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Abstract

Microsporidia are spore-forming intracellular organisms classified as the earli-

est divergent group within the Fungi kingdom. Microsporidia have been found

widely affecting different hosts, including both vertebrates and invertebrates. The

pathogenicity of microsporidia depends on their species and the host species they

infect. Due to their obligate intracellular nature, microsporidia have extensively

evolved. This is illustrated by their highly variable genome sizes and gene content.

Being minimalist eukaryotes, the microsporidia genome is often associated with

extreme gene reduction and compaction. However, these interesting microorgan-

isms retain particular genes that help them acquire specific host nutrients, thereby

relying heavily on their host for survival and proliferation. The mode of sexual re-

production of microsporidia has not been well-studied. Harnessing microsporidia

in the laboratory is often a challenge, however, the advances in computational

tools have made it cheaper and quicker to accurately predict and annotate these

organisms to understand their mechanism of infection. Understanding the pro-

tein structure and function of these unique organisms is the baseline for providing

insights into their biology and survival in their respective hosts. Microsporidia

genomes contain a large proportion of hypothetical proteins of which their func-

tions are not described. Vittaforma corneae ATCC 50505 was used as a model to

highlight the functions and structure of these otherwise unknown proteins. A sys-

tematic annotation pipeline employing exhaustive computational tools was devised

to carefully annotate the hypothetical proteins of V. corneae, aiming to charac-

terize their structure and function.The genome of the novel microsporidian, Mi-

crosporidia sp. MB, a Plasmodium-transmission-blocking symbiont isolated from

Anopheles mosquitoes in Sub-Saharan Africa, was sequenced, assembled, and an-

notated. The genome was found to contain over 2000 putative genes spanning its
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5.9 Mb size and contained minimal repeats. Comparative phylogenomic analysis

of Microsporidia sp. MB grouped this symbiont within the Enterocytozoonida

(clade IV) microsporidia, clustering with its closest relative – V. corneae. Using

robust computational techniques, prediction and characterization of the putative

proteins of Microsporidia sp. MB was conducted. The decay of several proteins in

the glycolytic pathway is one unique characteristic associated with microsporidia.

The proteins retained or lost often vary across the microsporidian taxon. This

study highlights the retention of most of the proteins involved in the glycolytic

pathway in Microsporidia sp. MB. The available genome dataset of Microsporidia

sp. MB was further used to infer its mode of sexual reproduction. The symbiont

appears to have several meiotic-related gene orthologs, suggesting that it is capable

of sexual reproduction. These findings describe the basic biology of Microsporidia

sp. MB and provide a basis for future Next-Generation Sequencing, RNA sequenc-

ing experiments ultimately informing the application of this microorganism as a

biological malaria control tool.
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SWISS-MODEL https://swissmodel.expasy.org [Waterhouse et al., 2018]
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Table 2: [A list of bioinformatics tools and resources used.] (Continued)

Subcellular localization TMHMM v. 2.0 http://www.cbs.dtu.dk/services/TMHMM/[Sonnhammer and Krogh, 2008]

TargetP v. 2.0 http://www.cbs.dtu.dk/services/TargetP/[Armenteros et al., 2019]

SignalP v. 5.0 http://www.cbs.dtu.dk/services/SignalP/[Almagro Armenteros et al.,

2019]

Phobius https://www.ebi.ac.uk/Tools/pfa/phobius/[Käll et al., 2004]

Protein-protein association net-

work

STRING v. 11 (Search tool for

the retrieval of interacting genes

and proteins)

https://string-db.org/ [Szklarczyk et al., 2021]

Gene Ontology KEGG https://www.genome.jp/kegg/ [Kanehisa et al., 2016]

Homology Modeling PRIMO https://primo-

oligo.rubi.ru.ac.za/

[Hatherley et al., 2016]

MODELLER https://salilab.org/modeller/ [Söding et al., 2005]

PROSA-web https://prosa.services.came.sbg.ac.at/prosa.php[Wiederstein and Sippl, 2007]

Annotation Type Software URL Reference

SWISS-MODEL https://swissmodel.expasy.org [Waterhouse et al., 2018]
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Table 2: [A list of bioinformatics tools and resources used.] (Continued)

VERIFY3D https://saves.mbi.ucla.edu/ [Luthy et al., 1997]

PROCHECK https://www.ebi.ac.uk/thornton-

srv/software/PROCHECK/

[Pontius et al., 1996]

QMEAN http://swissmodel.expasy.org/qmean[Benkert et al., 2009]

Annotation Type Software URL Reference

SWISS-MODEL https://swissmodel.expasy.org [Waterhouse et al., 2018]
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Thesis Overview

The persistent threat of malaria, transmitted by the notorious Anopheles mosquito,

continues to pose a significant public health challenge in many parts of the world.

Innovative strategies are therefore urgently needed to complement existing control

measures. One promising approach involves the use of symbiotic microorganisms,

such as microsporidia, that can inhibit the development of malaria parasites within

their mosquito hosts . Microsporidia are a diverse group of obligate intracellular

fungi-like organisms infecting a wide host range. These ubiquitous unicellular

eukaryotes have a significant impact on human health, agriculture and the en-

vironment. Microsporidia sp. MB, denoted as ”MB” to taxonomically represent

a set of unclassified/unidentified Microsporidia within this genus, has been iden-

tified as a malaria-blocking microsporidia associated with Anopheles mosquitoes

and represents a unique example of symbiosis within their hosts. Through its

intricate interactions with both the mosquito vector and the malaria parasite, Mi-

crosporidia sp. MB has demonstrated remarkable potential as a biocontrol agent

against malaria transmission. However, the biology and genomic landscape of this

microorganism remain relatively understudied.

This thesis focused on understanding the biology of the malaria-blocking Mi-

crosporidia sp. MB through bioinformatics analysis and aimed to assemble and

annotate its genome. Unlocking the genetic blueprint of Microsporidia sp. MB is

a critical step toward harnessing its potential in the global fight against malaria.

By revealing the genes and molecular pathways that enable Microsporidia sp. MB

to block malaria parasite development, genome sequencing promises to provide in-

sights into host-microbe interactions, potential impacts on mosquito behavior, and

population dynamics. Additionally, sequencing this genome can provide valuable

information on its evolutionary history and relationship to other microsporidia,
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helping in further understanding how these organisms have adapted to their hosts

and developed mechanisms to block pathogens.

This document is organized into five research chapters, with chapters 2 - 4

highlighting the main approaches used to reach the main objectives of this research

work.

Chapter 1 provides an extensive literary overview of microsporidia, highlight-

ing their obligate intracelllular nature, main biological characteristics, taxonomic

classification, and complex host-microbe interactions. This chapter also highlights

the research gap and main objectives of the study.

Chapter 2 describes the structural and functional annotation of hypothetical

proteins from the Vittaforma corneae ATCC 50505 genome. V. corneae ATCC

50505 was selected as a model for Microsporidia sp. MB due to their close phylo-

genetic relationship and potential similarities in genomic features. Moreover, V.

corneae ATCC 50505 has been widely studied, providing a valuable reference for

comparative genomics between the two species. This chapter highlights the design

and successful use of an exhaustive computational pipeline to efficiently annotate

these proteins using V. corneae as a model. This work has been published in

[Ang’ang’o et al., 2023].

Chapter 3 focuses on the assembly of the Microsporidia sp. MB genome

isolated from Anopheles arabiensis infected tissues using the Next-generation se-

quencing (NGS) platform DNA Nanoball Sequencing (DNBSeq) developed by the

Beijing Genomics Institute (BGI). The preparation and sequencing of this mi-

croorganism and the analysis of its genome structure are carefully described here

and has been reported in [Ang’ang’o et al., 2024].

Chapter 4 builds up from chapter 3 and annotates the genetic makeup of

Microsporidia sp. MB. This chapter uses the pipeline modeled in chapter 2 to

classify and characterize the function and structure of the putative genes found

in Microsporidia sp. MB. This section also focuses on several key pathways and

processes that are unique in microsporidia and investigates their existence in this

symbiont. These include the glycolytic pathway, the RNA interference machinery

and mode of sexual reproduction through meiosis. This analysis is described by

identifying and annotating the genes involved in each process.
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In Chapter 5, the main findings from Chapters 2–4 are comprehensively syn-

thesized, presenting a cohesive summary of the core outcomes of the project while

highlighting potential future research avenues. In this concluding chapter, the in-

tegrity of the project is demonstrated by summarizing the results from genome an-

notation, sequencing, and comparative analyses into a cohesive narrative that ties

back to the research objectives. The pipeline developed and applied throughout

the project, from protein annotation in V. corneae to the genome of Microsporidia

sp. MB, showcases a consistent methodological approach, ensuring that the find-

ings contribute meaningfully to both the understanding of microsporidian biology

and potential malaria control efforts. This integrative approach reflects the sci-

entific coherence of the project and highlights the alignment between its aims,

methods, and outcomes.

A key part of the integrity of the project lies in the strong and consistent

methods used throughout the research. The pipeline developed to analyze proteins

in V. corneae was adapted for the genome of Microsporidia sp. MB, ensuring the

same approach was applied across the study. This method provided a solid basis

for gene analysis and allowed for useful comparisons between the two species. This

careful design shows how each step of the project was aligned with its overall goals.

The thesis demonstrates how the objectives, methods, and results come together

to build a complete understanding of microsporidian genomics. By combining

different data and techniques, the study addresses key research questions and

contributes to the wider field of microsporidia genome annotation. The findings

also offer insights into important genomic features and symbiotic relationships

that could help develop new biocontrol strategies.
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Chapter 1

Literature Overview

1.1 Background

Microsporidia are a group of eukaryotic spore-forming microorganisms considered

the earliest-diverging and highly specialized fungi [Capella-Gutiérrez et al., 2012].

They infect a wide range of hosts, from vertebrates to invertebrates, including hu-

mans [Wittner and Weiss, 1999]. Due to their obligate intracellular nature, these

organisms exhibit unique biological and life cycle adaptations that have diverse

impacts on their hosts [Keeling and Slamovits, 2004, Keeling and Corradi, 2011].

They display considerable diversity in morphology and host specificity, with some

being generalists and others showing a more restricted host range[Desjardins et al.,

2015, Murareanu et al., 2021]. They are known for their unique reductive and

derived features, including compact genomes, reduced metabolic capacity, and

conservation of high proportions of genes involved in host-parasite interactions

[Slamovits et al., 2004, Keeling and Corradi, 2011, Pombert et al., 2012, Peyre-

taillade et al., 2011, Corradi, 2015, Pombert et al., 2015]. Microsporidia are often

pathogenic in humans, primarily affecting immunocompromised individuals such

as patients with HIV/AIDS and organ transplant recipients [Didier, 2005]. In these

cases, microsporidia species have been linked to ocular, intestinal, pulmonary, and

renal diseases [Wittner and Weiss, 1999]. Microsporidia also have a significant im-

pact on agriculture and the economy. Invertebrates are the largest group of organ-

isms infected with microsporidia. Most of these are pathogenic species affecting

insect populations. Infections in silkworms, honeybees, and shrimp threaten the
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agricultural sector [Higes et al., 2008, Meng et al., 2018, Stentiford et al., 2019,

Wang et al., 2023]. In contrast, microsporidia infections in agricultural pests such

as grasshoppers and corn borers have an advantageous impact on controlling these

pest populations [Bjørnson and Oi, 2014]. Therefore, it is essential to understand

the dynamics of infection between microsporidia and their host species to leverage

the unique properties of these organisms for our benefit.

1.1.1 The complex taxonomic classification of microsporidia

To date, approximately 1600 species and over 220 genera of microsporidia have

been identified [Bojko et al., 2022]. Classifying these complex organisms is contin-

uously evolving as new species are discovered and older species are re-characterized

[Park and Poulin, 2021, Bojko et al., 2022, Wang et al., 2023]. At present, mul-

tiple features are used to extensively describe and group microsporidian species

into their respective clades. These include molecular characterization based on

the highly conserved Small Sub-unit ribosomal RNA (SSU rRNA) and the In-

ternal Transcribe Spacer (ITS) regions and ultrastructural analysis such as spore

morphology, life cycle, and pathology [Vossbrinck et al., 2004, Tokarev et al.,

2015]. Microsporidia are generally subdivided into terrestrial and aquatic species

depending on the infected host environment. These classes are named Terres-

poridia, Aquasporidia, and Marinosporidia, representing terrestrial, freshwater,

and marine habitats [Vossbrinck and Debrunner-Vossbrinck, 2005]. They were

initially grouped into five clades using informal taxonomic numbers (Clades I–V)

[Park and Poulin, 2021], but this has recently been updated to include formal

names: Glugeida, Nosematida, Enterocytozoonida, Amblyosporida, Neopereziida,

and Ovavesiculida respectively, based on the assessment of several genera of mi-

crosporidia [Bojko et al., 2022]. The analysis of rRNA sequences for 126 described

genera has identified four previously recognized main clades but also highlighted

the need for reevaluation within some clades [Bojko et al., 2022]. The current

classification of microsporidia has evolved from the original morphology-based

taxonomy to relying more on molecular characterization using distinct molecu-

lar markers, particularly SSU rRNA. This has led to the classification of clades

based on these microorganisms’ evolutionary history and ecological niches. [Voss-
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brinck and Debrunner-Vossbrinck, 2005, Park and Poulin, 2021, Bojko et al., 2022]

(Figure 1.1).
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Figure 1.1: Overview of the taxonomic classification of microsporidia [Bojko et al.,

2022], figure redistributed under a Creative Commons Attribution 4.0 Interna-

tional License (CC BY 4.0). Previous clade numbers are summarized at each

node and to the right of the tree for ’Glugeida+’ (an informal label for Hamil-

tosporidium, Neoflabelliforma, Areospora, and Astathelohania).
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1.1.2 The microsporidia life cycle

The life cycle of microsporidia can be divided into three phases: the infective or

environmental phase, the proliferative phase, and the sporogony or spore-forming

phase [Cali and Takvorian, 2014]. In the infective phase, the resistant spores are

released into the environment and can infect various hosts, including animals and

protists [Willis and Reinke, 2022]. The spores have a rigid cell wall consisting of

three layers: the inner endospore, the outer exospore, and the plasma membrane

[Yang et al., 2018]. Once inside a compatible host, the spores germinate, and

the polar tube, a specialized invasion organelle, is expelled to pierce the host cell

membrane and transfer the spore contents into the host cell cytoplasm [Williams,

2009]. The parasite then undergoes several steps, including host cell invasion,

proliferation within the host tissue, and spore formation [Willis and Reinke, 2022].

The proliferative phase involves the rapid multiplication of the parasite within the

host cell, often causing hypertrophied cells and reorganizing host cell organelles

and microtubules [Williams, 2009]. During the sporogony phase, the parasite

forms mature spores, which can be released into the environment to continue the

lifecycle [Cali and Takvorian, 2014] (Figure 1.2).
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Figure 1.2: Schematic representation of the microsporidia lifecycle (reproduced

from [Bukhari et al., 2022] redistributed under a Creative Commons Attribution

4.0 International License (CC BY 4.0)). The spore (A) injects the sporoplasm (C)

into the cell via the polar tube (B). Microsporidia go through merogony (D-F)

and sporogony (G) within the cell, resulting in more than one spore type (Hi, Hii)

The factors influencing microsporidia infection include temperature, seasonal-

ity, nutrient availability, the presence or absence of microbes, and the genetics of

the host [Willis and Reinke, 2022]. Host genomic regions have been identified that

influence resistance to microsporidia [Willis and Reinke, 2022]. Further research

is needed to uncover the molecular mechanisms of microsporidia host specificity

in more detail [Willis and Reinke, 2022].
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1.1.3 Microsporidia genomes and genomic variations

The genomes of microsporidia have undergone massive reductions, particularly

in nucleic and amino acid metabolism genes, as an adaptation to their obligate

parasitic life cycle [Keeling et al., 2005, Huang et al., 2023]. Additionally, they are

characterized by many transposable elements shaped by gene loss and horizontal

gene transfers [Corradi, 2015, Pombert et al., 2012]. Genome variations in size

and architecture in microsporidia are primarily due to non-coding material such as

intergenic spaces and retrotransposons [Xu et al., 2006, Williams et al., 2008]. This

has resulted in the reduction of their genome size and the loss of genes associated

with various metabolic pathways, such as the tricarboxylic acid cycle [Katinka

et al., 2001, Keeling et al., 2010, Luo et al., 2021], nucleotide, and amino acid

synthesis [Heinz et al., 2014, Dean et al., 2016, Alexander et al., 2016, Melnikov

et al., 2018]. The compacted microsporidia genome is considered the smallest

among primary eukaryotes and even falls within the range of bacterial genome

sizes. Microsporidia have experienced a high degree of organelle simplification,

including the loss of canonical mitochondria [Germot et al., 1997, Burri et al., 2006,

Waller et al., 2009]. The high levels of intraspecific genomic diversity observed in

microsporidia genomes raise essential questions about the factors that drive this

variation [Katinka et al., 2001, Cuomo et al., 2012] and are crucial for unraveling

their evolutionary history and adaptive mechanisms. Over the past few decades,

researchers have made significant progress in understanding the genomic structures

of microsporidia. Through genome sequencing, scientists have gained insights into

the biology, evolution, and pathogenicity of microsporidia [Keeling et al., 2005,

Weiss and Reinke, 2022].

1.1.4 Microsporidia in invertebrates

Microsporidia can infect a wide range of invertebrates, including nematodes [Troemel

et al., 2008], amphipods [Bojko and Ovcharenko, 2019], planktonic crustaceans

such as Daphnia [Refardt et al., 2002] and mosquitoes [Becnel et al., 2005]. Mi-

crosporidia are transmitted through multiple routes, depending on the host species

and environmental status. Transmission can occur orally by ingesting infected
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spores, direct contact with infected individuals or contaminated environments,

or from an infected mother to their offspring [Fast and Keeling, 2005, Wittner

and Weiss, 1999]. In invertebrates, microsporidia can be transmitted vertically

from mother to offspring through the transovarial route, leading to a high and

sustainable infection prevalence within host populations [Becnel and Andreadis,

1999]. Horizontal transmission, where the parasite spreads from one individual to

another, typically through environmental spores, is also standard, particularly in

species infecting arthropods and fish [Fast and Keeling, 2005, Pan et al., 2018].

1.1.4.1 Development of new and innovative malaria control tools

Malaria cases have been on a steady increase since 2016, with a notable 247 mil-

lion cases reported in 2021 alone. A total of 619,000 malaria-related deaths were

recorded, 96% of which were from sub-Saharan Africa [World Health Organiza-

tion, 2022]. The major impediments to global malaria control have included the

development of insecticide resistance in the Anopheles vector, Plasmodium drug

resistance, poor detection of the minor malaria parasites, and the recent invasion of

a new vector, An. stephensi, in the Horn of Africa and urban environments [Ojuka

et al., 2015, Evaluation, 2016, World Health Organization, 2022, Whittaker et al.,

2023, Ochomo et al., 2023]. Controlling vector populations has been the most

efficient way of controlling malaria transmission [Hemingway, 2014]. However, as

efforts to control malaria have plateaued, there is a growing concern about the

need to innovate vector control methods to overcome resistance and improve the

efficiency of the current tools. Much of this uses biological control tools to com-

plement the current vector control strategies. This can be a promising way to

address the challenges of malaria control and potentially improve control efforts.

1.1.4.2 The mosquito microbiome and impact on vectorial capacity

Significant reductions in Plasmodium numbers within the mosquito during the

parasite’s life cycle potentially affect malaria transmission [Smith et al., 2014].

Interventions targeting these bottlenecks, such as transmission-blocking vaccines,

genetic modifications of vectors, and integrated vector management strategies,

could significantly reduce the spread of malaria. The tripartite interaction be-

8



tween Plasmodium, mosquitoes, and the host microbiome is an essential factor

in malaria transmission efficiency. The mosquito natural microbiome has been

reported to have a crucial impact on its vectorial capacity and pathogen trans-

mission [Dennison et al., 2014, Hegde et al., 2015, Cansado-Utrilla et al., 2021].

Microbes such as bacteria, viruses, fungi, and microsporidia can modulate vector

competence [Dada et al., 2021] influencing vector density, biting rate, vector com-

petence, and pathogen extrinsic incubation period [Boissière et al., 2012, Dong

et al., 2009, Engel and Moran, 2013, Minard et al., 2013, Gendrin et al., 2015,

Gao et al., 2020, Djihinto et al., 2022]. Symbionts like bacteria and fungi have

been highlighted as potential tools for controlling mosquito-borne diseases. Bac-

teria species such as Wolbachia [Aliota et al., 2016, Ant et al., 2018, Slatko et al.,

2014], Spiroplasma [Herren and Lemaitre, 2011], Serratia [Bando et al., 2013, Ju-

patanakul et al., 2020], Rickettsia [Lukasik et al., 2013] and Elizabethkingia [Garay

et al., 2016] have been shown to contain protective capacities in their respective

insect hosts. Wolbachia has been extensively studied and applied in the control

of arbovirus transmission in Aedes [Ant et al., 2018], highlighting the potential of

tapping into the natural microbiome of mosquitoes to control vector-borne disease

transmission.

Fungi have been shown to dictate insect host behavior [Shang et al., 2015]. En-

tomopathogenic fungi have also been identified as promising malaria biocontrol

agents due to their ability to infect and kill mosquitoes at various life stages

[Scholte et al., 2004, Nattoh et al., 2021]. Reducing mosquito populations can,

however, have crucial ecological risks. Reducing mosquito populations could dis-

rupt food chains, leading to unforeseen consequences for predator species that rely

on mosquitoes as food sources. An ecosystem approach incorporating ecological

thinking into the development and implementation of vector control activities is

essential to mitigate these risks and ensure sustainable and effective management

solutions, such as using symbionts with minimal effects on mosquito populations.

1.1.4.3 Microsporidia in vector control

Microsporidia have garnered significant attention from vector biologists due to

their potential as biological control agents for managing vector populations and
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disease transmission.Microsporidia have garnered significant attention from vector

biologists due to their potential as biological control agents for managing vector

populations and disease transmission [Andreadis, 1990, Bjørnson and Oi, 2014].

Arthropod pathogens are potentially crucial biological control agents in pest man-

agement and are essential factors that regulate the natural populations of their

hosts [Andreadis, 1990]. Their ability to selectively target and infect specific vec-

tors, such as mosquitoes or ticks, makes them an attractive option for controlling

the transmission of vector-borne diseases such as malaria, dengue fever, or Lyme

disease. Therefore, the search for an alternative vector control method, including

biological control, has attracted the attention of many recent studies [Caragata

and Walker, 2012, McGraw and O’Neill, 2013]. Microsporidia have shown promise

as biocontrol agents against mosquito vectors [Murareanu et al., 2021]. Further-

more, microsporidia infections in mosquitoes have been found to alter their blood-

feeding behavior, kill larvae and pupae, reduce adult longevity and fecundity, and

hinder the development of Plasmodium parasites [Andreadis, 2007, Becnel et al.,

2005, Herren et al., 2020]. A wide range of microsporidia have been found to infect

mosquitoes [Trzebny et al., 2020], opening up the possibility of harnessing these

organisms as biocontrol agents against these vectors to prevent the spreading of

diseases like malaria.

1.1.4.3.1 Microsporidia of mosquitoes and their role in the control of

vector-borne diseases

Microsporidia infect a wide range of mosquito species and have diverse effects on

their hosts depending on their species (Table 1.1). Mosquito-microsporidia inter-

actions are multifaceted, involving host immune responses crucial for controlling

infections. These defense mechanisms against microsporidia include ubiquitin-

mediated resistance and the production of reactive oxygen species in the hosts

[Pan et al., 2018, Szumowski and Troemel, 2015]. Understanding these interac-

tions is essential for developing strategies to manage mosquito populations and

control the spread of mosquito-borne diseases. Research on mosquito immune

response to microsporidia is still developing, with the application of genomic ap-

proaches taking the front line in understanding the genetic and molecular basis of
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Table 1.1: Overview of Mosquito-infecting Microsporidia as highlighted in [An-

dreadis, 2007].
Microsporidia species Mosquito species Effect on

Host

Transmission

Mode

Edhazardia aedis Aedes Pathogenic Horizontal

& vertical

Vavraia culicis Culex Pathogenic Horizontal

& vertical

Amblyospora spp. Aedes and Culex Pathogenic Horizontal

& vertical

Anncaliia algerae Aedes and Culex Pathogenic Horizontal

& vertical

Hazardia muelleri Anopheles and Culex Pathogenic Horizontal

Culicospora spp. Anopheles and Culex Pathogenic Horizontal

& vertical

Parathelohania spp. Anopheles and Aedes Pathogenic Horizontal

& vertical
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susceptibility and refractoriness in mosquitoes against other pathogens aside from

microsporidia [Zheng, 1997].

Multiple methods are used in the taxonomy of microsporidia. Both morphological

and molecular approaches are used to classify mosquito-infecting microsporidia.

Moreover, these obligate intracellular parasites are classified based on their life cy-

cles and host-parasite relationships, with some species exhibiting simple life cycles

and broad host ranges such as Anncaliia algerae and Vavraia culicis, while other

mosquito microsporidia such as Edhazardia aedis have complex life cycles with

high host specificity [Becnel et al., 2005]. The gold standard molecular method

of classifying these microsporidia using the characterization of ribosomal RNA

(rRNA) is currently being complemented with structural and multiple molecular

markers to improve the classification of the lineage and functional diversity of

microsporidia [Vossbrinck et al., 2004, Bojko et al., 2022]. Most importantly, the

availability of multiple microsporidia genomic data has enabled the use of overall

genome relatedness indices (OGRI) such as average nucleotide identity (ANI) to

improve taxonomic evaluation of these taxonomic nomads [Haag and De Albu-

querque, 2022].

1.1.5 Microsporidia sp. MB as a potential vector control

tool

Microsporidia sp. MB is a unique species found in multiple Anopheles hosts across

Africa, including An. gambiae sensu lato, An. funestus and An. coluzii [Herren

et al., 2020, Nattoh et al., 2023, Akorli et al., 2021, Moustapha et al., 2024]. It

has been established that this organism has a strong malaria transmission-blocking

phenotype in An. arabiensis characterized by its refractory effect on oocyst de-

velopment in the mosquito [Herren et al., 2020]. The symbiont is both vertically

(transovarial) [Herren et al., 2020, Makhulu et al., 2023] and sexually transmit-

ted from male to female [Nattoh et al., 2021, 2023], ensuring its maintenance in

host populations and thus a potentially effective and sustainable biocontrol tool

[Bukhari et al., 2022]. The vertical transmission of Microsporidia sp. MB in

Anopheles arabiensis is an important feature in its spread across the mosquito
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population by influencing generation-to-generation transmission, enhancing its es-

tablishment, population-level spread, and maintenance within host populations.

This species is also avirulent in mosquitoes. It exhibits little to no effect on host

fecundity and lifespan, a crucial feature for its long-term establishment and main-

tenance within mosquito populations [Herren et al., 2020, Nattoh et al., 2023].

Microsporidia sp. MB shows specific tissue tropism and localization patterns in

An. arabiensis, particularly in male and female reproductive tissues, linking this

to their sexual and maternal transmission routes [Makhulu et al., 2023]. The

complete infection dynamics of this microorganism are yet to be fully understood.

Studies on the impact of blood-feeding on Microsporidia sp. MB infection levels

describe a notable increase in the intensity of the symbiont infection in female

ovaries, suggesting a possible correlation between symbiont levels, oogenesis, and

blood-feeding [Makhulu et al., 2023]. Mathematical modeling analysis has also

been conducted to study the dynamics of Microsporidia sp. MB-infected mosquito

spread in wild populations, considering factors such as transmission efficiencies,

mating behaviors, mosquito development stages [Charlene N et al., 2023, Mfangnia

et al., 2023]. The study highlights the potential coexistence of infected mosquitoes

in the wild and predicts the expected outcomes of introducing these mosquitoes in

the field as a malaria control strategy. Despite the extensive research conducted

on Microsporidia sp. MB, a formal species name has not yet been assigned to the

organism. Although Microsporidia sp. MB is now one of the most extensively

characterized microsporidian species, formal classification is a rigorous process

requiring consensus among taxonomists and other experts in the field. Ongo-

ing efforts with collaborators aim to fully classify this microsporidia and assign a

proper species name, ensuring that the taxonomic nomenclature aligns with its ge-

nomic and biological characteristics. Overall, Microsporidia sp. MB shows unique

attributes that make it an effective and sustainable biocontrol tool. Extensive

research on its transmission and infection dynamics has been conducted; however,

much has yet to be researched on the biology of these intricate microsporidia.
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1.2 Knowledge gap

Understanding the genome of microsporidia is important for discerning the genetic

basis of different species and their unique phenotypic effects on their hosts. This

dependence on the host makes microsporidia an interesting model for studying

the intricate interactions between parasites and their hosts. In addition, the high

levels of intraspecific genomic diversity observed in microsporidia highlight the po-

tential for studying the factors driving this variation and how it contributes to the

evolution and adaptation of these organisms [Huang et al., 2023]. Microsporidia

sp. MB is a fairly new species isolated from Anopheles arabiensis and shown to

have an effective capacity to block malaria development [Herren et al., 2020]. One

of the primary challenges impeding the study of this species is the lack of genome

sequence data for this microsporidia. This makes it difficult to understand the

genetic basis of their unique biology and symbiosis with the mosquito host. The

variations in microsporidia genomes, such as their extreme reduction in size and

gene numbers, indicate a heavy reliance on their hosts for biochemical processes

[Peyretaillade et al., 2011]. Understanding these interactions is essential for devel-

oping effective Microsporidia sp. MB molecular experiments. Information about

the specific genes and pathways involved in the host-parasite interaction is cur-

rently unavailable.Microsporidia sp. MB has been found in different species of

Anopheles across Africa [Herren et al., 2020, Akorli et al., 2021, Nattoh et al.,

2023, Moustapha et al., 2024]. However, the possibility of strain variations across

different regions and host species has not been investigated. The availability of

a reference genome for this microorganism will provide the needed resources to

conduct strain variation analysis and determine the probable impact of different

strains on the efficiency of the development of blocking Plasmodium. Lastly, there

is a need to explore the potential of microsporidia as biocontrol agents against

other pathogens, which requires a better understanding of their ecology and in-

teractions with other organisms. This will be possible with information on their

genetic makeup.
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1.3 Research aim and objectives

1.3.1 Research aim

Microsporidia are unique organisms that elicit diverse effects on their hosts. The

discovery of Microsporidia sp. MB and its promising future as a sustainable bio-

control agent have raised global interest among malaria scientists. However, little

is known as to how this symbiont blocks malaria development within the mosquito

and its intricate relationship with its host at a molecular level. Presently, the

knowledge of Microsporidia sp. MB has been limited to experimental analyses

of the prevalence, transmission routes, infection dynamics, and parasite-blocking

characteristics of this symbiont. The absence of information on its genetic makeup

has impeded more extensive studies ofMicrosporidia sp. MB on a molecular

level. This thesis aims to obtain insights into the basic biology of the malaria-

transmission-blocking symbiont of Anopheles arabiensis, Microsporidia sp. MB

by sequencing and analyzing the structure and content of its genome using bioin-

formatics tools, providing a reference that would act as a backdrop to future

molecular experiments to understand the organism fully.

1.3.2 Main objectives

1. To develop a computational annotation pipeline to describe the structure

and function of hypothetical microsporidia proteins using Vittaforma corneae

ATCC 50505 as a model by conducting sequence homology, physicochemi-

cal, phylogeny, domain, and motif analyses.

2. To sequence and assemble a reference genome of Microsporidia sp. MB and

describe its general genomic features.

3. To study the function and structure of the Microsporidia sp. MB proteome

using computational tools described in objective one above and characterize

various biological pathways in this species.

To this end, this study successfully describes the assembly, structural, and

functional annotation of the first reference genome of Microsporidia sp. MB and
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highlights the unique biological processes occurring in the symbiont.

16



Chapter 2

Structural and Functional

Annotation of Hypothetical

Proteins from Vittaforma
corneae ATCC 50505 Using in

silico Approaches

2.1 Chapter Overview

Microsporidia are organisms with compact genomes due to the selective loss of

genes during evolution, rendering them entirely dependent on the hosts for sur-

vival. Characterizing microsporidia protein function and structure has provided

valuable insights into the mechanisms of infection and pathogenesis caused by

Vittaforma corneae and other related microsporidian species. These studies have

shed light on the specific proteins involved in host cell invasion, replication, and

immune evasion, as well as the structural characteristics that contribute to the

unique biology and survival strategies of these parasites. Despite the small num-

ber of genes, a high percentage of the genes in microsporidia genomes code for

proteins whose functions are unknown. These unknown proteins are referred to

as hypothetical proteins (HPs). Computational annotation of HPs has become a

more efficient and cost-effective alternative to experimental investigation. This
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chapter highlights the development of a robust bioinformatics annotation pipeline

of HPs from V. corneae, a microsporidian that causes ocular infections in im-

munocompromised individuals. The process involved retrieving sequences and ho-

mologs, performing physicochemical characterization, protein family classification,

motifs and domains analysis, protein-protein interaction (PPI) network analysis,

and homology modeling using various online resources. Consistent findings across

platforms demonstrate the accuracy of annotation using these in silico methods.

Of the 2,034 HPs retrieved from online databases, 162 were fully annotated in this

study, with most categorized as binding proteins, enzymes, or regulatory proteins.

The functions of several HPs from V. corneae were accurately inferred, improving

our understanding of microsporidian HPs despite challenges related to the obligate

nature of microsporidia, the absence of fully characterized genes and the lack of

homologous genes in other systems.

2.2 Keywords

Hypothetical Proteins; Microsporidia; Computational Annotation; Functional and

Structural Annotation; Protein Function Prediction; Physicochemical Properties;

Homology Modeling; Motif Analysis; Conserved Domains.

2.3 Introduction

Vittaforma corneae ATCC 50505, also known as Nosema corneum, is a microsporidia

that infects the corneae of mammals, causing keratoconjunctivitis [Moshirfar et al.,

2020]. It is a vital microsporidian public health concern due to its potential to

cause severe eye infections and visual impairments, particularly in individuals with

compromised immune systems [Deplazes et al., 1998]. The organism is found to

be ubiquitous in the environment, and various factors can predispose individuals

to V. corneae infection, including exposure to soil or mud in water, dust parti-

cles, use of contact lenses, insect bites, bathing in unclean river waters, and even

exposure to hot springs [Chen et al., 2018, Leroy et al., 2018].
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2.3.1 V. corneae-host cell interactions

V. corneae induces the formation of multi-nucleate structures in host cells, subvert-

ing the host cell cytoskeleton and volume control [Mittleider et al., 2002, Franzen

and Salzberger, 2008]. This interaction is particularly relevant in the cornea, where

the pathogen can cause infection when the ocular surface is perturbed [Moshirfar

et al., 2020]. The cornea’s defense mechanisms, including cell-cell interactions, are

crucial in preventing and treating such infections. V. corneae-host cell interactions

play a crucial role in the pathogenesis of infections caused by this microsporidian

parasite. These interactions involve the attachment, invasion, and manipulation

of host cells by V. corneae, leading to various pathological manifestations. Un-

derstanding the mechanisms of V. corneae-host cell interactions are essential for

developing effective therapeutic interventions and preventive strategies by uncov-

ering key molecular mechanisms involved in the infection process, replication, and

immune evasion of this microsporidia.

2.3.2 Hypothetical proteins (HPs)

HPs present a unique challenge since no experimental data is available on their in

vivo expression. Studying the structure and function of these proteins can provide

valuable information about their roles in metabolic pathways and help decipher

their significance in the biology and infection phenotype of microsporidia [Eisen-

stein et al., 2000, Galperin, 2001, Sivashankari and Shanmughavel, 2006, Desler

et al., 2009, Shahbaaz et al., 2013]. Numerous studies on the use of fast, cost-

effective, and accurate computational annotation methods have been described

for proteins from human pathogens [Mazandu and Mulder, 2012, Shahbaaz et al.,

2013, Kumar et al., 2014] showing the capacity of these tools in providing impor-

tant and accurate information on unknown proteins from these microorganisms.

Key applications of computational annotations of HPs also include a recent report

on novel abiotic stress proteins in Triticum aestivum [Gupta et al., 2018] and the

identification of new drug targets [Omeershffudin and Kumar, 2019].
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2.3.3 Distribution of HPs in microsporidia proteomes

As minimalist obligate intracellular eukaryotes, microsporidia have lost a lot of

genes over time. The microsporidia proteome consists of over 50% unassigned

proteins, which are believed to play an essential role in these microorganisms’

physiological and biochemical processes [Texier et al., 2005]. Annotating these

proteins is crucial in exploring their basic functions and interactions with other

proteins. V. corneae has a relatively small genome of 3.2 Mb [Mittleider et al.,

2002] spanning 2,237 proteins. A total of 2,034 of these proteins are labeled as

HPs [Mittleider et al., 2002]. In the 2002 study of V. corneae, 90% of the proteins

were classified as hypothetical due to the limited annotation resources available

at the time. This was a common occurrence in early genome sequencing projects,

particularly for organisms like microsporidia, where much of the protein-coding

potential remained poorly understood. Since then, genome annotation has pro-

gressed significantly, driven by efforts such as the Broad Institute’s genome as-

sembly. Many of these previously termed ”hypothetical” proteins are now referred

to as ”uncharacterized” proteins, reflecting ongoing research aimed at uncovering

their functions. While there has been a shift from incomplete annotation toward

a more refined understanding, many proteins in V. corneae still require full char-

acterization.

2.3.4 Computational approaches in protein functional and

structural annotation

Recently, the availability of large amounts of genomic data has made it imper-

ative to employ bioinformatics tools for sequence analysis. This helps identify

protein structure and function [Zhang and Wang, 2023]. Different bioinformat-

ics tools and resources have been developed to annotate protein structure and

function, including online protein databases, domain and motif analysis, and 3D

protein modeling. A recent study by [Mascarenhas dos Santos et al., 2022] pro-

vides a strong example of using structural homology-based approaches to annotate

microsporidia proteins, revealing the presence of key DNA repair machinery pre-
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viously thought to be absent from these organisms.

2.3.4.1 Protein databases

Protein databases are essential for understanding protein functions and their

roles in biological systems using bioinformatics methods and computational re-

sources. These repositories contain information on protein structure, domains,

three-dimensional conformations, molecular functions, post-translational modi-

fications, and interactions used to explore the biological characteristics of pro-

teins[Mehmood et al., 2014, Ramazi and Zahiri, 2021]. These online resources can

identify relationships within a genome or across different species by comparing

proteins and protein families [Mehmood et al., 2014]. Protein structure and func-

tion can also be predicted using secondary databases, which annotate and provide

predictions based on experimental data. These protein databases are constantly

being curated, as they contain not only a collection of data but also bioinformatics

infrastructure.

2.3.4.2 Protein homology search

Protein homology search is a bioinformatics approach used to identify evolutionary-

related proteins based on sequence similarity, providing information on protein

structure and function [Margelevičius and Venclovas, 2010]. Sequence-based ho-

mology search methods such as BLAST are the benchmark in protein homology

studies and have significantly improved over time. However, remote homologies

often go undetected when solely relying on sequence homology, compared to using

protein spatial structures [Suplatov et al., 2016]. Therefore, methods incorporat-

ing non-sequence-based information can complement the sequence-based method

to provide insights into homology details that the latter miss [Memiševí et al.,

2010]. DNA-protein homology search methods have also been developed to detect

protein fossils with improved sensitivity and speed compared to the traditional

BLAST methods. Improvements in the precision of sequence homology prediction

have also included incorporating biomedical literature into the PSI-BLAST algo-
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rithm [Chang et al., 2000]. HMMER software has also improved these homology

searches using stringent profile hidden Markov models (HMMs) [Finn et al., 2011].

Prediction of protein families from sequences with no known homologs is also pos-

sible using support vector machines (SVM) [Han et al., 2004]. Protein language

model search (PLMSearch) has also significantly improved sensitivity over other

sequence search methods by using deep representations from pre-trained protein

language models, identifying homology even with low sequence similarities [Liu

et al., 2023]. Integrating protein sequence-based methods with additional data

sources such as structural information, PPI network analysis, advanced computa-

tional methods, and literature to improve detection and annotation of homologous

sequences [Keskin et al., 2016].

2.3.4.3 Multiple sequence alignment (MSA) and phylogenetic analysis

MSA is an essential process in bioinformatics that aims to align three or more

biological sequences to identify conserved regions that might provide insights into

the structural, functional, and evolutionary relationships of these proteins [Ozer

et al., 2010, Reddy and Fields, 2022]. Accurate phylogenetic analysis relies heav-

ily on the quality of MSA, with errors in MSA leading to errors in the inferred

phylogenetic tree [Yue et al., 2009]. Although traditional MSA algorithms are

accurate, they are usually computationally exhaustive. This has led to the de-

velopment of various heuristic and meta-heuristic approaches that can achieve

near-optimal alignments more efficiently [Issa and Hassanien, 2020, Reddy and

Fields, 2022]. MSA techniques have drastically improved recently with the devel-

opment of algorithms that integrate both the alignment process and phylogenetic

tree construction to simultaneously optimize both [Yue et al., 2009]. For example,

the algorithm described by Yue [Yue et al., 2009] aligns sequences while searching

for the phylogenetic tree that minimizes the alignment score, showing promising

results in both alignment quality and phylogeny accuracy. In situations where se-

quence identity is low, structural data and network properties have been utilized

to enhance MSA methods by identifying domains and similar structures [Ozer

et al., 2010]. Additionally, protein profiles and domain information, such as PFam
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annotations, have improved the precision and robustness of DNA multiple align-

ments [Balech et al., 2018]. Bioinformatics tools have been designed to facilitate

MSA analysis, such as the ”msa” package in R [Bodenhofer et al., 2015], Geneious

(a simple graphical user interface for alignment and visualizations of sequences)

[Kearse et al., 2012] and Molecular Evolutionary Genetics Analysis (MEGA X)

[Kumar et al., 2018], among others. Computational tools for MSA and phylogeny

studies, like many bioinformatics tools, are continuously being updated to ensure

high alignment quality and computational efficiency while being user-friendly.

2.3.4.4 Protein physicochemical analysis

Protein physicochemical analysis includes characterization of protein hydrophobic-

ity (affinity to water), polarity, and charge, all fundamental properties in under-

standing the molecular and biochemical mechanisms of proteins in-depth [Cortés

and Aguilar-Ruiz, 2011]. Computational physicochemical properties of proteins

provide insights into the structure, function, and interactions of proteins. The

Expert Protein Analysis System (ExPASy) Protparam tool is a bioinformatics

resource that facilitates the computation of various physical and chemical proper-

ties associated with protein sequences [Gasteiger et al., 2005a]. These parameters

include the molecular weight, theoretical isoelectric point (pI), amino acid com-

position, atomic composition, extinction coefficient, estimated half-life, instability

index, aliphatic index, and grand average of hydropathicity (GRAVY). This tool

analyzes primary protein sequences as input and can provide information about

the protein structure and function. These parameters are important in under-

standing protein behavior in biological systems, guiding experimental designs of

these proteins. The instability index predicts the stability of a protein in a test

tube, where a value of more than 40 indicates that the protein may be unstable.

The molecular weight is the sum of the atomic weights of all atoms in a molecule

expressed in Daltons and is used to evaluate protein purity and concentration. The

pI is the pH at which a protein carries no net electrical charge. This parameter

is essential in protein separation and purification experiments such as isoelectric

focusing. The amino acid composition measures the percentage of each amino
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acid in the protein sequence and can be used to assess the protein structure and

function. On the other hand, atomic composition is the proportion of each atom

present in the protein and helps identify the elemental analysis of the protein.

The extinction coefficient measures the amount of light absorbed by a protein at

a specific wavelength, which is important in determining protein purity and quan-

tity. The estimated half-life is the time taken for half of the protein molecules

to degrade. This is usually expressed in hours to evaluate protein turnover. The

aliphatic index determines protein thermostability by measuring the relative vol-

ume of aliphatic side chains. These include glycine, valine, alanine, isoleucine,

and leucine. Finally, GRAVY measures the hydrophobicity or hydrophilicity of a

protein and is indicative of membrane protein topology, biochemical properties,

and possible PPIs [Gasteiger et al., 2005a].

2.3.4.5 Protein motif discovery

Protein motif analysis focuses on identifying recurring patterns within protein se-

quences, which could indicate structural and functional properties [Glasgow et al.,

1999, Sahu et al., 2012]. It combines computational methods with biological knowl-

edge to identify and explore complex patterns underlying protein structure and

function. The constant improvement of these algorithms and tools has enhanced

the ability to accurately identify and analyze these motifs, contributing to a deeper

understanding of protein biology [Glasgow et al., 1999, Sahu et al., 2012]. These

structure-based or sequence-based motifs can be pivotal in understanding sequence

function and evolution and applied in drug design studies [Elayaraja et al., 2012].

Systemic analysis and classification of proteins based on shared motifs is essential

in investigating extensive sequence data generated by genome sequencing. Several

motif discovery databases and algorithms have been designed and improved over

time, with some tools specifically developed to predict protein structural features

and construct 3D models from protein sequences [Mooney et al., 2011]. These

computational tools and algorithms are designed to identify both known and un-

known motifs, with some identifying these patterns in unaligned sequences [Bailey,

2008, Mooney et al., 2011, Semwal et al., 2022]. K-mer-based methods, including
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Multiple Expectation-maximization for Motif Elicitation (MEME), GLAM2, and

Pr[m], are used to detect statistically significant ungapped motif patterns (short

contiguous amino acid sequences of size ”k”) [Bailey et al., 2006, Semwal et al.,

2022]. Cluster algorithms such as K-means and rough K-means are useful in find-

ing conserved protein patterns that are not easily detectable during MSAs in a

set of sequences. These algorithms cluster similar sequences based on distance or

similarity measures. The clusters formed can provide insights into the recurring

patterns or motifs in a set of protein sequences. In contrast, the structural simi-

larity of the discovered clusters can provide information about the conservation of

these motifs across different organisms or protein families [Elayaraja et al., 2012].

The ab initio motif finder NestedMICA can sufficiently identify short protein sig-

nals even when these motifs are only present in small sequences without prior

knowledge of the motif structure or sequence. NestedMICA uses a nested itera-

tive strategy to identify motifs at different levels of conservation and can identify

these patterns in noisy or incomplete datasets [Doğruel et al., 2008].

2.3.4.6 Conserved domains analysis

Proteins conserved domains refer to the recurring segments or patterns found

within protein sequences that can independently fold, function, and evolve. These

domains maintain a specific structure and function across different proteins and

species. They play a crucial role in protein function and can provide important

insights into the evolutionary relationships between different organisms [Wang

et al., 2021]. The Conserved Domain Database (CDD) is a primary resource

that provides annotations of protein sequences with conserved domain footprints,

which are crucial for elucidating protein function, classification, and evolutionary

mechanisms [Yang et al., 2020]. Conserved domain profiles, when combined with

sequence profiles, can enhance the accuracy of protein secondary structure predic-

tion, as demonstrated by an increase in prediction accuracy on the RS126 data set

[Woo et al., 2005]. Besides identifying basic protein parameters, the analysis of

conserved domains also extends to identifying conserved sites, predicting folding,

structure, and function, and constructing phylogenies [Zhang and Wang, 2023].
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Protein functional sites (PFSs) and protein-ligand interactions (PLIs) can also be

identified using domain analysis. These protein features are key to understanding

biochemical reactions within the organism. A function- and interaction-annotated

protein domain profile database (fiDPD) has been used to predict PFSs and PLIs

accurately [Ming et al., 2017]. Conserved domain analysis forms a basis for further

discovery and experimental validation in protein research and can be particularly

useful in predicting the functions of proteins whose exact roles are yet to be de-

termined [Wang et al., 2021, Yang et al., 2020].

2.3.4.7 Homology modeling and three-dimensional (3D) structural anal-

ysis

Protein homology modeling is a computational technique used to predict the 3D

structure of a protein based on its sequence similarity to proteins with known struc-

tures [Xiang, 2006, Gupta et al., 2016]. The homology modeling process involves

aligning protein sequences with template structures, followed by fold assignment,

model building, and qualitative evaluation to generate high-quality 3D models of

target proteins [Marti-Renom et al., 2002, 2003]. This technique has been suc-

cessfully applied in drug design studies and virtual screening applications by pro-

viding insight into the spatial arrangement of residues [Gupta et al., 2016, Kopp

and Schwede, 2004]. Homology modeling has become an accurate computational

technique for creating structural models that can be as accurate as low-resolution

experimental data, especially when the sequence identity to the template is over

30% [Xiang, 2006]. Comparative homology modeling has become a fundamental

aspect of protein function annotation and structural genomics, primarily due to

the widespread availability of automated pipelines and model repositories [Hather-

ley et al., 2016, Ronneberger et al., 2021, Kopp and Schwede, 2004]. Homology

modeling has significantly helped fill the gap between the abundance of protein

sequences and the scarcity of their corresponding structures despite the lack of

structural information for many protein sequences, making this contribution valu-

able to molecular biology.
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2.4 Methodology

Functional and structural annotation of HPs was done in two primary phases

(Figure 2.1). Default parameters were used for each tool unless otherwise noted.
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Figure 2.1: A summary of the computational workflow designed in this study to

annotate V. corneae HPs. The pipeline highlights two major phases: PHASE I.

Sequence retrieval, similarity search, and test for homology. PHASE II. Diverse

functional annotation using different tools to predict protein families, localization,

motifs and domains identification, chemical properties of the HPs, sequence iden-

tity calculations, homology modeling, and phylogenetic analysis.
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2.4.1 Phase I

2.4.1.1 Literature search of V. corneae proteins

Using the keywords ”Vittaforma corneae hypothetical proteins,” ”Vittaforma corneae

unknown proteins characterization,” and ”Function and structure prediction of

Vittaforma corneae unknown proteins,” an extensive literature search on V. corneae

proteins was conducted on Scopus [Burnham, 2006] and Google Scholar [Jacsó,

2005] databases[accessed on December, 2022]. Following this search, no relevant

research specific to V. corneae was identified. Following this literature review,

this study was conceptualized, and the annotation framework was designed to

characterize the HPs from this microsporidia (Figure 2.1 above). The designed

pipeline was divided into two primary phases: PHASE I encompassed identify-

ing and retrieving unique HPs from online databases and a homology search on

NCBI; PHASE II detailed the key tools used for the functional and structural

annotation of the selected proteins. These annotations included protein family

classification, characterization of the HP physicochemical properties, prediction

of membrane-spanning proteins and presence of signal peptides, identification of

PPI networks, and exploring the associated metabolic pathways. A summary of

the tools and online resources used in this study is highlighted in the List of Tools.

2.4.1.2 Sequence retrieval

The proteomic data of V. corneae was retrieved from the Microsporidia Database

microsporidia_odb10 v10 (https://microsporidiadb.org/micro/app/search?q=+Vittaforma+

corneae+ATCC+50505) in FASTA format [Aurrecoechea et al., 2011] [accessed on

December 8, 2022]. The proteome contained 2237 proteins, 90.97% (n = 2034)

labeled as HPs. To retain only the HPs from the FASTA file, a customized Python

script was developed using Python v3.8 [Van Rossum and Drake, 2000]. The script

worked by checking all the sequence header descriptions for the presence of the

term ”HYPOTHETICAL” and subsequently discarding all sequences that did not

meet this criteria. The sequence further ensured that all the retained HP sequences

were unique by cross-referencing each sequence against each other, retaining only
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the non-redundant ones. Following this rigorous filtering process, a refined subset

comprising 164 HPs was ultimately used in this study. This thorough selection

and filtering procedure was followed to improve the precision and relevance of the

data being examined.

2.4.1.3 Homology search

Homology search of the initial 2034 HPs was done using the remote BLAST+

command-line tools against the NCBI BLASTp standard non-redundant protein

sequences (nr) database [Johnson et al., 2008, Sayers et al., 2021] [accessed in

December 2022]. This step aimed to confirm that these proteins possessed known

functions. The search was carried out with default parameters (E-value = 0.0001,

bit-score greater or equal to 200), limiting the search to a maximum of 10 target

sequence hits. The BLAST+ command-line code options included: ”blastp -db nr

-remote -prot”. Following this initial search, 627 of the HPs showed no similarity

to any sequences in the database, while 677 had relevant hits. To extend the

depth of the search for distantly related sequences, the Position-Specific Iterative

Basic Local Alignment Search Tool (PSI-BLAST) was used [Kumar et al., 2012]

[accessed between 8-16 December 2022]. PSI-BLAST uses an iterative approach

that uses position-specific matrices (PSSMs) to score matches between the query

and the database, comparatively similar to the algorithm used by the HMMER

(jackhammer) program [Eddy, 2020]. Subsequent analyses excluded 627 sequences

that did not have detectable homologs in either BLASTp or PSI-BLAST. These

sequences were excluded because they either lacked homologous counterparts al-

together, were only homologous to HPs from other microsporidian species or ex-

hibited insufficient sequence similarity and coverage to any known sequences in

the database. Filtering these HPs based on these criteria was important since the

functional and structural annotation was based on inference from the information

available on well-characterized microsporidian proteins.

Reverse BLAST analysis was further done to confirm true homology (filter out

sequences that may have resulted by chance) and refine the dataset. An in-house

Python script, developed using Jupyter Notebook v1.2.6 [Van Rossum and Drake,
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2000, Silaparasetty, 2020], executed a remote command-line BLAST+ on the HP

homologs identified in the top 10 hits described above and filtered the output hits.

The stringent criterion for classifying HPs as true homologs included confirming

that the HP appears among the top 3 hits with relatively good percent identity

(greater than 40%), high query coverage (greater than 50%), and a low E-value

(less than 0.005). The resulting sequences identified as true homologs to their

characterized counterparts (n = 164) were subsequently used downstream in sili-

con characterization steps. Figure 2.2 below shows a schematic representation of

the reverse BLAST technique.
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Figure 2.2: A schematic representation of the reverse-blast method of testing true

homology. To confirm the true homology of the HPs, the top 10 BLASTp hits

were selected for each protein. The identification of true homologs was based on

the appearance of the HP in the top three hits with high coverage and percent

identity from the sequences analyzed. .

2.4.2 Phase II

2.4.2.1 Protein family classification

PFam v34 [Mistry et al., 2021] and InterPro [Blum et al., 2021] embedded in the

HMMer web server [Potter et al., 2018] were used to identify protein family cate-

gories of HPs using default parameters. The top hit with statistically significant

search output was used to categorize the protein families (significance E-values

for hits = 0.03 and sequence = 0.01). PANTHER [Mi et al., 2021], PRINTS

[Attwood, 2002], PIRSF [Wu et al., 2004], and GENE3D [Lees et al., 2014] were

also used to complement the Pfam and InterPro annotations.

2.4.2.2 Sub-cellular localization and signal peptide prediction

The location of a protein within the cell is frequently linked to its function. For

example, proteins spanning membrane regions and containing signal peptides
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and cleavage sites are commonly associated with the cell secretome (secretory

proteins) and function as transport and signaling proteins [Möller et al., 2001].

DeepTMHMM [Hallgren et al., 2022], TargetP v2.0 [Armenteros et al., 2019], Sig-

nalP v5.0 [Almagro Armenteros et al., 2019], and Phobius [Käll et al., 2004] were

used to identify such proteins amongst the HPs [accessed on January 12, 2023].

2.4.2.3 Analysis of protein physicochemical properties

General physical and chemical features of HPs were computed using the Prot-

Param tool on the ExPASy web server [Gasteiger et al., 2005a][accessed on Jan-

uary 12, 2023]. The output included a diverse range of properties, including the

proteins’ molecular weight (MW), theoretical isoelectric point (pI), amino acid

composition, atomic composition, extinction coefficient, instability index, aliphatic

index, estimated half-life, and the GRAVY score. An in-house Python script using

Jupyter Lab v1.2.6 [Van Rossum and Drake, 2000, Silaparasetty, 2020] was created

to enable batch processing of all HPs. The script used a remote command-line

search of the HPs through the ProtParam tool.

2.4.2.4 KEGG and Gene Ontology analysis

KEGG v104 [Kanehisa et al., 2016] [accessed on January 5 2023] was used to

identify the primary pathways the HPs were involved in, using the KofamKOALA

(KEGG Orthology And Links Annotation) analysis tool, which assigns K-numbers

to sequences using HMMSEARCH against the customized KEGG Orthologs HMM

database. Significant scores were highlighted in the output with an asterisk.

2.4.3 Characterization of five case studies

2.4.3.1 MSA, phylogenetic tree calculations, and pairwise sequence

identity

MSA was done on HPs with known/characterized homologs using the Multiple Se-

quence Comparison by Log-Expectation (MUSCLE) algorithm [Edgar et al., 2004]

in the MEGA X v10 software [Kumar et al., 2018]. Batch identification of the

best three maximum likelihood tree models and phylogenetic tree calculations were
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done in MEGAX using its command-line tool, MEGA-CC [Kumar et al., 2012].

Nine runs were performed for each set of aligned proteins, yielding two outputs per

run: the consensus and test neighbor-joining trees at 1000 bootstrap replicates.

The generated trees were visualized in Dendroscope v3.7.4 [Huson et al., 2007]. A

comparison was made between the calculated and the consensus trees by checking

the branching and bootstrap support values. Trees that did not match the con-

sensus were first considered ”failed” runs and realignment was done to improve

the phylogenetic calculation. The top 5 proteins with the best trees were used

for subsequent annotations as case studies (Tree quality was classified as those

with bootstrap values greater than 50%). These were VICG00012, VICG01314,

VICG01349, VICG01687, and VICG01723. These five HPs from diverse func-

tional groups were selected as case studies for further annotation. Moreover, an

all versus all pairwise sequence identity calculation was performed for each protein

sequence set using an in-house Python script and a heatmap generated in Jupyter

Notebook, as described in [Faya et al., 2015]. To generate the heatmaps presented

here, a phylogenetic analysis of the sequence data was first conducted using the

Maximum Likelihood method, resulting in a phylogenetic tree illustrating the evo-

lutionary relationships among the sequences. From this tree, pairwise distances or

similarities between the sequences were calculated, determining measures such as

nucleotide substitutions and genetic distances. This information was compiled into

a distance matrix, where each cell represented the similarity or distance between

pairs of sequences, with values converted to a percentage scale ranging from 0%

(no identity) to 100% (identical sequences). Utilizing JupyterLab, this distance

matrix was then visualized as heatmaps, with a color gradient indicating the de-

gree of similarity. Sequence identifiers were labeled on the axes, and a color legend

was included to clarify the scale of similarity, providing a comprehensive view of

the sequence relationships derived from the phylogenetic analysis.

2.4.3.2 PPI network analysis

PPI networks were analyzed using STRING v11 [Szklarczyk et al., 2019, 2021].

STRING, a computational PPI prediction database, integrates data from organ-

isms and known interactions stored in primary databases, predicting the structural
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and functional associations between interacting proteins. In PPI networks ana-

lyzed using the STRING online platform, the p-value serves as a critical metric

for assessing the statistical significance of observed interactions. A p-value signif-

icantly less than the conventional threshold of 0.05 indicates that the interactions

are statistically robust and unlikely to be the result of random chance. This low

p-value provides strong evidence for the genuine biological relevance of the in-

teractions, thereby enhancing the reliability of the detected associations within

the network and supporting the validity of the interaction data. The HP interac-

tions analysis was performed by specifying the microorganism as V. corneae and

searching the uncharacterized proteins by sequence using default parameters (full

STRING network type and medium confidence score = 0.400). The association

networks displayed in this study were limited to interaction evidence based on

laboratory experiments.

2.4.3.3 Functional annotation: functional domains prediction, motif

analysis and homology modeling

The online NCBI Batch CD Search identified HP conserved functional domains

[data retrieved in December 2022]. The search was done against the CDD v3.19

[Lu and Salzberg, 2020, Marchler-Bauer et al., 2017] (E-value = 10-4) with filtered

low-complexity regions and composition-corrected scoring). This was compared

to structural and functional domains identified using the ExPASY ScanProsite

program [de Castro et al., 2006]. The search was restricted to the Fungi group.

Conserved motifs were identified using MEME [Bailey et al., 2006] and Motif

Alignment and Search Tool (MAST) [Bailey and Gribskov, 1998], which are part

of the motif discovery MEME Suite online platform v5.3.3 [Bailey et al., 2015].

MEME and MAST command-line versions were used. A maximum of 15 motifs

with motif lengths ranging from 3–20 residues [Ross et al., 2017], a range of 2–10

sites per motif, and an E-value of less than 0.05 were identified in MEME. MAST

was used to analyze the significance of these motifs using p-values by sorting the

sequences in descending order (E-value less or equal to 10; position p-value less or

equal to 10-5). Duplicate motifs were removed by rerunning MAST. Selected mo-

tifs were mapped onto the respective protein MSAs and 3D models using Jalview
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v2.11.1.4 [Waterhouse et al., 2009] and Pymol [Yuan et al., 2017]. Conserved

motifs heatmaps were generated using a custom Python script by calculating the

total number of sites per the total number of subgroup sequences as previously

described [Ross et al., 2017].

Template identification was done using HHSearch on PRIMO [Hatherley et al.,

2016] and HHPred [Söding et al., 2005] to identify suitable structural templates for

homology modeling. This process is crucial for predicting the three-dimensional

structure of a protein by finding homologous structures with known configura-

tions, which can guide the accurate modeling of the structure of the target protein

structure. The best template was selected based on the percent sequence iden-

tity, high coverage, and high resolution (2-3.80Å), and alignment was done using

TCOFFEE. Moreover, pairwise secondary structure alignment of the query and

template were analyzed to assess the quality of the alignment and confirm that the

selected template was the best for subsequent homology modeling. MODELLER

v9.23 [Zimmermann et al., 2018] calculated a hundred models [Söding et al., 2005]

using the very slow refinement mode. The top three models with the lowest z-

DOPE score were selected for validation. The best models were selected based

on quality assessments using ProSA [Wiederstein and Sippl, 2007], PROCHECK

[Pontius et al., 1996], QMEAN [Waterhouse et al., 2018], and Verify3D [Luthy

et al., 1997]. PyMOL [Yuan et al., 2017] was used to map highly conserved motifs

onto the 3D model. Only motifs within the plane of view were labeled on each

predicted structure. Motif numbering was based on output labels from the motif-

discovery MEME Suite runs.
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Table 2.1: A summary of the selected templates used to model each HP

HP ID Template ID Sequence Identity (%) Coverage (%) Resolution (Å)

VICG00012 6QM7 25 2-231 (98%) 2.80

VICG01314 6AZ3 60 2-377 (87.8%) 2.50

VICG01349

1CF7 19 27-100 (35%) 2.60

5TUU 24 102-187 (41%) 2.25

VICG01687 2WJY_A 43 2-565 (98%) 2.50

VICG01723

4BUJ 36 62-900 (%) 3.70

5MC6 38 64-900 (%) 3.80

4A4Z 38 63-900 (%) 2.40

6IEH 44 38-900 (%) 2.89

6BB8 45 58-900 (%) 3.49
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2.5 Results and Discussion

The study was conducted in two phases, as shown in Figure 2.1. The initial phase,

PHASE I, primarily focused on identifying, retrieving, and curating unique HPs

from various online resources through rigorous homology searches. The second

phase (PHASE II) involved an in-depth analysis of the selected proteins. This

involved the classification of HPs into protein families, analysis of their probable

roles in metabolic pathways, characterization of their physicochemical properties,

homology modeling, prediction of transmembrane localization and signal peptides,

and PPI network analysis. Altogether, this provided substantial evidence of the

function and structure of the HPs.

2.5.1 Phase I

2.5.1.1 Sequence retrieval

The proteome of V. corneae retrieved from NCBI [accessed on December 8, 2022]

consists of 2,237 unique protein sequences [Broad Institute, 2011]. A staggering

2,034 of these proteins (90.97%) were classified as HPs, while only 203 (9.1%)

were identified as fully characterized proteins. Among the HPs, 207 were labeled

as fragmented/partial protein sequences in the retrieved sequence file and were

discarded from the subsequent annotations. The remaining 1,827 were marked as

complete protein sequences. Furthermore, the retrieved sequences were subjected

to a batch UniProt search to identify the availability of annotation data [accessed

in December 2022].

2.5.1.2 Sequence homology search: Distribution and identification of

HP homologs

Out of the 1,827 HPs, 627 (34.31%) did not have any homologous sequences in the

NCBI database, even after conducting a BLASTp homology search coupled with

PSI-BLAST. Sequence similarity is a fundamental approach for predicting protein

function, relying on the assumption that homologous proteins often share similar
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biological roles. In this process, uncharacterized proteins are compared to proteins

with known functions within curated databases. When an uncharacterized pro-

tein exhibits significant sequence homology to a well-annotated protein, functional

inference can be made with reasonable confidence. However, when an HP shows

sequence similarity exclusively to other uncharacterized proteins, functional pre-

diction becomes unreliable. This is due to the absence of functional information

in the comparative dataset, leading to a lack of biologically meaningful context

for accurate annotation. Given the importance of sequence similarity in protein

function inference, any HP that was homologous solely to other uncharacterized

proteins was excluded from the dataset. This filtering step was essential to re-

duce noise and ensure that only proteins with the potential for reliable functional

annotation were retained. As a result, 845 sequences, representing 46.25% of the

total HPs, were removed from the analysis to maintain the integrity and robust-

ness of the functional predictions derived from this study.The following annotation

steps were then conducted on 355 (19.43%) HPs that were hereafter retained. A

BLASTp search was conducted for these 355 proteins, and several homologs from

different microsporidia species were identified. The top 10 BLASTp hits for each

protein were selected to confirm the true homology of the HPs. True homologs

were identified as hits from sequences where the HP appeared in the top three

with high coverage and percent identity (Figure 2.2). Out of this search, 162 HPs

were retained for further downstream in silico characterization processes.

2.5.2 Phase II

2.5.2.1 HPs in V. corneae are mostly involved in regulatory processes

and the transportation of molecules

The microsporidia proteome has been reported to contain several copies of proteins

performing similar functions. Using the programs highlighted in the List of Tools,

these proteins were classified into different protein families involved in various

functions. This classification was primarily based on the Pfam annotation program

[Mistry et al., 2021]. Of 162 HPs, 143 (88.27%) were classified, while 19 HPs did
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not belong to any classes. The most significant proportion of classified HPs were

binding proteins (n = 60, 37%), followed by enzymes (n = 38), proteins involved in

cellular processes (n = 13), and transport proteins (n = 8) (Figure 2.3a). Binding

proteins were further classified based on the molecule they bind to, including

nucleic acids, proteins, ATP, and other substances (Figure 2.3b).
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Figure 2.3: (a) A pie-chart representation of the different protein family classes

identified in V. corneae HPsA total of 162 HPs classified into respective functional

groups based on functional annotations using several online tools. The number of

HPs in each group is illustrated by the number following each group name and their

respective percentage in brackets. The chart shows that the bulk of the proteins

(37%) are involved in binding to different molecules (nucleic acids, proteins, ATP),

followed by enzymes (23%), structural proteins (9%), regulatory proteins (8%),

cell-cycle proteins (6%) and transport proteins (5%). Cellular and regulatory

proteins include translation, transcription, and replication. The unknown proteins

highlighted include those that did not have significant hits across the tools used.

(b) A bar graph representation of the proportion of binding proteins. Nucleic acid-

binding proteins, ATP, and protein-binding proteins. The numbers next to the

labels indicate the total number of HPs in each group out of 60 binding proteins,

with percentages. The order of each section is sorted by size, with the largest

proportion of the binding HPs binding to DNA (13.22%) followed by metal ions

(12.2%).
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These groups were further grouped into distinct sub-classes (Table 2.5.2.1).
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Table 2.2: A summary of the functional categories of the annotated HPs.

1. Enzymatic Activity Hydrolase XP_007603465.1, XP_007603484.1, XP_007603568.1, XP_007603726.1,

XP_007603893.1, XP_007604190.1, XP_007604316.1, XP_007604934.1,

XP_007605007.1, XP_007605048.1, XP_007605091.1, XP_007605128.1,

XP_007605132.1, XP_007605168.1, XP_007605243.1, XP_007605249.1,

XP_007605468.1

Phosphatase XP_007605069.1, XP_007605421.1

Kinase XP_007603954.1, XP_007604292.1

Transferase XP_007603549.1, XP_007603706.1, XP_007604045.1, XP_007604313.1,

XP_007604512.1, XP_007604572.1, XP_007604786.1, XP_007605348.1,

XP_007605513.1

Redoxin XP_007603620.1, XP_007604320.1

Reductase XP_007604630.1

Predicted Function HPs (NCBI Accession numbers)

Continued on next page
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Table 2.2: A summary of the functional categories of the annotated HPs. (Continued)

2. Binding Proteins DNA Binding XP_007604222.1, XP_007603555.1, XP_007605148.1, XP_007603976.1,

XP_007604702.1, XP_007604711.1,

XP_007605014.1, XP_007605563.1, XP_007604217.1, XP_007605600.1,

XP_007604795.1, XP_007604991.1, XP_007605236.1

RNA Binding XP_007603502.1, XP_007603756.1, XP_007604025.1, XP_007603684.1,

XP_007604059.1, XP_007603503.1,

XP_007605101.1

Protein Binding XP_007603813.1, XP_007604439.1, XP_007604066.1, XP_007604530.1,

XP_007604889.1, XP_007605221.1,

XP_007605241.1, XP_007605535.1, XP_007604255.1, XP_007604458.1,

XP_007604339.1,

Predicted Function HPs (NCBI Accession numbers)

Continued on next page
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Table 2.2: A summary of the functional categories of the annotated HPs. (Continued)

ATP Binding XP_007605468.1, XP_007605243.1, XP_007603484.1, XP_007604934.1,

XP_007605249.1, XP_007605007.1,

XP_007605091.1, XP_007604805.1, XP_007605346.1, XP_007603899.1,

XP_007604183.1, XP_007604190.1,

XP_007604236.1, XP_007605168.1

Metal ion Binding XP_007603620.1, XP_007604027.1, XP_007605126.1, XP_007605437.1,

XP_007603868.1, XP_007604818.1,

XP_007604533.1, XP_007603568.1, XP_007603571.1, XP_007603586.1,

XP_007603651.1, XP_007604813.1,

XP_007605092.1

Lipid Binding XP_007603764.1

3. Other Proteins Transport XP_007605235.1, XP_007605292.1, XP_007603481.1, XP_007605504.1,

XP_007603688.1, XP_007603592.1,

XP_007603628.1, XP_007605468.1

Predicted Function HPs (NCBI Accession numbers)

Continued on next page
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Table 2.2: A summary of the functional categories of the annotated HPs. (Continued)

Structural XP_007604846.1,

XP_007605182.1, XP_007605382.1, XP_007605476.1, XP_007603578.1,

XP_007604054.1, XP_007604133.1,

XP_007604178.1, XP_007604216.1, XP_007604260.1, XP_007604760.1,

XP_007604961.1, XP_007605096.1,

XP_007605153.1, XP_007605458.1

Cellular/ Regulatory XP_007603642.1, XP_007604801.1, XP_007604849.1, XP_007603534.1,

XP_007604051.1, XP_007603959.1,

XP_007604109.1, XP_007604802.1, XP_007603650.1, XP_007604335.1,

XP_007604344.1, XP_007603773.1,

XP_007603728.1

Cell-cycle Related Proteins XP_007604773.1, XP_007604450.1, XP_007604487.1, XP_007604653.1,

XP_007603902.1, XP_007603465.1,

XP_007603726.1, XP_007603972.1, XP_007604824.1

Predicted Function HPs (NCBI Accession numbers)
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2.5.2.2 Binding proteins

Based on the molecule they bind to, sixty binding proteins were predicted and clas-

sified into distinct groups, including nucleic acid-binding, protein-binding, metal-

/ metal-ions-binding, ATP-binding, or binding to other molecules (Figure 2.3b).

Thirteen HPs were identified as DNA-binding, and eight were RNA-binding. Among

them, four HPs (VICG01256, VICG01265, VICG01568, and VICG02118) contain-

ing the homeobox domain were involved in DNA-binding and transcription reg-

ulation, and one histone-domain-containing DNA-binding protein (VICG00524)

was involved in regulating protein heterodimerization activity.

Eleven HPs were classified as protein-binding and characterized by containing

WD-repeats domains, PFU domains, or TPR domains. A set of ubiquitin fu-

sion degradation proteins, functioning in post-translational modification, protein

turnover, and chaperones, was identified. The XP_007604246.1 protein belonged

to the ubiquitin conjugation factor E4 family and was involved in ubiquitin-

ubiquitin ligase activity [Koegl et al., 1999]. Thirteen HPs were found to be

metal-binding and involved in various cellular processes during DNA replication.

Ten contained the zinc finger domain, which can bind to other molecules such as

DNA and proteins and enhance their stability and structural integrity in different

cellular environments [Iuchi, 2001]. XP_007605437.1, a metal-ion-binding protein

containing the HORMA domain, was predicted to be involved in DNA repair.

2.5.2.3 Enzymes

Enzymes are crucial for metabolic processes, and microsporidia reportedly retain

many enzymes they secrete into host cells to manage host metabolism [Senderskiy

et al., 2014]. About 23% (n = 38) of the predicted HPs were identified as enzymes,

grouped into several categories, including transferases, kinases, hydrolases, reduc-

tases, phosphatases, and proteinases.

Ten of the HPs were transferases, which play an important role in oxidative stress

[Pan et al., 2018]. For example, XP_007603549.1 and XP_007604313.1 were clas-

sified as S-adenosyl-L-methionine-dependent methyltransferase and histone acetyl-

transferase, respectively. The former detoxifies cytotoxicity and regulates RNA
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methylation, while the latter catalyzes the transcription process [Pan et al., 2018].

Two HPs were predicted to be kinases, which are receptor proteins involved in sig-

nal transduction and cell cycle regulation [Miranda-Saavedra et al., 2007, Li et al.,

2014]. XP_007603954.1 and XP_007604292.1 were classified as ribokinase-like su-

perfamily and TNase-like domain-containing membranous protein, respectively.

XP_007603954.1 was identified as a cytoplasmic protein based on transmem-

brane localization prediction, contains the NAD(P)HX binding site involved in

ADP-dependent NAD(P)H-hydrate dehydratase activity and ATP binding. XP_-

007604292.1 was characterized as a membranous protein containing the staphylo-

coccal nuclease (SNase) homologs with an open beta-barrel (OB-fold) that medi-

ates DNA-binding.

Hydrolases, crucial for host tissue invasion and evasion of host defense mechanisms

[Pan et al., 2018], were predicted to be present in six HPs, with four of them

classified as P-loop-containing nucleoside triphosphate hydrolases. These were:

XP_007603893.1, XP_007605048.1, XP_007605132.1, and XP_007604316.1.

One HP, XP_007604630.1, was classified as dihydrofolate reductase (DHFR),

which regulates levels of folate coenzymes. This HP contained a DHFR domain

linked to glycine and tetrahydrofolate biosynthetic processes [Bertacine Dias et al.,

2018].

Finally, one HP, XP_007605421.1, was grouped as alkaline phosphatase. It trans-

fers phosphorus-containing groups and has eight transmembrane helices. Microbes

secreting phosphatase deplete the host’s phosphate levels, one of the key factors

that increase the virulence of disease-causing microorganisms [Gupta et al., 2017].

2.5.2.4 Transport proteins

Transport proteins, comprising carriers, transporters, receptors, and signal trans-

duction proteins, participate in the survival of microorganisms by facilitating the

movement of useful nutrients and metabolic waste into and out of their cells

[Tamim El Jarkass and Reinke, 2020]. Microsporidia genomes have abundant pro-

teins to support their acquisition of resources from their hosts [Tamim El Jarkass

and Reinke, 2020]. Several carriers, transporters, receptors, and signal trans-
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duction proteins were identified among the V. corneae HPs. Four ATP-Binding

Cassettes (ABC) transporter proteins were identified: XP_007603484.1, XP_-

007604934.1, XP_007603628.1, and XP_007605468.1. These ABC proteins regu-

late the entry and exit of various substrates in the cell, aiding in the attachment of

microbes onto the host cell surface [Schneider and Hunke, 1998, Higgins, 2001, He

et al., 2019]. These proteins contained a transmembrane domain at the N-terminal

involved in pore formation in the inner membrane and a nucleoside triphosphate

hydrolase domain that facilitates ATP binding and energy generation [Schneider

and Hunke, 1998].

Signal transduction is an essential biochemical process by which cells communicate

with extracellular messenger molecules to regulate vital metabolic pathways and

control the growth of intracellular microorganisms. The microsporidia proteome is

highly enriched with protein domains involved in PPIs, such as signal transduction

and WD40 domains [James et al., 2013]. Five signal transduction proteins were

identified among the HPs. These included: XP_007603813.1, XP_007604255.1,

XP_007604458.1, XP_007604530.1, and XP_007605241. These proteins contain

the signal transduction domain and seven repeats of the WD40 domain, which fa-

cilitates the PPI system [Xu and Min, 2011, Jain and Pandey, 2018]. These protein

domains are essential for the obligatory intracellular behavior of microsporidia, as

they allow the microorganisms to interact with the host cells and acquire essential

nutrients.

Carrier proteins are another important class of host-cell-interacting molecules

found amongst the HPs. These proteins facilitate the importation of nutrients to

intracellular parasites. They are characterized by a ferredoxin-containing receptor-

binding domain that takes control of the host’s iron uptake pathway [Pan et al.,

2018]. This analysis revealed the presence of a carrier protein (XP_007603620.1)

containing the iron-sulfur (Fe–S) cluster-binding domain..

Receptor proteins are similarly important in cell signaling by binding to signaling

molecules and ligands to regulate cellular response, thereby promoting intracellu-

lar trafficking of nutrients [Desjardins et al., 2015]. Two receptor proteins were

annotated from the HPs: XP_007605437.1 and XP_007605458.1. The HP XP_-

007605437.1 was further characterized as containing leucine-rich repeats. XP_-
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007605458.1 was grouped in the PHD finger superfamily containing a nuclear-

receptor-binding SET domain, suggesting a possible role in regulating the host

cell’s gene expression.

2.5.2.5 Structural proteins

Structural proteins are essential in the survival and infectivity of microorganisms

by regulating molecular influx from the surrounding host environment and pro-

viding a protective protein surface layer against extracellular factors [Kwan et al.,

2006]. In microsporidia, proteins such as spore wall proteins also function to ad-

here to host cells during infections [Yang et al., 2015]. Sixteen HPs were predicted

to be structural proteins in this study (Table 2.5.2.1).

The HP XP_007604178.1 was classified as a microsporidian spore wall superfam-

ily protein (MICSWaP). This protein contains a signal peptide at the N-terminal

and a non-cytoplasmic domain. The spore wall protein is a major component of

the spore wall. It provides a protective barrier against the host immune system,

allowing the microsporidia to establish their intracellular niche [Yang et al., 2018].

Identifying this protein provides insights into the molecular mechanisms of the

host-microsporidia interaction and may be a potential therapeutic target for mi-

crosporidia infections.

The HP XP_007604054.1 was classified as an actin-related protein, a structural

constituent of the ribosome linked to the protein’s 3D structure. This protein is

also associated with the nucleotide-binding domain of the sugar kinase/HSP70/actin

superfamily. Actin is involved in filament formation, a major cytoskeleton com-

ponent that interacts with myosin during cell motility [Kabsch and Vandekerck-

hove, 1992, Mahadevan et al., 2011]. The presence of actin-related proteins in

microsporidia suggests a potential role in the modulation of the host cell’s cy-

toskeleton during infection.
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2.5.2.6 Cellular/regulatory proteins

These proteins maintain the microsporidia genome integrity while contributing to

regulatory functions and pathogenicity, compensating for the genome reduction

observed in these microorganisms [Texier et al., 2010, Peyretaillade et al., 2011].

The cellular functions these proteins are involved in include cell-cycle regulation,

transcription, translation, and replication. Twenty-seven HPs in the V. corneae

datasets were classified as cellular/regulatory proteins and included transcription

factors and transcription regulatory proteins (n = 9), polymerases (n = 8), trans-

lation proteins (n = 5), and ribosomal biogenesis regulatory proteins (n = 5).

2.5.3 Transmembrane localization and signal peptide pre-

diction

The function of a protein is often linked to its localization within a cell. Membrane-

spanning proteins, for instance, are known to play a role in signaling pathways,

and the transportation of nutrients across different biological environments within

and outside a cell [Möller et al., 2001]. Therefore, it is crucial to identify the

presence of signal peptides and transmembrane helices in HPs. The analysis of

subcellular localization of HPs using TMHMM, DeepTMHMM, TargetP, SignalP,

and Phobius indicated that HPs were membranous in at least three of these tools.

Of the tools used, DeepTMHMM predicted 20 transmembrane proteins, 15 signal

peptides, 125 globular, and 4 HPs spanning both the transmembrane and signal

peptide regions.

These results were compared to the GRAVY index score of hydropathy. Mem-

brane proteins are typically hydrophobic, and HPs containing transmembrane

helices would fall under this category, with GRAVY scores of more than zero.

In contrast, globular proteins are localized within the cell and would further be

classified as hydrophilic. This analysis displayed the same pattern, with 30 HPs

assessed to be hydrophobic, 15 of which were also predicted to be localized on the

membrane by different localization prediction tools and 5 containing signal pep-

tides (Appendix Table A1. Out of the 30 hydrophobic HPs, five were predicted to
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have signal peptides in both TargetP and SignalP, while 6, 20, and 18 of these HPs

with signal peptides were identified with Phobius, TMHMM, and DeepTMHMM,

respectively.

The TMHMM tool predicts the number of transmembrane helices in proteins and

highlights the expected number of amino acids in the identified helices. If the pre-

dicted number is higher than 18, then the probability of the query protein being

transmembrane or having a signal peptide is also high. Moreover, transmembrane

helices in the N-terminal are more likely to be signal peptides. However, TMHMM

cannot identify if the protein is cytoplasmic, unlike other tools.

The Phobius tool predicts if a protein is cytoplasmic or non-cytoplasmic along-

side signal peptide prediction. This tool scores the most probable location and

orientation of transmembrane helices using the N-best algorithm, similar to the

TMHMM tool. Similarly, TargetP and SignalP identify the presence of signal pep-

tides and the regions of the sequence they span. In this survey, TargetP, SignalP,

and Phobius predicted 15, 12, and 22 signal peptides, respectively. The combined

use of all these tools provides a more comprehensive prediction of membranous

and non-membranous proteins.

2.5.4 Physicochemical characterization of HPs

Categorizing proteins based on their physical and chemical properties can help

determine their stability and characteristics. This helps plan future laboratory

experiments. Analyzing the physicochemical properties of the proteins can pro-

vide insights into their potential biochemical functions [Korkuc and Walther, 2015,

Moses et al., 2016, Thakur et al., 2020]. In this study, out of the total 164 HPs,

30 of them (18.3%) were hydrophobic, while the remaining 134 (81.7%) were hy-

drophilic or globular in nature, as illustrated in Figure 2.4a below.
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Figure 2.4: Overview of the physicochemical properties of the annotated HPs: (a)

The GRAVY scores of less than 0 indicate the prediction of hydrophilic (globular)

proteins, while scores larger than 0 are predicted to be hydrophobic (membrane)

proteins. A total of 134 (81.7%) HPs were classified as hydrophilic, while 30

(18.3%) HPs were identified as hydrophobic. (b) Isoelectric point vs. molecular

weight of HPs using the ProtParam tool. In red are the eccentric proteins with

acidic pI (3–5) (n = 20; 12.2%) or basic pI (9–12) (n = 49; 29.87%), while those

in black are proteins with pI range 5–9 (n = 95; 57.93%). The majority of HPs

fall in this category
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The molecular weight and pI provide information on the chemical characteris-

tics of HPs. A significant proportion of HPs were neutral, with pI ranging between

5 and 9 (n = 95, 57.93%). In comparison, the number of eccentric HPs (basic or

acidic) was lower, with the proportion of essential proteins being 29.87% (n = 49).

In contrast, that of acidic proteins was 12.2% (n = 20) (Figure 2.4b above).

2.5.5 KEGG and Gene Ontology analysis

Identifying protein families provides a multifaceted in silico approach to conclu-

sively annotate undescribed proteins. To confirm the predicted roles of annotated

HPs in different metabolic pathways, these proteins were cross-checked against the

KEGG pathway database (Appendix Table A2. Of 164 HPs, 55 were accurately

annotated, consistent with the protein family classification in Figure 2.3 above.

An extensive set of predicted proteins was identified as involved in enzymatic and

cell regulatory processes.

2.5.6 Characterization of Representative Proteins

The selection of these five representative HPs (VICG00012, VICG01314, VICG01349,

VICG01687 and VICG01723) for detailed structural, PPI, and phylogenetic anal-

yses was based on their potential functional relevance and diversity within the

dataset. These proteins were prioritized based on several criteria, including their

distinctive sequence features, predicted functional roles, and their ability to rep-

resent a range of protein families or classes. This selection allowed for a more

focused and in-depth analysis of key proteins that are likely to yield significant

insights into the biological processes of interest. By concentrating on a smaller set

of representative HPs, the study aimed to achieve a more detailed exploration of

protein function, interactions, and evolutionary relationships, which would be less

feasible across a broader dataset. This targeted approach ultimately enhances the

depth, relevance, and impact of the findings.
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2.5.6.1 Case study I: VICG00012

2.5.6.1.1 Identification and analysis of conserved motifs

The HP VICG00012 was identified as belonging to the proteasome alpha subunit

(PSA) family based on its homology to other microsporidia species involved in

post-translational modification, protein turnover, and chaperones. Motif analy-

sis using MEME identified eight highly conserved motifs across all homologous

sequences (Figure 2.5a). Motif 9 was noticeably absent in VICG00012 and its re-

spective Enterocytozoon hepatopenaei homolog. Enterocytozoon hepatopenaei has

been taxonomically identified as a close relative to V. cornea [Park and Poulin,

2021]. This could explain the similarity in motif distribution between these two

microsporidia
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Figure 2.5: Functional and structural annotation of VICG00012. (a) The motif analysis heatmap generated from MEME Suite shows

six highly conserved motifs across the PSA homologs, and motif 9 was missing in certain species. (b) Motif mapping to the homology

model of the HP. Motifs numbers are preserved based on MEME outputs.(c) Motifs were mapped onto the MSA results of VICG00012

and its homologs, highlighting in purple all motifs conserved throughout the dataset. The conserved domain identified in this sequence

belonged to the PRE1 superfamily.(d) Sequence identity heatmap highlighting a pairwise comparison of each of the sequences used in

the phylogenetic analysis. A darker color shows a closer identity to respective sequences. Two distinct clusters are observed with higher

identity in the Encephalitozoon family compared to the clade containing the HP of interest.
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2.5.6.1.2 Homology modeling

To design a 3D model of VICG00012, the Leishmania tarentolae proteasome 20S

subunit protein (PDB ID: 6QM7) was selected as a template for homology model-

ing. T-COFFEE was used for target-template alignment, and the predicted models

with the lowest z-DOPE score were selected. The quality of the modeled structure

was assessed using several tools, including Verify3D, QMEAN, PROCHECK, and

ProSA-web, which collectively validated the accuracy of the predicted structure.

The resulting 3D model of VICG00012 is shown in Figure 2.5b, with eight con-

served motifs identified among all species mapped onto the predicted structure

using PyMOL. Motifs 13 and 15 were conserved in V. corneae and the Enterocy-

tozoon hepatopenaei PSA C6, and the motifs were characterized with alpha-helix

coils or mapped onto beta sheets in the predicted 3D model.

2.5.6.1.3 MSA and conserved domain analysis

(Figure 2.5c). The HP VICG00012 contains the N-terminal of the proteasome

alpha subunit (Figure 2.5c) The PRE1 domain, which is a crucial component of

the 20S proteasome structure and is actively involved in post-translational modi-

fication, chaperones, and protein turnover [Zwickl et al., 1992, Groll et al., 2000],

is present in the HP VICG00012. This domain spans from position 4-231 and

represents the N-terminal of the proteasome alpha subunit, as shown in Figure

2.5c.

2.5.6.1.4 Phylogenetic tree analysis and pairwise sequence identity cal-

culations

The phylogenetic analysis of the PSA sequences, including VICG00012, revealed

the presence of 3 distinct clusters (Figure 2.5d). VICG00012 PSA homolog was

found to be closely associated with PSA from H. eriocheir, E. hepatopenaei, and

Ordospora colligata OC4.These findings indicate that this gene may evolve rapidly

in microsporidia, aiding their survival in different localization patterns.

The tree analysis results were consistent with the pairwise sequence identity calcu-
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lations, revealing that the separated clades had higher sequence identities (Figure

2.5d). The second and third clades exhibited greater sequence similarity than the

first group, which included the HP. This similarity could be explained by the fact

that all the species in the last two groups infect mammalian hosts [Vossbrinck and

Debrunner-Vossbrinck, 2005, Park, 2020].

2.5.6.1.5 PPI network analysis

A novel polar tube protein, a key feature involved in microsporidia spore ger-

mination, was identified based on clustering with other essential proteins found

in the structure of the microsporidia [Delbac et al., 2001, Polonais et al., 2013].

These studies showed the capacity of using information from neighboring/closely

interacting proteins to decipher the function and structure of unknown proteins.

The HP VICG00012 (Accession number: XP_007603465.1) has a high degree of

homology to proteasome subunit proteins from other microsporidia species and

is predicted to function in the proteolysis process involved in cellular catabolic

processes. Its homologous superfamily is identified as nucleophile aminohydrolase

(Ntn hydrolases), and it is located within the proteasome core complex, contain-

ing a threonine nucleophile. The VICG00012 protein was found to have strong

interactions with PCI-domain-containing proteins, which include �-helices and a

winged-helix domain (Figure 2.6). The p-value for these interactions is 4.66 × 10
−15 indicating an extremely high level of statistical significance. This low p-value

suggests that the observed interactions are highly unlikely to have occurred by

chance, affirming the robustness and reliability of the findings in the VICG00012

protein-protein interaction network analysis. The protein was also closely asso-

ciated with similar-functioning proteasome subunit proteins L2GLB0, L2GLC6,

L2GLK0, and L2GMP0, as indicated by the pink edges in the experimentally de-

termined associations (Figure 2.6).
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Figure 2.6: A PPI network analysis using the STRING database, with the query

HPs highlighted in red (L2GQV7). Each node represents a protein, and a total

of 10 interacting proteins (nodes) were observed, with 55 edges indicating both

physical and functional protein associations. The color of the edges indicates the

type of interaction evidence, with pink edges indicating experimentally-determined

associations and purple edges indicating protein homology. The analysis revealed

that the HP has close homology to a proteasome alpha 1 domain-containing protein

(L2GLK0) and is experimentally linked to similar proteins. The protein-protein

interaction (PPI) enrichment p-value is 4.66 × 10−15, indicating that the clustered

proteins in this group are at least partially biologically connected.
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2.5.6.2 Case study II: VICG01314

2.5.6.2.1 Identification and analysis of conserved motifs

VICG01314 (NCBI accession number: XP_007604760.1) was identified as a ho-

molog to the ribosomal protein L3, which is involved in protein translation and

located in the ribosome. Ribosomal protein L3 forms a part of the large ribosomal

subunit and is predicted to play a role in regulating metabolic processes. The HP

and its homologs contained nine highly conserved motifs (Figure 2.7a). Motif 15

was present only in V. corneae and Encephalitozoon intestinalis ATCC 50506 as

indicated below.
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D.Ribosomal protein L3 [Ordospora colligata]

E.60S ribosomal protein L3 [Encephalitozoon intestinalis ATCC 50506]

F. 60S ribosomal protein L3 [Encephalitozoon hellem ATCC 50504]

G.Hypothetical protein VICG 01314 [Vittaforma corneae ATCC 50505]

H.60S ribosomal protein L3[Encephalitozoon romaleae SJ 2008]
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Figure 2.7: Structural and functional analysis of VICG01314. (a) Motif analysis of the HP showing nine conserved regions. (b) Mapping

of the motifs onto the 3D structure of the HP (c) MSA illustrating, in purple, several conserved regions in this set of sequences.

(d)Phylogenetic analysis of VICG01314 using the Maximum Likelihood method shows that the HP VICG01314 clustered away from the

rest of the clades but was closer relative to H. eriocheir and E. hepatopenaei (The heatmap scale ranges from 0-100%).
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2.5.6.2.2 Homology modeling

The 3D model of the HP was structured using the 6AZ3 chain B template, a

ribosomal protein L3 from the Leishmania parasite (Figure 2.7b).

2.5.6.2.3 MSA and conserved domain analysis

VICG01314 contains the ribosomal protein L3 domain (residue 1-358), which is

conserved across all sequences (Figure 2.7c). MSA and motif mapping highlight

very few residue-level differences within these sequences.

2.5.6.2.4 Phylogenetic tree analysis and pairwise sequence identity cal-

culations

Phylogenetic analysis shows that VICG01314 clustered away from the rest of the

clades but was closer relative to H. eriocheir and E. hepatopenaei (Figure 2.7d).

Pairwise sequence identity calculations determined that the sequences were of close

evolutionary distances

2.5.6.2.5 PPI network analysis

The STRING protein association prediction suggests that VICG01314 is closely

associated with other regulatory and enzymatic proteins such as translation initi-

ation factor, synthases, kinases, and GTP-binding proteins (Figure 2.8).
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Figure 2.8: Protein association prediction shows VICG01314 to be in close prox-

imity to other regulatory and enzymatic proteins with varying functions such as

translation initiation factor, synthases, kinases, and GTP-binding proteins
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2.5.6.3 Case study III: VICG01349

2.5.6.3.1 Identification and analysis of conserved motifs

The protein VICG01349 (NCBI accession number: XP_007604795.1) belongs to

the DP-DD superfamily based on homology and is classified as the E2F-dimerization-

partner transcription factor. Proteins in this group regulate genes responsible for

DNA synthesis, cell cycle progression, apoptosis, and proliferation by forming

heterodimers with E2F transcription factors [Zheng et al., 1999]. Motif analysis

showed four highly conserved motifs between VICG01349 and its counterparts.

Motifs 6, 7, 9, and 10 are conserved only in the HP and its homolog from H.

eriocheir(Figure 2.9a).

64



(b)

(c)

(d)

Legend
A.Proteasome alpha subunit C6|Encephalitozoon cuniculi

B.Proteasome alpha subunit C6| Encephalitozoon cuniculi GB- M1

C.Proteasome alpha subunit C6|Enterocytozoon hepatopenaei

D.Proteasome alpha subunit C6| Hepatospora eriocheir

E.Proteasome alpha subunit C6| Hepatospora eriocheir

F. Proteasome alpha subunit C6|

G.20S Proteasome alpha subunit C6|Encephalitozoon hellem

H.Hypothetical Protein VICG_01349|Vittaforma cornea ATCC 50505

I. Proteasome alpha subunit C6|Encephalitozoon romaleae SJ- 2008

J. 20S Proteasome alpha subunit C6|Ordospora colligate OC4

M1

M2

M3

M4

M5

M6

M7

M9

M10

JA EB C D F G H I

N
u
m

b
e
r o

f M
o
tif site

s/to
ta

l n
u
m

b
e
r o

f se
q

u
e
n
ce

s

1.0

0.8

0.6

0.4

0.2

0.0

Encephalitozoon intestinalis

(a)

Motif 1

Motif 2

Motif 3

Motif 4

(c)

Figure 2.9: Structural and functional analysis of VICG01349.(a) Motif heatmap of VICG1349 showing conservation of 7 motifs across all

species. Species and protein IDs are indicated in the legend.(b) The modeled 3D structure of HP VICG01349 with the seven conserved

motifs mapped onto the structure. (c) Multiple sequence alignment and motif mapping on VICG01349. Two main domains (the winged-

helix DNA-binding domain and the Dimerization domain) are also indicated spanning the region across the sequence as a diagrammatic

representation. (d) Tree calculations using the Maximum Likelihood method and sequence identity heatmap of VICG01349 and its

homologs illustrate the close relationship between proteins within the same clade (heatmap scale from 0-100%).
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2.5.6.3.2 Homology modeling

Figure 2.9b illustrates the 3D structure of the HP as predicted using the trans-

ferase protein from Oryctolagus cuniculus (PDB ID: 1CF7) and the Homo sapiens

E2F4-DP1 homolog (PDB ID: 5TUU).

2.5.6.3.3 MSA and conserved domain analysis

VICG01349 is predicted to be located in the cell nucleus and has a signal pep-

tide and non-cytoplasmic domain. Its protein sequence contains a DNA-binding

winged-helix motif and a DP domain (Figure 2.9c).

2.5.6.3.4 Phylogenetic tree analysis and pairwise sequence identity cal-

culations

Evolutionary analysis suggests that the protein is less divergent and shows higher

identity with both mammalian-specific (E. bieneusi) and crustacean-specific mi-

crosporidia (E. canceri, and H. eriocheir (Figure 2.9d).

2.5.6.3.5 PPI network analysis

Key interacting proteins to VICG01349, based on STRING prediction, include

proteins in the cyclin family involved in cell-cycle regulation and DNA polymerase

and other synthesis proteins involved in a similar role (Figure 2.10).

66



Figure 2.10: PPI analysis of HP VICG01349 using STRING analysis. Close asso-

ciations with proteins involved in cell cycle processed is indicated.
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2.5.6.4 Case study IV: VICG01687

2.5.6.4.1 Identification and analysis of conserved motifs

Helicases can bind to double-stranded DNA and separate them into single-stranded

DNA during DNA replication. VICG01687 (NCBI accession number: XP_-

007605132.1) grouped in the superfamily I DNA-RNA Helicase. Twelve motifs

were highly conserved across all homologs of this protein. Motifs 8 and 15 were

missing in this HP (Figure 2.11a).
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Figure 2.11: (a) Motif analysis heatmap of the protein VICG01687, highlighted in red. A large number of motifs were conserved among

these proteins. (b) The 3D model of VICG01687 as predicted using Modeller. Motif mapping is based on the most conserved motif

identified using MEME. (c) Multiple sequence alignment and motif mapping of VICG01687. Two main domains are mapped onto

the diagrammatic representation of the one-dimensional sequence illustrated below the alignment. (d) Phylogenetic analysis using the

Maximum Likelihood method and pairwise identity calculations of VICG01687 and its homologs. Two distinct clusters areobserved

(Heatmap scale ranging from 0% to 100%).
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2.5.6.4.2 Homology modeling

The predicted 3D structure was modeled using the human zinc-finger hydrolase

protein (PDB ID: 2WJY), known to regulate nonsense transcripts. Motif mapping

is highlighted in Figure 2.11b.

2.5.6.4.3 MSA and conserved domain analysis

Proteins in the helicase superfamily contain a P-loop motif (Figure 2.11c). The HP

is characterized by a superfamily 1 C-terminal helicase domain under the Upf1-

like helicases family (SF1_C_Upf1) and contains the DEAD domain involved in

ATP-dependent RNA and DNA winding [De La Cruz et al., 1999] (Figure 2.11c).

Its conserved features include an ATP-binding site and a DNA-binding site in-

volved in transcription regulation [Fuller-Pace, 2006].

2.5.6.4.4 Phylogenetic tree analysis and pairwise sequence identity cal-

culations

Three distinct clusters were identified through studies on phylogeny, and VICG01687

was found to cluster with microorganisms infecting invertebrates, distinctly sepa-

rated from the microsporidia of mammals. Pairwise sequence identity calculations

and the generated heatmap also highlighted this relationship(Figure 2.11d).

2.5.6.4.5 PPI network analysis

VICG01687 was found to interact closely with other binding proteins, includ-

ing nuclear cap-binding protein, GTP-binding, ribosomal L18e/L15P, hydrolases,

and DEAD-box helicase proteins, according to the STRING association network

analysis (Figure 2.12). These neighboring proteins are classified within the same

superfamily and in proximity to each other, suggesting that they function simi-

larly to VICG01687.

70



Figure 2.12: STRING analysis of the proteins interacting with VICG01687. The

query node indicates the HP VICG01687. Its closest neighbors are proteins from

the helicase and argonaute family.

2.5.6.5 Case study V: VICG01723

2.5.6.5.1 Identification and analysis of conserved motifs

A homology search identified VICG01723 (NCBI accession number: XP_007605168.1)

as an ATP-Dependent RNA Helicase (SKI2 RNA Helicase). Eleven motifs were
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conserved throughout all the microsporidia species analyzed, while motifs 11, 12,

and 15 were visibly missing in this HP (Figure 2.13a).
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Figure 2.13: (a) Motif analysis heatmap of VICG01723 shows a high number of conserved motifs. (b) The 3D modeled structure of

VICG01723 with motif mapping. (c) Multiple sequence alignment of the HP VICG01723 with motif mapping respective to MEME

results. Motif mapping is based on the numbering of the identified motifs as determined using MEME. MEME analysis was used to

detect conserved sequence motifs across the protein family, which are represented in the alignment. An N-terminal domain (DEAD-BOX

HELICASE) and a C-terminal domain are highlighted in the sequence.(d) hylogenetic classification of HP VICG01723 using the Maximum

Likelihood tree calculation method and pairwise sequence calculations highlight the sequence identity values among the homologous species

(Heatmap scale: 0-100%).
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2.5.6.5.2 Homology modeling

VICG01723 protein modeling was done using four templates that covered the

length of the protein. The templates used included the antiviral RNA helicase

SKI2 protein from Saccharomyces cerevisiae S288C (PDB ID: 4BUJ and 5MC6),

Saccharomyces cerevisiae (PDB ID: 4A4Z), human RNA helicase (PDB ID: 6IEH),

and Neurospora crassa (PDB ID: 6BB8). The modeling of the VICG01723 protein

was carried out using four distinct templates to achieve better coverage across the

full length of the protein. Owing to the varying length of these proteins, a sin-

gle template would not have provided sufficient structural coverage. By utilizing

multiple templates, each contributing to specific regions, the overall model was

more accurate and reliable, allowing for a more comprehensive representation of

the protein structure. This approach ensured that key structural features were ad-

equately captured, which would not have been possible with a single low-coverage

template. The identified motifs were mapped onto the 3D structure (Figure 2.13b).

2.5.6.5.3 MSA and conserved domain analysis

The Nop domain is present in pre-RNA ribonucleoproteins and has RNA- and

protein-binding surfaces [Fuller-Pace, 2006]. This HP belongs to Superfamily II

RNA helicases involved in RNA replication, recombination, and repair. The se-

quence consists of three distinct domains - the DEAD-box domain, which plays

various roles in RNA metabolism; the conserved helicase carboxyl-terminal domain

usually found with the DEAD domain; and the DSHCT domain [De La Cruz et al.,

1999, Fuller-Pace, 2006] as observed in Figure 2.13c.

2.5.6.5.4 Phylogenetic tree analysis and pairwise sequence identity cal-

culations

The evolutionary relationship analysis demonstrated that these HP clusters are in

the same clade as other characterized RNA helicase proteins from microsporidia

infecting invertebrates. This HP diverges from similar proteins isolated from mi-
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crosporidian species affecting the same host (Figure 2.13d), indicating the versa-

tility of the fast-adapting microsporidia species. This could be due to horizontal

gene transfer or gene loss over time, leading to divergence [Keeling and Palmer,

2008, Pombert et al., 2012, Pan et al., 2013].

2.5.6.5.5 PPI network analysis

VICG017223 is linked to other uncharacterized proteins, poly(A) polymerase, the

Nop-domain-containing protein, and the WD-repeats region domain-containing

protein (Figure 2.14) based on association networks.
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Figure 2.14: PPI network analysis of VICG01723 (query node in red) showing

close association with ribosomal proteins.
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2.6 Conclusion

Bioinformatics approaches are frequently employed to identify unknown proteins’

biochemical and physical properties. With the development of computational tools

currently on the fast track, accurate predictions have been possible. The in silico

identification of significant proteins has improved the processing time of unknown

proteins. Studies have highlighted the capacity of these tools to decipher the bi-

ological processes in which HPs from different microorganisms are involved. This

study uses a multifaceted computational annotation pipeline to characterize the

functions and structures of various HPs from V. corneae. The HPs annotated

in this work, like in most microsporidian species, were found to be involved in

regulatory and transport functions, crucial for the survival of these microorgan-

isms due to their compact genomes and severe gene loss. Numerous transporter

proteins were identified among the HPs in this microsporidia genome and are

predicted to be essential for acquiring host nutrients to support microsporidia

development. Identifying these transporters, carriers, receptors, and signal trans-

duction proteins lays the foundation for further studies focusing on host-symbiont

molecular interactions and the characterization of this important obligate intracel-

lular organism. The study also highlights conserved regions in these HPs and their

relatives, which can be used in the taxonomic classification of the fast-evolving mi-

crosporidia species. The chapter also compares several online tools in predicting

protein families and functions of these HPs. It demonstrates the capacity of these

computational methods to discern the structure and function of unknown proteins.

Despite the extensive computational analysis of these proteins, this forms the base-

line for future experimental studies to validate these results further. Moreover, the

structural information reported in this work can be used in future studies to eval-

uate interactions of HPs with host proteins. It can be applied in drug discovery

and diagnostics.
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Chapter 3

De novo Genome Assembly of

Microsporidia sp. MB isolated

from Anopheles arabiensis in

Kenya

3.1 Chapter Overview

Symbiotic microsporidia are often involved in host protection against other pathogens

through immune priming, nutritional competition, and increased development

rate- making them effective alternatives to the current vector-control strategies.

One such organism, Microsporidia sp. MB has been reported to significantly

block malaria development in the Anopheles arabiensis mosquito and is a promis-

ing candidate for malaria control. It is particularly interesting due to its effective

mode of transmission from mother to offspring, its presence in multiple Anopheles

species, its positive effects on the fitness of its host, and its unique life cycle adap-

tations, making it an intriguing subject for research in mosquito-borne disease

control. This study aimed to sequence the genome of Microsporidia sp. MB and

investigate its genome content to understand better its infection biology, which

is an essential element in its future application in field studies. The genome of

Microsporidia sp. MB was sequenced from pooled infected Anopheles arabiensis

ovaries using the short paired-end BGI-DNBSeq technology. The reads were strin-
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gently assessed for quality and cleaned up before de novo genome assembly was

conducted. Genome analysis was done to identify genome completeness, followed

by the prediction and annotation of key genes found in this symbiont. The assem-

bled draft genome of Microsporidia sp. MB was found to have a total size of 5.9

Mb spanning 2,335 scaffolds, with an estimated 81% gene completeness compared

to 600 core genes found in 13 microsporidian reference genomes. The symbiont

has an average GC content of 31.12%. It contains 2,247 predicted putative genes

based on the GeneMark-ES intronless eukaryotic gene prediction tool—a compar-

ative assessment of the common orthologs between Microsporidia sp. MB and

other microsporidia in the Enterocytozoonida group showed that the genome of

Microsporidia sp. MB is phylogenetically closely related to V. corneae, separate

from the mosquito-microsporidians found in other clades. This chapter provides

insights into the genetic makeup of Microsporidia sp. MB and describes key fea-

tures of its genome. These findings set the pace for future studies of host-symbiont

interactions, transcriptomics, and strain variation analysis to further understand

the exact blocking mechanism of this unique microorganism.

3.2 Keywords

Symbiont; Microsporidia; Vector Biology; Biocontrol; Genomics; Next-Generation

Sequencing; De novo Assembly

3.3 Introduction

Microsporidia is one of the most expansive taxa, with approximately 1,600 species

identified so far [Murareanu et al., 2021, Bojko et al., 2022]. A significant propor-

tion of these species infect invertebrates, with over half found in insects [Becnel and

Andreadis, 1999, Fast and Keeling, 2005, Shang et al., 2015]. They have diverse

effects on their insect hosts, often dependent on host and microsporidia species,

and can significantly impact agriculture, insect population regulation, and the

economy at large [Pan et al., 2018]. Although the development of microsporidia in
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insects follows a similar life cycle as that of mammalian hosts, there are some no-

table differences in the fine structure of the parasite. Microsporidia transmission

in insects can occur in several pathways, including direct contact with infective

spores, ingestion, and maternal transmission [Becnel and Andreadis, 1999, S.C.

et al., 1982, Goertz and Hoch, 2008]. As intracellular parasites, the develop-

ment of microsporidia in the host is often localized to the host cell’s cytoplasm,

with specialized relationships observed between microsporidia and its host at the

cellular level [Becnel and Andreadis, 1999]. Pathogenic microsporidia such as the

silkworm-infecting Nosema bombycis and the honeybee pathogen Vairimorpha apis

have been reported to have a detrimental effect on the populations of these agri-

culturally important insects [Becnel and Andreadis, 1999, Bjørnson and Oi, 2014].

In contrast, other microsporidia have been explored as biocontrol tools against

agricultural pests. For instance, the pathogenic Paranosema locustae effectively

controls grasshopper populations while Nosema pyrausta similarly controls the

European corn borer [Becnel and Andreadis, 1999, Bjørnson and Oi, 2014]. Sev-

eral microsporidia species have been found to infect mosquitoes, exhibiting high

levels of host specificity and varying effects from pathogenic to symbiotic [An-

dreadis, 2007]. Species belonging to the genera Nosema, Amblyospora, Hazardia,

Encephalitozoon, Enterocytospora, and Microsprodium have been identified in

different mosquito species [Andreadis, 2007, Trzebny et al., 2023]. Due to the

extensive impact of microsporidia in mosquitoes, these parasites have great po-

tential for use in vector populations and disease transmission [Becnel et al., 2005].

Pathogenic microsporidia of mosquitoes include Amblyospora connecticus isolated

from the saltmarsh mosquito [Andreadis, 1988], Nosema algerae infecting An.

stephensi, an invasive malaria vector recently found in Africa [Undeen and Alger,

1975], and Parathelohania anophelis, which affects several Anophelines including

An. quadrimaculatus [Avery and Undeen, 1990]. Microsporidia such asEdhazardia

aedis cause mortality and reduced reproductive fitness in Aedes mosquitoes and

dictate the blood-feeding success of the arboviruses vector [Koella and Agnew,

1997]. Vavraia culicis and Microsporidia sp. MB isolated in Anopheles, have been

found to impact plasmodium development in An. gambiae and An. arabiensis

respectively [Bargielowski and Koella, 2009, Herren et al., 2020].

80



3.3.1 Microsporidia genome variations in structure are dic-

tated by their mode of transmission

Microsporidia mold themselves to adapt effectively to their host environment.

For this reason, these microorganisms exhibit significant genomic variations from

species to species depending on the complex relationship with the host species, mi-

crosporidia biology of infection, and transmission routes. Modes of microsporidia

transmission, especially vertical transmission, play an essential role in shaping

the genome size, complexity, and proportion of protein-encoding sequences [Haag

et al., 2019]. Microsporidia with vertical transmission undergoes recurrent bot-

tlenecks, leading to a decrease in population size and reduced purifying selection,

potentially leading to genomes with more repetitive elements and non-coding re-

gions. On the other hand, microsporidia with multiple transmission modes (ver-

tical and horizontal) often exhibit larger genomes and fewer gene features [Haag

et al., 2019].

3.3.2 Current advances in Next-generation sequencing (NGS)

technologies and their application in microsporidia

genomics studies

NGS technologies offer rapid, high-throughput, and cost-effective genomic analysis

[Lee et al., 2013, Rizzo and Buck, 2012]. These technologies have broad applica-

tions across various research fields, such as whole genome sequencing, environ-

mental DNA analysis, and gene expression profiling [Lee et al., 2013, Shokralla

et al., 2012, Luo and Chen, 2019]. BGI-DNBSeq is a cost-effective sequencing plat-

form known for its high throughput of short-read sequences, typically producing

150 bp paired-end reads. While its affordability makes it suitable for large-scale

projects, the short reads can pose challenges for genome assembly and resolving

complex regions [Guo et al., 2016]. In contrast, Illumina’s NovaSeq 6000 offers

higher accuracy and can generate short reads up to 300 bp, making it a preferred

option for whole-genome sequencing, RNA-seq, and metagenomics, and it is often

regarded as the gold standard for short-read sequencing due to its balance of cost,
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speed, and precision (Hu, 2024, Logsdon et al., 2020). For long-read sequencing,

technologies like Oxford Nanopore and SMRT PacBio excel at resolving complex

genomes and structural variants. Oxford Nanopore is capable of producing reads

over 100 kb in real-time and is portable, which is advantageous for fieldwork,

although its raw read accuracy is generally lower, with recent improvements in

base-calling algorithms addressing this issue [Jain et al., 2016]. SMRT PacBio,

on the other hand, delivers highly accurate long reads, known as HiFi reads, ex-

ceeding 15 kb. This makes it ideal for de novo genome assembly and resolving

repetitive sequences, though it tends to be more expensive and has lower through-

put compared to short-read platforms [Wenger et al., 2019].

One of the main challenges of current NGS technologies is the vast amount of

data generated, requiring exhaustive computational resources for efficient analysis

[Lee et al., 2013, Tang et al., 2015]. The overwhelmingly rapid evolution of NGS

platforms, each using different complex chemistries and applications, can also be

challenging to scientists constantly trying to play catch-up [Rizzo and Buck, 2012].

NGS technologies have revolutionized the study of the complex biological systems

exhibited by microsporidia, providing useful insights into their diverse genetic

makeup and host interaction mechanisms [Slamovits et al., 2004, Peyretaillade

et al., 2011]. This has also enabled research into identifying genes involved in

immune evasion and metabolic pathways that contribute to the virulence and

transmission of microsporidia [Pombert et al., 2012, Corradi, 2015]. Comparative

genomic studies of different microsporidia species reveal conserved genome fea-

tures unique in each species essential for host adaptation and pathogenesis, and

studies on genetic variations that may influence host specificity and pathogenicity

[Keeling et al., 2005].

DNBSeq is an NGS technology developed by the BGI genomics company. This

technology uses the combinatorial probe-anchor synthesis (cPAS) and DNA nanoballs,

which are small, circular DNA structures created by rolling circle replication. The

process involves converting DNA fragments into DNA nanoballs which are then

immobilized onto a flow cell for sequencing [Rajesh and Jaya, 2017]. This tech-

nology is particularly unique as it enables high-throughput sequencing with high

accuracy and low error rates. Additionally, DNBSeq offers scalability and is cost-
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effective, making it a competitive option in the field of NGS. Choosing between

short-reads and long-reads sequencing platforms is usually a trade-off between

quality and quantity. While the former produces good-quality reads with high

and low error rates, assemblies from these platforms are often riddled with unre-

solved gaps. On the other hand, long-read sequencing platforms, such as Oxford

Nanopore and PacBio, might generate reads as long as 200Kbs, but with poor

coverage, the assembly is prone to inaccuracies. Combining the two techniques

would be ideal and has been applied in hybrid assemblies, significantly improving

assembly quality and quantity [Minei et al., 2018]. Short paired-end sequencing

techniques enable detecting a wide range of genomic variations. Its high resolu-

tion and accuracy make it a valuable tool for research and clinical applications,

significantly advancing our understanding of genome structure and function.

WGS workflows involve several steps, from sample preparation to the final se-

quence data analysis. These steps include extraction of high-molecular-weight

genomic DNA, DNA fragmentation, library construction with adaptors ligated to

the fragments, and sequencing these fragments from both ends. This approach

generates high-quality overlapping reads that can efficiently be aligned to a refer-

ence genome or assembled de novo.

3.3.3 Overview of gene prediction tools

Gene prediction tools are essential for analyzing genomic sequences and identifying

gene structures. The tools can be broadly categorized into ab initio and evidence-

based methods, with some utilizing comparative genomics or expression data to

refine predictions. There are multiple gene prediction tools freely available online,

each of which is optimized for specific applications. The accuracy of these tools is

species-specific and may vary across different genomes. MetaEuk is a reference-

based toolkit used for high-throughput prediction and annotation of genes in eu-

karyotic metagenomic sequences [Karin et al., Levy Karin et al., 2020]. This tool

is handy in annotating complex gene and genome structures of underrepresented

unicellular eukaryotes in metagenomic datasets, which often have lower sequencing

coverage and poorly described eukaryote-specific experimental and computational

procedures. The software conducts fast searches with six-frame-translated frag-

83



ments covering all potential exons. It then optimally combines these matches to

construct multi-exon proteins. MetaEuk has notable high sensitivity, detecting

genes with even low sequence similarity to the reference database. However, it

has some disadvantages, including its heavy reliance on reference databases, high

computational demands, and novelty of predicted genes. Augustus is frequently

used in a supervised manner and requires prior knowledge for training before pre-

diction. However, it can also incorporate RNA-Seq read information to improve

its predictions, which makes it a powerful tool for genome annotation [Stanke and

Morgenstern, 2005]. Augustus prediction is improved when used together with

GeneMark-ET in the BRAKER1 pipeline, making unsupervised RNA-Seq-based

genome annotation possible. Nevertheless, it is important to note that the ef-

fectiveness of Augustus may be compromised without proper training sets or the

use of RNA-Seq data[Stanke and Morgenstern, 2005]. Glimmer is an ab initio

prediction tool used primarily in prokaryotic genome annotations. It is reported

to have a high sensitivity and specificity. However, this tool is error-prone, pro-

ducing a higher number of false predictions compared to other tools. GeneMarkS

is a self-training gene prediction tool used in both prokaryotic and eukaryotic

genomes [Besemer et al., 2001]. It is known for its high prediction accuracy in

gene start prediction [Besemer et al., 2001]. GeneMarkS-2 is an updated version

of the program that uses heuristic models for training initialization and adaptive

model structure modification, further enhancing its performance [Besemer et al.,

2001]. GeneMark-ET integrates RNA-Seq data for eukaryotic genome annotation,

and GeneMark-EP uses genomic footprints of homologous proteins. The main ad-

vantage of the GeneMarkS family over other tools is their self-training capability,

which enables them to be used on newly sequenced genomes without additional

preparation steps [Besemer et al., 2001].

3.4 Methodology

Unless otherwise stated, the default parameters of all tools were used in this study.

The snakemake workflow designed in this study is available in Appendix 4.
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3.4.1 Sample collection and DNA extraction

Microsporidia sp. MB is efficiently transmitted from an infected mother to its

progeny [Herren et al., 2020]. Gravid female A. arabiensis mosquitoes were col-

lected in Ahero (34.9190°W, −0.1661°N), Western Kenya, between 2021-2023

and used to establish single-family lines in the laboratory. Once these female

mosquitoes laid eggs, DNA was extracted from the mothers and screened for

Microsporidia sp. MB to confirm infection using MB18S primers as previously

described [Herren et al., 2020]. Offspring from Microsporidia sp. MB-infected

mothers were retained as potential sequencing candidates. Ovaries from these

progenies were dissected, and each ovary was placed in an Eppendorf tube con-

taining absolute alcohol (That is, one mosquito = two tubes, each containing an

ovary). A single ovary per offspring was extracted and screened for Microsporidia

sp. MB using standard PCR. All ovaries with confirmed infection were pooled,

and high molecular weight genomic DNA was extracted similarly. Quantitative

PCR assays were set up to determine the infection validity of the pooled ovaries

using the same MB18S primers [Herren et al., 2020]. Highly infected samples

were selected for genome sequencing after evaluation of DNA quality (more than

5ng/microliter) using Qubit Fluorometric Quantitation (ThermoFisher Scientific,

Waltham, USA).

3.4.2 DNA sequencing and de novo assembly

Samples were sent to BGI Genomics in China (https://www.bgi.com/global) for

sequencing. Paired short-insert libraries were prepared using KAPA HiFi Hot-

Start Library Amp Kit and sequenced with DNBSeq™ technology (2 × 150 bp

reads), generating 326,181,200 raw paired-end reads. Adapter trimming was done

using Trimmommatic. Raw reads were filtered using SOAPnuke v2.1.8 [Chen

et al., 2018] using quality filtering parameters: ””-n 0.001 -l 10 -q 0.5 –adaMR

0.25 –polyX 50 –minReadLen 100”” where ” -n 0.001” means N (ambiguous nu-

cleotides) rate threshold of 0.001, ”-l 10” represents a low-quality threshold of

10, ”-q 0.5” filters reads with low-quality rate threshold of 0.5, ”–adaMR 0.25”

trims the adapter if the sequencing read matches 25.0% or more of the adapter
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sequence (maximum two base mismatches are allowed), ”–polyX 50” discards a

read with poly-X number not smaller than the 50 where X is any one base,

and ”-minReadLen 100” removes all reads shorter than 100bp. Quality control

checks of the final raw reads were done using FastQC v0.11.9 [Andrews, 2010]

and MultiQC v1.12 [Ewels et al., 2016] to confirm no adapters or contaminants

were present in the dataset before analysis. As intracellular parasites, isolat-

ing pure microsporidia gDNA from host gDNA is often challenging. Therefore,

host reads were removed by mapping the dataset to A. arabiensis (GenBank:

GCA_000349185.1) and A. gambiae s.s. (GenBank: GCA_000005575.2) refer-

ence genomes using the Burrows-Wheeler Aligner (BWA-MEM) v0.7.17 [Li and

Durbin, 2009] [Anopheles reference genomes retrieved from RefSeq , last accessed

January 2023]. Unmapped reads were filtered from the output BAM files using

samtools v1.3.1 [Danecek et al., 2021] and retained for subsequent steps. Bacterial

decontamination of unmapped reads was done using Kraken2 v2.0.8 [Wood et al.,

2019] against the minikraken_8GB_20200312 database. De novo assembly of the

cleaned-up reads using Unicycler v0.4.9 [Wick et al., 2017].

3.4.3 Quality control and visualization of the assembled

genome

An NCBI MEGABLAST search [Johnson et al., 2008] of the assembled con-

tigs against the non-redundant (NR) database was done to confirm similarity to

other microsporidian sequences (E-value cut-off = 1XE-5). Contigs not similar to

microsporidia-like sequences were discarded, and raw reads were realigned to the

confirmed microsporidia contigs using BWA-MEM to produce consensus contigs.

This improved coverage and cleared out contamination during de novo assembly.

Sequences non-homologous to microsporidia-like sequences were excluded to focus

on those most relevant sequences in the genome. This approach was validated to

ensure that critical microsporidian sequences were retained, and extensive quality

control measures were implemented to minimize the risk of omitting essential data.

As a result, confidence was maintained that the integrity and relevance of the tar-

get sequences were preserved throughout the analysis. The genome sequences have

been deposited at DDBJ/EMBL/GenBank (accession https://www.ncbi.nlm.nih.
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gov/nuccore/JAVKTW000000000.1; GenBank ID: GCA_032191455.1). SprayN-

Pray v3 [Garber et al., 2022] was used for the identification and taxonomic pro-

filing of the genome contigs against a custom database that contained multiple

microsporidia, bacterial and invertebrate genomes. Qualitative analysis of the GC

content of each assembled contig and average read coverage was done using the

Quality Assessment Tools (QUAST) v5.2.0 [Gurevich et al., 2013]. Benchmark-

ing Universal Single-Copy Orthologs (BUSCO) v5.4.3 [Simão et al., 2015] was

used to assess genome completeness. BUSCO analysis was done against OrthoDB

v10 [Kriventseva et al., 2019] microsporidia_odb10 database (n = 600 core mi-

crosporidia genes) [Aurrecoechea et al., 2011] [last accessed in December 2023].

The assembled genome was visualized on BlobToolKit v3.5.2 [Laetsch et al., 2020]

as a snailplot highlighting the general genome statistics and a pie-chart of BUSCO

analysis. Gene and protein prediction was done using Genemark-ES v2.5p [Bese-

mer et al., 2001] in intronless eukaryotic mode.

3.4.4 Microsporidia sp. MB repeats and transposable el-

ements annotation

The presence of nucleotide repeats was done on RepeatMasker v4.1.2 [Nishimura,

2000] and RepeatModeler v2.0.4 [Flynn et al., 2020] against the RepBaseRepeatMaskerEdition-

20181026 database.

3.4.5 Comparative phylogenomic analysis of Microsporidia

sp. MB and the Enterocytozoonida group

OrthoFinder v2.5.4 [Emms and Kelly, 2015, 2019], Buscophylo v1.3 [Sahbou et al.,

2022] and OrthoDB v10 [Kriventseva et al., 2019] were used to perform a BUSCO-

based phylogenomic study of Microsporidia sp. MB and clade IV microsporidia.

Genome data used for this analysis included: V. corneae (GCF_000231115.1),

Hepatospora eriocheir GB1 (GCA_002087885.1), Enterocytozoon bieneusi H348

(GCF_000209485.1), Enterocytozoon hepatopenaei (renamed Ecytonucleospora

hepatopenaei) (GCA_026692725.1), Enterospora canceri (GCA_002087915.1) and

Nosema granulosis (GCA_015832245.1) [last accessed in December 2023]. BUSCO
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predictions were performed on each genome using BUSCO v5.4.3 [Manni et al.,

2021]. Alignments of the identified common orthogroups across the species were

done using MUSCLE [Edgar et al., 2004] and trimmed using trimAl [Capella-

Gutiérrez et al., 2009]. The maximum likelihood tree was inferred using IQ-TREE

v1.6.12 [Nguyen et al., 2016] with the best-fit model selection from ModelFinder

[Kalyaanamoorthy et al., 2017] using the following default parameters: ”-bb 1000

-alrt 1000 -nt AUTO -ntmax”. Nosema granulosis was used as an outgroup. Tree

visualization was done using Geneious Prime v2023.2 [Olsen, 2014].

3.5 Results and Discussion

3.5.1 Quality control analysis during and after sequencing

3.5.1.1 Quality control of raw reads

Being obligate intracellular parasites, isolating the microorganism from host cells

is challenging. Rigorous decontamination steps are necessary to sequence and as-

semble microsporidia isolated from host tissues. A total of 323,951,584 paired-end

reads paired-end reads were sequenced and passed the preliminary QC check. Each

raw read was 150bp long and contained no adaptors after filtration using SOAP-

nuke. FastQC v0.11.9[Andrews, 2010] and MultiQC v1.12 [Ewels et al., 2016]

further confirmed the quality of these raw reads pre- and post-decontamination

and host-removal steps as highlighted (Figure 3.1a.)
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Figure 3.1: (a) The proportion of unique reads in each dataset based on FastQC analysis. (b) Number of total unique reads retained

post-decontamination and host removal.
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The number of reads reduced significantly after decontamination and host

removal (Figure 3.1b). Classification of raw reads into their respective superking-

doms was done using Kraken2, revealing a higher proportion of unclassified reads

(Figure 3.2, Table 3.1) followed by bacterial and eukaryotic reads. Archeal and

viral reads were represented in a small proportion of the total reads (0.0026% and

0.0011%, respectively). All bacterial, archaeal, and viral reads were removed from

the dataset before assembly.

Figure 3.2: Superkingdom taxonomic classification of raw reads before and after

decontamination using Kraken2. Only unclassified and eukaryotic reads were used

for de novo assembly

3.5.2 Microsporidia sp. MB has a typical small genome

Microsporidia has the most petite eukaryotic genome sizes, which are compara-

tively similar to prokaryotic genomes, ranging from 2.3Mb (Encephalitozoon in-

testinalis) to 51.35 Mb (Edhazardia aedis USNM 41457) [Corradi et al., 2010,

Desjardins et al., 2015]. A total of 3,874,899 clean raw reads were de novo assem-

bled, resulting in 2407 contigs of lengths ranging from 26,338 to 200 bp, spanning a
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Table 3.1: Distribution of classified raw reads before and after decontamination

using Kraken2
Category Number of Reads

Pre-decontamination

(Relative Abundance)

Number of Reads

Post-decontamination

(Relative Abundance)

Unclassified 153,462,777 (94.74%) 3,874,899 (96.4605%)

Bacteria 6,973,106 (4.305%) 109,965 (2.7374%)

Eukaryota 1,532,450 (0.9461%) 32,070 (0.7983%)

Archaea 6,782 (0.0042%) 106 (0.0026%)

Viruses 677 (0.0004%) 43 (0.0011%)

total genome size of 5,908,979 bp. The genome statistical analysis Microsporidia

sp. MB using QUAST v5.2.0 [Gurevich et al., 2013] showed that the genome

contained 31.12%, within the range of most microsporidia species [Corradi and

Selman, 2013]. A comparative analysis of the variable genome of Microsporidia

sp. MB and V. corneae showed that the former had a larger genome spanning

2,407 contigs (2,335 scaffolds) with a slightly higher gene content of 2,247 com-

pared to 2,239 V. corneae genes. Additionally, the symbiont contained a higher

proportion of single-copy core genes (81% ) than V. corneae as highlighted in

Table 3.2.

3.5.2.1 Visualization of the Microsporidia sp. MB genome architec-

ture using BlobToolKit

Visualization of the assembled genome general statistics as a snailplot using BlobToolKit

v3.5.2 [Laetsch et al., 2020] highlighted the distribution of contigs, GC content,

and gaps in the assembly. BUSCO scores were illustrated using a pie chart (Figure

3.3).
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Table 3.2: Comparison of Microsporidia sp. MB with its closest relative V. corneae

ATCC 50505
Metric Microsporidia

sp. MB

V. corneae

Assembly size (bp) 5,908,979 3,213,516

Number of contigs 2407 314

Contigs N50 (kb) 5 50.9

GC content (%) 31.12 36.5

The proportion of repeats (%) 0.57 Not available

Number of predicted genes 2,247 2,239

Gene density (genes/kb) 0.363 Not available

Mean CDS length (bp) 1,108 Not available

BUSCO (n=600)

No. (%) of complete genes 486 (81.0) 450 (75)

No. (%) of complete and

single-copy genes

485 (80.8) 443 (73.8)

Number (%) of complete and

duplicated genes

1 (0.2) 7 (1.2)

Number (%) of fragmented genes 12 (2.0) 22 (3.7)

Number (%) of missing genes 102 (17.0) 128 (21.3)

GenBank accession number JAVKTW000000000 NZ_-

AEYK00000000

SRA accession number SRR25938329 Not available

Sequencing technology DNBSeq 454
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Figure 3.3: Microsporidia sp. MB genome structure. (a) The snail plot created using BlobToolKit highlights the genome metrics. A

basic legend of the assembly statistics is provided in the top left corner. The outer blue rings highlight the GC content over the assembly,

corresponding to each of the contigs in the grey ring. The overall GC content of the assembly is summarized at the bottom left corner. The

light grey rings show the total length of the assembly. The red line highlights the longest scaffold, while the dark and light orange rings

show the length of the contigs at which 50% and 90% of the total assembly are represented, respectively. (b) A pie-chart representation

of the BUSCO gene completeness analysis demonstrates a total of 81% single-copy core microsporidia genes present in Microsporidia sp.

MB.
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3.5.2.2 Taxonomic classification of the assembled contigs reveal close

homology to V. corneae and N. ceranae microsporidia species.

Taxonomic comparisons based on DNA provide complementary insights alongside

protein-based phylogenetic analyses. While protein-based trees are generally more

sensitive for assessing species relatedness due to the evolutionary conservation of

protein sequences, DNA-based comparisons remain valuable. DNA data, particu-

larly from non-coding regions or rapidly evolving sequences, can capture genetic

variations not reflected in protein sequences. Together, DNA and protein-based

analyses offer a broader view of genetic diversity and evolutionary history, pro-

viding a more comprehensive understanding of Microsporidia species relatedness.

The phylogeny of microsporidia is constantly changing as studies reveal more ul-

trastructural and molecular information on these ever-evolving organisms [Park

and Poulin, 2021]. Microsporidia sp.MB has been classified in the Clade IV set of

microsporidia using the SSU rRNA region [Herren et al., 2020, Park and Poulin,

2021]. Taxonomic distribution of contigs using NCBI BLAST showed that the as-

sembled contigs have a noticeably higher number of V. corneae BLAST Top-Hits

(Figure 3.4) . All non-microsporidian contigs were removed from the assembly.

95



1377

89

85

83

78

34

21

15

14

11

8

7

6

6

5

5

4

4

4

4

0 250 500 750 1000 1250 1500

Vi�aforma corneae ATCC 50505

Nosema granulosis

Pancytospora philo�s

Enteropsectra breve

Pancytospora epiphaga

Vairimorpha apis BRL 01

Thelohania contejeani

Enterocytozoon bieneusi H348

Mitosporidium daphniae

Hamiltosporidium tvaerminnensis

Encephalitozoon intes�nalis

Encephalitozoon intes�nalis ATCC 50506

Nematocida homosporus

Nosema bombycis CQ1

Enterospora canceri

Edhazardia aedis USNM 41457

Amphiamblys sp. WSBS2006

Vairimorpha ceranae

Pseudomonas marginalis

Enterocytozoon hepatopenaei

Number of con�gs

Sp
e
ci
e
s

Figure 3.4: Species distribution of top BLAST hits
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Taxonomic classification of the contigs using SprayNPray v3 [Garber et al.,

2022] further confirmed their identity as microsporidia (Figure 3.5).
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Figure 3.5: A homology search using SprayNPray v3 [Garber et al., 2022] identified all cleaned contigs were microsporidia. The most

abundant species homologous to the Microsporidia sp. MB contigs were N. ceranae and V. corneae.
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3.5.2.3 The small Microsporidia sp. MB genome could be attributed

to the distribution of minimal repeats and transposable ele-

ments

Larger genome sizes are often attributed to large intergenic regions, high distri-

bution of repeat regions, and low gene densities as seen in Brachiola algerae and

Edhazardia aedis [Williams et al., 2008]. Microsporidia sp. MB contained mini-

mal repeats (0.57%) as assessed using RepeatMasker v4.1.2 [Nishimura, 2000] and

RepeatModeler v2.0.4 [Flynn et al., 2020] against RepBaseRepeatMaskerEdition-

20181026 database (Table 3.3, Figure 3.6). Among the most frequently annotated

repeat elements, the genome lacked short interspersed nuclear elements (SINEs),

long interspersed nuclear elements (LINEs), long tandem repeat elements (LTR),

and DNA transposons.
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Table 3.3: Distribution of different repeat types identified in the Microsporidia sp.

MB assembly
Repeat Type Total Number of

Elements

Percentage of

Sequence covered

(%)

(SINEs) 0 0

LINEs 0 0

LTR elements 0 0

DNA transposons 0 0

Rolling circles 0 0

Unclassified 0 0

Small RNA 821 0.01

Satellites 0 0

Simple repeats 22,870 0.39

Low complexity 10,645 0.18

Non-repetitive 5,874,643 99.42

Several low complexity and simple repeats also called short tandem repeats

(STRs), were found in Microsporidia sp. MB in low proportions (Figure 3.6).

STRs have been linked to the stability and structural organization of microsporidia

genomes through RNA repair and recombination, helping to maintain the genome

integrity as seen in Edhazardia aedis [Williams et al., 2008, Gill et al., 2008].

They also play a role in regulating gene expression, and their characterization

using transcriptomics analysis can be used to understand their host-symbiont in-

teractions [Parisot et al., 2014]. Due to these repetitive elements’ expansion and

compaction and potential use as molecular markers, understanding genetic diver-

sity subject to selective pressures in different hosts and environments could be

possible [Heinz et al., 2012, Corradi and Slamovits, 2011].

A deeper analysis of these transposable elements in Microsporidia sp. MB could

inform their roles in the symbiont as eukaryotic STRs may have multiple vital

functions, including pathogenic consequences, translation, and transcription reg-

ulation [Wright and Todd, 2023].
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Figure 3.6: Distribution of different repeat types in Microsporidia sp. MB. The presence of short tandem repeats in small proportions

was identified in this dataset.
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3.5.2.4 The gene-dense Microsporidia sp. MB genome

A total of 2,247 genes were predicted using Genemark-ES v2.5p [Besemer et al.,

2001]. Each gene was confirmed to be homologous to microsporidia genes through

a similarity search on NCBI BLASTp ( E-value cut-off value set at 0.0001). The

organization of these putative genes corresponding to the BUSCO single-copy com-

plete core genes was determined and schematically represented using the RStudio

gggenes package. Figure 3.7 highlights the organization of genes on a subset of

contigs of lengths greater than 10Kb, ranging from 26.338 - 10.051 Kb (n = 48).

These genes were color-coded based on their general function based on BUSCO

and GeneMark-ES annotation. Genes involved in metabolic and replication func-

tions were highlighted in these top contigs.
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Figure 3.7: A representation of the genome structure of Microsporidia sp. MB,

displaying contigs larger than 10Kb, highlighting gene density and organization

per sequence. The identified genes correspond to the BUSCO identification of

GeneMark-ES annotated proteins. A color-coded legend is included, catego-

rizing the general function of each putative protein into 12 distinct categories.

The plot was created in RStudio using the gggenes package (https://cran.r-

project.org/web/packages/gggenes).
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3.5.3 Comparative phylogenomic analysis of Microsporidia

sp. MB and the Enterocytozoonida group places the

symbiont closest to V. corneae

Phylogenomic analysis classified this symbiont as a close relative to V. corneae

using BuscoPhylo v.1.3 [Sahbou et al., 2022]. Ninety-two common BUSCO or-

thogroups were identified across the genomes used in this comparative analysis

(Figure 3.8). A concatenated tree using multiple sequence alignments from these

orthogroups highlights the different clusters consistent with the 18S SSU rRNA

taxonomical classification of clade IV microsporidia [Bukhari et al., 2022, Park

and Poulin, 2021].
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Figure 3.8: Phylogenomic analysis of common BUSCO orthogroups found in Enterocytozoonida (left) and their respective genome

assembly completeness using BUSCO (right). Microsporidia sp. MB is in bold. Nosema granulosis was used as an outgroup. Common

orthogroups were aligned using MUSCLE [Edgar et al., 2004] and trimAl [Capella-Gutiérrez et al., 2009]. The maximum likelihood tree

(1,000 bootstraps) was constructed using IQ-TREE v1.6.12 [Nguyen et al., 2016] based on the 92 single-copy orthologous genes (with the

best model selection (LG+F+I+G4) from ModelFinder [Kalyaanamoorthy et al., 2017]. Bootstrap percentage values are shown on each

node, and the scale bar at the bottom of the tree indicates total changes per site.
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3.6 Conclusion

Microsporidia consists of a group of highly-specialized eukaryotic organisms with

the smallest genomes due to excessive gene loss over time owing to their over-

reliance on the host for most of its resources to survive within the host cell. Mi-

crosporidia sp. MB has been isolated from Anopheles mosquitoes across Africa,

showing promising potential as a malaria biocontrol tool. This chapter aimed

to assemble the genome of this complex symbiont. Here, we highlight the steps

involved in sample preparation, sequencing, and de novo assembly of the Mi-

crosporidia sp. MB genome. The genome is relatively small, at 5.9 Mbs, con-

taining minimal repeats and 2,247 predicted genes. A total of 81% complete

single-copy microsporidia core genes are present in the genome. The symbiont has

a larger genome size than the other species in the Enterocytozoonida group, with

the highest content of core BUSCO genes in the group. Establishing a reference

genome for this symbiont is the first step in understanding its infection biology.

It sets the stage for future host-symbiont-parasite interaction studies alongside

other NGS and RNASeq experiments. The limitations of the BGI-DNBSeq plat-

form, particularly its short 150 bp reads, were fully acknowledged in this study.

While it was recognized that longer reads from third-generation sequencers would

have been advantageous for generating more contiguous assemblies, challenges in

obtaining high-quality tissue DNA for long-read sequencing, coupled with budget

constraints, influenced the choice of this method. Despite the shorter reads, ef-

forts were made to compensate by employing a robust assembly strategy aimed

at maximizing genome coverage. Moreover, concerns regarding the identification

of core genes were addressed by considering the relatively short gene lengths in

microsporidia, including Microsporidia sp. MB. This characteristic allows for the

recovery of complete genes, even from contigs shorter than the average gene length

found in larger eukaryotes. The 486 core genes identified were verified as complete

by comparison with conserved orthologous genes in microsporidia. Although 12

genes were identified as fragmented, this represents only a small fraction of the

total, affirming the overall integrity of the assembly for the majority of core genes.

With respect to using V. corneae as a reference for genome assembly, this was
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initially considered. However, due to poor assembly results, this approach was

abandoned in light of the significant diversity within microsporidia, even among

closely related species. While V. corneae and Microsporidia sp. MB are within the

same clade, their genomic differences are substantial. Microsporidian genomes are

highly divergent, often displaying marked differences in gene content, structure,

and repetitive elements, even between closely related species. Therefore, relying

on V. corneae for scaffolding could have introduced errors due to these genomic

disparities. The use of RagTag and mapping tools such as Bowtie2 will be consid-

ered for future assembly refinement.
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Chapter 4

Microsporidia sp. MB Genome

Annotation and Functional

Analysis

4.1 Chapter Overview

The genome of Microsporidia sp. MB has recently been sequenced, providing a

valuable resource for understanding the biology of this mosquito-infecting organ-

ism (See Chapter 3). This chapter uses various computational methodologies to

examine the gene content and protein function of this symbiont. The analysis

covers the distribution of protein function, physicochemical properties, conserved

domains, and metabolic pathways. Microsporidia sp. MB has a compact genome

of 5.9 Mbp, consisting of 2,247 genes, most of which are enzymes. It has re-

tained all the glycolytic pathway-associated genes, unlike its counterparts in the

Enterocytozoonida group. The genome also contains genes involved in the RNA

interference pathway, suggesting a probable mechanism for suppressing host im-

mune responses against the symbiont. The mode of sexual reproduction through

meiosis is also studied here by annotating several meiotic-related genes in the

genome, illustrating the haploid nature of the microsporidia. These findings pro-

vide insight into the general biology of Microsporidia sp. MB and highlight the

dynamics of its genetic makeup. Further transcriptomic analyses of these genes

could provide information on the relationship between the host and symbiont,
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conferring the unique malaria-blocking effect.

4.2 Keywords

Genome Annotation; Metabolic Pathways; Symbiont; Biological Control; Vector;

meiotic-related genes; glycolytic pathway; RNA interference

4.3 Introduction

4.3.1 Microsporidia genomes: models of extensive gene

loss driven by their obligate intracellular nature

Microsporidia are highly specialized obligate intracellular microorganisms that

have undergone extreme genomic and cellular reduction [Keeling et al., 2005, Haag

et al., 2014, Slamovits et al., 2004]. These obligate intracellular parasites have lost

a lot of genes involved in the synthesis of resources and have retained a large set of

genes involved in the transportation of resources from the host cell [Keeling et al.,

2010, Pombert et al., 2012, Nakjang et al., 2013, Wiredu Boakye et al., 2017].

An important characteristic of Microsporidia is the apparent absence of conven-

tional mitochondrial functions such as haem biosynthesis and aerobic respiration

[Burri et al., 2006]. This unique trait sets them apart from other eukaryotes and

highlights the specialized nature of their intracellular lifestyle. Microsporidia con-

tain small mitochondrial remnants known as mitosomes in place of mitochondria

[Waller et al., 2009, Dolgikh et al., 2011, Burri et al., 2006]. They have a rudimen-

tary protein import pathway, and the absence of mitochondria suggests that some

microsporidia lack ways to synthesize ATP, relying heavily on host resources.

4.3.2 Multifaceted computational annotation reveals im-

portant protein functions

Using computational tools to characterize the structure and functions of unknown

proteins has been widely described [Ang’ang’o et al., 2022, Islam et al., 2015,

Desler et al., 2009]. These tools have been applied in studies on drug discovery
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and vaccine development and have shown high prediction efficacy [Nyamai and

Bishop, 2020, Brown, 2017, Boruah et al., 2013]. A recent example of a successful

attempt to annotate a microsporidian genome is demonstrated by Svedberg et

al. (2024), who developed a workflow combining sequence and structure-based

approaches to annotate the Vairimorpha necatrix genome, significantly improving

the accuracy of functional annotations [Svedberg et al., 2024].

4.3.3 Decay of components of the glycolytic pathway in

microsporidia

Microsporidia have developed methods to obtain energy from the host cells and

manipulate the metabolism of the host to acquire nutrients. The energy is ob-

tained either directly from the host or through glycolysis during the spore stage

[Wiredu Boakye et al., 2017]. The first genome sequenced from Enterocyto-

zoonida, a major family of microsporidians, seemed to have lost the genes for

glycolysis[Wiredu Boakye et al., 2017]. Based on a comprehensive analysis of gene

content across the clade, the entire lineage of microsporidia, including Enterocy-

tozoon hepatopenaei and Enterospora canceri, has lost most genes involved in the

glycolytic pathway and lacks any obvious intrinsic means of generating energy.

The reason for this loss of members of the glycolytic pathway in microsporidia

is their highly specialized and reduced biology as obligate intracellular parasites

[Keeling and Fast, 2002].

4.3.4 The RNA interference (RNAi) machinery

The RNAi mechanism involves four main stages and relies on three main proteins:

the Dicer, Argonaute, and RNA-dependent RNA polymerase (Figure 4.1
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Figure 4.1: A schematic representation of the RNAi machinery highlighting the

steps where the Dicer, Argonaute and RNA-dependent RNA polymerase have

active roles in.
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This machinery plays a crucial role in gene regulation and silencing and could

be involved in parasite survival and pathogenesis [Paldi et al., 2010, Huang, 2018].

The RNAi process involves the production of small interfering RNAs (siRNAs) by

an enzyme called Dicer, which cleaves RNA duplexes into short oligomers [Swanton

et al., 2004]. The Argonaute then guides an endonuclease called the RNAi-induced

silencing complex (RISC) to target and silence specific mRNA molecules [Swanton

et al., 2004]. The RNAi pathway in microsporidia, including the gene Dicer and

Argonaute orthologs, is selectively maintained or lost during lineage divergence, as

observed in studies conducted by Huang [Huang, 2018] and Whitten et al. [Whit-

ten et al., 2016].

4.3.5 Meiotic related genes

Meiosis in microsporidia is a sexual reproduction process that involves different

stages during sporogony leading to spore production [Loubès, 1979]. Proof of mei-

otic processes occurring in some microsporidia is characterized by synaptonemal

complexes in some species. Studies in the conservation of meiotic genes in eukary-

otes can inform their mode of sexual reproduction and evolutionary relationships.

The presence of meiotic genes in different organisms, ranging from protists to

mammals, highlights their critical role in sexual reproduction [Malik et al., 2008,

Tvedte et al., 2017, Ramesh et al., 2005]. The molecular evolution of meiosis genes

has been studied in different organisms, including Arabidopsis and mammals and

has been linked to epigenetic mechanisms [Wright et al., 2015, Yang et al., 2011,

Yamaguchi et al., 2012]. The regulation of meiotic gene expression during meiosis

in fungi such as fission yeast contributes to the description of the meiotic devel-

opmental pathway by identifying genes that are essential for meiosis and spore

formation [Nag and Axelrod, 1998].

4.3.6 The Iron-Sulfur (Fe-S) cluster assembly machinery

Fe-S clusters are essential co-factors for numerous proteins involved in cellular

processes such as metabolic reactions, gene expression regulation, and electron

112



transfer [Lill et al., 2006]. In eukaryotes, the Fe-S clusters are transported into

apoproteins through a complex and highly conserved process involving multiple as-

sembly machinery [Pandey et al., 2019, Lill et al., 2006]. Fe-S biogenesis pathways

involve four main steps. The process starts with sulfur liberation by a cysteine

desulfurase enzyme, forming a persulfide intermediate on a conserved cysteine

residue. Iron, the other essential component, is donated by iron-binding proteins

like frataxin and integrated into the cluster during assembly. The sulfur and iron

components are assembled on scaffold proteins with the aid of electron donors,

which are crucial for reducing sulfur to sulfide and forming the Fe-S cluster. Once

the Fe-S cluster is complete, it is transferred to apoproteins via chaperone pro-

teins. Chaperones ensure the proper assembly of the cluster onto the apoprotein,

forming the mature holoprotein [Dellibovi-Ragheb et al., 2013]. The Fe-S cluster

assembly machinery in eukaryotes is responsible for the biogenesis of these Fe-S

co-factors, synthesizing Fe-S on scaffold proteins before transporting them to tar-

get apoproteins [Lill et al., 2006]. This machinery is vital in the maturation of

mitochondrial, cytosolic, and nuclear Fe-S proteins [Pandey et al., 2019, Lill et al.,

2006, Tsaousis et al., 2014].

4.4 Methodology

4.4.1 Overview of the annotation process

Details on the software and tools used for annotation are highlighted in the List of

Tools ??. Unless specified otherwise, default parameters were applied to all tools.

4.4.2 Protein classification

Protein functional and structural classification was done using InterProScan [Blum

et al., 2021]. This tool links several protein classification databases for optimal

annotation, including Pfam, NCBIfam, and SUPERFAMILY, for protein family

classification. CDD, PROSITE, and for conserved functional domain analysis.
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4.4.3 Gene Ontology (GO) analysis

GO analysis [Ashburner et al., 2000] was conducted using BLAST2GO [Conesa

et al., 2005] where BLAST results from each putative gene were mapped onto the

predicted GO term for accuracy.

4.4.4 KEGG Metabolic pathway analysis

The distribution of key pathways and analysis of the genes involved in different

pathways were done using KEGG [Kanehisa et al., 2016].

Visualization of the distribution of the different GO terms (biological processes

(BP), molecular functions (MF), cellular components (CC), and KEGG pathways

was done using RStudio 2023.09.1+494 [R Core Team, 2017].

4.4.5 Transmembrane localization and signal peptide pre-

dictions

Following the procedure highlighted in Section 2.4.2.2, TargetP v2.0 and SignalP

v6.0 were used to identify signal peptides and cleavage sites, while DeepTMHMM

v1.0.24 was used to predict transmembrane regions in the protein.

4.4.6 Physicochemical properties

ExPASy Protparam [Gasteiger et al., 2005a] was used to identify the physicochem-

ical properties of the putative proteins as described in Section 2.4.2.3.

4.4.7 Conserved domains, motif analysis and homology mod-

eling

Conserved domain analysis, motif analysis, and homology modeling were done as

described in Section 2.4.3.3.
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4.4.8 Annotation of LRR proteins

Leucine-rich repeat (LRR) proteins are characterized by the presence of repetitive

sequences rich in leucine, forming a structural motif that is involved in various

cellular functions, including ligand binding, pathogen recognition, and immune

responses [Zhang et al., 2022]. In the context of Microsporidia, LRR proteins may

be involved in interactions with the host immune system and could play a role in

facilitating the invasion and survival of the parasite within host cells. While the

specific functions of LRR proteins in Microsporidia remain underexplored, these

motifs have been shown to play crucial roles in related parasitic organisms. For

example, in Phytophthora sojae, they are highlighted to be crucial in development

and virulence [Zhang et al., 2022]. Similarly, in Eriocheir sinensis, LRR proteins

have been implicated in immune responses, highlighting their role in pathogen

defense [Shi et al., 2024]. Based on the annotation of LRR proteins from Inter-

ProScan repeats analysis, genes identified to have these sections were selected from

the dataset, and batch motif analysis was used to highlight LRR regions. Homol-

ogy modeling and mapping motifs to the 3D structure were done as described in

Section 2.4.3.3. Identification of signal peptides and transmembrane regions was

done as in Section 2.4.2.2.

4.4.9 Characterization of the glycolytic pathway inMicrosporidia

sp. MB

A set of previously documented microsporidia proteins involved in the glycolytic

pathway were identified using an extensive literature search [Tokarev et al., 2019,

Luo et al., 2021, Wiredu Boakye et al., 2017, Vivarès and Méténier, 2008, Keeling

and Corradi, 2011] and retrieved from the NCBI database [last accessed in Decem-

ber 2023]. Encephalitozoon cuniculi has been extensively studied and has retained

all these genes and was thus used as a reference for identifying homologous genes

in Microsporidia sp. MB.

The genes from E. cuniculi used in this study included: pyruvate kinase (ECU09_-

0640), enolase (ECU10_1690), fructose 1,6-bisphosphate aldolase (ECU01_0240),
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phosphoglycerate mutase (ECU10_1060), hexokinase (ECU11_1540), pyruvate

DHase E1, a sub (ODPA SCHPO) (ECU09_1040), pyruvate DHase E1, b sub

(ODPB RICPR) (ECU04_1160), phosphofructokinase (ECU03_0680), phospho-

glucose isomerase/glucose-6-phosphate isomerase (ECU05_0650), 3-phosphoglycerate

kinase (ECU05_0320), glyceraldehyde-3-phosphate dehydrogenase (ECU07_0800)

and triose phosphate isomerase (ECU11_0230).

A remote BLASTp search for homologous sequences in this protein dataset was

done (E-value cutoff = 0.0001; bit-score greater or equal to 200), and the top 10

hits were retrieved for each protein. Reverse BLAST of the top 10 hits (see Sec-

tion 2.2) was performed to confirm true homology. A custom local database was

designed with the BLAST+ ”makeblastdb” command [for Biotechnology Informa-

tion , US], which included homologous proteins from the Enterocytozoonida group

V. corneae ATCC 50505, E. bieneusi, E. hepatopenaei, E. canceri, H. eriocheir

and other microsporidia such as N. granulosis, V. ceranae, A. locustae, O. bayeri.

Homology search of Microsporidia sp. MB genome against this custom database

of glycolysis proteins was done. Multiple sequence alignment of the homologs was

done using MUSCLE [Edgar et al., 2004]. ModelFinder [Kalyaanamoorthy et al.,

2017] was used to identify the best-fit model for tree construction. Tree visualiza-

tion was done in Geneious Prime® 2023.2.1 [Olsen, 2014].

4.4.10 Characterization of Meiotic-related genes (MRGs)

orthologs in Microsporidia sp. MB

MRGs are integral to meiosis, the process critical for sexual reproduction and the

generation of genetic diversity. These genes encode proteins that facilitate key

meiotic events, including homologous chromosome pairing, recombination, and

the accurate segregation of chromosomes into gametes, ensuring genomic stability

across generations [Villeneuve and Hillers, 2001]. In the context of microsporidia,

a group of obligate MRGs play a significant role in understanding their unique

reproductive strategies. . Despite the streamlined nature of their meiotic pro-

cesses, certain microsporidia species retain core meiotic genes, which are essen-

tial for their lifecycle and parasitism [Corradi and Selman, 2013]. Characterizing
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MRGs in microsporidia is critical for elucidating their evolutionary adaptation

and reproductive mechanisms in the context of their obligate parasitic lifestyle

[Desjardins et al., 2015]. MRGs of microsporidia were retrieved from NCBI using

references from published articles [Lee et al., 2014, Peat, 2011, Ndikumana et al.,

2017]. A custom database using the assembled MB genome was created locally

using the ”makeblastdb” command-line argument. Retrieved MRGs were used as

queries against this database using tBLASTn (E-value cutoff set at 1×E-20). A

reverse BLAST of all contigs from each hit was done by running a remote blast on

NCBI.Reverse BLAST is a technique used to identify true homologous sequences

by applying a more stringent search filter on the results of an initial BLAST analy-

sis. In this process, homologous hits are re-evaluated using an in-house script that

performs a secondary BLAST search. This script refines the results by focusing

on hits where the query sequence appears among the top 3 matches, with criteria

such as high coverage (>50%), percent identity (>40%), and e-value (<0.005).

By applying these rigorous filters, the technique ensures that only true homologs

are identified, reducing the chance of including sequences that are similar due

to random chance rather than genuine homology. The putative genes predicted

from GeneMarkS from each respective contig were also queried to confirm true

homology. In this case, another custom BLAST database was created using the

retrieved MRG protein sequences, and a local protein BLAST (BLASTp) search

was conducted (E-value = 0.0001). The homology of the identified genes was fur-

ther confirmed using remote BLAST against the nr database. InterProScan v2.1

[Blum et al., 2021] was used to identify functional domains. Multiple sequence

alignment was done using MUSCLE (Sequences were ordered based on similarity).

Alignments were colored by similarity – the darker the residue, the higher the sim-

ilarity. Tree calculations using Fasttree and the Jukes-Cantor Genetic Distance

Model were done with 1000 bootstrap replicates.

4.4.11 Annotation of the RNAi mechanism inMicrosporidia

sp. MB

The RNAi mechanism consists of 3 main proteins: Dicer, Argonaute, and RNA-

dependent RNA polymerase [Whitten et al., 2016]. Homologs specific to each gene
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were retrieved from MicrosporidiaDB v10 [Aurrecoechea et al., 2011] [last accessed

in December 2023]. The search and subsequent analysis of the Misrosporidia sp.

MB respective homologs to these three genes were done as described in Sections

4.4.9 and 4.4.10 above. These three genes have a set of unique conserved domains

(PAZ Argonaute-like, DUF, and PIWI-like, Rnc, and Dicer domains), which were

confirmed as described in Section 2.4.3.3.

4.4.12 Phylogenetic analysis of Iron-Sulfur cluster assem-

bly proteins in Microsporidia sp. MB

Microsporidia genes involved in the Iron-Sulfur Cluster Assembly as reported in

T. hominis were retrieved from NCBI [Williams et al., 2002]. To create a local

database, a remote NCBI BLASTp search of these protein sequences was done to

retrieve ten maximum hits (E-value less than or equal to 1e-20; query coverage

greater than or equal to 90%). Putative genes from Microsporidia sp. MB was

blasted against this custom database as described above. Multiple sequence align-

ments and tree calculations were conducted on the homologs using MUSCLE and

FastTree, respectively.

4.5 Results and Discussion

4.5.1 Proteins involved in enzymatic processes within the

cell form the most significant proportion of the genome

Of the 2,247 proteins predicted using BUSCO and GeneMark-ES tools, 2,238 were

classified into their respective superfamilies using InterProScan [Blum et al., 2021].

(Figure 4.2). Over 30% (n = 707) of these proteins were associated with enzymes,

and only 12 proteins (0.53%) were left unclassified. The other protein family

groups identified included: cell-cycle (n = 530; 23.6%), regulatory/cellular (n =

364; 16.2%), binding (n = 353; 15.7%), transport (n = 178; .9%), and structural

proteins (n = 103; 4.6%)(Figure 4.2) .
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Figure 4.2: A pie-chart representation of the proportion of different protein family

categories in Microsporidia sp. MB using InterProScan. Seven main protein su-

perfamily groups were identified, with most of the proteins classified as enzymes.

4.5.1.1 Hydrolases and transferases are the most abundant enzyme

classes in the Microsporidia sp. MB genome

Since most predicted proteins were classified as enzymes, further analysis of the

different groups of enzymes was essential to determine the distribution of differ-

ent enzyme classes represented in the dataset. Seven main enzyme classes were

identified, with transferases appearing to be the most common category among

the annotated enzymes (Figure 4.3). These were divided into: hydrolases (n =

237; 38.47%), transferases (n = 228; 37.01%), ligases (n = 45; 7.31%), isomerases

(n = 35; 5.68%), oxidoreductases, (n = 33; 5.36%), translocases (n = 31; 5.03%)

and lyases (n = 7; 1.14%).

119



Figure 4.3: The distribution of primary enzyme groups using InterProScan, high-

lighting hydrolases and transferases as the most abundant enzyme classes in Mi-

crosporidia sp. MB. These two enzymes function in energy metabolism and trans-

port of nutrients respectively.

4.5.1.2 Distribution of different enzyme sub-classes

The enzyme classes identified were further grouped into sub-classes based on their

functions (Figure 4.4).
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Figure 4.4: Distribution of different enzyme classes and sub-classes in Mi-

crosporidia sp. MB
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Hydrolases are involved in the carbohydrate and energy metabolism of intracel-

lular stages of the microsporidian Nosema grylli [Dolgikh, 2000]. The localization

and functionality of microsporidian iron-sulfur cluster assembly proteins have been

reported to be hydrolases[Goldberg et al., 2008]. A total of 38.47% of the classified

enzymes in Microsporidia sp. MB were identified as hydrolases, with most of these

acting on acid anhydrides (Figure 4.4a).

Transferases play a crucial role in microsporidia intracellular lifestyle, particu-

larly in acquiring essential nutrients and energy from their host cells [Alexander

et al., 2016, Dean et al., 2016]. These transporters also facilitate the import of nu-

cleotides for nucleic acid biosynthesis. Nine main sub-classes of transferases were

identified, with those involved in transferring phosphorus-containing molecules be-

ing the most common (Figure 4.4b).

The identification of several components of the mitochondrial iron-sulfur clus-

ter assembly machinery in these organisms further supports the role of ligases in

microsporidia. These components, which are involved in the biosynthesis of iron-

sulfur proteins, are essential for various cellular processes, including DNA repair.

The presence of these components suggests that microsporidia may use ligases to

maintain their genome integrity and ensure their survival within the host cell. Mi-

crosporidia sp. MB contains 7.31% ligases of the predicted enzymes, which were

further classified into five sub-classes depending on the type of bonds they create

with different molecules (Figure 4.4c).

Oxidoreductases in microsporidia are not well-studied; however, their general

physiological roles include involvement in hormone control, iron uptake, defense

against pathogens, and toxin degradation through the redox system. A total of

eleven oxidoreductase sub-classes were observed. Isomerases, oxidases, and thiol-

sulfide reductases are important in redox reactions in the organism’s survival in

new host environments. Five isomerase sub-classes were identified, some directly

linked to oxidoreductases and transferases. On the other hand, lyases are involved

in various aspects of the microsporidian life cycle, including energy metabolism

and nucleotide acquisition. These were the least-represented enzyme classes in

the genome consisting of carbon-carbon, carbon-oxygen, and phosphorus-oxygen

subgroups (Figure 4.4d).
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4.5.2 Microsporidia sp. MB contains multiple Leucine-

rich repeat (LRR) proteins

4.5.2.1 Distribution of domains and repeats in Microsporidia sp. MB

Protein domains, repeats, and conserved sites are essential features of proteins.

Domains in proteins are distinct regions that have specific structural and func-

tional properties, are typically composed of several secondary structure elements,

such as alpha helices and beta sheets, and can fold independently. Repeats, con-

versely, are segments of protein sequences repeated multiple times within the same

protein or across different proteins. Repeats can be indicative of functional motifs

or structural elements within proteins. The predicted proteins contained a total

of 659 domains and 19 repeats. A total of 1456 domains were identified in the

putative proteins, with a majority being the reverse-transcriptase domains (n =

179) as shown in Figure 4.5. Microsporidia lack nucleotide biosynthetic pathways

and rely on ”stealing” nucleotides from host cells [Alexander et al., 2016, Dean

et al., 2016].
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Figure 4.5: Sequence distribution of the different domains and repeats predicted

using InterProScan. (a) A bar plot of the key domains isolated from the genome

showing a large set of domains involved mainly in enzymatic activities. A zoomed

image of the main domains excluding the outlier (where less than 10 sequences

were represented in each domain) is shown on the right panel. (b) The distribution

of repeat regions is depicted in this barplot. Leucine-rich repeat regions (LRR)

and WD40 were the most abundant.

4.5.2.2 Characterization of LRR proteins in Microsporidia sp. MB

Most notable of the identified repeats was the presence of LRRs, with a total

of 17 proteins containing these repeats (Figure 4.5b above). The LRRs found

in microsporidia proteins play a crucial role in recognizing and interacting with

host cells and may represent pathogenicity factors. These regions often involve

mediating protein-protein interactions, allowing microsporidia to bind to and in-

vade host cells [Senderskiy et al., 2014]. Microsporidian LRR-proteins secreted

into the host have the potential to interact with host protein function. LRR-

proteins in S. lophii were shown to have N-terminal signal peptides indicating

potential secretion or targeting to the parasite cell surface for interactions with
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the host [Campbell et al., 2013]. Similar sequences in V. corneae also underscore

the significance of LRR-proteins in mediating protein-protein interaction [Camp-

bell et al., 2013]. An investigation of the distribution of LRRs in the proteome

using MEME Suite showed that 9 of the assembled contigs contained key LRR

motifs (Figure 4.6). To identify whether the LRR-containing proteins could be

part of the MB secretome, an essential feature in host-parasite interactions, further

computational assessment of the presence of signal peptides and transmembrane

localization prediction was done. Three of the identified contigs contained pu-

tative signal peptides, suggesting they could be part of the secretome, in direct

contact with the host cell. Nine sequences with LRR regions were identified using

InterProScan as highlighted in Section 4.5b. Motifs containing these repeats in the

sequences were identified using MEME. One contig (NODE_405) contained two

main LRR genes (gene_679 and gene_680) with confirmed signal peptides using

both TargetP and SignalP prediction tools, while contig NODE_1665 contained

one gene (gene_1719) (Figure 4.6). Gene_679 was identified to be homologous

to the Anopheles Plasmodium-responsive LRR protein APL1B, which has been

shown to play a role in An. gambiae immune response to invasion by Plasmod-

ium [Williams et al., 2015] and could suggest a probable function of gene_679 in

blocking malaria in its host.
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SignalP predic�on

TargetP predic�on

Name Motif Locations

Kenya_NODE_405_length_6958_cov_65.2561

Kenya_NODE_896_length_4075_cov_112.633

Kenya_NODE_1118_length_3304_cov_76.4631

Kenya_NODE_1214_length_3045_cov_87.7886

Kenya_NODE_1665_length_2269_cov_102.303

Kenya_NODE_1722_length_2205_cov_70.7865

Kenya_NODE_1928_length_1951_cov_33.5833

Kenya_NODE_2458_length_1489_cov_104.416

Kenya_NODE_2894_length_1255_cov_86.6858

Mo�f 1 Mo�f 2

Figure 4.6: Identification and analysis of leucine-rich repeats (LRR) motifs across

9 contigs. LRR motifs 1 (red) and 2 (blue) were identified in the nine contigs

using MEME Suite. Moreover, prediction of signal peptides using TargetP v2.0

and SignalP v6.0 (green and brown respectively) in 2 of these sequences (NODE_-

405 and NODE_1665).

The 3D model of the putative protein encoded by gene_679 was designed using

template 3O6N_A APL1 (1.85Å) and was characterized with eight alpha helices

and 11 beta sheets and loops (Figure 4.7). Quality scores of the modeled proteins

included a QMEAN score of 0.5, Verify3D overall score of 77.98%, and Z-DOPE

score of -3.83. Gene_679 also contained signal peptides and transmembrane seg-

ments (Figure 4.6). No good-quality template was identified from HHSearch to

model gene_680 and gene_1719.
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Figure 4.7: A 3D model of gene_679 (NODE_405) with motif mapping. The

structure was modeled on PRIMO. The identified LRR motifs are numbered based

on the MEME output and color represented is consistent with Figure 4.6 above.

4.5.3 Microsporidia sp. MB proteins are mainly involved

in metabolic processes

4.5.3.1 GO analysis

GO analysis is a commonly used method to annotate genes and gene products and

to determine the biological functions of large-scale genome or transcriptome data

[Ashburner et al., 2000]. In this context, GO analysis showed that a majority of

the putative proteins in Microsporidia sp. MB are involved in metabolic processes

and transport, which can be attributed to the bulk of enzymes found in the pre-

dicted dataset. Most of these proteins were found in the nucleus and cytoplasm

(Figure 4.8).
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Figure 4.8: A highlight of the protein sequence distribution in each primary GO

term (Biological Process, Cellular Component and Molecular Function) shows

that a bulk of the putative proteins are involved in metabolic processes, localized

within the intracellular anatomical structure (nucleus and cytoplasm) and involved

in enzymatic activities.

4.5.3.2 KEGG pathway analysis

A total of 257 pathways were identified, with 741 sequences linked to these path-

ways (E-value = 0.0001). KEGG further categorized the proteins into five distinct

groups. Most of the proteins were involved in metabolism (n = 83; 32.3%) and

organismal systems (n = 83; 32.3%) (Figure 4.9). The other categories included

environmental information processing (n = 35; 13.6%), cellular processes (n = 30;

11.7%), and genetic information processing (n = 26; 10.1%).
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Figure 4.9: KEGG metabolic pathway analysis. A barplot representation of the

main KEGG categories shows most of the pathways identified within the genome

are involved in organismal systems and me-tabolism.

Most of the predicted proteins are involved in metabolism, genetic informa-

tion processing and general cellular processes, including purine, thiamine, and

nucleotide metabolism, biosynthesis of co-factors, ribosome biogenesis, protein

processing, nucleotide excision repair, RNA degradation, RNA polymerase, cell

cycle, meiosis, cellular senescence and nucleocytoplasmic transport (Figure 4.10).
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Figure 4.10: Sequence distribution in each KEGG pathway highlighting the top 25

pathways represented in the dataset. A majority of the sequences were involved

in purine and thiamine metabolism, cellular processes and genetic information

processing.

4.5.4 Microsporidia sp. MB has retained most of the

genes involved in the glycolytic pathway

Microsporidia sp. MB was found to contain 10 out of the 11 proteins involved in

the glycolytic pathway, as shown in Figure 4.11. Interestingly, among the Ente-

rocytozoonida species, E. cuniculi was observed to have retained all the proteins

in this pathway, while E. bieneusi seems to have lost all of them. This could be

attributed to the fact that E. cuniculi has been extensively studied, sequenced,

and fully annotated and is often used as a reference point for most microsporidia

gene studies. On the other hand, the absence of 3-phosphoglycerate kinase in

Microsporidia sp. MB might suggest that this gene has not been sequenced yet.

Furthermore, its closest sister V. corneae and Nosema granulosis had the same set

of proteins involved in the glycolytic pathway, as illustrated in Figure 4.11.
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100

95

100

76

100

100

100

100

Present

Absent

0.1

Encephalitozoon hellem

Encephalitozoon romaleae

Encephalitozoon intestinalis

Encephalitozoon cuniculi

Edhazardia aedis

Enterocytozoon hepatopenaei

Enterospora canceri

Enterocytozoon bieneusi

Microsporidia sp. MB

Vi�aforma corneae ATCC 50505

Nosema granulosis

Figure 4.11: Overview of the loss and retention of key genes involved in the gly-

colytic pathway genes across different microsporidia species. Retained genes are

highlighted in light blue in the heatmap, while those that have been lost are high-

lighted in gray. Microsporidia MB has retained most of the genes involved in

glycolysis except for Pyruvate kinase, similar to V. corneae and N. granulosis.

Comparatively, E. aedis, E. cuniculi and E. hepatopenaei appear to have lost

all these genes, suggesting a total reliance on the host’s glycolysis function. The

maximum likelihood phylogenomic tree on the left was generated using IQ-TREE

v1.6.12 based on the 196 common BUSCO single-copy orthologous genes found

in all species. Percent bootstrap support values are shown on each node and the

branch length scale bare at the bottom of the tree.

4.5.5 Microsporidia sp. MB contains all three key com-

ponents of the RNAi machinery

Orthologs of all three components of the RNAi machinery were present in Mi-

crosporidia sp. MB. These included the Dicer (gene_297), RNA-dependent RNA

polymerase (gene_163), and Argonaute (gene_271) genes. The similarity of these

orthologs to proteins found in other microsporidia species was further confirmed

through phylogeny and conserved domain analyses. Low levels of TEs in this

genome (highlighted in Chapter 3) could be explained by the presence of the

key RNAi pathway components that have been reported to silence TE expression
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[Obbard et al., 2009].

4.5.5.1 Dicer

Phylogenetic analysis of the Dicer orthologs found in 15 microsporidia species

showed high similarity between Microsporidia sp. MB and V. corneae ATCC50505

(Figure 4.12). An analysis of the conserved domains of the Dicer gene on CDD

revealed that this protein contained two main conserved domains, including the

Ribonuclease III C terminal domain (RIBOc) and the dsRNA-specific ribonuclease

domain (Rnc) (Figure 4.12b). Multiple sequence alignment showed the presence of

inserts between the RIBOc and Rnc domains in Microsporidia sp. MB, E. breve,

P. epiphaga, and P. philotis.
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Figure 4.12: Analysis of the Dicer ortholog in Microsporidia sp. MB (a) A rooted phylogenetic tree of Dicer genes in various microsporidian

species. The tree was constructed using The scale for the branch length is shown at the bottom. (b) A schematic representation of the

position of conserved domains in the multiple sequence alignment is shown. An insert was observed between the RIBOc and Rnc domains

in 4 of the species including Microsporidia sp. MB, E. breve, P. epiphaga and P.philotis
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4.5.5.2 Argonaute

The central component of the RNA-induced silencing complex (RISC) and related

complexes is Argonaute. This protein contains the Piwi and a portion of Argo

subdomains, one of which provides the 5’ anchoring of the guide RNA and the

other the catalytic site for slicing. This domain is also found in closely related

proteins, including the Piwi subfamily, observed in Microsporidia sp. MB (Figure

4.13).
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Figure 4.13: Analysis of Argonaute orthologs. (a) A rooted phylogenetic tree of Argonaute orthologs in microsporidia. The tree was

constructed on protein sequences of the Argonaute orthologs. A thousand bootstraps are indicated at the nodes. The scale for the branch

length is shown at the bottom. (b) A schematic representation of the position of conserved Piwi-like and PAZ domains mapped onto the

multiple sequence alignment.
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4.5.5.3 RNA-dependent RNA polymerase

On phylogenetic analysis, high similarity was observed between the orthologs in V.

corneae and Microsporidia sp. MB for RNA-dependent RNA polymerase, which

is involved in post-transcriptional gene silencing. This was further confirmed by

the presence of the RdRP conserved region in this ortholog (Figure 4.14).
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Figure 4.14: Analysis of the RNA-dependent RNA polymerase. (a) Phylogeny studies indicate the similarity between this ortholog in

Microsporidia sp. MB and other microsporidias. (b)Identification of the conserved RdRP domain across different species.
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4.5.6 The presence of several MRGs in Mirosporidia sp.

MB suggests that it may occasionally undergo meio-

sis during sporogony

Recent studies have described the meiotic processes occurring in microsporidia

during the early phases of sporogony [Lee et al., 2014]. The merging of haploid

nuclei produces a single diploid nucleus, which divides during mitosis to create a

new diplokaryon with two diploid nuclei. These nuclei then form synaptonemal

complexes and fuse to form a single tetraploid nucleus, where chromosomal min-

gling occurs. Finally, two consecutive reductive divisions result in the production

of eight haploid nuclei. Table 4.1 below highlights key proteins involved in differ-

ent stages of meiosis.
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Table 4.1: An overview of the different stages of meiosis and the proteins involved in each stage.
Stages of meiosis Protein products involved

Activation of transcription of meiotic genes Ime1

Sister chromatids join and homologs synapse Rec8, Hop2, Mnd1, Rad21, Smc1-6

Formation of double-strand breaks in DNA Spo11, Rec104

Formation of the synaptonemal complex Red1, Hop1, Zip1 & 2

Resection of DNA ends and attachment of inter-homolog

recombination proteins

Rec114, Rad1, Rad50, Mre11

Homology searching and strand exchange Dmc1, Rad51, Rad52, Rad55, Rad57

Formation of stable heteroduplex, strand invasion, and DNA

synthesis Mismatch and frameshift repair

Mlh1-3, Msh2, Msh6, Pms1

Mediation of crossover interference and resolution f Holliday

junctions

Msh4, Msh5, Mer3 (HFM1)

Chromosome segregation Ubc11, Mam1
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Despite the reduced complexity of microsporidia genomes, investigations have

revealed genes that show homology or similarity to known meiotic genes in other

eukaryotes [Ndikumana et al., 2017]. These genes include homologs of meiosis-

specific genes identified in other organisms, such as Dmc1, Msh4, and Msh5, as

detailed in Appendix Table A3. These homologs are integral to fundamental

meiotic processes, including genetic recombination, chromosomal synapsis, chro-

mosome segregation, and spore formation. This indicates that microsporidia have

retained critical genetic components required for meiosis despite their significantly

reduced genomes, albeit with certain modifications and adaptations to their par-

asitic lifestyle and evolutionary history. Eighteen MRG orthologs were identified

in the genome (Table A3). The presence of these meiotic genes orthologs in the

Microsporidia sp. MB genome suggests its potential mode of reproduction. These

genes aid in the study of the reproductive strategies and evolutionary biology of

the symbiont.

4.5.6.1 Role of the SMC proteins in meiosis

SMC proteins are involved in critical processes for accurately segregating pro-

teins during meiosis. These processes include chromosome condensation, sister-

chromatid cohesion, and DNA repair and recombination [Strunnikov, 1998, Strun-

nikov and Jessberger, 1999, Jessberger, 2002]. Five SMC orthologs (SMC1, 2, 3,

4, and 6) were identified in Microsporidia sp. MB (Table A3). Their respective

multiple sequence alignments and tree calculations are highlighted below.

4.5.6.1.1 SMC1 [gene_603]

SMC1 is responsible for holding sister chromatids together during both mito-

sis and meiosis in the cohesion complex [Bolaños-Villegas, 2021]. It has also

been implicated in meiotic recombination regulation as a heterodimer with SMC3

[Bolaños-Villegas, 2021]. The putative gene, gene_603, in the Microsporidia sp.

MB genome showed high similarity to SMC1 of Enteropsectra breve and Pancy-

tospora epiphaga (Figure 4.15)
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SMC1A [Enterospora canceri] 

SMC1 [Ecytonucleospora hepatopenaei] 

SMC [Hepatospora eriocheir] 

uncharacterized protein ECU04_0930 [Encephalitozoon cuniculi GB-M1] 

structural maintenance of chromosomes protein [Encephalitozoon cuniculi] 

uncharacterized protein VICG_00392 [Vittaforma corneae ATCC 50505] 

gene_603 [Microsporidia sp. MB] 

structural maintenance of chromosome 1 [Enteropsectra breve] 

structural maintenance of chromosome 1 [Pancytospora philotis] 

(a)

(b)

Figure 4.15: Overview of the SMC1 ortholog in Microsporidia sp. MB.

4.5.6.1.2 SMC2 [gene_89]

SMC2, a condensin complex component, is crucial in condensing chromosomes into

tightly packed structures during meiosis. This process is essential for adequately

segregating chromosomes [Yokomori, 2003]. To achieve this, the condensin com-

plex utilizes ATP energy to create positive supercoiling in DNA, resulting in the

formation of the mitotic chromosome scaffold [Pavlova and Zakian, 2003].

Gene_89 (Figure 4.16) in the symbiont was identified as an SMC2 protein. It

similarly showed a close relationship with the characterized SMC6 proteins of En-

teropsectra breve and Pancytospora epiphaga, and contained an insert at residue

823-845 (Figure 4.16b).
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chromosome segregation protein [Encephalitozoon cuniculi] 

structural maintenance of chromosomes protein [Encephalitozoon cuniculi] 

uncharacterized protein ECU01_1160 [Encephalitozoon cuniculi GB-M1] 

RecF/RecN/SMC N terminal domain-containing protein [Encephalitozoon hellem] 

chromosome segregation protein [Encephalitozoon intestinalis ATCC 50506] 

uncharacterized protein VICG_01284 [Vittaforma corneae ATCC 50505] 

gene_89 [Microsporidia sp. MB] 

structural maintenance of chromosome 2 [Pancytospora philotis] 

structural maintenance of chromosome 2 [Enteropsectra breve] 

Structural maintenance of chromosomes protein 2 [Nosema granulosis] 

chromosome segregation protein [Vairimorpha ceranae] 

Figure 4.16: Analysis of the gene_89 SMC2 ortholog.
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4.5.6.1.3 SMC3 [gene_1347]

The SMC3 protein forms a heterodimer with SMC1 in the cohesin complex to

regulate meiosis recombination [Bolaños-Villegas, 2021]. The SMC3 homolog in

Microsporidia sp. MB was identified as gene_1347 similar to Pancytospora SMC3

proteins (Figure 4.17).
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chromosome segregation protein [Encephalitozoon intestinalis ATCC 50506] 

structural maintenance of chromosomes protein [Encephalitozoon cuniculi] 

SMC3 [Hepatospora eriocheir]

structural maintenance of chromosome 3 (chondroitin sulfate proteoglycan 6) [Enteropsectra breve] 

structural maintenance of chromosome 3 (chondroitin sulfate proteoglycan 6) [Pancytospora philotis] 

structural maintenance of chromosome 3 (chondroitin sulfate proteoglycan 6), partial [Pancytospora epiphaga] 

uncharacterized protein VICG_01646 [Vittaforma corneae ATCC 50505] 

gene_1347 [Microsporidia sp. MB] 

Figure 4.17: The SMC3 ortholog in Microsporidia sp. MB.
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4.5.6.1.4 SMC4 [gene_1051]

SMC4 is involved in the structural reorganization of meiotic chromosomes [Ball Jr

and Yokomori, 2001]. It forms the condensin complex with SMC2 and is involved

in chromosome condensation. This complex uses ATP during chromosome com-

paction, forming mitotic chromosome scaffolds [Yokomori, 2003]. Gene_1051 was

closely associated with Enteropsectra breve and Pancytospora epiphaga (Figure

4.18).
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structural maintenance of chromosome 4 [Pancytospora philotis] 

structural maintenance of chromosome 4 [Pancytospora epiphaga] 

structural maintenance of chromosome 4 [Enteropsectra breve] 

gene_1051 [Microsporidia sp. MB] 

structural maintenance of chromosomes protein [Encephalitozoon hellem] 

chromosome segregation ATPase [Encephalitozoon hellem ATCC 50504] 

uncharacterized protein ECU07_0680 [Encephalitozoon cuniculi GB-M1] 

chromosome segregation ATPase [Encephalitozoon cuniculi EcunIII-L] 

cut3-like chromosome segregation protein [Encephalitozoon cuniculi] 

structural maintenance of chromosomes protein [Encephalitozoon cuniculi] 

90.5

71.2

Figure 4.18: Analysis of the similarity between the SMC4 orthologs in Microsporidia sp. MB and other species.
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4.5.6.1.5 SMC6 [gene_941]

The SMC5/6 complex is involved in the repair of programmed DNA double-strand

breaks (DSBs) through homologous recombination during meiosis [Bickel et al.,

2010]. Mutants of Caenorhabditis elegans that lack functional SMC-5/6 proteins

exhibit chromosome fragmentation, indicating the critical role played by this com-

plex in the successful completion of meiosis [Bickel et al., 2010]. In Microsporidia

sp. MB, one homolog of the SMC5/6 mutant, was identified (gene_941), show-

ing close similarity to SMC6 of Enteropsectra breve and Pancytospora epiphaga

(Figure 4.19).
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uncharacterized protein VICG_00422 [Vittaforma corneae ATCC 50505] 

gene_941 [Microsporidia sp. MB] 

structural maintenance of chromosomes protein 6 [Enteropsectra breve] 

structural maintenance of chromosomes protein 6 [Pancytospora epiphaga] 

SMC6 [Hepatospora eriocheir] 

hypothetical protein NCER_100567 [Vairimorpha ceranae BRL01]

chromosome segregation ATPase [Hamiltosporidium magnivora] 

chromosome segregation ATPase [Hamiltosporidium magnivora] 

chromosome segregation ATPase [Hamiltosporidium tvaerminnensis] 

62.1

Figure 4.19: A highlight of SMC6 orthologs in microsporidia.
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4.5.6.2 Sister chromatid cohesion 1 protein 3 (Scc3) [gene_1754]

Scc3 is involved in ensuring accurate chromosome segregation but facilitating sister

chromatid cohesion. It also has other essential functions in gene regulation and

chromosomal processes to ensure the successful progression of meiosis [Lin et al.,

2011]. The similarity between gene_1754 and its close homologs is highlighted in

Figure 4.20.
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 100 

 50.9 

 88.9 

 52.7 

 hypothetical protein PAEPH01_2459, partial [Pancytospora epiphaga] 

 hypothetical protein PAPHI01_0808 [Pancytospora philotis] 

 gene_1754 [Microsporidia sp. MB] 

 uncharacterized protein VICG_00967 [Vittaforma corneae ATCC 50505] 

 hypothetical protein HERIO_476 [Hepatospora eriocheir] 

 Meiotic recombination protein rec8 [Thelohania contejeani] 

 sister chromatid cohesion 1 protein 3 [Vairimorpha ceranae] 

 hypothetical protein EDEG_00958 [Edhazardia aedis USNM 41457] 

 hypothetical protein DMUE_3095 [Dictyocoela muelleri] 

 Sister chromatid cohesion 1 protein 3 [Nosema bombycis CQ1] 

 Sister chromatid cohesion 1 protein 3 [Nosema bombycis CQ1] 

0.4

Figure 4.20: Phylogenetic comparison and msa of Sister chromatid cohesion 1 protein 3.
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4.5.6.3 DNA repair and recombination proteins in meiosis

In S. cerevisiae, RAD51, and RAD52 proteins function in DNA repair and recom-

bination processes during meiosis. RAD51 operates similarly to bacterial RecA

and is involved in the homologous recombination pathway, where it interacts with

the meiosis-specific Dmc1 protein [Shinohara et al., 1992]. RAD52 is involved in

meiotic DNA metabolism and DNA damage repair [Resnick et al., 1981]. Although

not extensively studied, RAD16 has been reported to participate in nucleotide ex-

cision repair (NER) in yeast [Resnick et al., 1981].

4.5.6.3.1 RAD16 [gene_1760]

Putative gene_1760 from Microsporidia sp. MB was closely associated with

RAD16 from Pseudoloma neurophilia (Figure 4.21). P. neurophilia contained

insertions at residues 223-260 and 535-550, unlike the other microsporidia species

(highlighted in a red box in Figure 4.21).
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DNA repair protein RAD16 [Nosema granulosis] 

uncharacterized protein VICG_01358 [Vittaforma corneae ATCC 50505] 

gene_1760 [Microsporidia sp. MB] 

Nucleotide excision repair protein RAD16 [Pseudoloma neurophilia] 

DNA repair protein RAD16 [Thelohania contejeani] 

DNA repair protein Rad16 [Hamiltosporidium tvaerminnensis] 

DNA repair protein Rad16 [Hamiltosporidium magnivora] 

dna repair protein rad16 [Vairimorpha ceranae] 

Figure 4.21: The RAD16 DNA repair and recombination protein in microsporidia.
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4.5.6.3.2 RAD51 [gene_1069]

Gene_1069 had high similarity with RAD51 in V.corneae (Figure 4.22).
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DNA repair protein RAD51 [Pancytospora epiphaga] 

DNA repair protein RAD51 [Pancytospora philotis] 

DNA repair protein RAD51 [Enteropsectra breve] 

DNA repair protein RAD51 [Vittaforma corneae ATCC 50505] 

gene_1069 [Microsporidia sp. MB] 

DNA repair and recombination protein RAD51 [Enterocytozoon bieneusi H348] 

RAD51 [Enterospora canceri] 

recombinase rad51 [Hamiltosporidium tvaerminnensis] 

DNA repair protein Rad51 [Encephalitozoon intestinalis ATCC 50506] 

DNA repair protein Rad51 [Encephalitozoon hellem] 

DNA repair protein Rad51 [Encephalitozoon hellem ATCC 50504] 

Figure 4.22: Analysis of the relationship between RAD51 orthologs in microsporidia.
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4.5.6.3.3 RAD52 [gene_421]

V. corneae RAD52 protein and Microsporidia sp. MB had close associations (Fig-

ure 4.23)

recombination protein rad52 [Vittaforma corneae ATCC 50505] 

gene_421 [Microsporidia sp. MB] 

DNA repair and recombination protein RAD52 [Pancytospora epiphaga] 

DNA repair and recombination protein RAD52 [Enteropsectra breve] 

RAD52 [Enterospora canceri] 

DNA repair protein rad52 [Hamiltosporidium tvaerminnensis] 

DNA repair and recombination protein rti1 [Nosema granulosis] 

hypothetical protein H312_00162 [Anncaliia algerae PRA339] 

Rad52/22 family double-strand break repair protein [Ordospora pajunii] 

recombinase RAD52 [Encephalitozoon cuniculi GB-M1] 

Rad52-like DNA repair and recombination protein [Encephalitozoon romaleae SJ-2008] 

Figure 4.23: Analysis of RAD52 in microsporidia.
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4.5.6.3.4 SWI/SNF-related matrix-associated actin-dependent regula-

tor of chromatin subfamily A-like protein 1/SNF2/RAD54[gene_-

1398]

Figure 4.24 highlights the presence of the in Microsporidia sp. MB (gene_1398).

[Venkataramanan et al., 2016].
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uncharacterized protein VICG_00675 [Vittaforma corneae ATCC 50505] 

gene_1398 [Microsporidia sp. MB] 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 [Pancytospora philotis] 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 [Pancytospora epiphaga] 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 [Enteropsectra breve] 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 [Encephalitozoon hellem] 

Snf2/Rad54-like helicase [Encephalitozoon hellem ATCC 50504] 

Snf2/Rad54-like helicase [Encephalitozoon romaleae SJ-2008] 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 [Nosema bombycis CQ1] 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 [Nosema granulosis] 

Figure 4.24: Analysis of the SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein

1/SNF2/RAD54.
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4.5.6.4 DNA mismatch repair (MMR) proteins in meiosis

The DNA MMR complex consists of MutS, MutL, MSH2, and PMS2 proteins in-

volved in maintaining genetic stability during meiosis [Santucci-Darmanin et al.,

2002]. MutS and MutL homologs participate in post-replication DNA repair and

meiotic recombination, an essential step for accurate chromosome segregation [Liu

et al., 2018]. The MutS homologs, such as MSH2, recognize mismatched nu-

cleotides and can also form complexes, such as MSH4-MSH5, which are neces-

sary for chromosome synapsis and the crossing-over process in meiosis [Santucci-

Darmanin and Paquis-Flucklinger, 2003]. MutL homologs, including PMS2, me-

diate multiple interactions associated with downstream MMR events [Santucci-

Darmanin and Paquis-Flucklinger, 2003]. The MMR system, including MSH2

and PMS2, also has independent roles in meiosis and is implicated in repairing

somatic double-strand breaks [Pannafino and Alani, 2021].

4.5.6.4.1 MutL/MLH1 [gene_478]

Figure 4.25 highlights the similarity between gene_478 in Microsporidia sp. MB

and its counterparts. A larger insert was observed in Microsporidia sp. MB

(residues 555-710) (Figure 4.25b).
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DNA mismatch repair protein Mlh1 [Nosema bombycis CQ1] 

DNA mismatch repair protein Mlh1 [Nosema bombycis CQ1] 

DNA mismatch repair protein Mlh1, partial [Hamiltosporidium magnivora] 

DNA mismatch repair protein Mlh1 [Hamiltosporidium magnivora] 

uncharacterized protein VICG_00021 [Vittaforma corneae ATCC 50505] 

gene_478 [Microsporidia sp. MB] 

DNA mismatch repair protein MLH1 [Enteropsectra breve] 

DNA mismatch repair protein MutL [Vittaforma corneae ATCC 50505] 

DNA mismatch repair protein MLH1 [Pancytospora philotis] 

DNA mismatch repair protein MLH1, partial [Pancytospora epiphaga] 

DNA mismatch repair protein MLH1, partial [Pancytospora epiphaga] 

Figure 4.25: Tree calculations and sequence analysis of the MutL/MLH1 gene.
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4.5.6.4.2 Msh2/MutS [gene_1101]

Associations between Msh2 from other microsporidia and gene_1101 from Mi-

crosporidia sp. MB is shown in Figure 4.26. Gene_1101 contained an insert

between residue 515 and 550.
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DNA mismatch repair protein Msh2 [Thelohania contejeani] 

DNA mismatch repair protein Msh2 [Hamiltosporidium tvaerminnensis] 

MutS-like mismatch repair ATPase [Ordospora colligata OC4] 

DNA mismatch repair protein msh-2 [Nosema granulosis] 

DNA Mismatch repair protein [Enterospora canceri] 

mutS [Ecytonucleospora hepatopenaei] 

MSH2 [Hepatospora eriocheir] 

uncharacterized protein VICG_01257 [Vittaforma corneae ATCC 50505] 

gene_1101 [Microsporidia sp. MB] 

DNA mismatch repair protein MSH2 [Pancytospora philotis] 

DNA mismatch repair protein MSH2 [Pancytospora epiphaga] 

Figure 4.26: Tree calculations and sequence analysis of the Msh2/MutS gene orthologs in microsporidia
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4.5.6.4.3 MutS/MSH5 [gene_684]

Figure 4.27 highlights the relationship between gene_684 and its homologs.
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hypothetical protein H312_03128 [Anncaliia algerae PRA339] 

hypothetical protein H311_02143 [Anncaliia algerae PRA109] 

DNA mismatch repair [Tubulinosema ratisbonensis] 

hypothetical protein EDEG_02514 [Edhazardia aedis USNM 41457] 

DNA mismatch repair protein MutS [Pancytospora philotis] 

DNA mismatch repair protein MutS [Pancytospora epiphaga] 

uncharacterized protein VICG_00104 [Vittaforma corneae ATCC 50505] 

gene_684 [Microsporidia sp. MB] 

DNA mismatch repair protein mutS [Nosema bombycis CQ1] 

MSH5 [Hepatospora eriocheir] 

MSH5 [Hepatospora eriocheir] 

Figure 4.27: Tree calculations and sequence analysis of the MutS/MSH5 gene.

163



4.5.6.4.4 PMS2/MutL [gene_1355]

Microsporidia sp. MB putative gene_1355 is a PMS2 homolog (Figure 4.28).
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gene_1355 [Microsporidia sp. MB] 

uncharacterized protein VICG_00441 [Vittaforma corneae ATCC 50505] 

DNA mismatch repair protein PMS2 [Pancytospora philotis] 

hypothetical protein PAEPH01_2857, partial [Pancytospora epiphaga] 

DNA mismatch repair protein PMS2 [Enteropsectra breve] 

MUTL [Hepatospora eriocheir] 

mismatch repair endonuclease [Hamiltosporidium magnivora] 

DNA mismatch repair protein MutL [Encephalitozoon intestinalis ATCC 50506] 

Mismatch repair endonuclease PMS2, partial [Nosema granulosis] 

dna mismatch repair protein [Vairimorpha ceranae] 

Figure 4.28: Tree calculations and sequence analysis of the PMS2/Mut gene.
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4.5.6.4.5 MSH2/6 [gene_114]

Figure 4.29 highlights the relationship between gene_114 in Microsporidia sp. MB

and other species.

166



DNA mismatch repair protein MSH6 [Pancytospora philotis] 

DNA mismatch repair protein MSH6 [Pancytospora epiphaga] 

uncharacterized protein VICG_00054 [Vittaforma corneae ATCC 50505] 

gene_114 [Microsporidia sp. MB] 

MutS-like DNA mismatch repair protein [Encephalitozoon intestinalis ATCC 50506] 

DNA mismatch repair protein Msh2 [Encephalitozoon hellem] 

MutS-like mismatch repair ATPase [Encephalitozoon hellem ATCC 50504] 

DNA mismatch repair protein Msh6 [Encephalitozoon hellem] 

MutS-like DNA mismatch repair protein [Encephalitozoon romaleae SJ-2008] 

DNA mismatch repair protein of the muts family [Encephalitozoon cuniculi] 

MutS-like mismatch repair ATPase [Encephalitozoon cuniculi EcunIII-L] 

Figure 4.29: Tree calculations and sequence analysis of the MSH2/6 gene.
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4.5.6.5 MND1 family protein [gene_1920]

During meiosis, the proper pairing of homologous chromosomes and the efficient

repair of DSBs are crucial for forming viable gametes. The MND1 family proteins

work with Hop2 in the Mnd1-Hop2 complex that interacts with recombination

enzymes to facilitate homologous recombination and ensure accurate chromosome

segregation by promoting proper chromosome pairing. This complex is essential

for the successful formation of viable gametes [Tsubouchi and Roeder, 2002]. Mi-

crosporidia sp. MB contained this gene (gene_1920) (Figure 4.30).
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MND1 [Ecytonucleospora hepatopenaei] 

hypothetical protein EHP00_2607 [Ecytonucleospora hepatopenaei] 

MND1 [Enterospora canceri] 

MND1 [Hepatospora eriocheir] 

MND1 [Hepatospora eriocheir] 

uncharacterized protein VICG_00766 [Vittaforma corneae ATCC 50505] 

gene_1920 [Microsporidia sp. MB] 

hypothetical protein PAPHI01_0936 [Pancytospora philotis] 

hypothetical protein ENBRE01_2745 [Enteropsectra breve] 

Mnd1 family protein [Enterocytozoon bieneusi H348] 

Mnd1 family protein, partial [Enterocytozoon bieneusi H348] 

Figure 4.30: Tree calculations and sequence analysis of the MND1 family protein.
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4.5.6.6 Sporulation protein RMD1 [gene_1498]

Sporulation proteins are involved in multiple stages of meiosis. The sporulation

protein is involved in the production of spores during the sporogony stage of

meiosis [Clancy, 1998]. Figure 4.31 highlights gene_1498 from Microsporidia sp.

MB as a sporulation protein.
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uncharacterized protein VICG_01402 [Vittaforma corneae ATCC 50505] 

gene_1498 [Microsporidia sp. MB] 

hypothetical protein ENBRE01_2218 [Enteropsectra breve] 

hypothetical protein PAPHI01_1307 [Pancytospora philotis] 

RMD1 [Enterospora canceri] 

RMD1 [Ecytonucleospora hepatopenaei] 

hypothetical membrane spanning protein [Enterocytozoon bieneusi H348] 

hypothetical protein NCER_100737 [Vairimorpha ceranae BRL01] 

sporulation protein rmd1 [Vairimorpha ceranae] 

Sporulation protein RMD1 [Nosema bombycis CQ1] 

sporulation protein [Nosema pernyi] 

Figure 4.31: Tree calculations and sequence analysis of the Sporulation protein RMD1.
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4.5.7 Phylogenetic Analysis of Iron-Sulfur Cluster Assem-

bly Proteins in Microsporidia sp. MB

The Fe-S cluster assembly machinery in microsporidians involves vital proteins

essential for Fe-S cluster biosynthesis and protein maturation. These proteins in-

clude Iron-Sulfur Cluster Scaffold Protein (Isu1), Cysteine (Nfs1), Frataxin (Yfh1),

and heat shock protein 70 (HSP70). Isu1 serves as a scaffold protein for de novo

synthesis of Fe-S clusters in yeast mitochondria. Nfs1 provides sulfur for Fe-S

cluster biosynthesis as a putative iron donor in the Fe-S cluster assembly machin-

ery. Mitochondrial HSP70 facilitates the transfer of Fe-S clusters from scaffold

proteins to target apoproteins [Huang et al., 2021, Goldberg et al., 2008].

These proteins play critical roles in the biosynthesis and assembly of Fe-S clus-

ters, which are essential for the maturation of both mitochondrial and cytosolic

proteins in microsporidians. Five orthologs linked to the Fe-S cluster assembly

were identified in Microsporidia sp. MB (Table 4.2). These were gene_19, identi-

fied as mitochondrial ferredoxin (Figure 4.32); gene_371, homologous to cysteine

desulfurase (Figure 4.33), gene_1659 identified as the molecular chaperon HscB

(Figure 4.34); and gene_1773 as the iron-sulfur cluster assembly protein 1 (Figure

4.35).
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Table 4.2: An overview of Microsporidia sp. MB genes linked to the Fe-S cluster

assembly machinery
Gene

ID

Annotation GO Term InterPro

Name

Top BLAST Hit [species]

(E-value; percent identity;

query cover)

gene_19 mitochondrion;2 iron, 2

sulfur cluster

binding;P450-containing

electron transport chain

2Fe-2S

ferredoxin-type

iron-sulfur

binding domain

Ferredoxin-2, mitochondrial

[Enteropsectra breve]

(2.38e-51;62%;98.37%)

gene_371 mitochondrion;cytosol;pyridoxal

phosphate binding;cysteine

desulfurase activity;[2Fe-2S]

cluster assembly

Cysteine

desulfurase

Cysteine desulfurase

[Pancytospora philotis] (0;

71.1%; 100%)

gene_1659 ATPase activator

activity;mitochondrion;[2Fe-

2S] cluster

assembly;protein-folding

chaperone binding

Chaperone

J-domain

superfamily

Molecular chaperone HscB

[Enteropsectra breve]

(3.53e-31; 41.2%; 90.53%)

gene_1773cytoplasm;intracellular iron

ion homeostasis;ferrous iron

binding;iron-sulfur cluster

assembly

Iron-sulfur

cluster assembly

scaffold protein

IscU

iron-sulfur cluster assembly

protein 1 [V. corneae]

(3.67e-71; 79.4%; 97.76%)
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(a)

(b)

Figure 4.32: Analysis of the mitochondrial ferredoxin homolog in Microsporidia

sp. MB gene_19. (a) Tree calculations done using Neighbor-joining method shows

high similarity within this group. Bootstrap support values are highlighted on each

branch, and the scale is shown at the bottom of the tree. (b) Multiple sequence

alignment of gene_19 and its mitochondrial ferredoxin homologs. Two inserts

were identified in H. eriocheir
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(a)

(b)

Figure 4.33: Analysis of the cysteine desulfurase homolog in Microsporidia sp.

MB gene_371. (a) Tree calculations using the neighbour-joining method show

high similarity. Bootstrap support values are highlighted on each branch, and

the scale is shown at the bottom of the tree. (b) Multiple sequence alignment of

gene_371 and its homologs show high similarity.
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(a)

(b)

81.6

69.5

Figure 4.34: Analysis of the molecular chaperone HscB homolog in Microsporidia sp. MB gene_1659. (a) The generated neighbour-joining

trees show high similarity. Bootstrap support values are indicated on each branch. The scale is shown at the bottom of the tree. (b)

Multiple sequence alignment of gene_1659, highlighting an insert in Microsporidia sp. MB (red box).
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(a)

(b)

Figure 4.35: Analysis of the Fe-S cluster assembly enzyme IscU homolog in Microsporidia sp. MB gene_1773. (a) Tree calculations done

with neighbour-joining method is illustrated here. Bootstrap support values are shown in each branch indicating high similarity. The

scale is shown at the bottom of the tree. (b) Multiple sequence alignment of gene_1773 and other
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4.6 Conclusion

This chapter comprehensively analyzes the genetic makeup of the Microsporidia

sp. MB genome. It describes critical pathways in the symbiont and their gene

conservation compared to other microsporidia species, providing a detailed insight

into the genetic structure of this organism and its evolutionary conservation. The

research emphasizes the significance of specific genes and pathways for the sur-

vival and proliferation of this microsporidia. This could potentially be useful for

developing and applying this symbiont as a malaria biocontrol tool. The study

revealed that Microsporidia sp. MB has retained all but one gene in the gly-

colytic pathway, suggesting its capacity to produce ATP independently. Multiple

MRG orthologs, which are crucial components in meiosis, were identified in this

microorganism. The presence of the RNAi machinery and the absence of many

TEs highlight the role of RNAi in regulating the distribution of these repetitive

elements in the genome. These findings altogether lay the foundation for future

studies on host-symbiont interactions.
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Chapter 5

Importance of Research, Future

Directions, and Concluding

Remarks

The pipeline developed for the re-annotation of the V. corneae genome provided a

strong foundation for the annotation of the Microsporidia sp. MB genome. Since

V. corneae and Microsporidia sp. MB share a close phylogenetic relationship,

the insights gained from annotating V. corneae, particularly the identification and

characterization of hypothetical proteins, were instrumental in guiding the anno-

tation of Microsporidia sp. MB. The pipeline, which was designed to efficiently

predict protein structure and function, allowed for the identification of conserved

domains and functional motifs in Microsporidia sp. MB that might otherwise have

been overlooked. Additionally, success of the pipeline with V. corneae provided

a tested framework for handling complex genomic data, refining annotation accu-

racy, and focusing on key biological pathways, which were similarly explored in

Microsporidia sp. MB. By applying the same rigorous computational approach,

the annotation of Microsporidia sp. MB was both streamlined and enhanced, al-

lowing for deeper exploration of its genome, particularly in relation to its unique

biological processes such as meiosis and RNA interference. This continuity en-

sured that the re-annotation of V. corneae was not only a standalone project but

directly beneficial for the genome assembly and annotation of Microsporidia sp.

MB.
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5.1 Chapter 2: Structural and Functional Anno-

tation of Hypothetical Proteins from Vittaforma

corneae ATCC 50505 Using in silico Ap-

proaches

5.1.1 Importance of Research

Microsporidia have lost an array of ”unnecessary” genes through evolution and

retained only a small subset of genes they require to survive in their host systems.

Most of the proteins found in these intracellular parasites are often left unde-

scribed, having no known function. However, these proteins have been suggested

to be pivotal in the survival and proliferation of these organisms. The availability

of several sequenced genomes of these complex microorganisms. Accurate and

proper annotation of HPs is important to translate information from sequences to

understand new functions, interactions, structures, and pathways in which these

unknown proteins might be involved. Developing a systemic computational work-

flow to annotate these proteins is helpful to inform wet lab experiments that are

often expensive, time-consuming, and laborious.

5.1.2 Summary of Novel Findings

Predicting HP function, conserved domains, involvement in several biological

pathways, and establishing evolutionary relationships between different proteins

by employing a systematic and rigorous computational annotation pipeline pro-

vides a comprehensive overview of V. corneae biological system. As with most

microsporidia, a large portion of the proteins in this organism were involved in

regulatory and transport functions, critical for the survival of microsporidia due

to their compact genomes and extreme gene loss. Several conserved functional

domains are highlighted in this parasite and its relatives in the same clade of

microsporidia and could be used in the taxonomic classification of microsporidia.

An extensive analysis of PPI networks, phylogeny, and motif calculations, coupled

180



with homology modeling of several case studies, demonstrates the capacity of these

in silico methods to describe the structure and function of unknown proteins.

5.1.3 Further Implications and Future Directions

The annotation pipeline described in this section can be extrapolated into charac-

terizing proteins from newly sequenced genomes. Online databases and resources

are constantly being updated and curated. Providing a simple yet precise pipeline

to annotate proteins using these tools will enable a better understanding of the

studied biological system, where limited lab resources are required. These find-

ings could have significant implications for drug discovery and other biomedical

applications. Moreover, recent breakthroughs in computational biology, partic-

ularly in 3D protein modeling, are significantly advancing our understanding of

microorganisms like Microsporidia. Tools such as AlphaFold [Ronneberger et al.,

2021], with its remarkable accuracy in predicting protein structures, are enabling

researchers to explore the functional roles of proteins in these parasitic organisms

in ways that were previously unattainable. Complementary structural search tools

like FoldSeek [van Kempen et al., 2022] are becoming indispensable for comparing

vast numbers of protein structures, helping to uncover evolutionary relationships

and molecular mechanisms at unprecedented scales.

5.1.4 Concluding Remarks

Multiple computational tools and online resources are readily available and provide

a more cost-effective and efficient approach to annotating biomolecules before

conducting laboratory experiments. The findings in this chapter highlight an

efficient step-by-step annotation framework to understand protein structure and

function. This method can significantly improve our understanding of complex

biological systems at a lower cost.
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5.2 Chapter 3: De novo Genome Assembly of

Microsporidia sp. MB isolated from Anophe-

les arabiensis in Kenya

5.2.1 Importance of Research

The study of microsporidia genomes has provided valuable insights into these or-

ganisms’ biology, evolution, and pathogenicity. Evidence of symbiotic microsporidia

in mosquitoes that can block malaria transmission offers promising opportuni-

ties in the global fight against malaria. Isolating, assembling, and describing the

genome structure of this symbiont sets up research aimed at understanding its

biological mechanism in conferring this protection in its host.

5.2.2 Summary of Novel Findings

The Microsporidia sp. MB genome has a size of 5.9Mb and has a small propor-

tion of repetitive regions. Transposable elements have unique functions in mi-

crosporidia, including stabilizing the genome structure, host specificity, genomic

variation across different species, and regulation of several genes. The absence of

long repeats in this genome explains its relatively small size. Identifying several

short tandem repeats enables further studies into this organism’s genetic varia-

tion and evolutionary studies across different host species. The classification of

microsporidia species is complex and continuously shifting, often relying on the

SSU rRNA gene and ultrastructural characterization. Comparative phylogenomic

analysis groups Microsporidia sp. MB close to V. corneae in the Enterocyto-

zoonida clade. Using a multi-gene approach in classifying this organism further

strengthens previous reports on its taxonomy. This underscores the potential to

identify more molecular markers that could be used in the comprehensive classi-

fication of microsporidia.
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5.2.3 Further Implications and Future Directions

The availability of the reference genome of Microsporidia sp. MB, fast develop-

ment of cost-effective sequencing technologies, and improvements in bioinformatics

approaches will make next-generation sequencing of this symbiont easier and un-

ravel the ever-rising questions on phylogeny and genetic diversity of microsporidia

species. Advancements in sequencing technologies are on the brink of revolution-

izing Microsporidia genomics. Enhanced long-read sequencing platforms, coupled

with more sophisticated genome assembly algorithms, are expected to soon deliver

chromosomal-level assemblies of Microsporidia genomes, including the elusive Mi-

crosporidia sp. MB. These high-resolution assemblies will provide critical insights

into the organism’s complex biology, host-parasite interactions, and potential tar-

gets for therapeutic intervention, marking a new era in parasitic disease research.

5.2.4 Concluding Remarks

The analysis of the genome structure and content of Microsporidia sp. MB forms

the basis for acquiring a better understanding of the biology of infection as a first

step into its application as a biocontrol tool. In this regard, we isolated, sequenced,

and assembled the first draft genome of Microsporidia sp. MB and demonstrated

its similarity to other microsporidia in the same clade. Incomplete genome se-

quencing or partial genome assembly could result in missed gene annotations due

to sequence gaps. While this study aimed for a comprehensive assembly, there

remains a possibility that important genes, including those associated with LRR

motifs, were not fully captured. Future work should focus on confirming the com-

pleteness of the genome assembly, including a hybrid assembly using long-read

sequencing platforms and addressing any potential gaps to ensure accurate gene

annotations.
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5.3 Chapter 4: Microsporidia sp. MB Genome

Annotation and Functional Analysis

5.3.1 Importance of Research

Understanding the physiological and biological characteristics of Microsporidia

sp. MB and its intricate relationship with the Anopheles mosquito are crucial for

understanding its role in malaria control. Annotating the genome of this symbiont

provides important information on its genetic makeup and highlights evidence of

unique gene features and biochemical processes in the symbiont.

5.3.2 Summary of Novel Findings

The investigation of the gene content of Microsporidia sp. MB genome high-

lighted that this symbiont is similar to V. corneae and includes a range of unique

features. This genome contains 2,247 putative genes, and their exact functional

annotation is based solely on sequence homology, forming a baseline for in vivo

and in vitro molecular experiments. A large frequency of proteins involved in

enzymatic activities was described. Unlike most genomes in Enterocytozoonida

microsporidia, this symbiont retained all but one gene involved in the glycolytic

pathway, similar to its sister V. corneae. The presence of the three main features

of the RNAi machinery and several MRGs suggest host interaction and mode of

sexual reproduction. This research highlights the biology of Microsporidia sp. MB

and fundamentally provides valuable resources to further enable studies into the

molecular mechanisms of host-symbiont interactions.

5.3.3 Further Implications and Future Directions

The study of the Microsporidia sp. MB genome has provided a foundation for

future research in evolutionary biology, symbiosis, and host-microbe interactions.

The variations in gene content among microsporidia species emphasize the need for

further research to understand the underlying mechanisms driving this diversity

and its impact on the adaptive strategies of these organisms. The annotation of
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the protein content. RNASeq and other NGS analyses could further be used to

validate these annotations. Transcriptomics analysis at different life stages of the

symbiont and samples isolated in different tissues could provide crucial information

on the potential roles of these genes. This approach could also highlight genes

likely involved in the interactions of tripartite host-symbiont-parasite (Anopheles-

Microsporidia-Plasmodium).

5.3.4 Concluding Remarks

The analysis of the genome of Microsporidia sp. MB establishes the foundation for

multiple scientific studies. Similar to observations in closely related microsporidia,

Microsporidia sp. MB has retained several genes in the glycolytic pathway, MRGs,

and main RNAi components. The findings observed here form the basis for un-

derstanding the basic biology of the symbiont and host-symbiont interactions.
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Appendices

Appendix 1: Subcellular localization prediction of V. corneae HPs using different

online tools. The hydrophobic proteins also had membrane-spanning regions.

Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions.

VICG_02177 Hydrophilic -0.69676 OTHER OTHER GLOB Topology=o NULL NULL

VICG_02113 Hydrophilic -0.11802 OTHER OTHER GLOB Topology=o NULL Y

VICG_02001 Hydrophilic -0.70339 OTHER OTHER GLOB Topology=i NULL NULL

VICG_02006 Hydrophilic -0.88433 OTHER OTHER GLOB Topology=o NULL NULL

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL

Continued on next page
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_01972 Hydrophilic -0.39593 OTHER OTHER GLOB Topology=i NULL NULL

VICG_01905 Hydrophilic -0.87866 OTHER OTHER GLOB Topology=o NULL NULL

VICG_02179 Hydrophobic 0.082759 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01970 Hydrophobic 0.688824 OTHER OTHER TM Topology=i7-29o44-
66i87-109o122-144i

Y NULL

VICG_02174 Hydrophobic 0.114655 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01935 Hydrophilic -0.32743 OTHER OTHER SP Topology=o NULL Y

VICG_01923 Hydrophobic 0.061765 SP SP(Sec/SPI) SP+TM Topology=o106-
128i

Y Y

VICG_02133 Hydrophilic -0.25259 SP OTHER SP Topology=i12-31o Y NULL

VICG_01861 Hydrophilic -1.06019 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01938 Hydrophilic -1.06094 OTHER OTHER GLOB Topology=o NULL NULL

VICG_02124 Hydrophilic -0.04245 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01869 Hydrophilic -0.81527 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01837 Hydrophilic -0.14605 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01777 Hydrophilic -1.00604 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01700 Hydrophilic -0.14393 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01710 Hydrophobic 0.674902 OTHER OTHER TM Topology=i50-
72o82-101i122-
144o164-186i199-

221o

Y NULL

VICG_01745 Hydrophobic 0.240476 OTHER OTHER GLOB Topology=o213-
235i

Y NULL

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL

Continued on next page
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_01980 Hydrophilic -0.54874 OTHER OTHER GLOB Topology=o NULL NULL

VICG_02005 Hydrophilic -0.69649 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01689 Hydrophilic -0.95541 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01887 Hydrophobic 0.566839 OTHER OTHER TM Topology=i13-
35o50-72i79-
101o170-192i

Y NULL

VICG_01597 Hydrophilic -0.21944 SP OTHER SP Topology=i7-29o Y NULL

VICG_02135 Hydrophilic -0.45833 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01848 Hydrophilic -0.30722 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01927 Hydrophilic -0.12158 OTHER OTHER GLOB Topology=o NULL Y

VICG_01768 Hydrophilic -0.59106 SP SP(Sec/SPI) SP Topology=o NULL Y

VICG_01808 Hydrophobic 0.481992 OTHER OTHER TM Topology=o104-
126i135-157o181-
203i230-252o

Y NULL

VICG_01556 Hydrophobic 0.065373 SP SP(Sec/SPI) SP Topology=o NULL Y

VICG_01738 Hydrophobic 0.648669 OTHER OTHER SP+TM Topology=o63-
85i104-126o136-
155i172-194o209-

231i

Y Y

VICG_01465 Hydrophilic -0.79352 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01987 Hydrophilic -1.05979 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01677 Hydrophilic -0.24596 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01754 Hydrophilic -0.55 OTHER OTHER TM Topology=i13-35o Y Y

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL

Continued on next page

236



Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_01951 Hydrophilic -0.16023 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01799 Hydrophilic -0.24781 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01914 Hydrophilic -0.74837 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01509 Hydrophilic -0.61302 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01658 Hydrophilic -0.73554 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01274 Hydrophilic -0.99966 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01693 Hydrophobic 0.515054 OTHER OTHER TM Topology=o40-
62i83-105o159-181i

Y NULL

VICG_01289 Hydrophilic -0.27742 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01212 Hydrophilic -0.35167 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01304 Hydrophilic -0.02918 OTHER OTHER TM Topology=i17-39o Y NULL

VICG_01900 Hydrophilic -0.07978 OTHER OTHER GLOB Topology=o15-33i Y NULL

VICG_01319 Hydrophilic -0.26066 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01816 Hydrophobic 0.583077 OTHER OTHER TM Topology=i65-
87o107-129i

Y NULL

VICG_01200 Hydrophobic 0.20625 OTHER OTHER GLOB Topology=i21-42o Y NULL

VICG_01237 Hydrophilic -0.62159 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01826 Hydrophilic -0.711 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01611 Hydrophilic -0.13504 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01756 Hydrophilic -0.96766 OTHER OTHER TM Topology=o11-30i Y Y

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_01408 Hydrophobic 0.502076 OTHER OTHER TM Topology=i100-
122o132-151i186-
208o223-245i258-

280o

Y NULL

VICG_01180 Hydrophobic 0.458904 OTHER OTHER TM Topology=i12-
34o49-71i92-
114o147-169i

Y NULL

VICG_01153 Hydrophilic -0.68 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01741 Hydrophobic 0.539643 OTHER OTHER SP+TM Topology=i12-
34o72-94i115-

137o152-171i184-
206o226-248i

Y NULL

VICG_01384 Hydrophilic -0.93077 OTHER OTHER GLOB Topology=i NULL NULL

VICG_01567 Hydrophilic -0.05888 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01282 Hydrophilic -0.10743 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01399 Hydrophilic -0.30317 OTHER OTHER GLOB Topology=o NULL Y

VICG_01307 Hydrophilic -0.73058 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01322 Hydrophilic -0.49864 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00975 Hydrophilic -0.08995 OTHER OTHER SP Topology=o NULL Y

VICG_01613 Hydrophilic -0.188 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00985 Hydrophilic -0.09758 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01502 Hydrophilic -0.37422 OTHER OTHER SP Topology=o NULL NULL

VICG_01507 Hydrophilic -1.01338 SP SP(Sec/SPI) SP Topology=o NULL Y

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL

Continued on next page
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_01243 Hydrophilic -0.25938 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01248 Hydrophobic 0.082308 SP SP(Sec/SPI) GLOB Topology=o NULL Y

VICG_01030 Hydrophilic -0.51852 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00875 Hydrophilic -0.49032 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01363 Hydrophilic -0.44333 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00885 Hydrophilic -0.6404 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00922 Hydrophilic -0.93396 OTHER OTHER GLOB Topology=i NULL NULL

VICG_01461 Hydrophilic -0.31196 OTHER OTHER SP Topology=o NULL Y

VICG_01186 Hydrophilic -0.63333 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01481 Hydrophilic -0.27984 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01323 Hydrophilic -0.29854 OTHER OTHER TM Topology=o166-
188i

Y NULL

VICG_00937 Hydrophilic -0.263 OTHER OTHER TM Topology=o67-89i Y NULL

VICG_01204 Hydrophilic -0.40321 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01229 Hydrophobic 0.178713 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00764 Hydrophobic 0.042508 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00925 Hydrophilic -0.19878 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00956 Hydrophilic -0.95016 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00767 Hydrophilic -0.04833 OTHER OTHER TM Topology=i21-40o Y NULL

VICG_01197 Hydrophilic -0.03108 SP SP(Sec/SPI) GLOB Topology=o NULL Y

VICG_00630 Hydrophilic -0.5927 OTHER OTHER GLOB Topology=o NULL NULL

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL

Continued on next page
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_00876 Hydrophilic -0.81125 OTHER OTHER GLOB Topology=i NULL NULL

VICG_00671 Hydrophobic 0.57619 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00686 Hydrophobic 0.373671 OTHER OTHER GLOB Topology=o10-
32i63-85o95-

117i136-158o173-
195i

Y NULL

VICG_00456 Hydrophobic 0.673799 OTHER OTHER TM Topology=i84-
106o121-143i150-

172o

Y NULL

VICG_00461 Hydrophilic -0.97283 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00696 Hydrophilic -0.43852 SP SP(Sec/SPI) SP Topology=o10-27i Y Y

VICG_00982 Hydrophilic -0.86299 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00987 Hydrophilic -0.42963 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00711 Hydrophilic -0.63924 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01154 Hydrophilic -0.9 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00726 Hydrophilic -0.44824 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00492 Hydrophilic -0.659 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01017 Hydrophilic -1.02007 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00887 Hydrophilic -0.8613 OTHER OTHER GLOB Topology=o NULL NULL

VICG_01071 Hydrophilic -0.55788 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00505 Hydrophilic -0.52288 OTHER OTHER GLOB Topology=i NULL NULL

VICG_00832 Hydrophilic -0.14173 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00924 Hydrophilic -0.28768 OTHER OTHER GLOB Topology=o NULL NULL

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_00550 Hydrophilic -0.68673 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00969 Hydrophilic -0.3242 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00984 Hydrophilic -0.50437 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00674 Hydrophobic 0.036254 SP SP(Sec/SPI) SP Topology=o NULL Y

VICG_00783 Hydrophilic -0.46058 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00798 Hydrophilic -0.17024 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00724 Hydrophilic -0.63729 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00874 Hydrophilic -1.02951 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00328 Hydrophilic -0.51106 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00385 Hydrophilic -0.54934 SP SP(Sec/SPI) GLOB Topology=o NULL Y

VICG_00410 Hydrophobic 0.90708 OTHER OTHER TM Topology=o31-
53i66-88o117-

139i159-181o196-
218i

Y NULL

VICG_00513 Hydrophilic -1.11364 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00008 Hydrophilic -0.25846 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00730 Hydrophilic -0.27687 OTHER OTHER TM Topology=i81-
103o118-140i

Y NULL

VICG_00558 Hydrophilic -0.09459 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00563 Hydrophilic -0.81575 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00790 Hydrophobic 0.565789 OTHER OTHER TM Topology=i9-31o41-
61i82-104o119-
141i154-176o

Y NULL

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_00830 Hydrophilic -0.58931 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00603 Hydrophilic -0.36027 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00103 Hydrophilic -0.24812 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00845 Hydrophilic -0.88365 OTHER OTHER TM Topology=o NULL NULL

VICG_00529 Hydrophilic -0.12813 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00631 Hydrophobic 0.364205 OTHER OTHER GLOB Topology=o36-
58i118-140o155-
177i189-211o

Y NULL

VICG_00656 Hydrophobic 0.017411 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00101 Hydrophilic -0.00758 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00316 Hydrophilic -0.99076 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00672 Hydrophilic -0.105 OTHER OTHER GLOB Topology=i NULL NULL

VICG_00574 Hydrophilic -0.87179 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00326 Hydrophilic -0.82799 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00136 Hydrophilic -0.725 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00702 Hydrophilic -0.93121 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00223 Hydrophilic -0.76561 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00366 Hydrophilic -0.57225 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00282 Hydrophobic 0.015966 OTHER OTHER SP Topology=i20-42o Y NULL

VICG_00297 Hydrophilic -0.74894 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00201 Hydrophilic -0.96047 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00391 Hydrophilic -0.26957 OTHER OTHER GLOB Topology=o NULL NULL

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL
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Table A1: Subcellular localization prediction of HPs using different online tools. The hydrophobic proteins also had membrane-spanning regions. (Continued)

VICG_00268 Hydrophobic 0.070879 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00327 Hydrophilic -0.99679 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00019 Hydrophilic -0.36092 SP SP(Sec/SPI) SP Topology=o NULL Y

VICG_00024 Hydrophilic -0.07576 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00044 Hydrophilic -0.58009 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00074 Hydrophilic -0.88452 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00387 Hydrophilic -0.44378 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00020 Hydrophilic -0.43085 SP SP(Sec/SPI) SP Topology=o NULL Y

VICG_00329 Hydrophilic -0.49825 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00100 Hydrophilic -0.17608 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00364 Hydrophilic -1.0297 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00165 Hydrophilic -0.35819 OTHER OTHER TM Topology=i288-
310o314-336i

Y NULL

VICG_00429 Hydrophilic -0.11149 SP OTHER SP Topology=o NULL Y

VICG_00225 Hydrophilic -1.235 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00052 Hydrophilic -0.92065 OTHER OTHER GLOB Topology=i NULL NULL

VICG_00057 Hydrophilic -0.81976 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00162 Hydrophilic -0.69771 OTHER OTHER GLOB Topology=o NULL NULL

VICG_00182 Hydrophobic 0.144531 SP SP(Sec/SPI) SP+TM Topology=o93-115i Y Y

Sequence ID GRAVY SCORE Grand Average of
Hydropathy

(GRAVY)

Membrane
prediction using

TargetP

Membrane
prediction using

SignalP

Membrane
prediction using
DeepTMHMM

Membrane region
prediction using

TMHMM

TMHMM: Y/N
indicator if a

transmembrane
region was

predicted or not

Phobius: Y/N
indicator if a

signal peptide
was predicted or

not (SP)

VICG_00267 Hydrophilic -1.06728 OTHER OTHER GLOB Topology=o NULL NULL

a Significant scores are highlighted in the output by an asterisk.

GLOB - Globular; SP - Signal Peptide; Y - Yes (Present; N - No (Absent); OTHER - No signal peptide found; Sec/SPI - Signal peptide protein transported by the Sec translocon and cleaved by Signal Peptidase
I ; SP+TM - Signal peptide with a transmembrane region ; ”Topology=o” - outside the transmembrane region; ”Topology = i” - inside the transmembrane region; ”Topology=o106-128i ” - Amino acid position 0-106
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lies outside, 106-128 is the transmembrane domain and 128-end of the protein is inside the region.
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Appendix 2: Overview of the KEGG pathway and GO analysis of V. corneae HPs

Table A2: Overview of the KEGG pathway and GO analysis of V. corneae HPs

* XP_007603502.1hypotheti-
calproteinVICG_00049

K07565 39.47 195.2 9.70E-60 60S ribosome subunit
biogenesis protein NIP7

XP_007603503.1hypothetical-
proteinVICG_00050

K02900 102.7 167.3 3.70E-51 large subunit ribosomal protein
L27Ae

* XP_007603534.1hypotheti-
calproteinVICG_00081

K14831 103.43 223.2 5.90E-68 protein MAK16

* XP_007603549.1hypotheti-
calproteinVICG_00096

K15264 231.47 294.3 1.70E-89 25S rRNA (cytosine2278-C5)-
methyltransferase
[EC:2.1.1.311]

* XP_007603555.1hypotheti-
calproteinVICG_00102

K02324 395.57 1437.4 0 DNA polymerase epsilon
subunit 1 [EC:2.7.7.7]

* XP_007603586.1hypotheti-
calproteinVICG_00133

K09467 102.03 124.1 1.30E-37 zinc-finger protein CreA/MIG

* XP_007603650.1hypotheti-
calproteinVICG_00197

K03136 42.67 132.7 1.80E-40 transcription initiation factor
TFIIE subunit alpha

* XP_007603684.1hypotheti-
calproteinVICG_00231

K11884 123.77 231.6 8.80E-71 RNA-binding protein PNO1

* XP_007603688.1hypotheti-
calproteinVICG_00235

K14006 287.87 557.8 5.40E-169 protein transport protein
SEC23

* XP_007603795.1hypotheti-
calproteinVICG_00342

K11699 136.37 570.2 1.00E-172 RNA-dependent RNA
polymerase [EC:2.7.7.48]

* XP_007603972.1hypotheti-
calproteinVICG_00520

K10991 48.5 49.7 3.30E-15 DNA repair protein Swi5/Sae3

# Gene name KO ID Threshold Score E-value KO definition

* XP_007605535.1hypotheti-
calproteinVICG_02090

K19613 320.8 374.1 8.60E-114 leucine-rich repeat protein
SHOC2

Continued on next page
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Table A2: Overview of the KEGG pathway and GO analysis of V. corneae HPs (Continued)

* XP_007603976.1hypotheti-
calproteinVICG_00524

K11253 217.8 231.3 2.50E-70 histone H3

* XP_007603998.1hypotheti-
calproteinVICG_00546

K03038 194 265.2 9.20E-81 26S proteasome regulatory
subunit N8

* XP_007604025.1hypotheti-
calproteinVICG_00573

K06961 67.1 238 1.90E-72 ribosomal RNA assembly
protein

* XP_007604027.1hypotheti-
calproteinVICG_00575

K03142 143.47 217.8 2.10E-66 transcription initiation factor
TFIIH subunit 2

* XP_007604045.1hypotheti-
calproteinVICG_00593

K00981 53.8 184.5 2.80E-56 phosphatidate
cytidylyltransferase

[EC:2.7.7.41]

* XP_007604066.1hypotheti-
calproteinVICG_00614

K19613 320.8 322.5 3.80E-98 leucine-rich repeat protein
SHOC2

* XP_007604198.1hypotheti-
calproteinVICG_00747

K11593 439.33 645.6 2.00E-195 eukaryotic translation
initiation factor 2C

* XP_007604216.1hypotheti-
calproteinVICG_00765

K02974 30.53 55.9 3.70E-17 small subunit ribosomal protein
S24e

* XP_007604222.1hypotheti-
calproteinVICG_00771

K02321 119.73 179.4 8.20E-55 DNA polymerase alpha subunit
B

* XP_007604260.1hypotheti-
calproteinVICG_00811

K02912 69.33 150.2 7.50E-46 large subunit ribosomal protein
L32e

* XP_007604292.1hypotheti-
calproteinVICG_00843

K01174 70.97 110.9 6.30E-34 micrococcal nuclease
[EC:3.1.31.1]

* XP_007604335.1hypotheti-
calproteinVICG_00886

K12580 116.73 138 4.40E-42 CCR4-NOT transcription
complex subunit 3

* XP_007604339.1hypotheti-
calproteinVICG_00890

K06072 94.2 260.3 2.20E-79 deoxyhypusine monooxygenase
[EC:1.14.99.29]

# Gene name KO ID Threshold Score E-value KO definition

* XP_007605535.1hypotheti-
calproteinVICG_02090

K19613 320.8 374.1 8.60E-114 leucine-rich repeat protein
SHOC2

Continued on next page
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Table A2: Overview of the KEGG pathway and GO analysis of V. corneae HPs (Continued)

* XP_007604344.1hypotheti-
calproteinVICG_00897

K14852 38.47 77.7 9.50E-24 regulator of ribosome
biosynthesis

* XP_007604350.1hypotheti-
calproteinVICG_00903

K01262 246.6 292.9 4.80E-89 Xaa-Pro aminopeptidase
[EC:3.4.11.9]

* XP_007604487.1hypotheti-
calproteinVICG_01041

K14834 108.77 135.5 2.10E-41 nucleolar complex protein 3

* XP_007604512.1hypotheti-
calproteinVICG_01066

K00600 79.5 663.7 3.30E-201 glycine
hydroxymethyltransferase

[EC:2.1.2.1]

* XP_007604572.1hypotheti-
calproteinVICG_01126

K00698 150.03 423.3 2.10E-128 chitin synthase [EC:2.4.1.16]

* XP_007604630.1hypotheti-
calproteinVICG_01184

K00287 53.83 87.1 1.20E-26 dihydrofolate reductase
[EC:1.5.1.3]

* XP_007604760.1hypotheti-
calproteinVICG_01314

K02925 332.17 587.5 4.00E-178 large subunit ribosomal protein
L3e

* XP_007604760.1hypotheti-
calproteinVICG_01314

K02906 115.77 116.7 1.20E-35 large subunit ribosomal protein
L3

* XP_007604773.1hypotheti-
calproteinVICG_01327

K03357 94.9 95.6 3.30E-29 anaphase-promoting complex
subunit 10

* XP_007604813.1hypotheti-
calproteinVICG_01367

K14007 221.73 355.7 4.10E-108 protein transport protein
SEC24

* XP_007604824.1hypotheti-
calproteinVICG_01378

K21631 59.7 107.7 8.20E-33 Gti1/Pac2 family transcription
factor

* XP_007604846.1hypotheti-
calproteinVICG_01400

K02976 24.73 84.9 5.80E-26 small subunit ribosomal protein
S26e

* XP_007605182.1hypotheti-
calproteinVICG_01737

K02976 24.73 84.9 5.80E-26 small subunit ribosomal protein
S26e

# Gene name KO ID Threshold Score E-value KO definition

* XP_007605535.1hypotheti-
calproteinVICG_02090

K19613 320.8 374.1 8.60E-114 leucine-rich repeat protein
SHOC2

Continued on next page
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Table A2: Overview of the KEGG pathway and GO analysis of V. corneae HPs (Continued)

* XP_007604961.1hypotheti-
calproteinVICG_01515

K02934 62.5 74 1.10E-22 large subunit ribosomal protein
L6e

* XP_007604991.1hypotheti-
calproteinVICG_01545

K03025 72.53 195.7 1.40E-59 DNA-directed RNA polymerase
III subunit RPC6

* XP_007605048.1hypotheti-
calproteinVICG_01603

K02542 667.77 810 2.60E-245 DNA replication licensing
factor MCM6 [EC:3.6.4.12]

* XP_007605092.1hypotheti-
calproteinVICG_01647

K14404 67.27 185 3.10E-56 cleavage and polyadenylation
specificity factor subunit 4

* XP_007605096.1hypotheti-
calproteinVICG_01651

K02979 48.23 56.9 2.30E-17 small subunit ribosomal protein
S28e

* XP_007605101.1hypotheti-
calproteinVICG_01656

K03681 98.07 127.7 4.60E-39 exosome complex component
RRP40

* XP_007605118.1hypotheti-
calproteinVICG_01673

K09140 27.83 265.4 1.10E-80 pre-rRNA-processing protein
TSR3

* XP_007605132.1hypotheti-
calproteinVICG_01687

K14326 522.83 603.1 1.10E-182 regulator of nonsense
transcripts 1 [EC:3.6.4.-]

* XP_007605148.1hypotheti-
calproteinVICG_01703

K03165 627.8 727.7 1.90E-220 DNA topoisomerase III
[EC:5.6.2.1]

* XP_007605153.1hypotheti-
calproteinVICG_01708

K02978 30.8 52.7 4.50E-16 small subunit ribosomal protein
S27e

* XP_007605168.1hypotheti-
calproteinVICG_01723

K12598 1016.03 1044.1 0 ATP-dependent RNA helicase
DOB1 [EC:3.6.4.13]

* XP_007605236.1hypotheti-
calproteinVICG_01791

K03014 89.5 114.3 7.50E-35 DNA-directed RNA
polymerases I, II, and III

subunit RPABC2

* XP_007605241.1hypotheti-
calproteinVICG_01796

K14788 197.07 206.1 9.30E-63 ribosome biogenesis protein
ENP2

# Gene name KO ID Threshold Score E-value KO definition

* XP_007605535.1hypotheti-
calproteinVICG_02090

K19613 320.8 374.1 8.60E-114 leucine-rich repeat protein
SHOC2

Continued on next page
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Table A2: Overview of the KEGG pathway and GO analysis of V. corneae HPs (Continued)

* XP_007605243.1hypotheti-
calproteinVICG_01798

K02541 598.17 732.6 7.50E-222 DNA replication licensing
factor MCM3 [EC:3.6.4.12]

* XP_007605348.1hypotheti-
calproteinVICG_01903

K03514 176.83 227.1 4.20E-69 non-canonical poly(A) RNA
polymerase PAPD5/7

[EC:2.7.7.19]

* XP_007605382.1hypotheti-
calproteinVICG_01937

K02883 33.3 105.8 2.40E-32 large subunit ribosomal protein
L18e

* XP_007605513.1hypotheti-
calproteinVICG_02068

K00728 232.43 393.7 1.50E-119 dolichyl-phosphate-mannose-
protein mannosyltransferase

[EC:2.4.1.109]

# Gene name KO ID Threshold Score E-value KO definition

* XP_007605535.1hypotheti-
calproteinVICG_02090

K19613 320.8 374.1 8.60E-114 leucine-rich repeat protein
SHOC2

a Significant scores are highlighted in the output by an asterisk.
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Appendix 3: MRG Orthologs in Microsporidia sp. MB

Table A3: A summary of the MRG orthologs identified in Microsporidia sp. MB.

gene_1051 NODE_665_length_-
5120_cov_64.6691

Cut3-like chromosome
segregation protein

[Encephalitozoon cuniculi]

0 8 .. 1111 1175 Structural maintenance of
chromosomes (SMC)

family member

gene_1069 NODE_681_length_-
5030_cov_68.5537

DNA repair protein
RAD51 [Vittaforma

corneae ATCC 50505]

0 1 .. 331 331 RECA/RAD51/RADA
DNA strand-pairing

family member

gene_1101 NODE_715_length_-
4904_cov_91.3836

DNA mismatch repair
protein MSH2

[Pancytospora philotis]

0 1 .. 713 747 DNA mismatch repair
protein MUTS family

member

gene_114 NODE_85_length_-
14989_cov_67.7995

DNA mismatch repair
protein MSH6

[Pancytospora epiphaga]

0 3 .. 985 992 DNA mismatch repair
protein MUTS family

member

gene_1347 NODE_958_length_-
3837_cov_70.1211

SMC3 (chondroitin sulfate
proteoglycan 6)

[Pancytospora philotis]

0 1 .. 994 1009 SMC 3

gene_1355 NODE_969_length_-
3802_cov_63.0235

DNA mismatch repair
protein PMS2

[Pancytospora philotis]

9.61E-88 1 .. 584 665 DNA mismatch repair
protein MLH, PMS,

MUTL

Gene ID Node ID Top BLAST Hit
Description

E Value Gene Region Sequence Length Protein Family

gene_941 NODE_584_length_-
5545_cov_61.0005

SMC6 [Enteropsectra
breve]

0 1 .. 951 967 SMC5, SMC6

Continued on next page
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Table A3: A summary of the MRG orthologs identified in Microsporidia sp. MB. (Continued)

gene_1398 NODE_1016_length_-
3626_cov_70.8003

SWI/SNF-related
matrix-associated

actin-dependent regulator
of chromatin subfamily
A-like protein 1 [Nosema

bombycis CQ1]

0 6 .. 551 564 DNA annealing helicase
and endonuclease

ZRANB3 family member

gene_1498 NODE_1196_length_-
3092_cov_68.2262

Sporulation protein
RMD1 [Nosema bombycis

CQ1]

6.07E-109 1 .. 329 330 Required for meiotic
nuclear division protein 1

homolog

gene_1754 NODE_1761_length_-
2146_cov_72.0349

Uncharacterized protein
VICG_00967 [Vittaforma

corneae ATCC 50505]

6.10E-28 1 .. 320 351 DNA repair and
recombination proteins

RAD21 /REC8

gene_1760 NODE_1784_length_-
2122_cov_84.8133

DNA repair protein Rad16
[Hamiltosporidium

tvaerminnensis]

0 4 .. 662 662 Transcription termination
factor 2- related protein

family

gene_1920 NODE_2705_length_-
1341_cov_64.6519

MND1 [Ecytonucleospora
hepatopenaei]

2.03E-56 1 .. 202 202 MND1

gene_421 NODE_264_length_-
8941_cov_75.8837

recombination protein
rad52 [Vittaforma corneae

ATCC 50505]

7.53E-85 1 .. 183 183 DNA repair and
recombination protein

RAD52, RAD59

gene_478 NODE_291_length_-
8441_cov_67.7299

DNA mismatch repair
protein MutL [Vittaforma

corneae ATCC 50505]

2.50E-79 18 .. 334 386 DNA mismatch repair
protein MLH, PMS,

MUTL

gene_603 NODE_359_length_-
7512_cov_68.3672

structural maintenance of
chromosome 1

[Pancytospora philotis]

0 1 .. 1104 1132 SMC family member

gene_684 NODE_407_length_-
6941_cov_75.4349

DNA mismatch repair
protein MutS

[Pancytospora philotis]

5.58E-27 189 .. 562 379 DNA mismatch repair
protein MUTS family

member

Gene ID Node ID Top BLAST Hit
Description

E Value Gene Region Sequence Length Protein Family

gene_941 NODE_584_length_-
5545_cov_61.0005

SMC6 [Enteropsectra
breve]

0 1 .. 951 967 SMC5, SMC6

Continued on next page
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Table A3: A summary of the MRG orthologs identified in Microsporidia sp. MB. (Continued)

gene_89 NODE_70_length_-
16818_cov_69.0632

chromosome segregation
protein [Encephalitozoon

cuniculi]

0 1 .. 1002 1061 SMC3

Gene ID Node ID Top BLAST Hit
Description

E Value Gene Region Sequence Length Protein Family

gene_941 NODE_584_length_-
5545_cov_61.0005

SMC6 [Enteropsectra
breve]

0 1 .. 951 967 SMC5, SMC6
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Appendix 4: Whole Genome Analysis SnakeMake

Workflow

#This is a snakemake workflow script for conducting de novo genome

↪→ assembly and gene annotation

#Author: Lilian Mbaisi Ang'ang'o

#Supervisors: Prof. Ozlem Tastan Bishop and Dr. Jeremy K. Herren

#Date Created: June 11, 2023

#Research Group: Research Unit in Bioinformatics (RUBi)

#Department: Biochemistry, Microbiology and Bioinformatics

#Institute: Rhodes University

#INSTALL NECESSARY TOOLS

#QUAST

pip install quast

#BUSCO

pip install busco

#SPADES

# For Linux:

wget http://cab.spbu.ru/files/release3.15.2/SPAdes-3.15.2-Linux.tar

↪→ .gz

tar -xzf SPAdes-3.15.2-Linux.tar.gz

# For macOS:

brew install SPAdes

#BLAST

# BLAST can be installed as part of the NCBI BLAST+ package.

# Download the BLAST+ package from the NCBI website:

https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
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# After installation, add the BLAST executables to your PATH (

↪→ optional).

#KRAKEN

# You need to build the Kraken database first.

# Download the Kraken source code from https://github.com/

↪→ DerrickWood/kraken2/releases

# Build the database:

kraken2-build --standard --db kraken_db

# Add the Kraken executable to your PATH (optional):

export PATH="/path/to/kraken2:$PATH"

#GENEMARK-ES

# You need to download and install GeneMark-ES from the GeneMark

↪→ website:

https://exon.gatech.edu/GeneMark/license_download.cgi

# After installation, add the GeneMark executable to your PATH (

↪→ optional):

export PATH="/path/to/genemark/bin:$PATH"

#BRAKER

# BRAKER requires specific installations of GeneMark-ES, Augustus,

↪→ and other tools.

# Follow the instructions in the BRAKER GitHub repository:

https://github.com/Gaius-Augustus/BRAKER
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# Make sure to add all the required tools' executables to your

↪→ PATH (optional).

#METAEUK

# MetaEuk is available from GitHub.

# Download the MetaEuk repository:

git clone https://github.com/fenderglass/MetaEuk.git

# Install MetaEuk (Python and Perl dependencies are required):

cd MetaEuk

python setup.py install

# Define input and output files

reads_dir = "data"

output_dir = "results"

sample_names = ["sample"]

# Define the rule for running FastQC (Ensure read file extensions

↪→ are similar to your dataset)

rule run_fastqc:

input:

reads1 = f"{reads_dir}/{sample}_R1.fastq",

reads2 = f"{reads_dir}/{sample}_R2.fastq"

output:

fastqc_output = directory(f"{output_dir}/{sample}_fastqc")

shell:

"fastqc␣{input.reads1}␣{input.reads2}␣--outdir␣{output.

↪→ fastqc_output}"
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# Define the target rule to run the FastQC workflow for all

↪→ samples

rule all:

input:

expand(f"{output_dir}/{sample}_fastqc", sample=sample_names)

# KRAKEN

import os

# Define input and output files

reads_dir = "data"

output_dir = "results"

sample_names = ["sample"]

# Define the rule for running Kraken

rule run_kraken:

input:

reads1 = f"{reads_dir}/{sample}_R1.fastq",

reads2 = f"{reads_dir}/{sample}_R2.fastq",

kraken_db = os.environ["KRAKEN_DB"]

output:

kraken_output = f"{output_dir}/kraken/{sample}.kraken",

unclassified_reads = f"{output_dir}/kraken/{sample}

↪→ _unclassified.fastq",

taxonomy_report = f"{output_dir}/kraken/{sample}

↪→ _taxonomy_report.txt"

shell:

"""

kraken2 --db {input.kraken_db} --threads 4 --paired {input.

↪→ reads1} {input.reads2} \
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--output {output.kraken_output} --unclassified-out {output.

↪→ unclassified_reads} --report {output.taxonomy_report}

"""

# Define the target rule to run Kraken for all samples

rule all:

input:

expand(f"{output_dir}/kraken/{sample}.kraken", sample=

↪→ sample_names)

# Define the rule for genome assembly using SPAdes

rule assemble_genome:

input:

reads1 = f"{reads_dir}/{sample}_R1.fastq",

reads2 = f"{reads_dir}/{sample}_R2.fastq"

output:

assembly = f"{output_dir}/{sample}_assembly"

params:

spades_params = "--careful" # You can add more parameters

↪→ here

shell:

"spades.py␣-o␣{output.assembly}␣-1␣{input.reads1}␣-2␣{input.

↪→ reads2}␣{params.spades_params}"

# Define the rule for evaluation using QUAST

rule evaluate_assembly:

input:

assembly = f"{output_dir}/{sample}_assembly/contigs.fasta"

output:

quast_report = f"{output_dir}/{sample}_quast_report"
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shell:

"quast.py␣-o␣{output.quast_report}␣{input.assembly}"

# Define the target rule to run the entire workflow for all

↪→ samples

rule all:

input:

expand(f"{output_dir}/{sample}_quast_report", sample=

↪→ sample_names)

# Define input and output files

assembly_file = "data/assembly.fasta"

output_dir = "results"

busco_db = "microsporidia" # Change this to the name of your BUSCO

↪→ database

blast_db = "microsporidia_blast" # Change this to the name of your

↪→ BLAST database

# Define the rule for running BUSCO on the assembly

rule run_busco:

input:

assembly = assembly_file,

output:

busco_output = directory(f"{output_dir}/busco")

shell:

"busco␣-i␣{input.assembly}␣-o␣{output.busco_output}␣-l␣{

↪→ busco_db}␣-m␣genome"

# Define the rule for running remote BLAST on all contigs against

↪→ the Microsporidia taxon

rule run_blast:

input:
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assembly = assembly_file,

output:

blast_output = directory(f"{output_dir}/blast")

shell:

"blastn␣-query␣{input.assembly}␣-db␣{blast_db}␣-out␣{output.

↪→ blast_output}/blast_results.txt␣-outfmt␣'6␣qseqid␣

↪→ sseqid␣evalue␣pident'"

# Define the target rule to run the entire workflow

rule all:

input:

expand(f"{output_dir}/busco/run_{busco_db}/short_summary_{

↪→ busco_db}.txt",

f"{output_dir}/blast/blast_results.txt")

# Define input and output files

assembly_file = "data/assembly.fasta"

output_dir = "results"

# Define the rule for running GeneMark-ES

rule run_genemark:

input:

assembly = assembly_file

output:

genemark_output = f"{output_dir}/genemark.gff"

shell:

"gmes_petap.pl␣--sequence␣{input.assembly}␣--output␣{output.

↪→ genemark_output}"

# Define the rule for running Augustus

rule run_augustus:
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input:

assembly = assembly_file

output:

augustus_output = f"{output_dir}/augustus.gff"

shell:

"augustus␣--species=your_species_name␣--outfile={output.

↪→ augustus_output}␣{input.assembly}"

# Define the rule for running BRAKER

rule run_braker:

input:

assembly = assembly_file,

genemark_output = f"{output_dir}/genemark.gff"

output:

braker_output = f"{output_dir}/braker.gff"

shell:

"braker.pl␣--genome={input.assembly}␣--species=

↪→ your_species_name␣--hints={input.genemark_output}␣--

↪→ cores=4"

# Define the rule for running MetaEuk

rule run_metaeuk:

input:

assembly = assembly_file

output:

metaeuk_output = f"{output_dir}/metaeuk.gff"

shell:

"metaeuk.py␣-i␣{input.assembly}␣-o␣{output.metaeuk_output}"

# Define the target rule to run the entire workflow

rule all:

input:
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f"{output_dir}/genemark.gff",

f"{output_dir}/augustus.gff",

f"{output_dir}/braker.gff",

f"{output_dir}/metaeuk.gff"
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