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Abstract

Leishmania is a widespread parasite that causes leishmaniasis, a serious but neglected
tropical disease reported in nearly 100 countries. Leishmaniasis manifests itself in three main
forms: visceral, cutaneous, and mucocutaneous. Leishmania is classified into four subgenera:
Leishmania, Sauroleishmania, Viannia, and more recently, Mundinia, the latter of which
accommodates the L. enriettii complex as well as other species from a variety of hosts and
geographic locations. | detail here sequencing, assembly, and annotation of six Mundinia
genomes, including those of the Asian species Leishmania (Mundinia) martiniquensis and L.
(M.) orientalis, the American species L. (M.) enriettii and Porcisia hertigi (formerly L. hertigi),
and two unnamed African species from Ghana and Namibia, namely L. (M.) sp. Ghana and L.
(M.) sp. Namibia. To maintain chromosome structure while maximising the quality of short
read sequencing, genomes were sequenced and assembled using both short and long reads
platforms, specifically Illlumina and Oxford Nanopore Technologies. They were then
annotated using ab initio annotation in conjunction with publicly available proteins and
transcripts. Each genome contains a complete set of 36 chromosomes and measures between
32.2-35.9 Mega-bases in length with an average N50 of 1,062,685 bases. Each assembly
contained an average of 8,126 genes, mRNAs, exons, and protein coding regions. When
compared to other Leishmania genomes, all were recognisably related to Mundinia species,
except for Porcisia hertigi, which was found to be more closely related to Endotrypanum
monterogeii, setting it as an outgroup. Phylogenomic analyses revealed that Mundinia
genomes share a common ancestor with the other three Leishmania subgenera, which was
estimated to have existed approximately 121 million years ago, during the early Cretaceous
period. Selection pressure analysis showed that there are 36 positively selected proteins, four
of which may be novel proteins. This work may pave the way for future research on

Leishmania biology and evolution.
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Chapter 1. Introduction

Figure 1.1: Vintage illustration of Leishmania life cycle from the National Museum of Health and Medicine, Otis
Historical Archives.
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Leishmania is a widely distributed genus of parasites that infect a wide variety of hosts,
including humans. It is the causative agent of leishmaniasis, can be found on almost every
continent, and is one of the Neglected Tropical Disease (NTDs). Leishmaniasis can be
manifested mainly in three forms: Visceral Leishmaniasis, the deadliest one if not treated,
Cutaneous Leishmaniasis, the most common form, and Mucocutaneous Leishmaniasis, the
most stigmatising form. Nearly 100 countries reported cases of leishmaniasis in 2017 (Alvar

et al., 2012, Burza et al., 2018).

Previously, a new classification for Leishmania was proposed based on integrated
molecular data. This classification splits Leishmania species into two major evolutionary
branches named Euleishmania and Paraleishmania (Cupolillo et al., 2000). Paraleishmania
originally comprised the L. hertigi, L. deanei, L. herreri, L. equatorensis, and L. colombiensis,
as well as the formerly known Endotrypanum genus, whereas Euleishmania is comprised of
four subgenera: Leishmania, Viannia, Sauroleishmania, and recently Mundinia which
previously referred to as the L. enriettii complex (Espinosa et al., 2018, Akhoundi et al., 2016).
However, there has been ongoing research about the taxonomic classification of Leishmania
Mundinia subgenus based on the current body of evidence (Akhoundi et al., 2016). Most of
that evidence is based on several highly conserved genes and proteins that have been used
to estimate Time to Most Recent Common Ancestor (TMRCA) (Noyes, 1998b) or phylogeny
reconstruction (Jariyapan et al., 2018b, Butenko et al., 2019b). Therefore, previous studies

were either too general, too specific, or too exclusive.

Inferring Mundinia taxonomy or reconstructing phylogeny can be challenging based on the
current body of evidence and the lack of sufficient high-quality genomes. As a result,
assembling Mundinia genomes in full entirety could facilitate the creation of more precise
taxonomy and phylogeny. Therefore, the goal of this thesis is to de novo assemble and
annotate six genomes that have never been assembled. Five of them belong to the
Leishmania Mundinia subgenus and one which was originally classified as Leishmania but has
been reassigned as Porcisia hertigi (Espinosa et al., 2018). The second goal is to compare,
using phylogenomic and comparative techniques, the newly assembled ones to other

Leishmania genomes as well as proteomes with the Trypanosomatidae family.
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The phylogeny presented in this thesis came from the consilience of two different
approaches used to construct phylogeny: genomic phylogeny and proteomic orthology
approaches. This thesis presents all evidence produced during the project, much of which has
not been published in the papers written during the project (see publications section). As a

result, it is regarded as a full description of work of three years on the genomics of Leishmania.

First, | shall go through the current state of the Leishmania parasite and Leishmaniasis in
general followed by a review of Mundinia subgenus specifically. Following that, | shall review
the literature on Leishmania genomics. After that, | shall go over the materials and methods
used, including everything from setting up the dry lab or virtual machine to evaluating and
selecting the best assembly algorithm, polishing the draft assembly, and identifying chimeric
scaffolds, running annotation using evidence and model organisms, and concluding with
phylogenomic and comparative analyses. The final chapter shall be a general discussion of the

outcomes.
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Chapter 2. Literature Review
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Figure 2.1: Infographic summary on the disease Leishmaniasis (inspired from WHO Leishmaniasis factsheet).
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2.1 The Extent and Impact of Leishmaniasis

Leishmaniasis is a very important tropical disease (Figure 2.1). It has the highest single cause
of disease burden among all NTDs (Hotez et al., 2014). The WHO defines Leishmaniasis as a
major global health issue with a wide range of clinical symptoms and a potentially lethal
outcome (Andrade-Narvdez et al., 2001). Nearly 100 countries reported infection of
leishmaniasis in 2017 (Burza et al., 2018). It can be found on nearly every continent, with
endemic regions in north-eastern Africa, Southern Europe, the Middle East, south-eastern
Mexico, and Central and South America (Reithinger et al., 2007). Sandflies, mostly of the genera
Phlebotomus and Lutzomyia, spread the disease in humans (Kashif et al., 2017, Reithinger et al.,

2007).

Leishmania parasite has a dixenous life cycle, which means the life cycle is completed in two
hosts: mammalian and insect (Maslov et al., 2019). The vector insect is a sandfly belonging to
the Phlebotomus genus in the case of Old World Leishmania and the Lutzomyia genus in the
case of New World Leishmania. During host-vector transition, the parasite undergoes
morphological differentiations, mainly amastigotes and promastigotes. The cycle begins with
metacyclogenesis — which transforms the parasite from non-pathogenic to pathogenic —
which occurs between 7 and 10 days after the sandfly becomes infected with amastigotes taken
from a blood meal from an infected host (Sasidharan and Saudagar, 2021). Once inside the
sandfly, the parasite undergoes the first differentiation, transforming into procyclic
promastigotes, which are flagellated and motile forms of the parasite with a slender body
measuring 15-20 um long and 1.5-3.5 um wide and with a flagellar measuring approximately
15-28 um long that assists the parasite in attaching to the sandfly's gut. Then, the procyclic
forms divide in the abdominal midgut of the sandfly, resulting in the formation of non-dividing
nectomonad forms that migrate from the abdominal to the anterior midgut and then transform
into leptomonad promastigotes. The leptomonads then differentiate into metacyclic
promastigotes and migrate to the insect's mouth part or proboscis, where they are ready to
transmit to a mammalian host via a sandfly bite (Gossage et al., 2003). The bite introduces

metacyclic promastigotes into the host along with the sandfly's saliva, and these promastigotes
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initiate phagocytic activity by adhering to the plasma membrane of macrophages. The
promastigotes enter the macrophage unnoticed by the immune system and produce a
Parasitophorous Vacuole structure (PV) (Lodge and Descoteaux, 2008), which protects the
parasite from the host cell's phagolysosomes, before differentiating into ovoid amastigotes
which measuring 2-4 um in diameter (Herwaldt, 1999). Amastigotes thrive and proliferate
inside the PV, surviving both the gut acidity and the macrophages' acidic environment. The
macrophage then ruptures, releasing all the mature amastigotes and initiating a chain of
infection that ultimately results in one of the clinical manifestations, at which point the

amastigotes are ready to be taken in a blood meal by the sandfly, and the life cycle begins again.

Clinical symptoms include a wide range of manifestations with varying degrees of severity,
depending on the Leishmania species involved and the host’s immune response. It can be seen
mainly as one of three forms; Visceral Leishmaniasis, which is the most lethal one; Cutaneous
Leishmaniasis, which is the most common one; and Mucocutaneous Leishmaniasis, which leads

to destruction of tissues that have mucocutaneous structures.

2.1.1 Visceral Leishmaniasis

VL can be manifested clinically as repeated fevers, enlarged organs, anaemia, and
considerable weight loss, however some confounding signs may emerge during serology testing
because of the resemblance between anti-leishmanial and auto-immune antibodies (Harhay et
al., 2011, Burza et al., 2018). However, there is a correlation between high parasite burden and
acute malnutrition, especially in young children, but it is unknown whether if this impact is a
result of or a cause of malnutrition (Zacarias et al., 2017). Darkening of the skin is most likely a
result of increased adrenocorticotropic hormone production triggered by cytokines in cases,

hence the Hindi term kala-azar, which loosely translates as black fever (Elkhair, 2014).

VL can be clinically related with HIV co-infection, making its management challenging. HIV
was responsible for the recurrence of VL in southern Europe in the late 1990s
(Transmissiveis/AIDS, 2004). There are 6-18% VL cases with HIV co-infection rate in endemic
areas like Brazil, India and Ethiopia (Yimer et al., 2014). HIV and VL share an immune-

pathological route involving macrophages and dendritic cells because of increasing cellular
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replication, resulting in accelerated disease development. As a result, several countries, such as
India, recommend HIV testing for VL patients, as it is recommended to be mandatory in all
endemic areas (Mock et al., 2012). Regrettably, half of co-infected patients in India were
unaware of their HIV status (Burza et al., 2014), as parasites isolated from the gastrointestinal
mucosa, respiratory tract, and liver may easily be found in infrequent disseminated
leishmaniasis (Ejara et al., 2010). Additionally, coinfection might result in unusual CL
presentations, as was found during a L. major related outbreak in Burkina Faso (Guiguemdé et

al., 2003).

Seven countries of Brazil, Ethiopia, India, Kenya, Somalia, South Sudan, and Sudan reported
more than 90% of all VL cases in 2015. Nonetheless, VL continues to be endemic in over 60
countries (WHO, 2018). Moreover, In east Africa and the Indian subcontinent, devastating
epidemics have been reported (Kohn, 2007, Ibrahim, 2002). However, In the last decade, the
global incidence of VL has declined significantly, from between 200 - 400 thousand new cases

in 2012 to between 50 - 90 thousand new cases in 2017 (Alvar et al., 2012).

Historically, half of the global burden of VL was shared by Asian countries, primarily India,
Nepal, and Bangladesh (Burza et al., 2018). They agreed in 2005 to remove VL off the list of
public health concerns by 2015, at which point they decided to extend it (WHO, 2005). They
did, however, achieve some targets, such as lowering instances to less than one per ten
thousand people per year at both the district and sub-district levels. As a result, VL is no longer
considered a public health risk in these countries (Burza et al., 2018). VL burden is stable in
Africa, with shorter cyclical patterns of 6 - 10 years, with previous epidemics typically linked to
conflict-induced forced migration of non-immune individuals into endemic areas (Al-Salem et
al., 2016). HIV co-infection may have contributed to increased transmission in Ethiopia with up
to 40% of VL hospital patients testing positive for HIV in 2006 (van Griensven et al., 2014). In
Latin America, VL cases are also constant, with distribution shifting south-westward with Brazil

accounting for the majority of cases (Burza et al., 2018).

Treatment with pentavalent antimonials in two formulations, sodium stibogluconate and

meglumine antimoniate, was used for decades to treat VL (Aronson et al., 2017). However, dose
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recommendations have been adjusted in some countries which reported decreased response,
such as India (Sundar and Chakravarty, 2010). Furthermore, the current medication has side
effects, including being unpleasant when given intramuscularly for about 28 days, as well as
being cardiotoxic and causing arrhythmias (Sundar et al., 2000, Ritmeijer et al., 2001, WHO,
2010). Now, because of resistance, sodium stibogluconate is no longer prescribed in the Indian
subcontinent, instead liposomal amphotericin B (LAMB) is the treatment of choice. The FDA and
WHO have authorised AmBisome as the sole LAMB formulation for the treatment of VL
(Balasegaram et al., 2012). The treatment of choice in east Africa is 20 mg/kg sodium
stibogluconate each day, followed by 15 mg/kg intramuscular paromomycin over 17 days

(WHO, 2010, Kimutai et al., 2017).

2.1.2 Cutaneous and Mucocutaneous Leishmaniasis

Unlike VL, CL does not cause death, but it can cause significant cosmetic morbidity, social
stigmatisation, and psychological repercussions (Yanik et al., 2004, Bennis et al., 2017). CL
presents a challenge due to its under-representation as a dynamic disease (Razavinasab et al.,
2019). Since CL clinical manifestation may go undiagnosed or unnoticed, it is quite difficult to
count all CL cases; consequently, the disease burden may be underestimated when prevalence
and Disability-Adjusted Life Years (DALYs) are estimated. For instance, there have been some
attempts to broaden the spectrum of CL by dividing it into active and dormant CL (Bailey et al.,
2017). Inactive CL cases are frequently excluded from prevalence estimates, which adds to the
difficulty of determining the true burden of disease (Gijon-Robles et al., 2018). If inactive cases
are factored into the calculations, the estimated burden of CL disease rises by a factor of ten
(Bailey et al., 2017). Additionally, because of chronic and sustained conflicts, particularly in the
Middle East, updated CL statistics indicate that this disease poses a significant global health and

social challenge in endemic countries (Razavinasab et al., 2019).

The lesions, while itchy at times, do not cause the pain that one might expect given their
appearance. Multiple lesions are usually associated with different bites, but lymphatic spread
is conceivable. Lesions then might grow into nodules, which slowly ulcerate over the next few

months (Thomaidou et al., 2015).
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CL ulcers are usually painless and heal on their own unless secondary infections occur.
However, several factors influence the rate of spontaneous healing, including parasite load and
virulence, host immune response, lesion location, and the presence or absence of secondary
bacterial infection (Ziaie and Sadeghian, 2008). When scars from Leishmania infection ulcerate,
they become vulnerable to pathogenic bacteria and yeast colonisation, which can lead to
secondary infections (Yehia et al., 2017). Aerococcus viridans has been found in the
environment and isolated from human skin on occasion (Ruoff, 1995, Kerbaugh and Evans,
1968). Furthermore, A. viridans, which makes up 5-10% of the bacterial flora in the air and dust
of occupied rooms, was identified in a previous report on the infection of immunocompromised

mice (Dagnaes-Hansen et al., 2004, Cetin et al., 2007).

The parasites causing CL are generally categorised geographically into two groups: Old World
and New World species. Old World CL species such as L. major, L. tropica, and L. aethiopica are
abundant in the Mediterranean Basin, the Middle East, the Horn of Africa, and the Indian
subcontinent. New World CL species such as L amazonensis, L mexicana, L. braziliensis, and L.
guyanensis are endemic in central and South America (de Vries et al., 2015). In Old World CL,
lesions may proceed to hyperkeratotic lesions. For example, lesions caused by L. tropica and L.
major heal in a year but leave permanent scars, but lesions caused by L. aethiopica take years
to heal and can proceed to MCL (Thomaidou et al., 2015). On the other hand, lesions caused by
New World CL, such as L. mexicana, are often milder and heal faster, whereas ulcerating lesions

and MCL are associated with species from the subgenus Viannia (Burza et al., 2018).

MCL, on the other hand, is a potentially fatal and very disfiguring condition caused by the
late stage loss of the tissues and cartilage around nose and mouth, which can occasionally
spread to the larynx and may results in aspiration pneumonia (Burza et al., 2018). Moreover,
MCL can cause a severe immunopathological reaction, which can be in a form of severe lesions
of the nasal septum, lips, and palate. These lesions usually begin in the nostrils or on the lips,
and there is often a history of increased nasal congestion, epistaxis, or discharge (Cincurd et al.,
2017). MCL is thought to be more frequent in immunocompromised individuals, and about 90%
of the cases exhibit a scar from a previous CL episode, which might have occurred decades

earlier (Weina et al., 2004, Hodiamont et al., 2014, Cincurd et al., 2017). As a result, MCL is
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potentially fatal, can result in severe deformity, and must be recognised and treated promptly

(WHO, 2005).

MCL usually manifests itself after a CL infection (Goto and Lauletta Lindoso, 2012). Lesions
usually manifest themselves within two years of cutaneous infection, but may take up to 30
years (Samady et al., 1996). Infections can spread through haematogenous or lymphatic routes.
Although L. braziliensis is responsible for the majority of MCL cases, L. panamensis, L.
guyanensis, and L. amazonensis have also been reported (Strazzulla et al., 2013). Therefore,
prevention is critical for disease control. The number of cases of CL with subsequent mucosal
involvement is approximately 3-5% in endemic areas but can reach 20% or more in some areas

(David et al., 1993).

According to the WHO, 94 % cases occurred in seven countries in 2018: Brazil, India, Kenya,
Somalia, South Sudan, Ethiopia, and Sudan. The disease is endemic in 88 nations, 72 of which
are developing countries (Desjeux, 2004). VL is more widespread in India, Nepal, Sudan, Brazil,
and Bangladesh, whereas CL is concentrated in Afghanistan, Iran, Syria, Brazil, Saudi Arabia, and
Peru, accounting for around 90% of the disease. MCL accounts for 90% of cases in Bolivia, Peru,
and Brazil (Banuls et al., 2007). The incidence of CL patients has increased significantly as a
result of conflict-induced forced migration, with imported cases being common in non-endemic

countries (Pavli and Maltezou, 2010, Wall et al., 2012).

CL can either be anthroponotic, as is the case with L. tropica, or zoonotic, as is the case with
L. major, L. aethiopica, as well as most New World species (Reithinger et al., 2007). CL is
transmitted by sandflies of the species Phlebotomus in the Old World or Lutzomyia in the New
World (Lainson and Shaw, 1987). Transmission by other alternative pathways is unusual.
However, skin contact with an active lesion is not infectious, as infection requires the

transmission of material from open sores (Araujo et al., 2016).

The Leishmaniasis effects on health is disproportionally distributed by type of disease,
gender, and age. Leishmaniasis, for example, is notable for its socioeconomic effects, in which
several economic variables serve as proxy for a number of significant global risk factors, such
as housing type, malnutrition, livelihood patterns, labour migration, and resource conflicts

(Boelaert et al., 2009, Grifferty et al., 2021). A systematic analysis of the socioeconomic risk
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factors of VL and CL in 2020 indicated that insufficient housing and lack of sanitation contribute
to the prevalence of leishmaniasis in impoverished communities (Valero and Uriarte, 2020).
Particularly, certain domestic construction materials create ideal circumstances for sandflies,
which rest and breed in cracks and crevices in walls and floors. Inadequate sanitation attracts

both wild and domestic animals and provides breeding sites for sandflies.

CL is associated with poor housing conditions and the presence of peri-domestic animals
(Yadon et al., 2003, Negera et al., 2008). However, closeness to forested regions, sleeping in
shelters in crop fields, and domestic animals are also risk factor in the New World species

(Davies et al., 1997, Reithinger et al., 2003, de Araujo Pedrosa and de Alencar Ximenes, 2009).

It is worth mentioning that numerous studies have been conducted on domestic animals;
traditionally, dogs are considered the primary animal reservoir, while cats and horses have been
discovered infected with the parasite in multiple studies (Cardoso et al., 2021). Nonetheless,
dogs were found to have a similar or even lower prevalence than wildlife during certain human
outbreaks, most likely due to preventative measures that were implemented (Quaresma et al.,
2011, Mir¢ et al., 2017). To control future outbreaks and monitor the endemicity of certain
regions, it is crucial to investigate the role of wildlife in the infectivity and potential transmission

of the parasite.

Leishmania infections have been studied the most in rodents, under both natural and
experimental conditions. The presence of L. braziliensis and other zoonotic species of the
subgenus Viannia has been reported in 27 species, including Rattus rattus, Cerradomys
subflavus, Necromys lasiurus, Nectomys squamipes, and Mus musculus, with the latter being

the most frequently investigated species (Azami-Conesa et al., 2021).

In the Americas, CL epidemiology is complex, with numerous Leishmania species circulating
in the same geographic area, multiple reservoir hosts and sandfly vectors, and varying clinical
symptoms and medication responses. Although CL is the most common manifestation, up to

10% of patients infected develop MCL (Burza et al., 2018).
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2.1.3 Impact of Leishmaniasis

Leishmaniasis is a disease associated with poverty and conflict, which make its control
difficult due to a variety of factors (Alvar et al., 2006, Molyneux et al., 2017). The first factor is
biological; leishmaniasis is known to exist in a variety of animal reservoirs, many of which are
remote and inaccessible. Along with the expansion of established types of leishmaniasis, recent
reports indicate the introduction of new disease manifestations, new vectors, or new potential
reservoirs, all of which pose a barrier to the disease's elimination in the near future (Cameron
et al., 2016). Second, climate change has been attributed to the introduction of new cases of
autochthonous leishmaniasis in countries such as Germany and Austria, as well as outbreaks in
new Latin American foci (Dujardin et al., 2008, Carvalho et al., 2015, Obwaller et al., 2016, Seva
et al., 2017). The third one is politically driven as is the case in the Middle East, such as in Syria
and South Sudan, outbreaks and epidemics of CL and VL have been reported as a result of
massive population displacements caused by naive populations being exposed to infected
vectors or infected individuals coming in contact with susceptible vectors (Al-Salem et al., 2016,
Du et al., 2016b). The last one is economical, leishmaniasis is unlikely to receive the level of
funding or stability associated with diseases afflicting wealthy nations, such as cancer, diabetes,

or HIV.

In conflict-affected areas of the Middle East, CL from the Old World has resurfaced (Salam
et al., 2014), most recently in Syria, as a result of the public health system collapsing and non-
immune populations being exposed (Du et al., 2016a). CL incidence was nearly 25,000 in the
early 2010s, with the actual situation estimated to be 2-5 times higher than reported numbers
(Hayani et al., 2015, mondiale de la Santé and Organization, 2016, Hotez, 2018). Between 2000
and 2012, Lebanon reported six CL incidences, increasing to 1033 in 2013, with 97% of cases
occurring among Syrian immigrants (Alawieh et al., 2014). Similar patterns have been reported
in Turkey, and an increase in CL cases is projected in the Mediterranean region, where the

vector Phlebotomus sergenti is prevalent (Khamesipour and Rath, 2016, Koltas et al., 2014).

CL treatment is motivated by a desire to promote cure, reduce scarring, and lower the risk
of dissemination or further progression to MCL (Burza et al., 2018). But, the majority of CL

lesions will self-heal within two to eighteen months (Pearson and de Queiroz Sousa, 1996, Scott
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and Novais, 2016). However, immediate therapy should be initiated if there are several lesions,
large individual lesions, a duration greater than six months, or if the lesions are located in a

sensitive area such as the face or joints (Harhay et al., 2011, Elkhair, 2014).

2.1.4 Prevention and Control

There is currently no approved vaccination to prevent human leishmaniasis. Numerous
potential vaccines including a variety of antigens are under pre-clinical development, with
several of them still in clinical trials (Moafi et al., 2019). The majority of patients who recover
from leishmaniasis are immune to further infection, as demonstrated by the practise of
leishmanization, which involves the intradermal inoculation of live Leishmania parasites to
cause skin lesions in order to provide protective immunity against re-infection following natural

healing (Pacheco-Fernandez et al., 2021).

Due to the fact that individuals with untreated leishmaniasis serve as parasite reservoirs,
early case detection and management are critical control strategies (Burza et al., 2018). Many
countries continue to rely on passive rather than active case detection, implying that many
cases will persist within communities for extended periods, particularly when leishmaniasis
awareness is low (Burza et al.,, 2018). However, recent research has shown how critical
treatment is in delaying transmission, as these individuals are extremely infectious (Medley et
al., 2015). Although mathematical modelling suggested that asymptomatic carriers of L.
donovani could help maintain VL transmission, actual evidence and current observational
research emphasise the critical role of clinical cases in transmission (Das et al., 2016). This
demonstrates the critical nature of early detection and treatment for public health reasons, in

addition to the clinical benefit to the individuals (Burza et al., 2018).

Control of leishmaniasis is based on three factors: treatment, animal vaccination, and vector
control. In Asia, vector control tactics include indoor residual spraying, the use of long-lasting
insecticidal nets, and environmental management (Burza et al., 2018). Indoor residual spraying
is the primary intervention in the Indian subcontinent's endeavour to eradicate VL (Burza et al.,
2014). However, recent reports highlight the emergence of resistance to

dichlorodiphenyltrichloroethane (DDT), and India has recently turned to synthetic pyrethroids,
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which are also used in Bangladesh and Nepal (Coleman et al., 2015). While a long-lasting
insecticidal bed net provides some protection against sandfly bites, its efficacy in reducing the
incidence of VL at the community level is unknown (Burza et al., 2018). The lack of effect was

attributed to transmission occurring outside, near cattle sheds.

In east Africa, it is assumed that the vector mainly bites outdoors and there is no evidence
for the effectiveness of insecticide spraying. However, evidence indicates that a long-lasting
insecticidal bed net protects approximately 60% of people against VL in south Sudan (Ritmeijer

et al., 2007).

Reservoir control plays an important role especially in the case of L. infantum and L. major,
which was used in Brazil and former USSR, respectively (Burza et al., 2018). However, Brazil’s
attempts to eliminate canine leishmaniasis has been criticized as being inefficient (Quinnell and
Courtenay, 2009). Currently, three vaccines have been approved for dogs, two of which
(Leishmune and CaniLeish) provide some protection in natural settings. In other countries, such
as Iran, giving dogs collars treated with deltamethrin were found to protect children from

infection when administered systemically to all dogs (Gavgani et al., 2002).

In 2012, the World Health Organization released an NTDs eradication roadmap, committing
to eradicate VL from the Indian subcontinent by 2020 as well as to detect and treat at least 70%
of all CL cases in the eastern Mediterranean region (WHO, 2010). The elimination campaign for
VL in South Asia, which began in 2005, appears to have had some effect, as evidenced by a
steady decline in case numbers. Nevertheless, political and donor attention in VL s likely to die
down once the goal is met, there is no guarantee of long-term impact in a disease with cyclical
transmission patterns and shifting focal points (Muniaraj, 2014, Adaui et al., 2016). Thus, it is
anticipated that research into technical feasibility and treatment safety would be volatile, much
more so once these goals are attained, regardless of the other factors indicated above (Burza

et al., 2018).

The VL elimination initiative in Asia and the 2012 London declaration on NTDs have improved

global awareness of leishmaniasis and significantly increased funding for control (WHO, 2012).
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However, limited treatment options, insufficient diagnostic tools, and low community

awareness, especially for CL, persist despite this increased focus.

2.1.5 Leishmania Evolved to Survive Host Immunity

With multiple hosts, multiple insect vectors, and numerous Leishmania species, it is fair to
presume that varying host immune responses have played a role in the genus' evolution and
diversification. However, there is surprisingly little molecular evidence for this. For instance,
various host cells phagocytize the parasites during infection, such as neutrophils, monocytes,
monocyte-derived dendritic cells, macrophages, and stromal cells. However, the parasite
clearance versus persistence may vary between Leishmania species (Kaye and Scott, 2011).
Furthermore, the parasite has a variety of methods for manipulating macrophage function,
including subverting phagosome biogenesis and maturation control. However, the role of
parasite virulence factors, such as lipophosphoglycan, also varies between Leishmania species

and the host cell type.

Major Surface Protease (MSP), also known as GP63, is one of the most studied mechanisms
in Leishmania (Castro Neto et al., 2019). By cleaving phosphotyrosine phosphatases like SRC
homology 2 domain phosphotyrosine receptor phosphate, GP63 plays an important role in
regulating intracellular survival in some host cells (SHP1). After crossing lipid microdomains in
the host cell membrane, MSP can access these cytosolic targets (Charmoy et al.,, 2010).
Moreover, Iron is found to be essential for the intracellular survival of Leishmania, and both the

host and parasite transporters compete for it (Blackwell et al., 2001, Jacques et al., 2010).

Different models of disease illustrate different aspects of cell-mediated immunity to
Leishmania infection, such as the importance of CD8+ T cells, in addition to the involvement of
monocyte-derived dendritic cells (lves et al., 2011). Moreover, The presence of interleukin-10
influences both the parasite persistence and the ability to induce good vaccine-induced
immunity (Rub et al., 2009). However, T helper 1 (TH1) cells, regulatory T (TReg) cells, B cells,
macrophages, and DCs are all sources of interleukin-10, but it is unclear whether they all have

the same functional significance (Kaye and Scott, 2011).
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To conclude, while much of the research and funding has focused on prevention and
control, there is a critical need for more research and funding into parasite and vector biology
and transmission. It is critical to address these gaps in our understanding of the parasite's
biology and evolution, particularly regarding host interaction and immune system evasion. As
new species of the genus Leishmania are discovered, we are only beginning to gain an
understanding of the real burden of parasitism caused by the parasite throughout the animal
kingdom. This can be accomplished by providing additional molecular evidence by utilising the

most recent sequencing technologies.

2.2 Theories about the Origins of the Genus Leishmania

The genus Leishmania is part of the family Trypanosomatidae, which are obligatory
flagellates that can infect a variety of Insects, leeches, vertebrates, and plants; and they may
either have a single host (monoxenous species) or two hosts (dixenous species) during their
lifecycle (Maslov et al., 2013, Maslov et al., 2019). The majority of dixenous parasites are
included in the genera Endotrypanum, Leishmania, Paraleishmania, Phytomonas, and
Trypanosoma; some of them are medically and economically important (Bruschi and Gradoni,
2018). Most dixenous Trypanosomatids are generally believed to have derived from their
monoxenous ancestors. Monoxenous genera include Borovskyia, Crithidia, Leptomonas,
Lotmaria, Novymonas, and Zelonia; and dixenous genera include Endotrypanum, Leishmania,
and Paraleishmania, which are classified as members of the subfamily Leishmaniinae (Kostygov

and Yurchenko, 2017).

Leishmania’s origins date all the way back to ancient times. Evidence of fossilised insects
found in Burmese amber recorded the presence Leishmania-like parasite. The first Leishmania-
like fossil was discovered in the proboscis and alimentary tract of an extinct sandfly Palaeomyia
burmitis preserved in 100 million year old Burmese amber (Poinar, 2004, 2004a, 2004b). P.
proterus, a Leishmania-like parasite, was described in a new collective fossil genus

Paleoleishmania (Poinar and Poinar, 2004b). Furthermore, amastigotes were discovered
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suggesting that the sandfly acquired the parasite by feeding on the blood of a vertebrate, which
indicate that P. proterus had a dixenous lifecycle. Following that, the blood cells were classified

as reptile derived (Poinar and Poinar, 2004a).

The second Leishmania-like fossil, Paleoleishmania neotropicum, was discovered in a 20—
30 million-year-old Dominican amber in the extinct sand fly Lutzomyia adiketis (Poinar, 2004).
Promastigotes, paramastigotes, and amastigotes were discovered in the sandfly’s gut and
proboscis, but no vertebrate blood cells were discovered. Nonetheless, the presence of
amastigotes and the absence of monoxenous flagellates in sand flies indicate that P.
neotropicum had a dixenous life cycle with a vertebrate host. Additionally, this fossil record
demonstrates that Neotropical sandflies served as vectors for Leishmania-like parasites during
the late Oligocene to early Miocene. This evidence supported an early hypothesis about the
Neotropical origin of Leishmania and the evolution of the Leishmania/Endotrypanum clade

(Noyes, 1998b).

The genus Leishmania is divided into four subgenera: Leishmania, Mundinia,
Sauroleishmania, and Viannia. All subgenera have been extensively investigated except
Mundinia subgenus. Mundinia was newly described to include members formerly classified as
part of the L. enriettii complex (Espinosa et al., 2018). Mun (Muniz) and din (Medina) inspired
the subgenus naming to honour the researchers who discovered this parasite (Paranaiba et al.,

2018).

The first recorded case of Mundinia was a cutaneous-like leishmaniasis case in 1917 on
Martinique. Figure 2.2 depicts a timeline of case reports categorized by continent. However,
There was no official description of the causative agent until 2001 (Noyes et al., 2002, Desbois

et al., 2014).
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Figure 2.2: Chronological and geographic timeline distribution of the Leishmania (Mundinia) species
(Supplementary Materials for full-scale figure).

Before the official description of Mundinia, several CL and VL cases have been reported in
animals and humans in geographically sparse areas as a result of non-typical Leishmania
parasites (Sereno, 2019). Between 2002 and 2003, Ghana reported a total of 8876 possible CL
cases, with L. major and another Leishmania species being identified (Kwakye-Nuako et al.,
2015). CL cases affected by L. major have been reported in west Africa. A new species was also

described in 2008 as a potential causative agent of VL cases in Thailand (Sukmee et al., 2008).

Unexpected CL cases have also been detected in animals, such as horse, cow, and red
kangaroo, in north America, Europe, and Australia respectively (Rose et al., 2004, Lobsiger et
al., 2010, Reuss et al., 2012). These cases, however, were genetically similar to the newly
discovered L. martiniquensis in Thailand, which has been associated to a substantial number of
CLand VL cases in Thailand since 1999 (Pothirat et al., 2014a). Remarkably, all of these parasites
were also genetically related to L. enriettii, a parasite previously isolated from a guinea pig in
Brazil in 1946 (Pothirat et al., 2014a, Espinosa et al., 2018). In 2018, the subgenus Mundinia was

formally described (Reuss et al., 2012, Espinosa et al., 2018). It now contains a number of
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Leishmania species that cause disease in humans and animals around the world, including L.
martiniquensis and L. orientalis, the most recently described species responsible for CL in

Thailand (Jariyapan et al., 2018a, Espinosa et al., 2018).

2.3 The Importance of an Accurate Taxonomy

Taxonomy uses hierarchical grouping to facilitate knowledge of life. Ignoring proper
taxonomy means ignoring not only rigorous scientific tradition, but also the similarities and
distinctions between living things; it also means ignoring the evolutionary aspects of
classification and opting for disorder over order (Bennett and Balick, 2014). Therefore, it is
critical to provide the most precise taxonomic classification, particularly in the case of
Leishmania, to increase our understanding of basic biology and evolution, as well as better

treatment, vaccine, and control methods.

The pre-molecular classification scheme for Leishmania relied on a limited number of
diagnostic characteristics and was mostly based on crude cell morphology and life cycle
distinctive features, such as monoxenous vs dixenous mode, as well as host specificity (Hoare
and Wallace, 1966, Vickerman and Preston, 1976). Today, performing phylogenetic analyses on
nucleotide sequences containing thousands of informative characteristics isa common practise
in evolutionary studies (d'Avila-Levy et al., 2015). The first study that used molecular evidence
to reconstruct a phylogenetic tree for the purpose of reclassifying Leishmania was published in
2004 (Moreira et al., 2004). Since then, many molecular phylogeny studies have enhanced the
taxonomy of the genus Leishmania (Espinosa et al.,, 2018). Due to the high conservation of
sequences like Small SubUnit ribosomal ribonucleic acid (SSU rRNA), the subfamily
Leishmaniinae was assigned to a group known as the 'slow evolving’ Trypanosomatidae in 2012
(Jirku et al., 2012). This subfamily included mainly dixenous parasites of wild animals that may

infect humans accidentally, resulting in diseases collectively referred to as leishmaniasis.

The evidence that parasites other than Leishmania species can cause leishmaniasis has

been met with scepticism. A variety of genetic evidence for both Trypanosoma and Leishmania
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has been revealed through novel discoveries generated from wild animals. Recent studies have
shown new degrees of human and animal pathogenetic population diversity, as well as putative

Leishmania reservoirs (Cupolillo et al., 1998, Asato et al., 2009b, Seblova et al., 2015).

Constructing the phylogenetic tree based on the most conserved gene set is a well-
established method for classifying Leishmania. However, this approach has limitations due to
the amount and length of evidence used, as it may not be an accurate inference, or it may be
difficult to estimate the Time to the Most Recent Common Ancestor (TMRCA). This field has
room for improvement, as this approach demonstrates how relying on a single set of genes can
be slightly inaccurate and occasionally misleading. As the name implies, phylogenomics requires
a complete set of genomes as input for reconstructing the tree and inferring taxonomic
relationships between species. As a result, additional molecular material and evidence are
required for reconstructing a higher-definition tree and, consequently, a more accurate

taxonomy.

2.4 Characteristics of Leishmania Genomes

Leishmania, as the case with all Trypanosomatidae organisms, has a genome structure that
is unique among eukaryotes in that it lacks introns and has smaller chromosomes packed with
more genes (Kazemi, 2011). The haploid Leishmania genome consist of around 32 million base
pairs and arranged into 36 chromosomes (lvens et al., 2005). Each genome typically has
approximately 8000 known protein-coding genes, approximately 900 RNA genes, and

approximately 40 pseudogenes (Peacock et al., 2007).

McDonagh et al. reported in 2000, during the initial assembly of the L. major Friedlin
genome, that chromosome 1 has around 79 protein-coding genes, two converted polycistronic
clusters of genes, and mRNA transcription is directed to the telomeres (Myler et al., 1999, Myler
et al., 2000, McDonagh et al., 2000, Myler et al., 2001). Moreover, genes are structured on one

or both DNA strands and are transcribed from unknown promoters as polycistronic transcripts.
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Specific expression of Leishmania gene products can be categorised into a variety of
biological pathways, including structural proteins, transporters, metabolism, amastins, heat
shock proteins, and surface proteins (Saxena et al., 2007). However, neither promastigotes nor
amastigotes appeared to have a single unified mechanism for surviving in a variety of hosts and
environments (Cohen-Freue et al., 2007). Protein expression occurs after replication and during
the translation process. However expressions require eukaryotic RNA polymerase Il for
regulation even though they involve chromatin modification, which makes it different from

other regulatory mechanisms in eukaryotes (lvens et al., 2005).

Leishmania genomes are distinct in comparison to those of other Trypanosomatidae species.
Synteny findings suggests that the structure of Leishmania chromosomes lacks long sub-
telomeric regions, which typically carry species-specific genes. This observation was made in
one of the seminal studies in the field of Leishmania research, in which the authors announced
the first assembly of the complete genomes of L. infantum and L. braziliensis, as well as

conducting synteny comparisons with L. major, T. brucei, and T. cruzi (Peacock et al., 2007).

The Leishmania genome is divided into two parts: the nucleus, which contains chromosomal
DNA, and the kinetoplasts, which contain self-replicating DNA molecules. Additionally, the
cytoplasm contains virus-like particles (Molyneux, 1974, Croft and Molyneux, 1979, Tarr et al.,
1988). Typically, chromosomes were studied and separated using pulsed-field gel
electrophoresis (PFGE), whereas kinetoplasts were separated using ultra-centrifugation.
However, the differences between sexual and asexual forms of Leishmania, as well as the
number of copies of each gene on each chromosome, have not been fully investigated (Lighthall

and Giannini, 1992).

The majority of Leishmania genomes contain 36 chromosomes. However, earlier research
has suggested some Leishmania species have evolved with fewer chromosomes because of
fission or fusion events. For instance, one paper found that L. mexicana has some linkage groups
between chromosomes 8 and 29, as well as 30 and 36, suggesting that it has only 34
chromosomes; L. braziliensis also has linkage groups between chromosomes 20 and 34,

suggesting that it has 35 chromosomes (Britto et al., 1998).
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However, this finding was drawn from a study in which the chromosome structure was
determined by utilising around 300 loci and PFGE (Levick et al., 1996, Wincker et al., 1996a).
They do, however, imply that the rearrangements occurred during the evolution of the genus
Leishmania, even though the majority of Leishmania genomes exhibit a high degree of synteny

(Ravel et al., 1995, Myler et al., 1999).

Nonetheless, the publication of these genome assemblies contributed significantly to our
understanding about Leishmania genomics. Therefore, | shall move on to review how
Leishmania genomes were assembled and published, as well as why the level of assembly may

be critical in defining biological features.

2.5 Leishmania Genomes in the Public Domain

Conducting high-confidence genomics, transcriptomics, or proteomics studies requires first
and foremost well-assembled genomes. Additionally, there is a high demand for research on
Leishmania gene expression, pathogenicity, and drug susceptibility. As a result, genome
assemblies play a critical role in our fundamental understanding of parasitic infection (Camacho

et al.,, 2019).

Occasionally, the justifications for genome assembly are insufficient, either because the
process is laborious and takes an excessive amount of time, or because the genome being
assembled has no zoonotic or medical significance (Blake, 2015). However, research is
increasingly focusing on more sophisticated areas such as population biology, vaccine
development, and molecular diagnostics. Additionally, genomic resources support these areas
of development, particularly now that sequencing technology is more feasible and affordable
than ever. Therefore, sampling, sequencing, and assembling additional Leishmania species
increase experimental power and enables a better understanding of the Leishmania

populations (Cantacessi et al., 2015).
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The first Leishmania genome to be assembled was announced in 2005 (lvens et al., 2005).
They made the first milestone in genome assembly by sequencing the genome of Friedlin strain
of L. major. They managed to assemble 32.8 Mbp in 36 chromosomes by Sanger sequencing.
The second milestone was when the reference genome of L. infantum and L. braziliensis were
announced two years later (Peacock et al., 2007). They sequenced both parasites by shotgun
sequencing and produced five and six-fold of coverage respectively. In 2011, both L. donovani,
from 16 isolated VL patients from Nepal, and L. mexicana were assembled (Rogers et al., 2011,
Downing et al., 2011). A year later, the genome of lizard parasite L. tarentolae was announced
in which it preserves high synteny among other compared Leishmania genomes (Raymond et

al., 2012).

Since then, more than 58 genomes are available and only 22 of them are set to be reference
genomes in the National Centre for Biotechnology Information Assembly database (Kitts et al.,
2016). Table 2.1 lists in details all available genomes prior to this project in chronological order.
It shows that assembly level is critical because it determines the accuracy of the genome’s

features and thus facilitates comparative studies by providing a common reference point.

38



Table 2.1: Chronological list of all publicly representative Leishmania genomes. Assembly levels are classified into four categories; complete genomes, which indicate a
complete set of chromosomes with no additional unplaced sequences; chromosome level, which is similar to complete genomes level but contains some additional sequences
that are not assigned to a particular chromosome; scaffold level assembly, which involves the combining of many contigs to produce a bigger sequence but not a whole set

of chromosomes; and finally, contig level assembly, which is the simplest sort of assembly because the assembled contigs have no resemblance to any chromosome.

Date Organism Strain Submitter Assembly level Accession

2011 L. major Friedlin Friedlin Consortium Complete Genome GCA 000002725.2
2011 L. braziliensis MHOM/BR/75/M2904 The Sanger Institute Chromosome GCA 000002845.2
2011 L. infantum JPCM5 The Sanger Institute Chromosome GCA 000002875.2
2011 L. mexicana MHOM/GT/2001/U1103 Wellcome Trust Sanger Institute Chromosome GCA 000234665.4
2011 L. donovani BPK282A1 Wellcome Trust Sanger Institute Chromosome GCA 000227135.2
2013 L. turanica LEM423 Kinetoplastid Genomes Consortium Scaffold GCA 000441995.1
2013 L. gerbilli LEMA452 Kinetoplastid Genomes Consortium Scaffold GCA 000443025.1
2014 L. panamensis MHOM/PA/94/PSC-1 INDICASAT-AIP Chromosome GCA 000755165.1
2015 L. sp. AlIMS/LM/SS/PKDL/LD-974 All India Institute of Medical Science Contig GCA 000981925.2
2015 L. peruviana LEM1537 V1 UFMG Chromosome GCA 001403695.1
2016 L. sp. MAR LEM2494 Washington University School of Medicine Chromosome GCA 000409445.2
2016 L. arabica LEM1108 Washington University School of Medicine Chromosome GCA 000410695.2
2018 L. guyanensis 204-365 CDC Contig GCA 003664525.1
2018 L. lainsoni 216-34 CDC Contig GCA 003664395.1
2019 L. aethiopica 209-622 CDC Contig GCA 003992445.1
2019 L. amazonensis UA301 GIMUR Complete Genome GCA 005317125.1
2019 L. adleri HO174 CBMSO Contig GCA 902369305.1
2019 L. tarentolae Parrot Tar Il University of Tokyo Contig GCA 009731335.1
2020 L. tropica CDC216-162 CDC Chromosome GCA 014139745.1
2020 L. infantum chagasi MCER/BR/1981/M6445/Salvaterra Instituto Evandro Chagas Chromosome GCA 014466975.1
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https://www.ncbi.nlm.nih.gov/assembly/GCA_014466975.1/

Contigs — short for contiguous sequences — are the building blocks of the genome
assembly process. A contig is a group of DNA fragments that have been linked together based
on their overlapping similarities. As a result, contig assembly can be accomplished by stitching
together multiple sequence fragments to form a single long or a few longer contigs. However,
the difficulty can sometimes be found in the repeat sequence contigs, which can overlap with
multiple contigs, complicating the assembly process. Thereby, the two most critical variables

affecting the completeness of the genome assembly are sequencing length and quality.

The first generation of sequencing, Sanger, could produce long sequences of thousands
of bases. However, it is limited by the fact that it can only sequence a limited number of short
reads per run, making it labour intensive, particularly for large genomes. Therefore, it was
insufficient. Then came the second generation of sequencing, primarily lllumina, which had
overcome the previous generation's throughput limitations, resulting in millions of sequence-

reads but at the cost of shorter read lengths (Mardis, 2008).

That is why genome sequencing will always require a large number of sequences reads,
referred to as short reads. However, the difficulty rises significantly when the genome contains
many repeat regions, as has been observed in Leishmania genomes and was one of the primary
reasons for the delay in assembling the first reference genome (McKean et al., 1997, Murray et

al., 2005, Karsani, 2006, Rogers et al., 2011).

The third generation of sequencing then entered the market with the goal of bridging that
gap through the provision of long read sequencing. There are currently two platforms for long
read sequencing: Pacific Biosciences and Oxford Nanopore Technologies (van Dijk et al., 2018).
They do, however, make a trade-off between length and base calling accuracy. Using second-
generation sequencing technology, it is possible to achieve a base calling with PHRED quality
score (Q score) of 40 and an error rate of 1 in 10,000 (Ewing et al., 1998). However, third-
generation sequencers can only reach a maximum Q score of 20 and an error rate of 1 in 100
bases. Nonetheless, third-generation sequencing technology has achieved sequencing lengths

that were previously unattainable.
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Although Leishmania genomes have been assembled at a variety of levels as shown in
Table 2.1, the most accurate are those that closely resemble the complete set of 36
chromosomes (Wincker et al., 1996b). However, several metrics govern the assembly accuracy

of the Leishmania genomes.

A good Leishmania genome must exhibit the following characteristics:

1. It must be assembled with the fewest possible contigs or scaffolds that match the
chromosomes count.

2. It must have the lowest number of gaps and shortest gaps possible. A gap is a
sequence of "Ns" referred to as an ambiguous base that is used to connect contigs
in order to construct a longer scaffold. (Currie, 1995).

3. It must have a N50 value of around 1 Mb. This value is species-specific, as it may

only apply to genomes with a similar size and structure to those of Leishmania.

This means that approximately half of the genome's sequence is covered by contigs larger
than or equal to the size of the N50 value. In other words, the sum of all contigs with a length

of N50 or greater contains at least 50% of the total genome sequence (Miller et al., 2010).

Table 2.2 summarises these metrics for only chromosome-scale genomes that are
available prior to our assemblies. The genomes of Leishmania have been assembled using
nearly all three generations of sequencing. However, no Leishmania genome has ever been
sequenced using Oxford Nanopore Technologies before the commencement of this work.
Nonetheless, assemblies produced highly accurate genomes when sequenced with both long
and short reads, such as L. donovani (LdCL strain) and L. tropica (CDC 216-162 strain). Because
chromosome-based assemblies are the closest thing to a truly complete genome, they can

enable scientists to conduct more accurate comparative studies.

It is worth noting, however, that we can never be certain that a genome is truly complete
and accurate, and that in the wild, polymorphism at the base, repeat or even indel level will
always exist even within species. However, end-to-end mapping onto a complete chromosomal
scaffold is a strong indicator that the current generation of technology is approaching the

optimal effort-to-result ratio.
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Table 2.2: Summary of the metrics for all Leishmania representative assemblies. Accession numbers are added as hyperlinks to the organism’s names.

Date Organism feefhu:c:s;f Coverage Assembly method Scaffolds Total length  N50

2011 L. major Sanger 36 32,855,089

2011 L. infantum Sanger 76 32,122,061 1,043,848
2011 L. mexicana Sanger 588 32,108,741 1,044,075
2011 L. donovani Roche 454; lllumina 36 32,444,968 1,024,085
2011 L. braziliensis Sanger 138 32,068,771 992,961
2013 L. turanica llumina 108x AllPaths-LG 336 32,320,007 397,299
2013 L. gerbilli [llumina 140x AllPaths-LG 492 31,398,648 379,527
2014 L. panamensis Roche 454; lllumina 30x Newbler; PAGIT 35 30,688,794 1,043,456
2015 L. sp. Illumina HiSeq 110x A5 assembly pipeline 1,100 27,848,322 61,709
2015 L. peruviana 35x 37 33,890,200 1,047,715
2016 L. arabica [llumina 94x AllPaths-LG 168 31,269,090 1,057,807
2016 L. sp. MAR [llumina 236x AllPaths-LG 251 30,813,970 873,628
2018 L. guyanensis PacBio RSII 80x CANU 123 33,816,023 683,170
2018 L. lainsoni PacBio RSII 74x CANU 137 34,152,029 638,860
2019 L. gethiopica PacBio RSII 74x CANU 118 33,648,436 763,733
2019 L. amazonensis [llumina HiSeq 99.1x SMALT 34 32,156,470 N/A

2019 L. tarentolae PacBio RS Il 120x HGAP 179 35,416,496 663,019
2020 L tropica Ejicsi'(;’ RS llumina oo Flye 43 32,700,668 1,070,514
2020 L. infantum chagasi lllumina MiSeq 150.0x SOAPdenovo 36 31,924,566 1,043,794
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2.6 Mundinia Taxonomy: The Knowledge Gap

As previously reviewed, the genus Leishmania is divided now into four subgenera:
Leishmania, Viannia, Sauroleishmania, and Mundinia (Espinosa et al., 2018). Mundinia is the
most recent and least studied subgenus due to a scarcity of molecular evidence (Lainson, 1997).
It accommodates four described species: L. (M.) enriettii (Blewett et al., 1971), L. (M.)
macropodum (Barratt et al., 2017a), L. (M.) martiniquensis (Desbois et al., 2014), and L. (M.)

orientalis (Jariyapan et al., 2018a).

Species of the subgenus Mundinia appears to have a diverse distribution and host range, as
well as fewer representative genomes. For instance, they have been reported in a variety of
locations across the globe, including Australia (Rose et al., 2004), central Europe (Muller et al.,
2009), Ghana (Kwakye-Nuako et al., 2015), Martinique (Desbois et al., 2014) Switzerland
(Lobsiger et al., 2010), Thailand (Jariyapan et al., 2018a), and the United States of America
(Reuss et al., 2012). Additionally, they have been isolated from a variety of hosts: L. (M.)
orientalis, L. (M.) martiniquensis, and L. (M.) sp. Ghana have been isolated from humans; L. (M.)
enriettii infects guinea pigs; L. (M.) macropodum has been isolated from Australian macropods;
and some L. (M.) martiniquensis cases have been reported in cows and horses. In addition to
that, there have been a few instances of infection in immunocompromised patients (Dedet et

al., 1995, Chicharro and Alvar, 2003, Bualert et al., 2012).

Numerous studies have been conducted to determine Leishmania taxonomy. Inferring
taxonomy based on phylogeny had been a well-established practice in Leishmania research for
nearly three decades (Briones et al., 1992b). The first study to consider molecular phylogenetics
to determine taxonomy in trypanosomatids was in 2004 (Moreira et al., 2004). They used 18S
rRNA sequences to construct phylogenies. The timeline in Figure 2.3 depicts the main findings
of all phylogenetic analyses in chronological sequence done on Leishmania. Earlier studies have
been published for the subgenera Leishmania (Peacock et al., 2007, Cantacessi et al., 2015),

Sauroleishmania (Raymond et al., 2012, Coughlan et al., 2017), and Viannia (Valdivia et al.,
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2015, Rogers et al., 2011, Llanes et al., 2015), but there have been very few for Mundinia
(Jariyapan et al., 2018b, Butenko et al., 2019b).
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Figure 2.3: A brief timeline history of all Leishmania phylogenetic studies done to date. Study keys: [1] (Briones et
al., 1992a); [2] (Thomaz-Soccol et al., 1993); [3] (Piarroux et al., 1995); [4] (Croan and Ellis, 1996); [5] (Chouicha et
al., 1997); [6] (Banuls et al., 1999); [7] (Davila and Momen, 2000); [8] (Thomaz-Soccol et al., 2000); [9] (Hide et al.,
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etal., 2019); [27] (Butenko et al., 2019a); [28] (Albanaz et al., 2021). Full-scale figure can be seen in Supplementary
Materials.
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Recent comparative genomic study suggested that species from the subgenus Mundinia
have evolved to survive in the vertebrate host more than the vector (Butenko et al., 2019a). For
instance, some proteins that are found in the promastigote stage which are essential in gut
interaction in insects, have been observed to be significantly low in Mundinia. However, others
that are involved in the amastigote stage in which are responsible for surviving inside the host
macrophages, have been found to be at the same levels when compared with the subgenera

Leishmania and Viannia.

However, this finding was restricted by under sampling since there were only two proteomes
available from the subgenus Mundinia at the time of publishing. In addition to under sampling,
only three Mundinia species were analysed, and phylogenies were constructed using only high

conserved genomic characteristics.

As explained earlier, among all phylogenetic reconstructions, Mundinia was found to be the
most geographically distributed subgenus as well as the deepest branch of Leishmania, implying
the existence and parasitic circulation of a proto-Mundinia organisms prior to the disintegration

of the supercontinents (Harkins et al., 2016, Lukes et al., 2018).
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2.7 Aims and Objectives

The aims of my thesis are to determine how the subgenus Mundinia is taxonomically related
to the other Leishmania species from the other subgenera; to determine the degree to which
Mundinia species diverge from the rest of Leishmania over time; to determine the genomic
structure, chromosome number, and gene content; to examine wither Mundinia species are
subjected to selection pressure that might affect its role in causing infection or avoiding
immunity; and to examine the relationships between Mundinia species and other taxa in the

family Trypanosomatidae.
These aims were accomplished by achieving the following objectives:

1. The essential starting point objective is to de novo assemble and annotate multiple
Mundinia species, with emphasis on chromosome-level assembly.

2. This was achieved by using both short and long sequencing technology to collect high
quality data and maintain the integrity of the chromosome backbone structure.

3. Making these genomes publicly available so that they can be compared to other
published genomic evidence using a variety of methods based on cutting-edge
phylogeny inference technologies.

4. Testing some previous hypotheses about the origin of Leishmania and subsequently
Mundinia.

5. Estimating the time to the most recent common ancestor for Mundinia species,
which will help to explain how and when subgenus Mundinia evolved.

6. Examining the annotated proteins in these genomes for selection pressure and
determining whether any selected protein has been linked to infection or immunity

avoidance.

Thus, six genomes have been sequenced, assembled, and annotated; two of them, L. (M.)
martiniquensis and L. (M.) enriettii, already have reference genomes but from separate strains.
Another two strains , namely L. (M.) orientalis and L. (M.) sp. Ghana, were recently added to

the subgenus Mundinia but do not have representative genomes; one unknown strain was
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isolated from hyrax in Namibia (Grove and Ledger, 1975); and an outgroup strain, Porcisia

hertigi, was isolated from the tropical porcupine Coendou rothschildi (Herrer, 1971).

This chapter started by explaining the impact of leishmaniasis and the efforts made to better
understand the parasites' biology and evolution. As previously stated, the objective is to further
our understanding the taxonomic position of the subgenus Mundinia in relation to other
Leishmania species, as well as the genomic structure of its members. Nonetheless, the project
exemplifies open science and open data. All data and methods have been made completely
public. This commitment, | believe, has been accomplished for this project. Additionally, |
believe that everything achieved here is reproducible by others, as described in the following

chapters, and that it can be applied to genome projects of similar size.

The following chapters will describe the materials and methods, including how biological
samples were sequenced and processed, as well as the computational side, also referred to as

the dry lab, and how | maintained the reproducible research aspect throughout the project.
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Chapter 3. Materials

To achieve the final output, this project was carried out in two different experimental
ecosystems: the wet lab, where the biological sample was collected and prepared for
sequencing; and the dry lab, where multiple bioinformatics analyses were carried out in a series
to achieve the final output. This chapter will describe all the wet lab materials and methods that
were used, as well as how to set up the dry lab and ensure that the results and publications are
reproducible. The next chapter will go over the computational methods used in the dry lab in

greater detail.

3.1 Sample Selection

Six samples were chosen for the complete genome assembly process: L. (M.) martiniquensis,

L. (M.) orientalis, L. (M.) enriettii, L. (M.) sp. Ghana, L. (M.) sp. Namibia, and Porcisia hertigi.

L. (M.) martiniquensis, Chiang Mai 1 (LSCM1) isolate, was initially obtained through bone

marrow aspiration from a 52-year-old male who presented with sub-acute fever, huge
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splenomegaly and pancytopenia from northern Thailand (Pothirat et al., 2014a). Back then,
numerous VL cases have been recorded in Thailand since 1996. This isolate, which was given
the WHO code MHOM/TH/2012/LSCM1, was identified as a members of the L. enriettii complex
and appeared to be similar to L. martiniquensis previously described from the Caribbean island

of Martinique (Desbois et al., 2014).

L. (M.) orientalis, LSCM4 isolate and strain LV768 with the WHO code
MHOM/TH/2014/LSCM4, was obtained from a patient diagnosed with CL, an elderly woman
who resides in Thailand’s Chiang Klang District, Nan Province, and has never travelled beyond
her home province. DNA analysis revealed a resemblance to prior HIV-related cases in Thailand
(Bualert et al., 2012, Supsrisunjai et al., 2017) as well closely related to L. (M.) enriettii and L.

(M.) martiniquensis.

L. (M.) enriettii; with strain LV763, isolate CUR178, and WHO code
MCAV/BR/2001/CUR178;LV763, was one of several isolates from leishmaniasis lesions in guinea
pigs in southern Brazil’s Curitiba metropolitan area (Thomaz-Soccol et al., 1996). This isolate
was obtained from a skin lesion of female guinea pigs (Cavia porcellus) and was characterised

by isoenzyme electrophoresis to be similar to L. (M.) enriettii.

L. (M.) sp. Ghana; Isolate GH5, strain LV757 and WHO code MHOM/GH/2012/GH5;LV757,
was described in 2015 as an unnamed parasite of the genus Leishmania that was discovered in
a case of human CL in Ghana. A PCR-based identification method for active CL was conducted
across Ho District of the Volta Region, Ghana. DNA analysis and phylogenetic study revealed it

to be part of the subgenus Mundinia (Kwakye-Nuako et al., 2015).

L. (M.) sp. Namibia; strain LV425, isolate 253, and WHO code MPRO/NA/1975/253/LV425
was in a cryogenic storage at Liverpool School of Tropical Medicine (LSTM) and then moved to
another cryogenic storage facility at Lancaster University (Peters, 1977). Namibia is not
commonly considered to have a high number of NTDs, but published reports of over 30 years
indicate the possibility of much of the information is buried in historical studies published prior

to 1990 (Noden and van der Colf, 2013). The first case was discovered in the 1970s, when the
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parasite was isolated from rock hyrax (Procavia capensis), sandflies, and lesions on the skin of

infected humans (Grove and Ledger, 1975, Grove, 1978, Grove, 1989).

Porcisia hertigi, strain LV43, isolate C119, and WHO code MCOE/PA/1965/C119;LV43 was
isolated from tropical porcupine (Coendou rothschildi) in Panama (Herrer, 1971). This strain was
chosen for two reasons: first, Porcisia species have been reported to be distinct from
Leishmania but also to be more closely related than any other species in the family
Trypanosomatidae (Noyes, 1998a); and second, there was no representative genome for
Porcisia prior to this project. Furthermore, selecting the best outgroup is a well-established
practice among phylogeneticists (Graham et al.,, 2002), as outgroups can help explain
evolutionary conclusions because they share an older ancestor with the in-groups (Nixon and
Carpenter, 1993, Barriel and Tassy, 1998, Giribet and Ribera, 1998, De La Torre-barcena et al.,
2009).

3.2 Parasite Culture, Isolation, and DNA Extraction

Parasite culture and isolation were performed using an in vitro culture system that was
developed previously for L. (M.) orientalis and adopted to be used for the other isolates
(Chanmol et al., 2019). The isolated parasites were grown initially as promastigotes in
Schneider’s insect medium (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 20% (v/v)
FCS (Life Technologies-Gibco, Grand Island, NY, USA). Parasites then were grown at 26 °C in
M199 medium, pH 6.8, supplemented with 10% (v/v) FCS, 2% (v/v) healthy human urine, 1%
(v/v) Basal Medium Eagle (BME) vitamins (Sigma-Aldrich, St. Louis, MO, USA), and 25 g/ml
gentamicin sulphate (Sigma-Aldrich, St. Louis, MO, USA). Every four days, promastigotes were

sub-passaged to fresh medium to maintain parasite growth and viability.

Genomic DNA extraction was done according to the manufacturer’s protocol using Qiagen’s

spin column-based method (Hilden, Germany). The concentrations of extracted DNA were
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determined using a Qubit fluorometer, a microplate reader, and agarose gel electrophoresis.
For further confirmation, PCR, and sequencing for ribosomal protein L23a (RPL23a), for instance
from Genbank accession KP006691.1 were done on all isolates using redundant primers 5’-
GCGCCAACAAGACTGAGAT-3" and 5-CGTCACCTTGACGACCTTG-3". The sequences were then
compared to determine whether the extracted DNA was related to the subgenus Mundinia or

not, using BLAST (Altschul et al., 1990), in order to use them for subsequent de novo sequencing.

3.3 Sequencing and Library Preparation

All sequencing libraries were constructed using the same extracted DNA sample to avoid
inconsistency. Library construction for sequencing the short reads was contracted to two
outsources: the first was BGI (Shenzhen, China), where they used DNBSEQ libraries to produce
paired end reads at different insert sizes (170 bp, 270 bp and 500 bp), using the Illumina HiSeq
platform. The second was Aberystwyth University (Aberystwyth, UK), where they used TruSeq
Nano DNA libraries to produce paired end reads at 300 bp length, using the Illumina MiSeq

platform.

The long-read library preparation and sequencing was done using MinlON according to the
protocol SQK-LSK109 (ONT, UK) on R9 flow cells (FLO-MIN106). Figure 3.1 summarises both

reads coverage and file size for both short and long reads.
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Figure 3.1: Stacked column chart that illustrates the read coverage (left vertical axis) and file size (right vertical
axis) for each genome sequence.

3.4 Virtual Machine and Software Management

Most of computational analyses were done on virtual machine with 24 CPUs and 384
Gigabytes of RAM that runs the Ubuntu 18.04 LTS operating system. We used the research file

storage system at Lancaster University (LUNA) as the main file storage medium.

Managing software installation compatibility and dependency is a well-known problem in
computer science (Jang, 2006), and it can be approached in a variety of ways. At the start of
this project, the operating system of choice was Bio-Linux 8, which was based on Ubuntu 14.04
LTS, because it was a stable distribution that came pre-installed with over 250 software
packages, many of which were tailored to bioinformatic data analysis (Booth et al., 2012).
Additionally, Bio-Linux integrates installation and software dependencies via the Synaptic

package manager, which is designed to precisely address these types of issues.

However, the most significant obstacle was that Bio-Linux 8 maintenance was discontinued
in 2015, and a lot has happened in software development since then. For instance, a new

generation of software management tools, such as Conda, an open-source package
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management system, and Docker, a platform that utilises virtualization to deliver software in a
form of containers, are now becoming widely used in computational biology and bioinformatics.
Therefore, they were primarily used in order to achieve reproducible results and because both

are well-supported and well-documented (Boettiger, 2015, Gruning et al., 2018).

Bioconda is a Conda package management channel dedicated to bioinformatics (Gruning et
al., 2018). It consists of GitHub repositories for recipes, a build mechanism for converting these
recipes to Conda packages, and a package repository with over 7000 ready-to-use
bioinformatics tools. Over 850 contributors and 570 members contribute, modify, and manage
recipes. Conda enables the distribution of packages through repositories, or channels. The

defaults channel contains many packages that are frequently used.

Docker is a collection of platform as a service (PaaS) products that deliver software in
containers via OS-level virtualization (Boettiger, 2015). Containers are self-contained units that
contain their own software, libraries, and configuration files; they communicate via well-
defined channels. Containers consume fewer resources than virtual machines because they
share the services of a single operating system kernel. Docker Engine is the software that hosts

the containers.

3.5 Reproducible Workflow Management

To address the project’s ”Protocol Gap” (Weller, 2021), we developed an automated genome
assembly and annotation pipeline and successfully applied it to all six genomes by making all
methods fully accessible (Almutairi et al., 2021). Following that, the pipeline was created and
implemented using the Snakemake workflow management system (Molder et al., 2021). The
pipeline is composed of 314 computational steps divided into 21 sequential processes that are

divided into two distinct phases (Figure 3.2). Table 3.1 list all the tools used for this project.

53



Mask Repeats

Polishing Assembly Evidence-based

I Annotation
Chromosome Order & Orient Ab initio
Annotation
v

Clean & Sort Assembly

Figure 3.2: A graphical representation of the LGAAP workflow, with the first flow (left) focusing on the assembly process and
the second flow (right) containing the annotation steps all the way to the experiment's conclusion, while the green circle
(centre) in the centre represents the quality control assessments (Almutairi et al., 2021)
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Table 3.1: Tools used in the analysis workflow, as well as their Conda or Docker links.

Tool Website Conda or Docker link

AGAT https://github.com/NBISweden/AGAT https://anaconda.org/conda-forge/agate

AUGUSTUS http://bioinf.uni-greifswald.de/webaugustus/about https://hub.docker.com/r/hatimalmutairi/Imgaap-maker
BCFtools http://samtools.github.io/bcftools/ https://anaconda.org/bioconda/bcftools

Bedtools https://bedtools.readthedocs.io/en/latest/ https://anaconda.org/bioconda/bedtools

Blast+ https://blast.ncbi.nlm.nih.gov/Blast.cgi https://anaconda.org/bioconda/blast

Circa http://omgenomics.com/circa

FastQC https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ https://anaconda.org/bioconda/fastqc

Flye https://github.com/fenderglass/Flye https://anaconda.org/bioconda/flye

Funannotate https://github.com/nextgenusfs/funannotate https://anaconda.org/bioconda/funannotate

GAAS https://github.com/NBISweden/GAAS https://anaconda.org/bioconda/gaas

GeneMark http://exon.gatech.edu/GeneMark/ https://hub.docker.com/r/hatimalmutairi/lmgaap-maker
Genometools http://genometools.org/ https://anaconda.org/bioconda/genometools-genometools
Interproscan https://www.ebi.ac.uk/interpro/search/sequence/ https://hub.docker.com/r/blaxterlab/interproscan
MAKER2 https://www.yandell-lab.org/software/maker.html https://hub.docker.com/r/hatimalmutairi/Imgaap-maker
Minimap2 https://github.com/Ih3/minimap2 https://anaconda.org/bioconda/minimap2

MultiQC https://multigc.info/ https://anaconda.org/bioconda/multigc

MUMmer http://mummer.sourceforge.net/ https://anaconda.org/bioconda/mummer

Pilon https://github.com/broadinstitute/pilon/wiki https://anaconda.org/bioconda/pilon

PycoQC https://pypi.org/project/pycoQC/ https://anaconda.org/bioconda/pycoqc

RaGOO https://github.com/malonge/RaGO0O https://anaconda.org/imperial-college-research-computing/ragoo
REPAVER https://gitlab.com/gringer/bioinfscripts

RepeatMasker  http://www.repeatmasker.org/ https://hub.docker.com/r/hatimalmutairi/Imgaap-maker
Samtools https://github.com/samtools/samtools https://anaconda.org/bioconda/samtools

Snakemake https://snakemake.readthedocs.io/en/stable/ https://anaconda.org/bioconda/snakemake

TEclass http://www.compgen.uni-muenster.de/tools/teclass/index.hbi?lang=en https://hub.docker.com/r/hatimalmutairi/teclass-2.1.3b
Wordcloud https://anaconda.org/conda-forge/wordcloud
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Chapter 4. Methods and Pipeline

Analyses

Computational methods and pipeline analyses will be the primary focus of this chapter.
Typically, the term pipeline refers to the process of executing multiple computational steps in
the direction of a final goal, which involves a series of stages or steps. Because of this,
understanding the entire analysis from beginning to end is critical for the pipeline's success
(Figure 3.2). I shall describe here the computational methods in the order in which they should

be completed, beginning with sequencing, and concluding with comparative analysis.
4.1 Raw Reads Assessments

FASTQ format was used to create both short and long read sequences (Cock et al., 2010)
FastQC software was used to evaluate sequences generated on lllumina platforms (Andrews,
2010) while PycoQC was used to evaluate sequences generated on Nanopore technologies
(Leger and Leonardi, 2019). Following that, both types of assessments were merged and

summarised in a single MultiQC report for each genome (Ewels et al., 2016).
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4.2 Assembly Optimisation

Selecting the most efficient assembly tools proved difficult due to the large number of
variables affecting the assembly's completion (Dujardin, 2009). As a result, the optimization
process was built around the sequencing type. As previously stated, because Leishmania
genomes contain a high proportion of repeat sequences, these repeats prevent kmer-based de
Bruijn algorithms from completing the assembly process (Compeau et al., 2011). As a result,
three types of algorithms were chosen: short reads assemblers, long reads assemblers, and

hybrid assemblers combining long and short reads.

The first strategy was tested only on short read assemblers such as Velvet (Zerbino and
Birney, 2008), SPAdes (Bankevich et al., 2012), IDBA (Peng et al., 2010), ABySS (Simpson et al.,
2009), Edena (Hernandez et al., 2008), SOAPdenovo (Luo et al., 2012), Ray (Boisvert et al., 2010),
and ALLPATHS-LG (Gnerre et al., 2011). The second strategy involved combining long and short
reads in a hybrid assembly with Unicycler on all sequenced reads (Wick et al., 2017). The third
and final strategy was tested only on long read assembler, for which Flye assembler was used
on Nanopore sequences (Flynn et al., 2020). These algorithms were evaluated using a variety of

parameters, including number of contigs, GC content, and N50 values.

4.3 Assembly

Prior to running the final assembly pipeline on all six samples, an optimization experiment
was performed to determine which assembly strategy would produce the best results. This
required the use of sequence reads in three different strategies, as described above: short reads
alone, long reads alone, and a combination of short and long reads. The outcomes of the

optimisation shall be discussed in subsequent chapters.

Based on that, the assembly pipeline consists of eight sequential processes (Figure 3.2): Long

read assembly using version 2.8.2 of Flye assembler (Kolmogorov et al., 2019); followed by
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mapping the short reads onto assemblies using version 2.17 of Minimap2 (Li, 2016); then a
consensus sequence is created using version 1.11 of Samtools (Danecek et al., 2021); polishing
of assemblies using version 1.23 of Pilon (Walker et al., 2014); revision of consensus sequences
using Samtools; ordering and orientation of the chromosomes and breakage of any chimeric
sequences using version 1.1 of RaGOO (Alonge et al., 2019); sorting and removal of any
duplicated scaffolds or contigs using version 1.5.3 of Funannotate (Palmer and Nextgenusfs,

2019); and generation of a quality report using version 5.0.2 of QUAST (Gurevich et al., 2013).

4.4 Annotation

Annotation was the pipeline's second major phase. It consists of three steps: scanning for
vector contamination, masking repeats, and annotation. Version 2.10.1 of BLAST+ (Camacho et
al., 2009) was used to scan assemblies for vector contamination against The UniVec Database
(Kitts et al., 2011). Then any contaminants were either masked or deleted using version 2.30 of
BEDTools (Quinlan, 2014). The second step starts by using RepeatModeler (Flynn et al., 2020),
which was run from version 1.3.1 of Dfam TE Tools Container (Abrusan et al., 2009); followed
by transposable elements classification using version 2.1.3b of TEclass running from a docker
container (Almutairi, 2021b). Then, any identified complex repeats were masked to allow for

more accurate annotation processes.

The annotation process was divided into two rounds; an evidence-based round, which was
performed by downloading proteins and transcripts from release 47 of TriTrypDB (Aslett et al.,
2010) using version 2.31.10 of MAKER2 (Holt and Yandell, 2011) and running from a docker
container (Almutairi, 2021a); and ab initio round using version 3.3.2 of Augustus (Hoff and
Stanke, 2019). Each round of annotation was completed with annotation quality checking by
using both version 1.2.1 of Genometools (Gremme et al., 2013) and version 1.2.0 of GAAS (NBIS,
2021). Both rounds were assessed using Annotation Edit Distance (AED). Then an assignment

process for the annotated features was performed using BLAST+ against Uniprot (UniProt,
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2021) and version 5.22-61.0 of InterProScan (Jones et al., 2014). The annotation ended with

keeping the longest isoforms of each predicted protein, using AGAT (Dainat and Herefiu, 2020).

4.5 Synteny Analysis

MUMmer was used to construct a dot plot against a reference that is believed to be a better
depiction of closely related one for all the genomes that were assembled (Kurtz et al., 2004). As
a result, three genomes were employed as a reference: L. sp. MAR, strain LEM2494, against L.
(M.) martiniquensis; L. enriettii, strain LEM3045, against L. (M.) orientalis, L. (M.) enriettii, L.

(M.) sp. Ghana and L. (M.) sp. Namibia; and Endotrypanum monterogeii against P. hertigi.

However, all assemblies were cross-referenced against L. major Friedlin strain, which is the
only available genome without any additional scaffolds and has been used in many karyotyping
investigations to determine chromosome representation (Samaras and Spithill, 1987, Bastien

et al., 1992, Zhou et al., 2004).

MUMmer was also used to assist in the re-scaffolding of the genomes chosen for the
phylogenomic tree construction, which will be detailed in the following section. Genomes
assembled at the scaffold or contig level, for example, are difficult to align against
chromosomes. As a result, prior to the chromosome alignments, a MUMmer run was performed

to ensure a better alignment and, ultimately, a better comparison.

4.6 Phylogenomic Analyses

Since all six genomes were assembled at the chromosomal level, the input for reconstructing
the phylogenomic tree must be equivalent. As a result, two datasets were chosen; the first
dataset contained 16 chromosome-level assemblies, in addition to the six genomes from this

project, which were collected from the 47th release of TriTrypDB (Aslett et al., 2010). They are
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L. aethiopica (L147), L. arabica (LEM1108), L. donovani (BPK282A1), L. donovani (CL-SL), L.

donovani (BHU1220), L. donovani (LV9), L. enriettii (LEM3045), L. gerbilli (LEM452), L. infantum

(JPCM5), L. major (Friedlin), L. major (LV39c5), L. major (SD-75), L. sp. MAR (LEM2494), L.

tarentolae (Parrot-Tarll), L. tropica (L590), and L. turanica (LEM423).

The second dataset used for phylogenomic analyses contains 60 public assemblies, including

non-representative ones, assembled at different levels, as well as three Porcisia species used

as outgroups. All these assemblies were obtained from the NCBI assembly database and then

re-scaffolded using the L. major Friedlin strain as a guide, for them to be represented at the

chromosome-level and thus included in the comparison (Table 4.1).

Table 4.1: list of all assemblies taken from NCBI assembly database, which used in constructing the phylogenomic
trees, and sorted by last update date. (*) represent the genomes that were assembled in this thesis.

Date Assembly [strain] Level Submitted by Accession
2011 L. major [Friedlin] Complete Friedlin Consortium GCA_000002725.2
Genome
2012 L. major [SD 75.1] Scaffold WUGSC GCA 000250755.2
2012 L. donovani [BPK282A1] Chromosome :’:;'iltclftze Trust Sanger GCA_000227135.2
2012 L. mexicana [U1103] Chromosome ' ellcome Trust Sanger GCA 000234665.4
Institute
2012 L. braziliensis [M2904] Chromosome The Sanger Institute GCA 000002845.2
2012 L. infantum [JPCM5] Chromosome The Sanger Institute GCA 000002875.2
2013 L. major [LV39c5] Scaffold WUGSC GCA 000331345.1
Ki lasti
2013 L. panamensis [L13] Scaffold inetoplastid Genomes GCA_000340495.1
Consortium
. Kinetoplastid Genomes
2013 L. tropica [L590] Scaffold . GCA 000410715.1
Consortium
. . Laboratorio de Genomica e
2013 L. amazonensis [LeiAmal.0] Scaffold GCA 000438535.1
Expressao
. Kinetoplastid Genomes
2013 L. turanica [LEM423] Scaffold . GCA 000441995.1
Consortium
. Kinetoplastid Genomes
2013 L. gerbilli [LEM452] Scaffold . GCA 000443025.1
Consortium
2013 L. donovani [BHU1220] Chromosome R central Drug Research GCA_000470725.1
Institute Lucknow
2014 L. panamensis [PSC-1] Chromosome INDICASAT-AIP GCA 000755165.1
2015 . peruviana [PAB-4377] Chromosome UFMG GCA 001403675.1
2015 . peruviana [LEM1537] Chromosome UFMG GCA 001403695.1
The Genome Institute -
2016 L. sp. MAR [LEM2494] Chromosome Washington University School GCA 000409445.2
of Medicine
e Kinetoplastid Genomes
2016 L. aethiopica [L147] Chromosome GCA 000444285.2
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https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000002725.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000250755.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000227135.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000234665.4
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000002845.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000002875.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000331345.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000340495.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000410715.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000438535.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000441995.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000443025.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000470725.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000755165.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_001403675.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_001403695.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000409445.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000444285.2

Date Assembly [strain] Level Submitted by Accession
The Genome Institute -
2016 L. arabica [LEM1108] Chromosome Washington University School GCA 000410695.2
of Medicine
2016 L. braziliensis [M2903] Chromosome  \vashington University School 0y 150340355,
of Medicine
The Genome Institute -
2016 L. enriettii [LEM3045] Chromosome Washington University School GCA 000410755.2
of Medicine
2017 L donovani [AG83] [late passage] ~ Chromosome L’;g;gg;“snt”te of Chemical GCA 001989955.1
Indian Institute of Chemical
2017 L donovani [AG83] [early passage] ~ Chromosome br:;zgyns tute ot Lhemica GCA 001989975.1
2017 L. donovani [152D] Chromosome ~ Contre forinfectious Disease oy 07543465.1
Research
2018 L. infantum [TRO1] Chromosome | [Plic Health General GCA 003020905.1
Directorate
2018 L. guyanensis [LgCLO85] Contig dryad.4bm23
2018 L. naiffi [LnCL223] Contig dryad.4bm23
2018 L. tropica [2017-IK] Scaffold Lebanese American University =~ GCA 003067545.1
e Fundagdo Universidade
2018 L. braziliensis [I0C-L3564] Chromosome Federal de Rondénia - UNIR GCA 003304975.1
2018 L. tropica [2015-IK] Scaffold Lebanese American University =~ GCA 003352575.1
2018 L. guyanensis [204-365] Contig CDC GCA 003664525.1
2018 L. infantum [HUUFS14] Scaffold National Institute of Allergy GCA 003671315.1
and Infectious Diseases
2018 L. lainsoni [216-34] Contig CDC GCA 003664395.1
2018 L. donovani [FDAARGOS_360] Contig US Food and Drug GCA 003730175.1
Administration
2018 L. donovani [FDAARGOS_361] Contig US Food and Drug GCA 003730215.1
Administration
2018 L. donovani [LACL] ERlIRIEES McGill University GCA_003719575.1
Genome
2019 L. aethiopica [209-622] Contig CDC GCA 003992445.1
2019 L. amazonensis [210-660] Contig CDC GCA 003992505.1
2019 L. mexicana [215-49] Contig CDC GCA 003992435.1
2019 L. amazonensis [UA301] Complete Grupo de Investigaciones GCA 005317125.1
Genome Microbiologicas - UR
2019 L. braziliensis [M2904] Complete CBMSO GCA 900537975.1
Genome
2019 ﬁatsarf]”ml“e el Contig Universite Laval GCA_009770625.1
L. -
2019 L tarentolae [Parrot-Tarll] Contig The University of Tokyo GCA_009731335.1
[Tokyo]
2020 L. tropica [ATCC-50129] Contig Lebanese American University =~ GCA 011316065.1
2020 L. chagasi [M32502] [IEC] Chromosome Instituto Evandro Chagas GCA 014466935.1
2020 L. chagasi [M6445] [IEC] Chromosome Instituto Evandro Chagas GCA 014466975.1
2020 L. tropica [CDC216-162] Chromosome CDC GCA 014139745.1
. Complete Centro Biologia Molecular
2021 L. donovani [LDHU3] Genome Severo Ochoa (CBMSO) GCA 900635355.2
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https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000410695.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000340355.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_000410755.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_001989955.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_001989975.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_002243465.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003020905.1
https://datadryad.org/stash/dataset/doi:10.5061/dryad.4bm23
https://datadryad.org/stash/dataset/doi:10.5061/dryad.4bm23
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003067545.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003304975.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003352575.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003664525.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003671315.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003664395.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003730175.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003730215.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003719575.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003992445.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003992505.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_003992435.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_005317125.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_900537975.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_009770625.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_009731335.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_011316065.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_014466935.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_014466975.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_014139745.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_900635355.2

Date Assembly [strain] Level Submitted by Accession

2021 L. infantum [JPCM5] [CBMSO] CG"(:‘E:::* g:"/’et: ‘; gfﬁﬁii?cﬂgﬂgéﬁ/ar GCA_900500625.2
2021 L. enriettii [CUR178]* Chromosome Lancaster University GCA 017916305.1
2021 L. martiniquensis [LSCM1]* Chromosome Lancaster University GCA 017916325.1
2021 L. orientalis [LSCM4]* Chromosome Lancaster University GCA 017916335.1
2021 L. sp. Ghana 2012 [LV757]* Chromosome Lancaster University GCA 017918215.1
2021 L. sp. Namibia [253]* Chromosome Lancaster University GCA 017918225.1
2021 Porcisia hertigi [C119]* Chromosome Lancaster University GCA 017918235.1
2021 L. chagasi [M6445] [USP] Contig University of Sao Paulo - USP GCA 018291365.1
2021 L. chagasi [M32502] [USP] Contig University of Sao Paulo - USP GCA 018290745.1
2021 Porcisia deanei [TCC-258] University of Ostrava GCA 018683835.1
2021 Porcisia hertigi [TCC-260] University of Ostrava GCA 019345635.1
2021 L. major [Friedlin] [CBMSO] ng‘zﬁf g:"/’;: Z gfé‘;ii‘(’cﬂgﬂseg;l”r GCA 916722125.1

Then, in addition to the six genomes from this project, all selected genomes in both datasets
were split and grouped according to the chromosome number. MAFFT aligner was then used
to align each chromosomal set using the default parameters (Yamada et al., 2016). Then, all
alignments once performed, were inspected for recombination using SplitsTree4 software

(Huson and Bryant, 2005).

A series of parameters required to be added to the configuration files to aid in the
reconstruction of each chromosome-scale Bayesian tree. These values were successfully
estimated using MEGAX (Kumar et al., 2018) and then fed into BEAUti software (Bouckaert et
al., 2014). As a result of this optimization, the following parameters were determined: a General
Time Reversible (GTR) substitution model with an estimated five gamma categories for site
heterogeneity; 1.2169 as the mean gamma shape parameters (exponential a); a strict clock
model (uniform rates across branches); Yule speciation process as tree prior (a process of pure
birth) with a crude UPGMA tree as a starting point (Gernhard, 2008); calibrating the pairwise
divergent estimate time of 19.6 MYA (14.6 - 24.7 MYA) for L. infantum (strain JPCM5) and L.
major (strain Friedlin), as the estimated times were derived from 2 studies (Lukes et al., 2007b,

Harkins et al., 2016) and calculated using TimeTree (Kumar et al., 2017).

The same sitting, which ran ten million states, was applied to all chromosome sets. Using

Treeannotator with the default parameters, each converged tree per chromosome set was
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https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_900500625.2
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_017916305.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_017916325.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_017916335.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_017918215.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_017918225.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_017918235.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_018291365.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_018290745.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_018683835.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_019345635.1
https://www.ncbi.nlm.nih.gov/search/all/?term=GCA_916722125.1

combined into a single tree. Then, to build a consensus tree for all chromosomes, all 36
chromosomal trees were manually concatenated into a single tree file and run through
Treeannotator again (Drummond and Rambaut, 2007). All trees were visualised using Figtree

(Rambaut, 2009).

4.7 Orthology Speciation Analysis

The construction of an orthology species tree using OrthoFinder software requires a
collection of a proteome dataset (Emms and Kelly, 2015). Therefore, two distinct datasets were
collected for consistency reasons. The first dataset was collected to be like the first dataset used
for reconstructing the phylogenomic tree, which contained a total of 22 proteomes. The second
dataset was more inclusive. It contained all proteomes in the 47th release of TriTrypDB (Aslett
et al., 2010). The output from the second dataset was then transformed into a combination of
orthology species tree and a heatmap matrix that shows the number of orthologs per

proteome.

4.8 Detecting of Selection pressure in Mundinia Genomes

| utilized a pipeline that was originally developed for evolution and diversity in human herpes
virus genomes HSV-1 and HCMV to detect and quantify natural selection on genes located
within chromosome alignments (Szpara et al., 2014). Initially, all Mundinia genomes were used
for this analysis, where they were reordered into sets of chromosomes, Then, using MAFFT
aligner with the default parameters (Yamada et al., 2016), each chromosomal set was aligned

and used as an input for the pipeline.

The output of this pipeline is a combination of site-wise likelihood ratio produced by SIr and

PAML (Massingham and Goldman, 2005b, Yang, 1997), as well as calculated values of non-
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synonymous to synonymous substitution rates (Q) and transition/transversion rates (K) for all

coding sequence regions produced by CodeML (Yang, 2007).

4.9 Assembly Coverage Analysis and End-of-Chromosome Structure

Validation

For each genome assembly, all chromosomes were concatenated to form a single continuous
sequence separated by a gap of 100 bases of Ns . The number 100 was chosen for two reasons:
it is the canonical number of gaps used, and it is less than the length of reads generated by the
Illumina platform sequences to detect any chromosome overlap. All raw sequencing data were
then mapped onto the concatenated genome using Minimap2 and Samtools. Only the gap areas
with 100,000 bases before and after were included for calculating the coverages per bases.

Then any reads that overlapped were recorded.

4.10 Detection of Divergent Strand-Switch Regions (dSSRs)

Leishmania genes are known to be clustered and transcribed as large polycistronic
transcription units (Puechberty et al., 2007, Chandra et al., 2017). Transcription starts from
divergent strand switch regions (dSSRs) (Daniels et al., 2010). To demonstrate dSSRs for the
assemblies, the final General Feature Format (GFF) outputs, from the annotation process, were
transformed to present the strands. In addition to that, any features contain the term
“polymerase” in its description were selected to be visualised as well using a circular plot

created with Circa software.
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4.11 Chromosome and Karyogram visualisation

Multiple visualisations were used to validate assembly, annotation, and chromosome
structure. The R package chromPlot was used to show entire genome data in a non-circular
fashion across all chromosomes (Oréstica and Verdugo, 2016). REPAVER code, a R script for
visualising DNA sequence repeats, was also used to view repeats, particularly centromere

repeats. In addition to that, multiple circos plots were created with Circa software (Table 3.1).
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Chapter 5. Assembly Results

A. initial graph B. Final graph
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Graph size Graph connectivity Node sizes
Node count: 170 Dead ends: 47 N50: 858,119 bp
Edge count: 253 Percentage dead ends: 13.82% Shortest node: 502 bp
Total length (no overlaps): 31,796,222 Connected components: 50 Lower quartile node: 1,614 bp
Largest component: 26,011,554 bp (81.81%) Median node: 3,993 bp
Total length orphaned nodes: 4,992,685 bp (15.70%) Upper quartile node: 89,367 bp
Longest node: 2,965,686 bp

Figure 5.1: De Bruijn graph and statistics illustrate how repeat sequences entangled the assembly (much like
entangled cotton threads), where the nodes represent the similar repeat sequences found in the majority of
contigs, preventing the assembly from generating larger chromosome-like contigs.
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Choosing the best possible assembly algorithm proved challenging. The three-strategy
approach significantly aided in the assembly's completion. SPAdes, IDBA, and Ray assemblers
produced the best results with the short-reads-only strategy. However, none of the assemblers
used in this strategy is as effective as those used in the other two strategies. The hybrid strategy,
on the other hand, was better than using only short reads. The long-read assemblies, on the
other hand, were the best. They preserved chromosomal structures despite the low-quality
scores generated by Nanopore's long reads, which were significantly lower than those
generated by lllumina. Figures 5.1 and 5.2 demonstrate the clear superiority of the long reads
assembler over the other two. The assessment in this case was made using Nx values,

cumulative length, and GC content (Table 5.1).
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Figure 5.2: Plots comparing the three assembly strategies used in L. (M.) sp. Namibia as a test case during the
optimisation. Section A plots the Nx values, which represent the length of the contig that accounts for at least x%
of the assembly's bases, ranging from 0 to 100%. Section B illustrates the cumulative contig lengths. Section C
shows the GC content.
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Figure 5.3: Sequence quality scores. A displays the average quality scores across short reads, with the x-axis
representing the read's position and the y-axis representing the Q score. B is also connected to the short reads. It
plots the Q scores against the total number of reads in each library. C, on the other hand, demonstrates the same
as B except for the long reads (more details in Supplementary Materials).

Table 5.1: Statistics for each of the three assembly strategies we developed using L. (M.) sp. Namibia as a case

study.
Assembly Long reads only Short reads only Hybrid assembly
(Flye) (SPAdes) (Unicycler)
Number of contigs 120 3141 1143
Largest contig 2,721,116 92,010
Total length 33,097,966 29,748,773 36,205,818
GC (%) 59.56 59.14 59.40
N50 916,499 16,965
N75 601,329 9,052 68,033
L50 11 536 80
L75 23 1138 171
Number of total reads 24,283,788 24,972,674 24,330,561
Mapped (%) 93.94 90.79 93.71
Properly paired (%) 75.57 67.78 74.75
Avg. coverage depth 266 260 233
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5.1 Genome Assemblies

After sequencing, the data sizes and total yield per sample are summarised in Figure 5.3.
The combined file size of all samples was 139.327 Gigabytes, resulting in 58.698 Giga-Bases and
23.708 Giga-Reads (Table 5.3). All sequences were assigned BioSample and BioProject accession

numbers in NCBI database, as shown in table 5.2.

Our assemblies Other Reference assemblies
80 3000
— | 2000
o
1000
a B |
18 -
L (M.) L(M.) L (M.) L (M.)sp. L (M.)sp. Porcisia L (M.) L. (M.)sp. L. major Endotrypanum  Porcisia
martiniquensis orientalis enriettii  Ghana  Namibia hertigi enriettii MAR Friedlin monterogeii  deanei TCC
LV760; LSCM1 LV768; LV763; LV757; LV425; Lvas; LEM3045 LEM2494 Lvss 258
LSCM4 CUR178 GHS 253 C119

Figure 5.4: Comparison plot of the unplaced contigs that were not assigned to any chromosome between our
assemblies and those of other public assemblies. Vertical axes on both sides were created separately to
accommodate the range of values for this project's genomes (left) and a few other representative genomes (right).

Table 5.2: List of sample assembly descriptions.

Sample Strain Isolate BioSample accession BioProject
L. (M.) martiniquensis LV760 LSCM1 SAMN17294109 PRINA691531
L. (M.) orientalis LV768 LSCM4 SAMN17294111 PRJNA691532
L. (M.) enriettii LV763 CUR178 SAMN17294112 PRINA691534
L. (M.) sp. Ghana LV757 GH5 SAMN17294115 PRIJNA691536
L. (M.) sp. Namibia LVv425 253 SAMN17294129 PRINA689706
Porcisia hertigi Lv43 C119 SAMN17294121 PRJNA691541
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https://www.ncbi.nlm.nih.gov/biosample/SAMN17294109
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA691531
https://www.ncbi.nlm.nih.gov/biosample/SAMN17294111
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA691532
https://www.ncbi.nlm.nih.gov/biosample/SAMN17294112
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA691534
https://www.ncbi.nlm.nih.gov/biosample/SAMN17294115
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA691536
https://www.ncbi.nlm.nih.gov/biosample/SAMN17294129
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA689706
https://www.ncbi.nlm.nih.gov/biosample/SAMN17294121
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA691541

Table 5.3: Descriptions of the sequencing stage as well as information about the reads, bases, and file sizes.

Species Platform Accessions Reads (GigaReads) Bases (GigaBases) Size (Gigabyte)
L (M.) Illumina SRR13558784 SRR13558792 SRR13558785 2.318 4.153 10.135
martiniquensis Nanopore SRR13558786 SRR13558788 SRR13558790 SRR13558793 0.086 4.809 9.684
e SRR13558774 SRR13558775 SRR13558776 SRR13558777 7.996 9.553 27.760
SRR13558778 SRR13558779 SRR13558780 SRR13558781

L. (M.) orientalis
Nanopore  srr13558782 0.054 3.357 6.756
lllumina SRR13558795 SRR13558796 SRR13558797 2.600 4.656 11.365

L. (M.) enriettii
Nanopore SRR13558798 0.072 4.365 8.786
llumina SRR13558800 SRR13558801 SRR13558802 SRR13558803 4.844 6.932 18.563

L. (M.) sp. Ghana SRR13558804
Nanopore  srr13558805 0.077 5.390 10.840
lllumina SRR13558764 SRR13558765 SRR13558766 2.858 5.087 12.434
L. (M.) sp. Namibia

Nanopore SRR13558767 0.068 4.377 8.807
lllumina SRR13558754 SRR13558755 SRR13558756 2.717 4.654 11.455

Porcisia hertigi
Nanopore SRR13558757 0.019 1.364 2.742
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https://www.ncbi.nlm.nih.gov/sra/SRR13558784
https://www.ncbi.nlm.nih.gov/sra/SRR13558792
https://www.ncbi.nlm.nih.gov/sra/SRR13558785
https://www.ncbi.nlm.nih.gov/sra/SRR13558786
https://www.ncbi.nlm.nih.gov/sra/SRR13558788
https://www.ncbi.nlm.nih.gov/sra/SRR13558790
https://www.ncbi.nlm.nih.gov/sra/SRR13558793
https://www.ncbi.nlm.nih.gov/sra/SRR13558774
https://www.ncbi.nlm.nih.gov/sra/SRR13558775
https://www.ncbi.nlm.nih.gov/sra/SRR13558776
https://www.ncbi.nlm.nih.gov/sra/SRR13558777
https://www.ncbi.nlm.nih.gov/sra/SRR13558778
https://www.ncbi.nlm.nih.gov/sra/SRR13558779
https://www.ncbi.nlm.nih.gov/sra/SRR13558780
https://www.ncbi.nlm.nih.gov/sra/SRR13558781
https://www.ncbi.nlm.nih.gov/sra/SRR13558782
https://www.ncbi.nlm.nih.gov/sra/SRR13558795
https://www.ncbi.nlm.nih.gov/sra/SRR13558796
https://www.ncbi.nlm.nih.gov/sra/SRR13558797
https://www.ncbi.nlm.nih.gov/sra/SRR13558798
https://www.ncbi.nlm.nih.gov/sra/SRR13558800
https://www.ncbi.nlm.nih.gov/sra/SRR13558801
https://www.ncbi.nlm.nih.gov/sra/SRR13558802
https://www.ncbi.nlm.nih.gov/sra/SRR13558803
https://www.ncbi.nlm.nih.gov/sra/SRR13558804
https://www.ncbi.nlm.nih.gov/sra/SRR13558805
https://www.ncbi.nlm.nih.gov/sra/SRR13558764
https://www.ncbi.nlm.nih.gov/sra/SRR13558765
https://www.ncbi.nlm.nih.gov/sra/SRR13558766
https://www.ncbi.nlm.nih.gov/sra/SRR13558767
https://www.ncbi.nlm.nih.gov/sra/SRR13558754
https://www.ncbi.nlm.nih.gov/sra/SRR13558755
https://www.ncbi.nlm.nih.gov/sra/SRR13558756
https://www.ncbi.nlm.nih.gov/sra/SRR13558757

5.2 Polishing Assemblies

After implementing the optimisation process, chromosome-scale genomes were assembled
successfully. This is critical, as it became clear when comparing previous assemblies to the ones
created for this project that having a complete set of chromosomes assisted in the annotation
process. The total number of contigs (including chromosomes), number of contigs, N50 values,

and other assembly statistics can be seen in table 5.4.

When all six genomes were benchmarked using BUSCO — a Benchmark for Universal Single-
Copy Orthologs — they all had a BUSCO content of 98 % or higher (Figure 5.4). The reference
lineage dataset used, however, contained only 130 BUSCOs. They were collected and curated
to be universal across all the Phylum Euglenozoa species. The missing BUSCOs across all six
assemblies were rapamycin binding domain, GTP-binding protein, ATP-dependent zinc

metallopeptidase, metallo-peptidase, and 3-oxo-5-alpha-steroid 4-dehydrogenase.

L. (M.) martiniquensis LV760;LSCM1 0) 130
L. (M.) orientalis LlV768;LSCM4 0) 130
L. (M.) enriettii LV763;CUR178 3 l 130
L. (M.) sp. Ghana LV757;GH5 2. 130
L. (M.) sp. Namibia LV425;253 1. 130
Porcisia hertigi LV43;C119 1 I 130

0% 25% 50% 75% 100%

B Complete BUSCOs (C) [ Complete and duplicated BUSCOs (D) Fragmented BUSCOs (F) [ Missing BUSCOs (M)

Figure 5.5: Summary of the benchmarking for all six assemblies in BUSCO notation. Euglenozoa is the reference
lineage dataset (31 species: 130 BUSCOs).

71



Table 5.4: Summary statistics for all assemblies.

martmiguanss O orentats L0 ELNE S hertl
Total number of reads 24,128,044 80,540,904 26,789,424 49,308,106 29,347,348 27,383,632
Number of yield bases (Gbp) 19.24 29.20 19.41 26.93 20.51 13.41
Genome coverage (x) 277.9x 390.7x 271.8x 371.2x 291.5x 177.1x
Total number of scaffolds 42 98 54 116 67 74
Genome size in bases 32,413,670 34,194,276 33,318,864 35,953,538 34,118,624 34,958,538
N50 1,046,741 1,120,138 1,075,649 1,100,365 1,066,046 967,170
GC-content 59.90% 59.70% 59.60% 59.70% 59.50% 56.00%
Number of Ns (% of genome) 50 (0.0002%) 1707 (0.005%) 380 (0.001%) 481 (0.001%) 530 (0.002%) 320 (0.001%)
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Although the majority of the contigs were assembled initially chromosome-sized, we used
RaGOO — a reference-guided scaffolding tool — to order and align all contigs into
chromosome-length scaffolds using Minimap2 alignments between contigs and a reference
assembly. It generated 36 pseudomolecules (corresponding to 36 chromosomes) and small

unplaced scaffolds for all assemblies (further details in table 5.5).

Table 5.5: Order and length of assemblies prior to and following the use of RaGOO.

Species Contigs length Contigs length % length Unplaced length in
Before (Mb) after (Mb) change bp
L. (M.) martiniquensis 72 (32.46) 42 (32.41) 99.84% 70,152
L. (M.) orientalis 171 (34.39) 98 (34.19) 99.44% 257,579
L. (M.) enriettii 100 (33.39) 54 (33.32) 99.80% 76,607
L. (M.) sp. Ghana 158 (36.10) 116 (35.95) 99.59% 1,077,537
L. (M.) sp. Namibia 126 (34.20) 67 (34.12) 99.77% 248,213
Porcisia hertigi 168 (35.22) 74 (34.96) 99.26% 1,892,991

To ensure that the correctness of Leishmania genomes, | created a BLAST+ database
containing all Leishmania species genomic sequences extracted from TriTrypDB, then | queried
our assemblies against that database, returning no more than one hit per query and only of
Highest Scoring Pairs (HSP). The output was then processed and visualised as a word cloud, with

the most frequently occurring word displayed in the largest size (Figure 5.5).
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Figure 5.6: A word cloud is used to represent the best hits from BLAST+, with the largest word being the most
frequently mentioned.

To determine the assembly’s similarity to the closest genome, syntenic dot plots were
generated against two public genomes: L. (M.) enriettii LEM3045 strain against all assemblies
except P. hertigi, which was compared to Endotrypanum monterogeii strain LV88 (Figure 5.6)
as described before, syntenic dot plot is a type of scatterplot in which each axis represents an
end-to-end sequence of the genome. Each point on the scatterplot represents a possible
homologous match between these two genomes. Syntenic dot plots are a highly useful tool for
determining synteny between genomes relating to different taxa. The results indicate that there
is a high degree of synteny between all contigs and subject scaffolds. However, when plotted
against our assemblies except P. hertigi, chromosome 31 from L. (M.) enriettii LEM3045
exhibited a typical deletion signal (Figure 5.7 and 5.8). That deletion occurred because of a
misassembly artefact in the L. (M.) enriettii LEM3045 genome, as the majority of 31
chromosome alignments were matched and located at the unplaced scaffolds, but completely

matched the new genome’s chromosome 31.
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Figure 5.7: dot plot graph shows the similarity between the new assemblies (vertical axis) against three publicly
available genome (horizontal axis); L. (M.) martiniquensis strain LEM2494, L. (M.) enriettii strain LEM3045 and
Endotrypanum monterogeii strain LV88 (see Supplementary Materials for full-scale figure).
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Figure 5.8: comparing our assembly of L. (M.) martiniquensis strain LV760 (vertical axis) to L. (M.) martiniquensis
strain LEM2494 (horizontal axis) with the focus on Chromosome 31 in the yellow square. The chromosomes are
ordered by their size rather than their numerical order (see Supplementary Materials for full-scale figure).
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Figure 5.9: comparing the new assembly of L. (M.) orientalis strain LV768 (vertical axis) to L. (M.) enriettii strain
LEM3045 (horizontal axis) with the focus on Chromosome 31 in the yellow square. The chromosomes are ordered
by their size rather than their numerical order (see Supplementary Materials for full-scale figure).

At no point during the assembly process were chimeric sequences detected. The only
sequences that observed unusual were those found at either ends of the chromosomes. This
small number of vector-derived contaminants, such as sequence adaptors, has been removed.
Moreover, contaminants were identified through the UniVec Database (Kitts et al., 2011) in

which BLAST+ algorithm was used.

5.3 Chromosomal Inspection and Karyogram Visualisation

To further explore syntenic similarity, we visualised repetitive patterns across the
chromosomes using the REPAVER script. The repeat patterns revealed some similarities
between regions on the same chromosome and between Leishmania species. For example,
repetitive patterns resembling centromeres were observed in chromosome 15 across all six

assemblies and the L. major Friedlin strain (Figure 5.9). Additionally, comparable patterns were
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observed in different chromosomes. The same pattern, however, was mostly absent in the

Endotrypanum monterogeii strain LV88 genome due to large gaps located exactly in the same

corresponding positions. This can be explained by the low assembly quality and the large

number of unplaced contigs, the majority of which were repeats that were difficult to assemble.

L. (M.) sp. Namibia

IR —

Porcisia hertigi
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E. monteregeii LV88 L. major Friedlin

Figure 5.10: repetitive pattern visualisation of chromosome 15 for 8 species. The vertical axis represents the
chromosome length while the horizontal axis represents the repeat distance from the start of the pattern (see
Supplementary Materials for full-scale figure).

Additionally, a complementary inspection was performed on all assemblies to ensure that

no two chromosomes were unintentionally fused to generate a chimeric chromosome. This was

accomplished mostly by using sequence reads, which were remapped to both ends of

chromosomes with an intentional gap between them. Across all six assemblies, none of the
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chromosomes exhibit any read coverage in the gap between the chromosomes. As an example,

figure 5.10 showed the reads coverage between chromosomes 22 and 23 including the 100 Ns

gap.
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Figure 5.11: read coverage capped at 300x of 10,000 bases at both the end of chromosome 22 and the start of
chromosome 23, separated by 100 Ns, which resulted in no overlapping reads over the gap and the coverage
dropping to zero (see Supplementary Materials for full-scale figures).

5.4 Assemblies Annotation

5.4.1 Repeat Analysis

At this point, all assemblies have been thoroughly scrutinised and inspected for artefacts or
foreign sequences from contamination or vector origin, as well as ordered and oriented using
the best reference genome as a guide. As a result, the annotation process began by detecting
and classifying repeat regions to initiate the annotation process (Abrusan et al., 2009). Most
annotations have been performed using one of two types: evidence-based annotations and ab

initio gene predictions.

After identifying all repeats with RepeatModeler, the number of repeats representing non-
coding Transposable Elements (TEs) varied between 202 and 380 across all assemblies. The
majority of these TEs were DNA transposons, followed by long terminal repeats, long and short
interspersed nuclear elements, and uncleared repeats, which were labelled as unidentified

repeats (Figure 5.12).
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Figure 5.12: Summary graph of the repeats identified in each assembly according to the non-coding transposable
elements’ type (TEs).

Initially, the repeats were identified and classified for a reason; masking repeats is critical
for a smooth annotation process and, more broadly, for assembly. As a result, identifying
complex repeats and masking them for annotation must be done, while leaving the simple
repeats unmasked because they are part of the coding regions and thus useful for detecting

genes and proteins (Figure 5.13).

The interspersed repeat landscape then was estimated using the Kimura 2-Parameter (K2P)
model (Kimura, 1980), which is included in the RepeatMasker package as a ready-to-use utility
script (Figure 5.14). The interspersed repeat landscape is useful for revealing copy-divergence
between different TE classes. The landscape's vertical axis depicts the percentages of various
TEs in the genome, which are sorted according to their Kimura values on the horizontal axis.
The older copies are located on the right side of the graph, whereas more recent copies are on

the left.
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Repeat Landscape for L. (M.) sp. Namibia LV425;253
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Figure 5.13: percentages chart of repeats in L. (M.) sp. Namibia LV425;253 as an example. SINE: Short Interspersed
Nuclear Elements; LTR: Long Terminal Repeat Elements; LINE: Long Interspersed Nuclear Elements; and DNA: DNA
Repeat Elements (see Supplementary Materials for other genomes).
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Figure 5.14: Histogram below shows Kimura distance values (X-axis; from 0 to 50; pairwise substitutions/site) done
for L. (M.) sp. Namibia as an example, for each TE class in relation to the number of copies in the genome (Y-axis;
% of genome). Peaks represent insertion waves of elements into the genome. Older TEs insertion waves are shown
on the right side of the graph, while newer insertions are on the left side. Different colours show distinct TEs
classes, as described at the legend (see Supplementary Materials for other genomes).
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5.4.2 Evidence-based and ab initio Annotations

The process of evidence-based annotation began by collecting Annotated Proteins and
Transcripts, as well as General Feature Format files (GFF) corresponding to the genomic
features and its coordinates. All evidence were collected from 14 Leishmania species; L.
aethiopica, L. amazonensis, L. arabica, L. braziliensis, L. donovani, L. enriettii, L. gerbilli, L.
infantum, L. major, L. mexicana, L. panamensis, L. tarentolae, L. tropica, and L. turanica.

Moreover, they were in a total of 68 files and were obtained from the 47" release of TriTrypDB.

As mentioned previously, to determine the quality of each annotation round, Annotation
Edit Distance (AED) was used (Figure 5.15). The AED model, developed for Sequence Ontology,
is the best model for supported gene annotation discrepancies (Eilbeck et al., 2009). AED was
initially created to quantify the changes made to individual annotations between releases. This
performance metric was widely used in the field of gene prediction. However, the best feature
is its ability to address previously unaddressed sensitivity and specificity measures, such as
alternative splicing (Burset and Guigo, 1996). AED quantifies the extent to which an annotation

undergoes structural changes, such as agreement between intron-exon annotated structures.

In this case, multiple rounds of annotations were considered as releases and, therefore,
AED was used for each round of genomes annotation. AED is used to determine the degree to
which an annotation corresponds to the evidence that supportsit. It isa numeric value between
0 and 1, with one indicating perfect concordance with available evidence and zero indicating
complete lack of support for the annotated gene model (Figure 5.15). In other words, the AED
score indicates the degree to which each annotated transcript corresponds to the supporting

evidence.
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— Evidence-based Round —— Ab initio Round
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Figure 5.15: Annotation Edit Distance (AED) Scores for both evidence-based and ab initio rounds for all assemblies,
visualised.

In all annotations, AED scores for ab initio rounds were slightly higher than those for
evidence-based rounds (Figure 5.15). This can be explained using pre-built training set for L.
tarentolae with AUGUSTUS predictor software, as it can predict the 5’UTR and 3’UTR including

introns more accurately in its trained sets.

After the two rounds are complete, | ended up with a range of 7891 to 8535 annotated
genes at a density of 225.7 to 250.7 genes/Mbp (Figure 5.16 and Table 5.6). Additionally,
multiple files containing proteins and transcripts in FASTA format were generated, as well as
GFF files containing genomic coordinates for each annotated genome. All annotations were
visualised globally in relation to chromosomes in accordance with their feature type (Figure

5.17 of L. (M.) martiniquensis, LSCM1; LV760 as an example).
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Figure 5.16: Total Gene Density (Genes/Mbp) of our assemblies (blue) in comparison to other publicly available
Leishmania genomes (green).

Table 5.6: Annotation statistics for each assembly after Evidence-based and ab initio rounds.

L (M) L (M.) L (M.) L (M.)sp. L.(M.)sp. Porcisia
Features martinique . . .l - ..
nsis orientalis enriettii Ghana Namibia hertigi
Number of genes 7,967 8,158 8,353 8,119 8,266 7,891
Gene density in 245.8 238.6 250.7 225.8 2423 225.7
(genes/Mb)
Number of exons 7,969 8,488 8,584 8,119 8,529 8,270
Mean gene length 1,857 1,938 1,897 1,838 1,919 1,908
CDSs total length (Mb) 14.80 15.40 15.46 14.92 15.48 14.70
(genome%) (45.66%) (45.05%) (46.40%)  (41.51%)  (45.37%)  (42.06%)
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Figure 5.17: Visualisation of chromosomal annotations of L. (M.) martiniquensis (LSCM1), showing how and where they were located within each chromosome and coloured
according to their type as indicated in legends. (Higher resolution figure for each genome can be seen in Supplementary Materials).
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5.4.3 Functional Annotation Assignment

| used the InterProScan software on both the proteins and transcripts outputs to assist in
assigning putative functions derived from the Pfam database collection of protein family
domains and the Gene Ontology (GO) Term Enrichment database; as well as the
UniProtKB/Swiss-Prot database, a high-quality manually annotated and nonredundant protein

sequence database; Then | used the output of that to produce a word cloud (Figure 5.18).
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Figure 5.18: Word cloud of annotations that represents the assignment of functional annotations to all annotated
features across all assemblies.

Unfortunately, none of the annotation assignments were used in the final published
genomes since they, by definition, violated protein nomenclature guidelines because they were
done based on similarity rather than experimental confirmation (Uhlen et al., 2010). Instead,
they were all labelled as “hypothetical proteins” because no proof of confirmation has yet been

reported.
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Chapter 6. Comparative Analyses

Results

6.1 Phylogenomic Trees

At this point, having completed the annotation process, the genomes were ready for a
detailed comparison with other Leishmania species. To accomplish this, two approaches were
chosen. The first is to reconstruct a chromosome-scale Bayesian phylogenomic tree to assess
and estimate the time to the most recent common ancestor (TMRCA), as well as to establish
the topology order for the new assemblies within the Leishmaniinae family tree. The second
approach, which will be detailed in the next section, is to take advantage of the new annotated
proteins and combine them with other publicly available proteomes to perform a deeper
analysis on how these proteins are grouped in terms of similarity, and then infer a phylogenetic

orthology species tree.

Chromosome-scale construction phylogeny has several benefits and drawbacks. For a
project of this scale, the disadvantages of using Bayesian phylogenomic analysis are that the

alignment process is computationally intensive because each set of chromosomes must be
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aligned individually, as some chromosomes exceed 2.7 Mb in length. Therefore, it necessitates
a significant amount of computational power. The best benefit, however, is that it provides a

high-resolution phylogeny. Nonetheless, some pre-start optimisations are required.

Although phylogenomic analysis was done on two different datasets, the optimisation
parameters were similar due to the high degree of synteny between all genomes (Raymond et
al., 2012). As previously indicated, each genome assembly, including the new six genomes, was
divided into individual chromosomes, and then combined with the corresponding
chromosomes of the other Leishmania species for alignment. All optimizations were carried out
on the shortest chromosome, and once they are satisfactory, the analyses were expanded to
include all chromosome sets and eventually produced a consensus tree using all 36

chromosomes.

Assessing multiple substitution models was done to rank all possible model combinations
based on their BIC scores (Bayesian Information Criterion) as well as InL (Log Likelihood value).
This was all done using the MEGAX software (Kumar et al.,, 2018) (Table 6.1). The best
substitution model with the lowest BIC and InL scores was the General Time Reversible model
with discrete Gamma distribution (GTR+G), which had the lowest BIC and InL value (Table 6.1).
Table 6.1: Maximum Likelihood fits of top 5 out of 24 nucleotide substitution models sorted based on the lowest

BIC scores. Abbreviations: GTR: General Time Reversible; HKY: Hasegawa-Kishino-Yano; TN93: Tamura-Nei; T92:
Tamura 3-parameter.

Model Parameters BIC AIC InL
GTR+G 40 4146179.336 4145645.182 -2072782.591
GTR+G+l 41 4146194.69 4145647.182 -2072782.591
HKY+G 36 4148192.742 4147712.004 -2073820.002
TN93+G 37 4148230.392 4147736.3 -2073831.15
T92+G 34 4148254.574 4147800.543 -2073866.271

Following that, the maximum likelihood substitution matrix was estimated using the

GTR+G model, which uses a discrete Gamma distribution to explain evolutionary rate variation
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across sites (5 categories, [+G], alpha parameter = 1.2649). The maximum InL for this
computation was -2,072,622.483. This analysis involved 17 nucleotide sequences. There was a
total of 604,328 positions in the optimisation dataset. However, no significant differences were

found when the same estimation was done on the second dataset that contained 60 species.

After that, using the SplitsTreed software, the alignments output were examined for
recombination (Huson and Bryant, 2005). No signal of recombination was found in any of the
36 sets of chromosome alignments. Additionally, the temporal interval between L. major
(Friedlin) vs L. infantum (JPCMS5), which was estimated to be 19.6 MYA (14.6 - 24.7 MYA) using
TimeTree (Lukes et al., 2007b, Harkins et al., 2016, Kumar et al., 2018), was used as a prior in

constructing the phylogenomic tree.

L. major [LV39c5]
L. major [Friedlin]

L. major [SD75.1]
L. (M.) enriettii [LV763]
L. (M.) enriettii [LEM3045]
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Figure 6.1: Phylogenetic network of chromosome 5 for all 22 species of Leishmania. The blue labelled species are
the newly assembled genomes (see Supplementary Materials for full-scale figure per chromosome).
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Pareisia hertigi [LV43]* 1073 1090 1046 1063 1085 1112 1003 1424 1005 1.007 1053 0587 1108 0873 05978 05944 0925 0936 0928 0923 0924 09309 05911 09536 0953 0827 0924 0923

L. martiniquensis [LV760]* 1.079 0533 0540 0514 0524 0521 1251 0858 0873 0866 0866 0963 0766 0794 0780 0774 0775 0780 0781 0769 0766 0771 0774 0784 0.786 0782 0782

0.540

0520 1245 0DB64 0875 0870 0.865 0967 0765 0797 0783 0779 0781 0784 0.784 0770 0769 0775 0777 0788 0.790 0786 0.787
1143 D795 0.798 0802 0.787 0.898 0.693 0730 0715 0.709 0.710 0713 0.714 0701 0702 0706 0710 0718 0.722 0.71% 0.722
1160 D0D.802 0.809 0817 0.798 0909 0698 0743 0727 0715 0717 0721 0722 0711 0712 0716 0721 0730 0.732 0727 0.728
1121 0772 0781 0821 0787 0.892 0671 0.742 0723 0693 0707 0698 0699 0.697 0.684 0688 0710 0721 0.702 0701 0.700
1124 078 0789 0819 0.804 0501 0678 0741 0728 0704 0710 0705 0706 0.705 0.685 0697 0711 0727 0712 0710 0.710
1135 0776 0.779 0.871 0679 0.707 0699 0679 0683 0683 0.684 0674 0.672 0678 0.683 0.691 0.694 0.688 0.690
1197 0.873 0.941 0941 0933 0936 0937 0.939 0.898 0.916 0.926 0917 0936 0.940 0938 0.942
0813 0605 0.638 0619 0616 0.617 0620 0621 0.607 0.609 0612 0.617 0624 0628 0626 0.628
0.819 0611 0643 0628 0622 0623 0626 0627 0611 0615 0.618 0.621 0630 0633 0631 0.633
L braziliensis [M2904[2019] 1.059 0.866 0.870 0,802 0.817 0821 0319 0.779 0.830 0.605 0663 0641 0631 0637 0632 0633 0624 0616 0.618 0.637 0647 0633 0632 0.634
L broziliensis [M2904] 0,987 0.866 0.865 0787 0.798 0787 0.304 0.787 0.810 0600 0632 0624 0611 0613 0613 0615 0604 0602 0.608 0615 0621 0620 0618 0.620

L. tarentolae [ParrotTarll] 1.108 0.963 0.967 0898 0.509 0892 0501 0871 1197 0813 0.819 0830 0.810 0.506 0482 0476 0478 0476 0477 0470 0.465 0470 0430 0483 0486 0486
L amozonensis[M2269] 0.879 0.766 0.765 0693 0.698 0671 0.678 0679 0.873 0.605 0.611 0605 0.600
L mexicana[U1103] 0.978 0.794 0797 0.730 0.743 0742 0.741 0707 0941 0.638 0.543 0.663 0.632
L donoveni[LV9] 0.944 0780 0783 0715 0727 0723 0728 0639 0941 0619 0628 0641 0624 0.
Loinfantum [JPCMS] 0.925 0.774 0.779 0.709 0.715 0699 0.704 0679 0933 0616 0622 0631 0.611
L donovoni[CL] 0.936 0.775 0.781 0.710 0.717 0707 0710 0.683 0936 0617 0.623 0637 0.613
L donovani[BHU1220] 0.928 0.780 0.784 0713 0.721 0.658 0705 0.683 0.937 0620 0.626 0.632 0.613
L donovani[BPK282A41] 0,929 0.781 0.784 0,714 0.722 0693 0.706 0.684 0929 0621 0.627 0.633 0.615
L aethiopica [L147] 0.924 0.769 0.770 0,701 0.711 0.697 0705 0.674 0.8%8 D0.607 0.611 0.624 0.604
L tropico[L590] 0.909 0.766 0.769 0702 0.712 0.684 0.695 0.672 0916 0.609 0.615 0.616 0.602
L ogerbili[LEM452] 0.911 0.771 0775 0.706 0.716 0.688 0.697 0.678 0926 0612 0.618 0618 0.608
L turonica[LEM423] 0.936 0.774 0777 0710 0.721 0710 0.711 0.683 0917 0617 0621 0637 0615
L orabica [LEM1108] 0.959 0.784 0788 0718 0.730 0721 0727 0691 0936 0.624 0.630 0647 0621
Lomajor [LV39¢5) 0.927 0,786 0790 0722 0.732 0702 0713 0.694 0940 0628 0633 08633 0.620
L.mejor[SD75) 0.924 0782 0.786 0713 0.727 0701 0710 0.688 0938 0626 0.631 0632 0618
L mojor[Friedlin] 0.323 0.782 0.787 0722 0.728 0700 0710 0.630 0942 0.628 0.633 0634 0620

L sp. MAR [LEM2494] 1.090
L. enviettif [LEM3045] 1.046 0533 0.535
L. enrietti [LV763]* 1.063 0.540 0.540

L sp. Namibla [LV425]* 1.085 0514 0.511
L. orfentaiis [LV768]* 1.112 0524 0.520
L sp. Ghana [Lv757]* 1.003 0.521 0.516
L ponomensis[L13] 1.424 1251 1245 1143 1160 1121 1134 1135

L ponomensislPsC1] 1.005 0.858 0.864 0795 0.80Z 0772 0.784 0.759
L broziliensis[M2903] 1.007 0.873 0875 0798 0.809 0781 0789 0.776

Figure 6.2: Estimates of Evolutionary Divergence between Sequences. The average number of base substitutions
per site from between sequences are shown. Analyses were conducted using the Maximum Composite Likelihood
model (Tamura et al., 2004). This analysis involved 29 sequences. All ambiguous positions were removed for each
sequence pair (pairwise deletion option). There was a total of 781282 positions in this dataset. Evolutionary
analyses were conducted in MEGA X (Kumar et al., 2018) (see Supplementary Materials for more details).

Along with the optimal parameters, multiple tree construction variations were configured
using the BEAST software package to achieve convergence by experimenting with different
molecular clock speeds and tree priors. Strict molecular clock and Yule process speciation was
chosen for tree priors (Gernhard, 2008, Bouckaert et al., 2014). Then, all chromosome sets were
subjected to the same parameters, and ran for ten million states. Each converged tree for each
chromosome set was merged into a single tree using the default parameters of TreeAnnotator.
The phylogeny of Leishmania parasites’ genomes was investigated using a consensus tree
constructed from 36 sets of chromosome sequences from our six assemblies and the other

chromosome-scale genomes.

The consensus phylogenomic tree for the first dataset, which includes only chromosome-
scale and complete genome assemblies from TriTrypDB, and for all 36 chromosomal sets is
depicted in Figure 6.3 and 6.4. The tree placed the new six assemblies outside the Leishmania

subgenus, and the time to their most recent common ancestor (TMRCA) was estimated to be
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105.11 Million Years Ago (MYA) with the 95% Highest Posterior Density (HPD) ranged between
84.62 and 138.48 MYA; and between L. (M.) martiniquensis strains (LSCM1 and LEM2494) and
the rest of Mundinia species estimated to be 62.25 MYA (95% HPD: 48.40 - 86.78 MYA). Porcisia
hertigi was identified as an outgroup from the genus Leishmania as expected. The TMRCA
between P. hertigi and the genus Leishmania is estimated to be 131.52 MYA (95% HPD: 100.10
- 182.58 MYA). Moreover, the TMRCA for the subgenus Sauroleishmania and Leishmania is
estimated to be 57.73 MYA (95% HPD: 46.12 - 75.3 MYA), suggesting that L. tarentolae Parrot-
Tarll distinctly belongs to the subgenus Sauroleishmania. In this dataset, no genome from the
subgenus Viannia was shown to be representative due to the difference in chromosome

numbers.

The geologic time scale places the split between the genus of ancestors Leishmania from P.
hertigi and later Mundinia from the other Leishmania subgenera in the early Cretaceous period
(Figure 6.3). L. (M.) martiniquensis strains diverged significantly from the rest of the Mundinia
species during the Paleogene. Simultaneously, L. tarentolae separated from the subgenus
Leishmania. The rest of splits observed in this tree occurred during the Neogene and Quaternary

periods, which span the last 25 MYA.
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Figure 6.3: Phylogenomic tree construction of all 36 chromosomes for 22 species mentioned in the method section.
The blue coloured species are the new assemblies. The horizontal (bottom) shows the time scale in reverse order
(MYA) and Geologic Time Scale (GTS) (Ogg, 2020) (see Supplementary Materials for details).
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Figure 6.4: All 36 chromosome trees added together to create a single consensus tree using DensiTree software.
The colours were generated automatically to differentiate each clade (see Supplementary Materials).
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The phylogenomic tree for the second dataset verified what occurred in the first one but
with considerably extra details. As stated before, this dataset includes 60 species. As shown in
figure 6.5 and 6.6, all four subgenera of Leishmania were clearly denoted by branches on the
tree. This tree also confirms that the new assemblies are, apart from P. hertigi, all in the
subgenus Mundinia. However, the time estimation in this tree were slightly different than the

first one.

The TMRCA between the outgroup, which are Porcisia species, and the rest of Leishmania
assemblies is estimated to be around 152.54 MYA (95% HPD of 110.6 — 170.37 MYA). TMRCA
between the subgenus Mundinia assemblies and the other four subgenera is estimated to be
around 121.15 MYA (95% HPD of 91.13 — 135.93 MYA). The same distinction between L. (M.)
martiniquensis strains (LSCM1 and LEM2494) and the rest of Mundinia species was also
estimated to be around 74.3 MYA (95% HPD of 53.7 — 84.09 MYA) (Figure 6.5). Moreover, the
TMRCAs between the three subgenera were also estimated. The TMRCA between the subgenus
Viannia and both Sauroleishmania and Leishmania subgenera is estimated to be 105.51 MYA
(95% HPD of 74.6 — 118.34 MYA). The TMRCA between the subgenera Sauroleishmania and
Leishmania is estimated to be 63.79 MYA (95% HPD of 48.94 — 74.52 MYA) (Figure 6.5).

Other observations were also made with the other genomes. For instance, L. (L.) tropica
species (strain CDC216-162), that was isolated from an American traveller in Afghanistan
(Unoarumbhi et al., 2021), seemed to be more closely related to the L. infantum-chagasi and L.
donovani clade than the other L. tropica species. In Viannia clade, L. (V.) braziliensis, L. (V.)
guyanensis and L. (V.) panamensis appeared to be difficult to be differentiated since they

appear to have different topologies in each chromosome tree (Figure 6.6).
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Figure 6.5: Phylogenomic tree construction of all 36 chromosomes for 60 species from the second dataset. The blue
coloured species are the new assemblies. The horizontal (bottom) shows the time scale in reverse order (MYA). The red
coloured species are the ones used for TMRCA calibration (see Supplementary Materials for full-scale figure).
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Figure 6.6: All 36 chromosome trees added together to create a single consensus tree using DensiTree software. The
bottom axis represents the time scale in reverse order in million years (see Supplementary Materials for full-scale figure).
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6.2 Orthology-based Tree

Given that the total number of annotated CDSs for all six assemblies is 48,405 (details in
Table 5.6), an orthology-based species tree was created utilising 55 proteomes from TriTrypDB.
The tree topology of the species tree created by the OrthoFinder algorithm and the two
Bayesian phylogenomics trees showed a high degree of agreement. The species tree is shown
in Figure 6.7 with a heatmap matrix representing the number of one-to-one orthology
similarities. All four Leishmania subgenera were clustered in the same way as the phylogenomic
tree. Additionally, as expected, P. hertigi were an outgroup for the four Leishmania subgenera
and were closely related to the proteome of Endotrypanum monterogeii strain LV88. The
heatmap revealed a high degree of orthologue similarity between all Leishmania species,
including Porcisia and Endotrypanum species, ranging between 6,540 and 8,268 orthologs,

whereas the Mundinia clade had a range of 7,076 to 8,250 orthologs.
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Figure 6.7: Species tree, shared orthologues matrix and duplications generated by OrthoFinder. The heatmap is coloured according to the number of orthologs in the matrix. Names

of the new genomes are followed by asterisk (see Supplementary Materials for details).
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6.3 Identification of Polycistronic Transcription Units (PTUs)

Genes in Leishmania are known to be arranged in clusters and transcribed as long
Polycistronic Transcription Units (PTUs) (Pannunzio and Lieber, 2016, Chandra et al., 2017).

Transcription starts from divergent Strand Switch Regions (dSSRs) (Daniels et al., 2010).

The GFF outputs generated during the annotating process were repurposed. They were
transformed into coordinate tables to demonstrate both upstream and downstream
transcription PTUs, and then shown in circular form. Additionally, a layer has been added to
indicate the position of any feature that has been fully or partially labelled as “polymerase” as
a potential polymerase binding site in SSRs. This was done to determine whether there is any
correlation between the beginning of PTUs and the relative position of any feature labelled as
polymerase throughout all chromosomes, as previously described (Martinez-Calvillo et al.,

2003).

The polymerase location and strand direction combination confirm that the new genome
assemblies shared a high number of polymerase locations with the reference. Additionally,

most of them can be found at either end of the PTUs (Figure 6.8).
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Genome Keys:
L. major (Friedlin) [Reference]
L. (M.) martiniquensis
L. (M.) orientalis
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Figure 6.8: Strand switching regions features across all assembled genomes in comparison to L. major Friedlin strain as a reference. The black coloured lines represent features
annotated (or predicted) as “polymerase”. Some of the polymerase ribbons are coordinated with strand switch locations. The topology of stranding across chromosomes
shows similarity between Mundinia subgenus as well as P. hertigi and when compared to the genome of L. major Friedlin strain (see Supplementary Materials for full-scale).

98


https://livelancsac-my.sharepoint.com/personal/hatim_lancaster_ac_uk/Documents/Thesis_Writeup/Thesis%20Draft%20v.20%20HA.docx#_Supplementary_Materials

6.4 Detection of Selection Pressure

The detection of selection pressure was focused to Mundinia species and genes for which
the gene slicer script was able to generate sufficiently high-quality gene alignments from the
original chromosomal alignments (Szpara et al., 2014). Due to the alignment quality threshold
imposed by the gene slicing script, only 69% (5,519) of all CDS were tested for selection
pressure. A total of 36 (0.65%) sites were detected to have positive selective pressure (Table

6.2).

The proteins encoding these 36 sites were subjected to a protein family search using both
the profile hidden Markov Models HMMSCAN (Potter et al., 2018) and Position-Specific Iterated
BLAST methods (Altschul et al., 1997). Among those sites, we find domains annotated as:
“protein of unknown function”, C2 domain-containing protein, Poly(A)-specific ribonuclease,
Deoxyhypusine hydroxylase, Protein seedling plastid development, Transmembrane 9
superfamily member, Patatin-like phospholipase domain-containing protein, and MTOR-
associated protein MEAK7. Only 4 proteins did not have any match with both HMMSCAN and
PSI-BLAST which are in chromosomes 3, 6, 33 and 34 (see table 6.3). These four proteins may

be inferred to be novel.
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Table 6.2: statistics of CDS subjected to selection pressure analysis (see Supplementary Materials for details).

Chromosome Number of CDS CDS included

included for Selection (%) Sir hits SIr% among included CDS SIr% among All

1 78 64 1 1.56% 1.28%
2 70 o N s o 0.00% 0.00%
3 91 64 _70% 2 3.13% 2.20%
4 124 86 _ 69% O 0.00% 0.00%
5 125 s [ o 0.00% 0.00%
6 125 9s T 2 2.08% 1.60%
7 125 e« N sy 1 1.56% 0.80%
8 110 77 N 0 0 0.00% 0.00%
9 153 s s 1 0.87% 0.65%
10 132 os [ 1 1.05% 0.76%
11 123 92 _5% 0 0.00% 0.00%
12 99 6s [N 66 o 0.00% 0.00%
13 173 111 N e 1 0.90% 0.58%
14 138 104 T o 0.00% 0.00%
15 178 102 [ s 0.98% 0.56%
16 171 s [ 6o% 0 0.00% 0.00%
17 153 93 [N ax s 3.23% 1.96%
18 159 13¢ [ - 0.75% 0.63%
19 156 107 [ so% 0 0.00% 0.00%
20 159 9s [N 6% 3 3.13% 1.89%
21 213 153 [y 1 0.65% 0.47%
22 152 126 [ o 0.00% 0.00%
23 194 132 [ ey 1 0.76% 0.52%
24 237 s [N, o 0.00% 0.00%
25 261 208 [ER, s 1.44% 1.15%
26 273 189 _ 69% 3 1.59% 1.10%
27 258 196 [ o 0.00% 0.00%
28 327 24 s, 1 0.41% 0.31%
29 278 28 [EE 0.44% 0.36%
30 379 00 [T 2 0.34% 0.26%
31 315 54 0 0.00% 0.00%
32 415 160 0 0.00% 0.00%
33 354 261 3 1.15% 0.85%
34 405 309 3 0.97% 0.74%
35 528 427 0 0.00% 0.00%
36 732 561 2 0.36% 0.27%
Grand Total 7967 5519 69% 36 0.65% 0.45%
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Table 6.3: Protein Families detected using both HMMSCAN and NCBI BLAST search. The families are (O): NCBI superfamily, @ : NCBI conserved domains, @: coG, O:

SMART/cl, @: Supfam, @: TIGR, @ : TigrFAM, @: Gene3D, (): TreeFAM, @: PIRSF, A : Pfam, W : PSI-BLAST, and <> :PDB. The rows coloured in light red do not have
any protein family detected while the ones coloured in light green have a parasite-host interaction function.

Accession

Protein Families

Names

Functions

KAG5488126.1
KAG5487731.1
KAG5487718.1
KAG5486723.1
KAG5486712.1

KAG5486216.1

KAG5485498.1

KAG5485011.1

KAG5484037.1

KAG5482904.1
KAG5481582.1
KAG5481538.1

KAG5481498.1

Chr Sites
1 1
3 1
3 1
6 1
6 1
7 1
9 1

10 1
13 1
15 1
17 1
17 1
17 1

ON

[

@

0 @

@O @
00 @0 A

e e

@

4 4 4 <4 4«

<4

4 4 4 4

Anaphase-promoting complex subunit 4
WD40 domain

DNA polymerase Ill subunits gamma
and tau

YVTN repeat-like/Quinoprotein amine
dehydrogenase

beta-propeller

Unstructured region C-term to UIM in
Ataxin3

Protein kinase C conserved region 2
Ca?*dependent lipid-binding protein
C2- domain Calcium/lipid binding
domain

DNA clamp

Oxidored-nitro domain-containing
protein isoform 1

mt-LAF8

Transcriptional regulator ICP4
Adventurous gliding motility protein GltJ

Mediate ubiquitin-dependent proteasomal
degradation in cell cycle
Transport proteins

Ubiquitin binding and ubiquitylation promoter

Regulate signal transduction processes at the
membrane surface

Promoting factor in DNA replication

Part of kinetoplastids mitoribosomes

Transcriptional regulatory protein
Gliding motility mechanism
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https://www.ncbi.nlm.nih.gov/protein/KAG5481538.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5481498.1/

Accession

Chr Sites

Protein Families

Names

Functions

KAG5481068.1

KAG5480045.1

KAG5480006.1

KAG5479963.1

KAG5479324.1

KAG5478657.1

KAG5477112.1
KAG5477073.1

KAG5476895.1

KAG5476530.1

KAG5476493.1

KAG5476398.1

KAG5474511.1

18 1
20 2
20 2
20 2
21 1
23 1
25 1
25 1
25 1
26 1
26 1
26 1
28 1

@
O @
C®000e

)

@
O O @

O

©C®0e0ae
O @ O ©
ON O @

> >

4 4 4 4«

4 4 4 4 4

<4

Mitochondrial carrier

Golgi alpha-mannosidase Il
Smp-1-like

tRNA pseudouridine synthase D

Metallo-dependent phosphatases

BAR/IMD domain-like
Ciliary rootlet component,
centrosome cohesion

CAF1 family ribonuclease
Rnase H

BRCT domain
BRCA1 C-terminus domain

Chromosome segregation ATPase

ARM

Leucine-rich Repeat Variant
phycocyanin lyase
Phosphotyrosine-binding domain
(PTB)

Meiotic cell cortex C-terminal
pleckstrin homology
Pathogenicity factor

large tegument protein UL36
Plant-like Phospholipase C (PLC)
pleckstrin homology (PH) domain

calmodulin binding domain
C-terminal middle region of
Androglobins (Adgbs)
P-loop containing nucleoside
triphosphate hydrolases
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Amino acids transportation
N-glycan synthesis

Synthesis of pseudouridine from uracil-
13 in transfer RNAs.

Metabolic damage-control
(housecleaning)

Cell signalling and sensory perception

Remove RNA primers during DNA
replication

Cell cycle checkpoint functions and
responsive to DNA damage

Cell cycle control
Cell division
Chromosome partitioning

Structural function
Increases oxygen production

Signal transduction

DNA replication and evasion of the
immune response

Focal-adhesion molecule to plasma
membrane

Mediates Ca?* signalling
Spermatogenesis
protein folding


https://www.ncbi.nlm.nih.gov/protein/KAG5481068.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5480045.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5480006.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5479963.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5479324.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5478657.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5477112.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5477073.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5476895.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5476530.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5476493.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5476398.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5474511.1/

Accession

Chr Sites

Protein Families

Names

Functions

KAG5473777.1

KAG5472426.1

KAG5469588.1

KAG5469580.1

KAG5469529.1

KAG5468413.1

KAG5468408.1

KAG5468130.1

KAG5464423.1

KAG5464022.1

29

30

33

33

33

34

34

34

36

36

1

O @) AV
ON NONONON ) AV

v
O @ @) [ v
O @ O v
O AV

Cee000e e Av

v
O \4
©O@®0O0 AV

PSP1 C-terminal conserved region

Sporulation stage Ill, protein AA
P-loop containing nucleoside triphosphate
hydrolases

P-loop containing nucleoside triphosphate
hydrolases

Kinesin

large tegument protein UL36

Med15 subunit of Mediator complex

Endomembrane protein 70

Triacylglycerol lipase 3

Predicted acylesterase/phospholipase
RssA

FabD/lysophospholipase-like

Rab3 GTPase-activating protein regulatory
subunit N-terminus
beta-propeller

TLD
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sporulation to survive harsh
environment

Generate force and displacement
along microtubules

Host interaction

General transcriptional cofactor

Permits various cell functions to be
compartmentalized

Metabolic function
Lipid mediator production

Intracellular regulations and
vesicle traffic

Cell death and DNA replication


https://www.ncbi.nlm.nih.gov/protein/KAG5473777.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5472426.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5469588.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5469580.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5469529.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5468413.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5468408.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5468130.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5464423.1/
https://www.ncbi.nlm.nih.gov/protein/KAG5464022.1/

Chapter 7. Discussion

Recent years have seen a substantial increase in our understanding of genomes and their
function in health and disease. Two decades earlier, researchers were conducting early studies
of the first reference human genome sequences, which cost more than $1 billion to assemble
(Venter et al., 2001, Lander et al., 2001). Thousands of genomes have been sequenced since
then. Advances in sequencing technologies have accelerated the pace of research. It was
estimated ten years ago, that a human genome can be sequenced completely in days for less
than a thousand dollars, with costs expected to continue to decline in the coming years (Mardis,

2011).

Making sense of genomic data demands parallel advancement of both sequencing and
computational technologies (Stein, 2010). Both continue to advance, enabling an ever-
increasing capacity for accurate disease detection and the creation of effective and focused
treatment. They also provide opportunity to further analyse in far greater detail than previously
done, especially in the case of NTDs, which may result in more suitable approach for control,

treatment, and prevention.
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7.1 Computational Challenges

Working with large amounts of data proves challenging. To process and analyse all the data,
for example, a large amount of storage space and enough powerful computing units are

required. Cloud computing, rather than relying on traditional computers, may be the answer.

Cloud computing is the product of the combining a group of traditional computing units in
such a way that it can make efficient use of any accessible resource pools for compute, storage,
and memory (losup et al., 2011, Prasad and Rao, 2014, Li et al., 2015). This resource pools can
also be made available to other users over the Internet. One of the most essential resources in
Cloud Computer technology is the virtual machine (VM). Some VMs are dependent on resource
scheduling methods that prioritise quality of service over the profitability. Currently, resource
scheduling and management are the most significant and challenging tasks in cloud computing

technology (Eswaraprasad and Raja, 2017).

Scheduled-based VM is usually centralised computation service designed to support users
who require high-performance and high-throughput computing, including workloads that
exceed the capabilities of the Interactive Unix Service (IUS) or a desktop PC. It contains high
number central processing units (CPUs), terabytes of aggregate random-access memory (RAM),

and high-speed file storage.

However, because it is based on a job scheduling system, most bioinformatics analyses
require continuous interaction with the machine, which requires adding more jobs and thus
decreasing the priority of running the job, as scheduling systems use this as a penalty parameter

for prioritizing and thus extending the analysis time.

On the other hand, some virtual machines can be considered dedicated units equipped with
the Interactive Unix Service (IUS) and a limited number of CPUs and RAMs but with far better
processing capability and storage than a desktop PC. This type of virtual machine is well-suited

for interactive analysis because the entire machine is often managed by a single user.
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7.2 Mundinia Lineage and Evolution

The results demonstrated that high-quality genomes, with most of their features annotated
and predicted, can be important. They also showed that they can be used to create accurate

findings about how Leishmania parasites evolved and how they may be taxonomically classified.

The findings suggest that the subgenus Mundinia was the first subgenus lineage to branch
off from the Palaeoleishmania hypothetical common ancestor. The early origin of Mundinia
explains two things: 1) its geographical diversity — as it travelled along with the splitting
continents, rather than having to cross oceans, and 2) its genetic diversity, since a lot of time
has elapsed since the Mundinia MRCA. Additionally, the fact that the most recent ancestor is
estimated to have lived in the early Cretaceous period suggests that branching happened prior
to the supercontinent split (Dixon et al., 2001). According to some fossil evidence, the early
Cretaceous period is thought to be the period of the origin of mammals in general (Marlowe,
2005). However, other evidence suggests that it could have occurred as early as the late
Jurassic, as the early Cretaceous is the time of the radiation of eutherian mammals, such as the
TMRCA of Afrotheria (elephants, hyraxes), and the lineage leading to all other mammals is

around 105 MYA (Rook and Hunter, 2014).

The phylogenomic trees revealed evolution of the ancestors of modern genus Leishmania
across 3 distinct periods. The first one was between the late Jurassic and early Cretaceous
periods. It included the splits of Euleishmania from Paraleishmania, averaged around 138 MYA,
as well as the splits of the subgenus Viannia from both Sauroleishmania and Leishmania,
averaged around 103 MYA. The second period encompasses both early and late Cretaceous
epochs. Mundinia was split from the other three subgenera, Viannia, Sauroleishmania, and
Leishmania, averaged around 113 MYA. The third one, averaged around 60 MYA, occurs during
the late Cretaceous and Paleogene periods. It comprises two main splits: one between L. (M.)
martiniquensis strains and the rest of Mundinia, and another one between the subgenera

Sauroleishmania and Leishmania.
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As a result, the question arose as to what had occurred to either mammalian hosts or insect
vectors during these time periods. Furthermore, were there any major events that coincided

with the findings?

The primary event that represents the time coordinate of the root of the trees, around 175
MYA, coincides with the start of supercontinent breakup, between 201 and 174 MYA (Early
Jurassic), which resulted in the formation of the modern continents and the Atlantic and Indian
oceans (Wilson, 1963). However, due to its separation from other landmasses such as Baltica,

Laurentia, and Siberia, Gondwana is not considered to be a supercontinent (Bradley, 2015).

Another significant time period in the evolution of mammals was the Paleocene-Eocene
Thermal Maximum (PETM) (Mclnerney and Wing, 2011), which occurred approximately 56
million years ago. There are fossil traces of large mammalian groups migrating from Asia to
north America during that time period (Bowen et al., 2002). Additionally, other studies have
suggested that the expansion of primates begins at this stage with fossils found in Europe, North

America, and Asia (Beard, 2008, Smith et al., 2006).

According to earlier theory, the divergence of Paraleishmania from Euleishmania, as
depicted in Figure 6.5 by the genus Porcisia, occurred approximately 140 MYA, as opposed to
the 26 MYA estimated previously. This major discrepancy in values could be explained by the
fact that when these theories were developed, they relied on limited molecular evidence and
outdated mathematical models (Noyes et al., 1997, Noyes et al., 2000). Moreover, it was also
assumed that L. hertigi, as it was then called, would be more closely related to Leishmania, so
earlier divergence dates remained plausible, until more molecular phylogenetic evidence

appeared.

In general, previous analyses supported my conclusion that P. hertigi is closely linked to P.
deanei, as indicated in the results, as well as Porcisia being closely related to Endotrypanum, as
| have indicated in the orthology species tree (Croan et al., 1997, Cupolillo et al., 2000, Noyes
et al., 2002, Asato et al., 20093, Pothirat et al., 2014b). Nonetheless, the phylogenomic analysis
revealed that TMRCA of sub-family Leishmaniinae is estimated to be older than that previously

hypothesised.
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7.3 Implications of Accurately Assembling Genomes

The new genomes, particularly L. (M.) martiniquensis and L. (M.) enriettii, were assembled
more accurately than the previous ones. The syntenic dotplot for chromosome 31 revealed a
typical deletion signal (Figures 5.7 and 5.8 in chapter 5). However, this deletion signal was
matched with some unplaced contigs and scaffolds that were located the end of both previous
assemblies. This artefact was confirmed when the same analysis was performed on L. major
Friedlin strain, where the deletion signals were absent. Additional verifications were also
performed by comparing all assemblies to other reference genomes, and no deletions were

found.

Several of the features that were studied in earlier Leishmania genomes were found to be
present in all six assemblies, providing additional evidence that the annotation process was
thorough, such as the strand switching region (Figure 6.8 in chapter 6). Other features were,
however, not studied before due to the absence of any publicly available data of this subgenus.
For instance, when selection pressure was analysed in all Mundinia protein coding sequences,
the majority of CDS were negatively selected while the CDS with positively selected residues —
all still have an overall Q < 1 —were only thirty-six coding regions, all of which were assigned as
hypothetical proteins. Although efforts have been made here to characterise some of these
residues, the findings necessitate more examination into their possible involvement in evading

immunity in both vectors and hosts, as seen in previous studies (Neto et al., 2019).

Generally, the results presented here are a consilience of evidence. It demonstrates my
strategy of inference to the best explanation, as | used a range of methods and tools reaching
the conclusion that all points lead towards the same conclusion, although each alone is
incomplete proof when considered in isolation. However, the cumulative effect of estimating
the taxonomy of subgenus Mundinia in a range of ways makes the acceptance of my conclusion
irresistible. Indeed, rejection of the conclusion would be unreasonable, given the weight of
independent evidence from different angles of enquiry. This implies that the inference is

correct, as described above.
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Looking back at the assembly's foundations, combining both long and short reads for
assembly proves to be the best way to overcome the inherited difficulty of assembling repeat
regions with conventional short reads using de Bruijn graph-based assemblers (Dujardin, 2009).
Long reads sequences with Nanopore technology, on the other hand, have low quality scores,
resulting in a high rate of incorrect base calling. Additionally, the use of alternative long read
platforms, such as long reads on PacBio Hi-C platforms, is advocated. As a result, high-quality

long reads can help in accurate assemblies.

7.4 Annotation Challenges and Opportunities

The annotation process resulted in a substantial number of annotated features that are
compatible with other annotated Leishmania genomes (Table 5.6). However, a serious
challenge is that on average of 2.08% (Figure 7.1) of the annotated genes in our submitted
assemblies have multiple exons (Steven L Salzberg, personal communication, 08 December
2021). Even though the majority of Leishmania genes lack introns, these results indicate that
one of the annotation rounds predicted the presence of introns (Fong and Lee, 1988, Kazemi,

2011).
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Figure 7.1: A: Number and type of splice sites per genome. B: Number of introns across annotated genes.
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This could indicate that the evidence used for annotation already had genes with multiple
exons, or that the prediction organism model, L. tarentolae, predicted genes with multiple
exons incorrectly. The other possibility is that, as part of the process of finalising the annotation,
the longest isoform of the annotated feature was chosen, as multiple isoforms are not

acceptable for submission of genome assemblies to Genbank.

This constraint, on the other hand, can be viewed as a future opportunity to improve the
annotation process. One strategy that might be used in this case is to use native RNA sequencing
and transcriptome assembly via Oxford Nanopore Technologies as the primary evidence for the
annotation process, rather than relying on external evidence from other species (Soneson et
al., 2019). However, not all transcripts will be captured since some may be present in a form of
the parasite that was not cultivated in cells and is only detected in the vector, such as the

promastigote form.

Another approach that may help and has been used previously for multiple Leishmania
parasites, even prior to the assembly of their genomes (Mann and Pandey, 2001), is to search
against all six-frame translated nucleotide sequences from a genome or expressed sequence
tag using an experimental proteome from tandem mass spectrometry (MS/MS) experiment
(Choudhary et al., 2001, Pawar et al., 2012, Sanchiz et al., 2020). This technique, when used in
conjunction with conventional genome annotation, has the potential to overcome this

challenge.

In terms of the optimization, results demonstrated that, at least in the case of Leishmania
genome assembly, using hybrid assembly algorithms appears to have the opposite effect, which
is not to be confused with the approach taken in this project, which uses long reads for assembly
and short reads for polishing. Hybrid assembly generates a final assembly by using both short
and long reads. This clearly demonstrated that it could produce not only shorter contigs but
also a longer genome in total, which in this case resulted in a genome of 36 Mbps, more than 4

Mbps larger than the target (Table 5.1).
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7.5 Implications and limitations

Most findings have added to the wealth of evidence indicating that Mundinia is a distinct
sub-genus of genus Leishmania within the subfamily Leishmaniinae (Kostygov and Yurchenko,
2017, Jariyapan et al., 2018a, Butenko et al., 2019a). However, considering the clear separation
of branches between L. (M.) martiniquensis and other Mundinia species in phylogenomic trees,
L. (M.) martiniquensis may be considered as a representative species within a possible new
subgenus as they diverge around 60 - 70 MYA (Figure 6.3 and 6.5). Therefore, this distinction
should be formally made, as around the same period, a similar distinction was made between

the Leishmania and Sauroleishmania subgenera.

When species were initially chosen to be included in reconstructing the phylogenomic trees,
genomes assembled at the chromosome level were chosen solely for consistency. This,
however, resulted in a less informative tree (Figure 6.3). For instance, species with known
fission and fusion events in their chromosomes, primarily genomes from the Viannia subgenus
with smaller chromosome numbers, had to be excluded. However, because the adjustment step
used previously in the LGAAP pipeline demonstrated its validity, it was also used to adjust and
reorient the genomes to fit them into chromosome-scale assemblies in a way that allows for
alignment and subsequent tree reconstruction to be insightful (Figure 6.5). As a result, the L.
major Friedlin genome was used once more as a guided reference genome to order and orient
the chromosomes for those that were not assembled at that level, as well as to fit the genomes
with inconsistent chromosome numbers, as it is the most reliable reference genome for

Leishmania species so far.

However, when L. major Friedlin genome was used to adjust for previously known species
with fewer chromosomes, such as L. (V.) braziliensis and L. (L.) mexicana, the results revealed
unexpectedly perfect alignments with different chromosomes (Figure 7.1 and 7.2). Given the
strong alignments and the fact that the different chromosome numbers were reported based
on using around 300 markers 20 years ago, it is possible that lower chromosome numbers might

be wrong. This, of course, emphasises the importance of rectifying this issue with additional
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genome assemblies, particularly those with fewer chromosomes, using long read sequencing

technologies and a pipeline roughly equivalent to the LGAAP pipeline.
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Figure 7.2 Dotplot comparison between the original genome of L. (V.) braziliensis M2903 (vertical axis) against L. major Friedlin stain (horizontal axis) before and after the
adjustment. The figure shows that chromosomes 20.1 and 34 are matching completely (see Supplementary Materials for full-scale figures).
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Figure 7.3: Dotplot comparison between the original genome of L. (L.) Mexicana U1103 (vertical axis) subjected against L. major Friedlin stain (horizontal axis) before and
after the adjustment. The figure shows that chromosome 8 and 29 as well as chromosomes 20 and 36 are matching with clear separation (see Supplementary Materials for
full-scale figures).
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Despite our encouraging results, a critical examination of current and previous assemblies is
necessary to facilitate the development of new next generation assemblies for Leishmania
species that incorporate both long and short reads. This will contribute to the development of
more precise and accurate genomes. In addition to that, the results contribute a clearer
understanding of the basic biology of Mundinia genomics and evolution, and eventually will aid

in drug discovery, vector control, and treatment.

As previously stated, the results are limited in their generalizability due to the pipeline being
tailored to assemble and annotate only six genomes. However, because the methodology is
publicly available and open sourced, this provides an opportunity for others to obtain the
pipeline code and adapt it for other genomes, not just Leishmania, but for other eukaryotic

single cell organisms as well.

| attempted to be as reproducible as possible; however, because it is novel, it required many
trials and errors to produce. This influences the time required to complete the task. However,

once it has been thoroughly tested and retested, its application is quick, simple, and reliable.

7.6 Selection Pressure and Host Interaction

Positive selection analysis tool SIr was chosen over other selection algorithms in order to
perform a statistical likelihood-ratio test with a particular emphasis on the strength of selection
at each site. The strength of selection at each site is calculated by comparing the rate of
nonsynonymous substitutions, which alter amino acids, to the rate of synonymous
substitutions, which are considered to be a silent mutations and thus evolve in a strictly neutral

manner (Massingham and Goldman, 2005a).

Only four of the 36 positively selected CDS are completely novel since they have no homologs
in any of the protein families searched (Table 6.3). Among the remaining 32 CDS, two were
found to be associated with evasion of the immune system, adhesion to plasma cells, and

pathogenesis: one was found on chromosome 26 and contains Phosphotyrosine-binding
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domain (PTB), Meiotic cell cortex C-terminal pleckstrin homology, Pathogenicity factor, large
tegument protein UL36, and Plant-like Phospholipase C (PLC) pleckstrin homology (PH) domain
(Accession numbers: KAG5476398.1, KAG5502146.1, KAG5476121.1, KAG5476671.1,

KAG5499538.1, and KAG5476398.1).

The phosphotyrosine-binding domain (PTB) is located at the C-terminus of the tensin
protein. Tensin is a multi-domain protein that binds to actin filaments and serves as a focal-
adhesion molecule, which are plasma membrane regions through which cells attach to the
extracellular matrix (CHEN et al., 2000). During Leishmania infection, PTB has been linked to
phagolysosome biogenesis and phagosome function during L. major infection. Dok proteins are
expressed in macrophages and are involved in the negative regulation of signalling in response
to lipopolysaccharide and various cytokines and growth factors (Boulais et al., 2010, de Celis et

al., 2015).

The second CDS associated to immune system evasion, plasma cell adhesion, and
pathogenesis was found on chromosome 33. It contains P-loop nucleoside triphosphate
hydrolases, kinesin, large tegument protein UL36, and Med15 subunit of Mediator complex

(Accession numbers: KAG5469580.1, KAG5494493.1, KAG5469225.1, KAG5469935.1, and

KAG5493729.1).

Kinesins, a molecular motor superfamily, use microtubules as tracks to transport a variety of
cellular cargoes (Lawrence et al., 2004). The 350 amino acid motor domain of all kinesins is
highly conserved. Leishmania has a much larger kinesin repertoire than the amoeboid parasite,
with many of them appearing to have evolved through multiple gene duplications (Richardson
et al., 2006). The reason for Leishmania to have many kinesins is an intriguing possibility to
consider. It is unclear how many of these kinesins are functional. It is currently unknown

whether these kinesins play a role in facilitating Leishmania-host-cell interaction.

It is critical to note that the selection pressure analyses were conducted exclusively on
Mundinia for two reasons: first, because those species are closely related, they have more

similar CDS sequences and thus can be easily tested for selection; second, because some other
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Leishmania species from other subgenera have not been annotated, which made them difficult

to include in this analysis.

7.7 Future Opportunities

This project, in my opinion, has not yet been completed in its entirety. For example,
preliminary findings indicate that kDNA was assembled within the unplaced contigs. These
sequences are identical in length to the kDNA found in several Leishmania genomes.
Additionally, When the kDNA sequence from unplaced contigs of L. (M.) martiniquensis (LSCM1)
was examined as a pilot study using a mitochondrial annotation tool such as MITOS(Bernt et al.,
2013), many mitochondrial genes and proteins were located and annotated in the unplaced
contig number 11. The annotation contains ATP synthase subunits, cytochrome b, cytochrome
¢ oxidase subunits, and NADH dehydrogenase subunits. Due to time constraints, this analysis
can be considered for future work because it requires additional steps to validate the results

and expand to other assemblies.

Future additional genomes need to be assembled, particularly those claimed to belong to
Mundinia but with unclear taxonomy or do not have representative genomes, such as: the
recently described L. macropodum (Barratt et al., 2017a); additional L. (M.) martiniquensis
strains should be assembled, as there have been reports of different reservoirs and host in
horses in Central Europe and the United States, as well as bovines in Switzerland, and therefore
more diverse genomes can improve taxonomic phylogeny (Lobsiger et al., 2010, Muller et al.,
2009); genomes from the subgenus Viannia, such as L. (V.) braziliensis, L. (V.) panamensis and
L. (V.) peruviana ; genomes from the subgenus Leishmania, such as L. (L.) mexicana, as there
have been no assemblies using short and long reads in the same way as this project, which
makes it compelling to assemble given the chromosome number has been investigated here;
additional genomes from the Sauroleishmania subgenus, as there are only two genomes from

the same species; genomes from the genus Zelonia, including Z. costaricensis and Z.
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australiensis (Barratt et al., 2017a); and genomes from the genera Porcisia and Endotrypanum,
including E. colombiensis, E. equatorensis, and E. herreri (Espinosa et al., 2018, Kostygov and

Yurchenko, 2017).

For more accurate and reliable annotation, a dedicated study on whole transcriptome
assembly should be conducted. Furthermore, the unplaced contigs should be investigated to
understand more about ploidy and kinetoplastids DNA. Moreover, on the bioinformatics side,
additional technical research is required to determine whether any of the reference genomes

can be used as a guide for assembling only short reads.
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Chapter 8. Supplementary Materials

Due to the nature of the evidence presented in this thesis, appendices are not feasible. As a
result, all data, including some tables and some full-scale figures, can be viewed at the link

(https://doi.org/10.17635/lancaster/researchdata/509), which are indexed according to the

chapter numbers.
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