load metadata and filter to included tips

metadata <- read_excel(metadata_file) %>% rename( sample_id = Header, clade =
Cluster, macrolide_snp = A2058G, sample_origin = Origin) %>% filter(sample_id %in%
tree$tip.label)

#Rename "This Study" to "Manitoba Specimens" in the sample_origin column
metadata <- metadata %>% mutate(sample_origin = ifelse(sample_origin == "This Study",
"Manitoba Specimens", sample_origin))

#Attach metadata to tree
tree_plot <- ggtree(tree) %<+% metadata

#Heatmap 1: Sample Origin
sample_origin_data <- metadata %>% select(sample_id, sample_origin) %>%
column_to_rownames("sample_id")

h1 <- gheatmap( tree_plot, sample_origin_data, offset = 0.00064, width = 0.06, colnames
= FALSE) + scale_fill_manual( name = "Sample Origin", values = c( "Reference
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Sequence" = "#1b9e77", "Manitoba Specimens" = "#d95f02"), guide =
guide_legend(order = 1))

#Heatmap 2: Clade

h2 <- h1 + new_scale_fill()

clade_data <- metadata %>% select(sample_id, clade) %>%
column_to_rownames("sample_id")

h3 <- gheatmap( h2, clade_data, offset = 0.00078, width = 0.06, colnames = FALSE) +
scale_fil_manual( name = "Clade", values = c( "SS14" = "#F2A900", "Nichols" =
"#3C5E9B", "Yaws" = "#FF0000", "Manitoba" = "#710A1B"), guide = guide_legend(order

=2))

#Heatmap 3: Macrolide SNP
h4 <- h3 + new_scale fill()

macrolide_snp_data <- metadata %>% select(sample_id, macrolide_snp) %>%
mutate(macrolide_snp = case_when( macrolide_snp == "A" ~ "A (Susceptible)",
macrolide_snp == "G (resistant)" ~ "G (Resistant)", TRUE ~ macrolide_snp)) %>%
column_to_rownames("sample_id")

h5 <- gheatmap( h4, macrolide_snp_data, offset = 0.00092, width = 0.06, colnames
FALSE) + scale_fill_manual( name = "Macrolide SNP", values = c( "A (Susceptible)"
"#00d1b1", "G (Resistant)" = "purple"), guide = guide_legend(order = 3))

#Heatmap 4: Country

#Heatmap 4: Country with custom continent-tinted colors
h6 <- h5 + new_scale_fill()

#Clean and format country column

country_data <- metadata %>% select(sample_id, country = Pays) %>% mutate(country
= ifelse(is.na(country) | country == "NA", "Unknown", country)) %>%
column_to_rownames("sample_id")

#Manual assignment of continent-themed colors
country _to_color <- ¢(

#North America (red variants)

"Canada" = "#FF0000",

"USA" = "#67000d",

"Cuba" = "#FCASA5",

#Europe (green variants)
"Portugal" = "#006D5B",
"France" = "#4dff4d",
"ltaly" = "#94B94B",
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"Czechia" = "#9FE1BO0",
"Ireland" = "#019529",

#Asia
"China" = "#FDAEGB",
"Japan" = "#cc4b00",

#Africa
"Africa" = "#ffff33",

#South America
"Peru" = "#377EB8",

#Oceania
"Australia" = "#D5D514",

#Fallback
"Unknown" = "#000")

#Generate heatmap

h7 <- gheatmap( h6, country_data, offset = 0.00106, width = 0.06, colnames = FALSE) +
scale_fill_manual( name = "Country", values = country to color, guide =
guide_legend(order = 4))

#Add heatmap labels

heatmap_labels <- list( annotate("text", x = 0.00312, y = length(tree$tip.label) * 1.015,
label = "Sample Origin", angle = 60, hjust = 0), annotate("text", x = 0.00326, y =
length(tree$tip.label) * 1.015, label = "Clade", angle = 60, hjust = 0), annotate("text", x =
0.00340, y = length(tree$tip.label) * 1.015, label = "Macrolide SNP", angle = 60, hjust =
0), annotate("text", x = 0.00354, y = length(tree$tip.label) * 1.015, label = "Country", angle
=60, hjust = 0))

#Final tree styling

final_tree <- h7 + heatmap_labels + geom_tiplab( aes(label = label), size = 2.5, offset =
0.0005, align = TRUE) + geom_tippoint( data = subset(tree_plot$data, label ==
"NC_016843.1"), aes(x = X, y = y), shape = 21, size = 3, fill = "red", color = "black") +
theme_tree2() + xlim(0, 0.0037) + ylim(0, length(tree$tip.label) * 1.05) +
coord_cartesian(clip = "off") + ggtitle("™) + theme( legend.position = "right", legend.title =
element_text(size = 20), legend.text = element_text(size = 20), legend.key.size = unit(1,
"cm"), legend.box = "vertical", legend.margin = margin(t=0, r=5, b =0, | = 0), axis.line.x
= element_blank(), axis.ticks.x = element_blank(), axis.textx = element_blank(),
axis.title.x = element_blank())

Print final tree
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print(final_tree)
#export tree as .png with 1500x1700 aspect ratio

Supplementary Information 5: Bash script to pull Tp47 genes with >50x depth

#!/bin/bash

#Directory list

parent_gff dir="all/14-prokka-prot"
fasta_dir="/mnt/sata1/Tpal/all/11.1-fasta"
depth="/mnt/sata1/Tpal/all/121-tp47/tp47_gene_depth.csv"
output_dir="/mnt/sata1/Tpal/all/121-tp47/50x-tp47"

#Create output directory
mkdir -p "$output_dir"

#Read the depth into array

declare -A min_depths

while IFS=, read -r sample_id avg_depth min_depth; do
# Skip the header row

if [[ "$sample_id" != "SamplelD" ]]; then

# Remove ".sorted" suffix

normalized_id=$(echo "$sample_id" | sed 's/.sorted$//")
# output qc: Print each sample and its depth

echo "Read depth data: SamplelD=$normalized_id MinDepth=$min_depth"
min_depths["$normalized_id"]=$min_depth

fi

done < "$depth_csv"

#lterate over each Prokka result folder
for folder in "$parent_gff dir"/; do

if [ -d "$folder" ]]; then

# Locate the GFF

off_file=$(find "$folder" -name ".gff")
sample_id=$(basename "$folder")
fasta_file="$fasta_dir/${sample_id}.fasta"
# Check if the sample exists

if [ -v min_depths["$sample_id"] ]]; then
min_depth=%{min_depths["$sample_id"]}

# Check sample min depth >= 50
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if [ $min_depth -ge 50 ]]; then

# Ensure both the GFF and FASTA exist

if [ -f "$gff_file" && -f "$fasta_file" ]]; then

# Extract Tp47 coordinates using “product’ or ‘locus_tag

tp47_coordinates=$(grep -i "product=*Tp47" "$gff file" | awk {print $1, $4, $5, $7})

if [ -n "$tp47_coordinates" ]]; then

chr=$(echo "$tp47 coordinates" | awk '{print $1}')
start=$(echo "$tp47_coordinates" | awk {print $2}')
end=$(echo "$tp47 coordinates" | awk '{print $3}')
strand=$(echo "$tp47_coordinates" | awk {print $4}')

# Define output file
tp47_output="${output_dir}/${sample_id} Tp47.fasta"

# Extract the Tp47 sequence
samtools faidx "$fasta_file" "${chr}:${start}-${end}" > "$tp47 output"

echo "Extracted Tp47 for $sample_id into $tp47_ output”

else

echo "Tp47 gene not found in $gff_file. Skipping..."

fi

else

echo "GFF or FASTA file missing for $sample_id. Skipping..."
fi

else

echo "Sample $sample_id does not meet the minimum read depth of 50. Skipping..."
fi

else

echo "Sample $sample_id not found in depth data. Skipping..."
fi

fi

done
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