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Abstract

Starships are a class of giant cargo mobilizing element found in fungi that are known to be
capable of horizontal gene transfer. Due to the limited availability of high quality fungal genomes
and the relative recency of their discovery, Starships have not yet been extensively documented
in many fungal species known to contain them.

This project sought to address that knowledge gap in the human pathogen Histoplasma
capsulatum. 79 assemblies from publicly available H. capsulatum DNA, including finished
assemblies and reads that were assembled during the project, were analyzed using the Starfish
pipeline, developed for identifying Starships. A total of 50 Starships were found in the H.
capsulatum genomes and classified alongside previously known Starships from other fungi.
While this study found no cargo genes that could be linked to the ability for H. capsulatum to
infect and survive within a human host, a disproportionate number of the Starships identified
contained several retrotransposon domains.

These domains are not commonly found in other Starships, and along with additional proof,
such as an abundance of Starships with high AT content, suggest H. capsulatum Starships
carry many smaller transposons and repetitive elements. This is not a common feature in the
Starships currently documented in other fungal species and could provide future insights into
the behavior of both H.capsulatum and Starships in general.
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Sjalviska "Starships” av DNA kan vara nyckeln till
sjukdomsorsakande svampar

Populérvetenskaplig sammanfattning
Gabriel Pettersson

All DNA kan anses vara ’sjdlvisk” eftersom endast DNA som dupliceras och dverlever
kommer foras vidare i generationerna. Det finns dock DNA-fragment som anses vara
”sjalviskt DNA™ av forskare eftersom de inte kréver resten av sin organisms genetiska kod for
att overleva. Exempelvis kan sadant sjdlviskt DNA kopiera sig sjilvt frn en cell till en annan,
vilket gor att den kan 6verleva vidare sjéalvstindigt fran sin ursprungliga cell. Majoriteten av
DNA inom ménniskor och djur dr uppbyggt av dessa sjdlviska fragment, som ofta dr mycket
sma. Inom djur, svampar och véxter har dessa fragment historiskt ansetts ha en negativ effekt
pa organismens dverlevnad.

Nyligen har en ny variant av dessa fragment, “Starships”, upptiackts inom svampar. Starships
ar speciella eftersom de dr véldigt stora fragment, som ofta innehéller fungerande gener som
gynnar organismen, inte bara fragmentet i sig. Exempelvis kan dessa fragment snabbt sprida
gener som gOr en svamp tolerant mot tungmetaller. Via Starships kan dessa svampar dérfor
dela med sig gener som har en gynnsam effekt med andra svampar under en kort tid.

I denna studie undersdktes en av dessa svampar, Histoplasma, som vid inandning kan orsaka
sjukdomen histoplasmos hos manniskor, ndgot som kan vara livshotande for de som saknar ett
starkt immunforsvar. Eftersom Starships tidigare visats innehalla viktiga gener for
Aspergillus, en relaterad svamp som ocksa kan smitta méanniskor, handlade denna studie om
att undersoka Starships inom Histoplasma. Via datorbaserade metoder soktes offentligt
Histoplasma DNA {0r att hitta nya Starships. Dessa undersoktes sedan for att hitta vilka gener
som fanns och hur de gick att relatera till Starships fran andra svamparter.

I slutdindan gick det inte att hitta ndgon koppling mellan Starships och formégan att smitta
maéanniskor inom Histoplasma. Dock hittades 50 nya Starships, varav ménga visade sig
innehalla en stor midngd mindre sjidlviska DNA fragment inuti sig. Detta dr en intressant
upptéckt, eftersom Starships inom andra svampar inte har lika mycket sjdlviskt DNA inuti
sig. Mitt projekt har darfor bidragit till att utka informationen om dessa sjdlviska DNA
fragment inom bdde svampen Histoplasma men ocksd angdende hur dessa fragment fungerar.
Vidare forskning kan fortsétta leta efter gener inom dessa 50 Starships men ocksé efter
forklaringar till varfor just dessa har s mycket sjélviskt DNA inuti sig.
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Abbreviations

List of abbreviations:

CME(s)
DR(s)
HGT
HMM
MGEC(s)
NCBI
RIP
SRA
TE(s)
TIR(s)

YR(s)

Cargo mobilizing element(s)

Direct repeat(s)

Horizontal gene transfer

Hidden-markov model

Mobile genetic element(s)

National Center for Biotechnology Information
Repeat-induced point mutation

Sequence-read archive

Transposable element(s)

Terminal-inverted repeat(s)

Tyrosine site-specific recombinase(s)



1 Introduction

1.1 Transposable elements

Mobile genetic elements (MGEs) are segments of DNA which encode enzymes and other
proteins that mediate the transfer of genetic material, ranging from transfers within the same
chromosome to transfers between different species (Hall ef al. 2021). They are present in all
life and in many forms. Examples of MGEs include plasmids, viruses and transposons (Frost
et al. 2005). MGEs are the main source of horizontal gene transfer (HGT) throughout life and
are therefore important both to our understanding of an organism’s evolutionary history, but
also our knowledge of pathogens, which often rely on MGE:s to quickly transfer beneficial
genes when present in a new environment (Frost et al. 2005, Hall ez al. 2021).

One such class of MGEs are transposable elements (TEs). TEs are mobile segments in a
genome which can reproduce and move to a different genomic locus once transcribed (Frost
et al. 2005). They are generally considered “selfish”, since their ability to move between
different loci and organisms means their evolutionary success is not linked to a single genetic
lineage. Furthermore, their transposition can often be harmful toward the host’s fitness, due to
TEs being able to transpose inside an active gene, disabling it — or by increasing the genome’s
overall size, causing greater burden during replication. Eukaryotic TEs are generally divided
into two main classes: retrotransposons (Class I) and DNA transposons (Class II). These are
distinguished by their mechanism of operation, with Class I operating through a “copy and
paste” mechanism, while Class II operates through a “cut and paste” mechanism (Makatowski
et al. 2019). Retrotransposons transpose using a similar mechanism to retroviruses. When
transcribed into RNA, an RNA-intermediate is produced, along with a reverse-transcriptase
protein. The reverse transcriptase is then able to reverse-transcribe the RN A-intermediate
back into DNA, integrating it into a different part of the genome. DNA transposons contain
terminal inverted repeats (TIRs) at their flanks, which allows a transposase enzyme encoded
by the transposon to bind to and excise the genetic element from its current location. These
excised transposons can then reintegrate elsewhere in the genome. In total; TEs make up a
significant portion of most eukaryotic genomes, with 85% of the maize genome composed of
TEs (Schnable et al. 2009), and the human genome consisting of ~50% transposable elements
(Lander et al. 2001) constituting much of what is commonly labeled as “junk DNA”. Most of
these elements are vestigial, their ability to transpose eliminated by point mutations, other
transposons or active host defenses such as repeat-induced point-mutations in fungi (RIP) and
epigenetic barriers (Cambareri ef al. 1989, Fouché et al. 2022).



While TEs are selfish genetic elements, they are not always parasitic, with many providing
benefits to the host genome along with being an important contributor to HGT. This is
because TEs can transport genes which are not associated with their own transposition. If
otherwise unrelated fragments of genomic DNA are positioned within the boundary of a TE,
such as between the TIRs of a DNA transposon, those fragments will also be transposed
through the TE. When such fragments are intact genes, they are considered “cargo”, with the
TEs transporting them known as cargo-mobilizing elements (CMEs) (Arkhipova &
Yushenova 2019). In bacteria, a well-documented variant of CMEs are integrative and
conjugative elements (ICEs). These ICEs have been shown to contribute antibiotic resistance,
genes which allow alternative metabolism and pathogenicity genes to their host bacteria
(Johnson & Grossman 2015). In eukaryotes, such elements have historically proven rarer,
with common examples being smaller retrotransposons (1-10kb) transducing genes to
different hosts, or in DNA transposons such as “Pack-MULEs” in plants (<6kb) (Jiang et al.
2004, Arkhipova & Yushenova 2019). One of the reasons for this discrepancy is that the
genomes of eukaryotes with a germline, such as humans, are believed to be much less
susceptible to HGT by MGEs from other genomes, since only a tiny number of cells are
evolutionarily relevant in such organisms (Andersson et al. 2001). Furthermore, the lack of
high-quality genome assemblies , i.e. those generated with long-read sequencing technology,
also contributed towards the difficulty in finding large eukaryotic ICEs. Genomes assembled
using short-read, i.e. [llumina, while high coverage, are often not contiguous enough to allow
for identification of larger TEs in eukaryotes. With greater availability of long-read
sequencing technologies such as PacBio and Oxford nanopore, several new CMEs have been
uncovered in eukaryotes, along with proof of their HGT (Arkhipova & Yushenova 2019).

1.2 Starships

Starships are a new class of DNA transposons which are present in several species of fungi,
namely the Pezizomycotina subphylum and the Basidiomycetes phylum (Gluck-Thaler &
Vogan 2024, Urquhart A et al. 2024). The first two Starships; Enterprise and HEPHAESTUS,
were discovered independently in Podospora anserina and Paecilomyces variotii,
respectively (Vogan et al. 2021, Urquhart et al. 2022). The Enterprise in P. anserina carries a
block of selfish spore killing (Spok) genes, which produce a protein which kills any spore not
carrying the Spok genes (Vogan et al. 2019). By comparison, Starship HEPHAESTUS found
within P. variotii, carries a package of cargo-genes for zinc, lead, cadmium, and copper
resistance, allowing strains of P. variotii to quickly colonize environments which would
otherwise be toxic to them (Urquhart ef al. 2022, Urquhart et al. 2023).

The genomic structure of a basic Starship can be seen illustrated in Figure 1. Starships are
characterized by their massive size - which generally ranges between 15kb to 700 kb and are
on average ~100kb long (Gluck-Thaler ef al. 2022). It is this massive size that allows the
Starships to transport entire packages of functioning genes, such as Starship HEPHAESTUS
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in P. variotii (Urquhart et al. 2022). However, size is not the main distinguishing feature of a
Starship, that is the “captain” gene. All Starships transpose with the help of a gene which
encodes a tyrosine site-specific recombinase protein (YR), which in Starships is referred to as
a “captain”. YRs are involved in the movement of several MGEs, such as many plasmids and
other eukaryotic TEs such as Cryptons. In Starships, all YRs contain a DUF3435 protein
domain and are encoded at the 5’-end of the Starship. This is the main method of identifying
the captains, since captains are otherwise very diverse, with the median amino acid identity
within the same Starship family only ~35% (Gluck-Thaler & Vogan 2024). The previously
mentioned Enterprise and HEPHAESTUS have only 15% amino acid identity between their
captains despite the captains being the most conserved portion of the Starship (Urquhart et al.
2023). DUF3435 is the most conserved YR domain and is therefore used to identify captains.
Furthermore, all Starships contain direct repeats (DRs) at both flanks which are in the 4-14 bp
range and can be used to help identify the boundaries of the element. Many Starships also
possess, in addition to the flanking DRs, short terminal inverted repeats (TIRs) at the flanks
(Urquhart A et al. 2024).

~40 bp ~40 bp

— Starship (~15- 700 kb) —

Empty Contig
DR

v

Target site

~4-14bp
e

Figure 1: A typical embedded Starship. It contains a captain (YR) gene, several cargo genes, flanking TIRs and DRs.
The red rectangle outlines the Starship boundary, with the target site flanking it on either side. Also illustrated is an
empty contig containing a target site, which typically falls within the 4-14 bp range. The figure is not to scale, only the
areas marked with a scale bar should be considered to have a specific size.

More recent studies on Starships have developed a method of systematically describing
Starship diversity through three taxonomic ranks (Gluck-Thaler & Vogan 2024). All
Starships belong to the Starship superfamily, themselves a part of the Class II transposons.
Each Starship is first assigned one of 11 families based on the similarity of its YR against a
library of known Starship YRs. These 11 families were themselves constructed by clustering
known YRs into monophyletic families based on phylogenetic similarity. The phylogenetic
comparison was done through alignment of the two main functional domains in the YR, the

11



core binding and catalytic domains. Secondly, since Starship captains have high diversity
even within the same families (~35% aa similarity), they are further grouped into separate
“naves” (ships in latin, “navis” singular) based on the orthologous relationship between the
captain and other captains in the same family. Finally, since Starships can belong to the same
navis, but contain different cargo genes, each Starship is assigned a unique haplotype based
on sequence similarity scores. Ideally, each unique family, navis and haplotype combination
would therefore describe a specific TE with a specific captain, mobilizing a specific
combination of cargo genes. If two Starships of the same family, navis and haplotype are
found at different loci, whether in the same organism or not, it is likely that it has transposed.

Considerable bioinformatic evidence of past Starship HGT between different fungal species
exists (Urquhart ef al. 2023, Gluck-Thaler & Vogan 2024). For example: BLAST searches
between a strain of Aspergillus fumigatus and P. variotii produced a 96% nucleotide identity
match between genes present in the Galactica family Starship contained in both strains (the
average nucleotide identity between genes in the two strains was 72.5%). However, the
mechanisms that trigger and regulate Starship transposition are currently unknown and are
currently being researched by the Vogan Lab, with only the Starships HEPHAESTUS and
Pegasus proven to transpose in vitro (Urquhart ef al. 2023, Urquhart et al. 2025).

1.3 Starfish

Because Starships lack many of the traditional markers distinguishing them as TEs, it is
difficult for traditional annotation software to correctly identify them. In response, the Starfish
pipeline was created, which combines several existing software and methods to obtain a de
novo annotated list of candidate captains and Starships when provided with multiple genome
assemblies (Gluck-Thaler & Vogan 2024). The pipeline contains several commands which
adapt existing bioinformatic software to the purpose of finding Starships and captains.

The first is Starfish annotate, which conducts a targeted de novo annotation to find protein
coding sequences based on a preconstructed HMM file. It first runs Metaeuk easy-predict
(Levy Karin et al. 2020) to annotate fungal amino acid sequences. From the identified
sequences, it then runs HMMsearch (Eddy 2011) to find only the predicted sequences which
match an existing HMM of known Starship YR sequences — or other cargo genes with an
existing HMM profile. These de novo annotations can then be matched to existing annotations
provided through a gftf3 file using the Starfish consolidate command. The obtained
coordinates of putative YR genes are then passed to Starfish sketch, which identifies genomic
neighborhoods containing YR genes. These neighborhoods are mutually exclusive and help
prevent false-positives and overlapping Starships by grouping nearby captains into the same
neighborhood, instead of producing two separate elements because there are two captains. A
neighborhood can therefore be considered a proto-Starship” and it can contain several YRs
within.
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A BED file containing the coordinates of each neighborhood is parsed to Starfish insert,
which conducts BLASTn alignments between the captains in the identified neighborhoods
and the existing genome assemblies, to find the boundary for each element (Camacho et al.
2009). Starfish insert outputs another BED file, containing the coordinates for each putative
Starship and its captain. These coordinates can then be input to Starfish flank, which uses
CNEFinder to find Starship DRs and TIRs around the upstream and downstream sequences of
each putative Starship identified through Starfish insert (Ayad et al. 2018). Since insert can
often produce several different element boundaries for a single YR, Starfish summarize is
used to consolidate the results from insert and flank, selecting the downstream and upstream
boundary that produces the longest Starship and best corresponds with the identified DRs and
TIRs. Finally, it outputs a BED file containing these Starships and annotations for all putative
genes within.

Starfish dereplicate categorizes putative elements into homologous regions, based on genes
found upstream and downstream of the Starship boundary using MMsegs2 easy-cluster
(Hauser et al. 2016). These homologous regions are then used to find empty and/or
fragmented regions which contain flanking genes orthologous to those in the homologous
region, but without the Starship. This allows both a greater degree of certainty that an
identified Starship is real and helps identify if the Starship is unique, and not a duplicate. It
outputs a list of homologous regions and the elements and captains belonging to each region,
it also filters captains based on their navis and haplotype. Dereplicate requires information on
ortholog groups, obtained through software such as Orthofinder and EggNOG-mapper.

Finally, there are several auxiliary commands which aid in both the management of files and
visualization of results. Pair-viz aligns Starships against potential empty insertion sites
present in the input assemblies using Nucmer (Margais et al. 2018) before running
dereplicate. These alignments are then visualized using Circos, which allows the user to
manually compare a contig containing a putative Starship with a contig containing an empty
candidate insertion site (Krzywinski et al. 2009). If the alignment is poor, then it is likely the
Starship is a false positive and can be manually filtered out. Starfish sim works similarly to
dereplicate but does not require ortholog groups. It employs Sourmash to compare Starship
sequences based on k-mer similarity (Pierce et al. 2019). The k-mer similarity scores can then
be used to group Starships into unique navis-haplotype groups using Starfish group, which
uses mcl (Enright ef al. 2002). While these commands do help filter out duplicates and assign
each Starship a unique navis-haplotype, sim and group are unable to output a list of
homologous regions containing Starships, as there is no ortholog information input. Locus-viz
takes as input either the regions output by dereplicate or a custom list of elements. It aligns
the input elements using Nucmer and produces a list of inputs required to run gggenomes on
R, which produces a synteny plot comparing elements (Hackl et al. 2024).
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1.4 Starships in Fungal Pathogens

There are several fungal pathogens inside the pezizomycotina subkingdom, which is where
the majority of currently documented Starships are present (Gluck-Thaler & Vogan 2024).
Examples include Aspergillus fumigatus and Histoplasma capsulatum, which target humans
and are both considered critical and high priority fungal pathogens by the World Health
Organization (WHO) (World Health Organization 2022).

1.4.1 Aspergillus fumigatus

A. fumigatus infects humans through its spores, causing aspergillosis. This infection targets
the respiratory system but can also target the nervous system. It is especially dangerous to
immunocompromised individuals or those with previously existing lung conditions, such as
asthma (WHO 2022). A recent study conducted on 519 strains of A. fumigatus uncovered 20
new high confidence Starships which contained several cargo genes encoding traits known for
pathogen survival and virulence in fungi (Gluck-Thaler et al. 2024). Examples of such genes
include the HAC-cluster, genes which together increase virulence, growth in low oxygen
environments and assists in biofilm development, which is crucial for infection. Furthermore,
the study found evidence of Starships being a major contributor of strain heterogeneity in A4.
fumigatus. Strain heterogeneity is a major confounding factor for combatting 4. fumigatus, as
strains display high levels of variation in traits such as virulence, antifungal resistance and
metabolism. Antifungal resistance being especially concerning to the WHO due to 4.
fumigatus strains becoming increasingly resistant to Azoles, the main antifungal used to treat
aspergillosis, especially in low-income countries (WHO 2022). Approximately 16% of the
accessory genes which differ between 4. fumigatus strains are transported as cargo by
Starships, with 92% of Starship genes in A. fumigatus estimated as accessory, compared to
the 24.6% rate in the rest of A. fumigatus. These findings suggest that Starships could be a
notable source of strain heterogeneity in fungal pathogens (Gluck-Thaler et al. 2024), which
is comparable to that of MGEs in bacteria which are well-known and documented.
Furthermore, they show that genes involved in pathogenicity and infection are present in
Starships and could therefore be equally present in Starships of other fungal pathogens.

1.4.2 Histoplasma capsulatum

H. capsulatum is an opportunistic pathogen, which means it does not depend on infecting

humans to spread and is generally not adapted toward defeating the human immune system.

H. capsulatum is a thermally dimorphic fungus which can infect the lungs through inhalation

of spores or mycelial fragments, which causes histoplasmosis in humans (WHO 2022). In

immunocompromised patients, histoplasmosis can often prove fatal, with a mortality rate of

21 to 53% in HIV/AIDS patients and 9 to 11% in immunosuppressed patients (WHO 2022).
14



Furthermore, H. capsulatum strains are also becoming increasingly resistant to antifungals,
though the severity is lower compared to that in 4. fumigatus, making it more difficult to
protect patients with acute histoplasmosis.

Once inside the lungs, H. capsulatum transitions to its yeast phase at 37°C, which allows rapid
growth and expression of crucial virulence factors. When H. capsulatum yeasts are
phagocytized by macrophages, they can survive destruction due to proteins which prevent
lysosomal fusion and disable several macrophage signals, preventing lysis and further
immune responses (Valdez et al. 2022). Safe inside a macrophage, H. capsulatum multiplies
and eventually kills the macrophage, allowing it to spread. Furthermore, through
macrophages, H. capsulatum can reach the tissues and organs across the body, including
bypassing the blood-brain barrier and infecting the brain. However, H. capsulatum is unable
to survive against other phagocytes, such as neutrophils and dendritic cells, which instead
destroy the yeasts within hours. The reason for this difference is that non-macrophage
phagocytes employ different chemicals to destroy phagocytized cells which H. capsulatum is
not resistant towards. Furthermore, neutrophils have been shown to create extracellular traps,
which creates an environment hostile to fungal infection (Valdez et al. 2022). Therefore, in
most immunocompetent individuals, H. capsulatum is neutralized before it can infect many
macrophages and manifest serious symptoms, usually resulting in lenient pneumonia
requiring little medication.

Currently, 37 Starships have been bioinformatically identified in H. capsulatum and are
available in Starbase (https://starbase.serve.scilifelab.se), with 7 of those having been
manually curated. These ships were obtained from a limited sample of H. capsulatum
assemblies, making it likely more Starships exist in the wider H. capsulatum pangenome.
Furthermore, their cargo genes have not yet been analyzed, meaning there currently exists
little information concerning the contribution of Starships to H. capsulatum strains.

1.5 Project Goals

The objectives of this project are to identify novel Starship elements inside the pangenome of
H. capsulatum with the aim of expanding the known Starship tree of life and identifying
putative cargo genes which could be involved in the infection of humans by H. capsulatum.
This will be accomplished by bioinformatically analyzing a large set of publicly available H.
capsulatum genomes and assembling new genomes from short-read samples from the SRA,
with the aim of covering as much of the H. capsulatum pangenome as reasonable within the
available timeframe. The Starships will be identified using the Starfish pipeline. To identify
their placement within the Starship tree of life, putatively identified H. capsulatum captains
will be phylogenetically compared with captains of known high-confidence Starships.
Furthermore, any novel Starship will be searched against fungal genomes within the
pezizomycotina, with the aim of finding proof of past horizontal gene transfer. Finally, de
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novo annotations will be made on the identified elements to find any genes or domains which
could potentially assist H. capsulatum in infecting humans.

These analyses will provide an increased understanding of Starships within H. capsulatum
and will ideally also assist future research in identifying how H. capsulatum infectivity works
on a genetic level, providing clues on how to prevent and cure future infections.

2 Materials and methods

Python and bash scripts were written with assistance from Chatgpt (OpenAl, 2023, default
free model versions for January — April 2025). All code has been manually verified and all
parameters for software such as BLASTn was chosen manually without input from Chatgpt.

2.1 Materials

Genetic material from H. capsulatum was sampled from public databases with the aim of
obtaining a diverse library of H. capsulatum samples to estimate its pangenome. 14 finished
H. capsulatum genomic assemblies were downloaded from the NCBI genome database,
constituting all available H. capsulatum assemblies in the NCBI as of the writing of this
report (May 2025). These are referred to as the “NCBI assemblies”. 9 of those assemblies
contained existing annotations, which were also downloaded. Additionally, 344 samples of
raw DNA nucleotide reads were downloaded from the sequence read archive (SRA) using the
Nextflow nf-core pipeline fetchngs 1.12.0 to streamline the downloading process and obtain
all metadata from the samples (Ewels PA et al. 2020, Harshil Patel ef al. 2024). These
samples included 7 long-read samples and 337 short read samples. 6 of the long-read samples
were sequenced using Oxford Nanopore and 1 was sequenced using PacBio technology. The
short read samples included reads sequenced using Illumina and Capillary technologies.
Because the project prioritized genetic diversity, transcriptomic material was not used, as
most of the available DNA samples lacked a corresponding transcriptome.

2.2 Assembly of SRA reads

The quality of the 344 read samples was assessed using FastQC 0.11.8 and MultiQC 1.27
(Andrews 2010, Ewels P ef al. 2016). All samples sequenced using capillary technologies
were removed, as their coverage was determined to be too short. Furthermore, several other
samples were removed, as they belonged to modified or mutant strains which do not reflect
the wildtype H. capsulatum pangenome. The remaining short read samples were trimmed
using trimmomatic 0.39 (Bolger et al. 2014) with the TruSeq3 and TruSeq2 primers selected,
along with a sliding-window of 4:20 and a minimum length of 50 bp. None of the unpaired
reads were kept after trimming, as they were considered too short. Before assembly,
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additional filtering was done on the trimmed short reads to reduce assembly duration. To
remove as many samples as possible, while retaining much of the genetic diversity present,
each sample was sorted by its experiment and strain. If more than 5 samples shared the same
experiment title and strain, only the five longest samples were kept. This was done to remove
many of the samples which were simply separate runs of the same experiment, using the same
strain. Finally, 7 short-read samples were not kept for assembly as they shared a
corresponding long-read sample, making their assembly superfluous.

The remaining 59 short-read samples were assembled with SPAdes 4.0.0 using the default
parameters for paired-end assembly (Prjibelski ef al. 2020). The 7 long-read samples were
assembled using Flye 2.9.5, with the parameters pacbio-raw and nano-raw used for
assembling the PacBio and Nanopore reads, respectively (Kolmogorov ef al. 2019). The long-
read assemblies were then polished with their corresponding trimmed illumina short-reads
using Pilon 1.24 (Walker et al. 2014). Both short-read and polished long-read assemblies
were evaluated using QUAST 5.3.0 and summarized with MultiQC (Gurevich et al. 2013).
From the assembly evaluations, it was determined that the PacBio assembly was too
contaminated to be of use, as the assembly was 287 Mbp long, while the genome of H.
capsulatum is on average 35 Mbp long.

2.3 Annotation

Annotation of the 65 de novo assembled genomes and the 5 NCBI assemblies lacking
annotations was done using lift-over annotation instead of de novo annotation, which utilize
existing annotations from similar assemblies to annotate. This was done since de novo
annotation of the genomes was estimated to take too much time and computational resources,
when there already existed several annotations for H. capsulatum which could be used for lift-
over annotation. Lift-over annotation was done using Liftoff 1.6.3 with default parameters
(Shumate & Salzberg 2021). The reference genome employed for lift-over annotation had the
GenBank ID GCA 017310585.1, known “hiscap2” in the dataset, and was chosen for its
recent assembly, good assembly quality, and good annotation coverage. EggNOG mapper
2.1.12 was used on all 79 assemblies to annotate orthologous genes, with default genomic
parameters used (Huerta-Cepas et al. 2019, Cantalapiedra ef al. 2021).

2.4 Finding Starships

The Starfish auxiliary command “format” was used to reformat the FASTA assembly files
and the gff3 liftoff annotation files to conform to a consistent naming format that can be used
by Starfish. The pipeline was then run on the 79 assemblies to find candidate YR genes and
elements. In total, 200 putative elements were found after Starfish summarize was finished.
The Starship candidates were aligned to putative insertion sites present in the 79 input
genomes using Starfish pair-viz, with the alignment visualized using Circos (Krzywinski et al.

17



2009, Katoh & Standley 2013). The circos plots for each Starship were manually inspected to
filter out potential false-positive Starships. The final part of the Starfish pipeline, dereplicate,
was unable to run alongside the liftoff annotations and EggNOG orthologs, with attempts to
reformat the annotation and EggNOG files proving insufficient to address the issues. Instead,
the Starfish auxiliary command “sim” was used. This allowed for the manual removal of
duplicate Starships found earlier without using dereplicate and ortholog group information.
The remaining dereplicated elements were visualized using Starfish locus-viz, with the
synteny plots manually constructed to compare elements which belonged to the same family,
or with phylogenetic similarity between captains. These were visualized using gggenomes
1.0.1 (Hackl et al. 2024).

To determine if any of the identified Starships had historically done horizontal gene transfer,
a limited BLASTn 2.16.0 search was set up (Camacho et al. 2009). A custom database was
constructed, containing the 241 Starships which had been manually curated and dereplicated
from the Starbase database, accessed April 29 2025. This included 7 Starships from H.
capsulatum which had been previously identified. A minimum percent identity of 95 was
chosen for the search, along with a minimum word size of 100, to minimize the number of
matches which were too short to be considered significant.

2.5 Phylogenetics

Phylogenetic analyses were done to both investigate the relationship between the 79
assemblies used, and to place the 50 identified captains within the Starship tree of life.

BUSCO 5.8.3 (Manni et al. 2021) was used with the onygenales odb10 dataset on the 79 H.
capsulatum assemblies used in Starfish along with 6 Blastomyces dermatidis assemblies
downloaded from NCBI, to serve as an outgroup. B. dermatidis was chosen to be the outgroup
due to being a closely related species with available long-read assemblies. The BUSCO
results were directly input to the BUSCO phylogenomics pipeline (McGowan 2024) which
identifies the BUSCO genes shared by all assemblies and produces a concatenated
supermatrix of genes which can be used to generate a phylogenomic tree. BUSCO
phylogenomics was used with default parameters, with trimming set to “trimAl gappyout”.
Gappyout was chosen due to it being a conservative trimming approach that preserves much
of the alignment information for tree construction (Tan ef al. 2015). A maximum likelihood
tree was constructed from the concatenated alignment using IQ-TREE2 2.4.0 with 1500
iterations of ultra-fast bootstrap with the bnni parameter, also known as UFBoot2+NNI
(Hoang et al. 2018, Minh et al. 2020). ModelFinder was used with IQ-TREE to find the best
tree model for each partition in the concatenated alignment (Chernomor et al. 2016,
Kalyaanamoorthy ef al. 2017).

The captain amino-acid sequences for the identified H. capsulatum Starships were aligned
together with 35 known high-confidence captains sampled from a diverse range of Starship
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families and fungal orders using MUSCLE 5.3 (Edgar 2022). No trimming was done, since
the alignment file was considered small enough for performance not to be an issue.
Furthermore, the risk of automatic trimming removing phylogenetically relevant sequences
was considered higher than the potential gains in tree construction time (Tan et al. 2015). A
phylogenetic tree was constructed using IQ-TREE?2 2.4.0 with 2000 iterations of ultra-fast
bootstrap with NNI enabled. ModelFinder was used with IQ-TREE to find the optimal tree
model, which was determined to be JTT+F+RS5.

2.6 Annotation of Starship Cargo

The existing liftoff annotations of the Starships were complemented by a functional
annotation of protein domains using InterProScan 5.73-104.0 (Blum et al. 2025).

3 Results

3.1 50 Starships Were |dentified from 79 H. capsulatum Assemblies

A total of 65 H. capsulatum assemblies were constructed from publicly available DNA reads
on the sequence read archive (SRA) (Supplemental Table 1). Combined with the 14 publicly
available genome assemblies present in the NCBI genome database, a total of 79 H.
capsulatum assemblies were searched for Starships. The Starfish pipeline found a total of 200
Starships (Supplemental Table 2), with 150 elements manually removed for either being
duplicates or false positives (Figure 2) (Supplemental Table 3). Of the 50 unique Starships
found, 28 belonged to the Prometheus family, 10 to the Tardis family, 9 to the Phoenix family
and 3 to the Enterprise family. This corresponds with the 37 Starships documented within the
Starbase database, where 17 belong to the Prometheus family, 8 to the Tardis family, 8 to the
Phoenix family and 2 to the Enterprise family. With the remaining 2 Starbase H. capsulatum
elements belonging to the Voyager and Galactica families.
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A B Starship containing contig
Starship containing contig
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Figure 2: Examples of typical Starfish Pair-viz output, showing a Circos plot for the best alignment between the contig
of a putative Starship (in red) and a contig containing a potential insertion site for the Starship. These plots are used to
assist in manually filtering potential false-positive and low-confidence Starships. A) The alignment for the identified
Starship “s01395”, which was interpreted as a true-positive, due to long and consistent synteny between the flanking
regions of the Starship and the contig containing the insertion site. B) The alignment for the identified Starship
“s00441” which was interpreted as a false-positive/low confidence, due to one of the Starship flanks having very few
alignments to the contig containing the insertion site and therefore unlikely to be a genuine insertion site. Since no
better insertion site alignments exist for “s00441”, the Starship was considered to have insufficient proof and was
therefore removed.

Furthermore, of the 50 identified Starships, only 12 belonged to one of the 65 assemblies
constructed for this project, with the remainder identified within the 14 publicly available
genomes assemblies downloaded. Of those 12 Starships, 3 belonged to assemblies
constructed from Oxford Nanopore reads, while the other 9 were from [llumina assemblies.
This discrepancy further extends to the 38 elements found within the NCBI assemblies, where
20 of the elements were found within the same assembly, labelled “hiscap2” in this project,
with the GenBank accession “GCA_017310585.1”. The explanation for this is that there was
a bias toward hiscap2 during the manual removal of duplicates, since the hiscap2 elements are
among the first in alphabetical order, meaning that for most duplicate elements, the element
within hiscap2 would be considered the default. Comparing the number of elements present
before (Supplemental Table 2) and after (Supplemental Table 3) deduplication shows the
number of hiscap2 Starships remained consistent, which confirms that the manual process
was biased.

Past HGT events for the H. capsulatum Starships were investigated through a BLASTn search
against a database of 241 known high-quality Starships. The database contained 6 H.
capsulatum Starships, with four of these producing >95% sequence identity alignments
against the putative Starships that covered most of their length (Table 1). This suggests that at
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least four of the 50 identified Starships have been identified previously, with a larger amount
likely if the BLAST database had included the entire Starbase database, which contains 37
total H. capsulatum elements. The matches with Starships from other fungal species were
largely with SBS000416 of Coccidioides immitis and SBS000310 of Paracoccidioides
brasiliensis (Supplemental Table 4), both of which have several alignments >4000 bp with H.
capsulatum elements. However, it is difficult to determine if these alignments are proof of
past HGT between the Starships, or the result of highly conserved regions and other HGT
events not involving the Starships themselves, due to the relatively small fraction of the
elements being aligned. For instance, the best alignment is 6226 bp long, constituting 17% of
the H. capsulatum element, while only constituting 4.7% of the C. immitis element.

Table 1: The 10 longest alignments produced by a BLASTn comparison between the 50 identified Starships and 241
verified Starships from the Starbase database. All alignments have >95% sequence identity. The full table can be
found in Supplementary Table 4.

Histoplasma Starbase Alignment Starship Starbase
Starship Starship length (bp) length species
hiscap1_s00042|- SBS000185 254753 254753 H. capsulatum
hiscap2_s00113|- SBS000469 40380 40443 H. capsulatum
hismis2_s00369|- SBS000468 19587 36226 H. capsulatum
hiscap2_s00084|+  SBS000301 16921 16931 H. capsulatum
hismis2_s00369|- SBS000468 14733 36226 H. capsulatum
hismis2_s00369|- SBS000416 6226 36226 C. immitis
hiscap2_s00105|- SBS000310 5832 61968 P. brasiliensis
hiscap2_s00101|- SBS000310 4799 55474 P. brasiliensis
hismis1_s00269|- SBS000310 4799 55787 P. brasiliensis
hiscap2_s00066|- SBS000310 4788 71200 P. brasiliensis

21



3.2 Phylogenetics

Phylogenetic trees were constructed for the 79 assemblies used and the 50 identified Starship
captains. The assembly tree was constructed from a BUSCO list of conserved genes as a
phylogenomic tree, with the purpose of verifying that the H. capsulatum assemblies belong to
the correct species. The captain tree was constructed with the purpose of verifying that the
Starship families assigned by Starfish to each captain was correct.

3.2.1 Phylogenomics of assemblies

The phylogenomic tree constructed for the 79 assemblies shows a clear separation between
the H. capsulatum assemblies and the B. dermatidis assemblies used as an outgroup
(Appendix, Figure A1l). The internal phylogeny for the H. capsulatum assemblies shows three
major geographical clades, and several smaller and more uncertain clades (Appendix, Figure
A2). One clade for all samples collected in India, two North American clades centered on
“hisohi” and “hismis” respectively — often referred to as “NAm1” and “NAm2” in the
literature (Sepulveda et al. 2017, Jofre et al. 2022). Many of the assemblies not part of the
three first clades were difficult to geographically place, as the metadata often only included
information on where the sequencing occurred, not where the sample originated. Furthermore,
several reads were sequenced within a medical context, the geographic location of infection
not directly documented. However, there exists enough evidence to classify several smaller
clades based on geographic location, such as Africa (H88 strain), Panama (G186AR strain)
and Brazil (Supplemental Table 5). This rough phylogenomic tree bears some resemblance to
more thorough trees constructed in other studies, sharing a similar geographic distribution of
clades (Sepulveda ef al. 2017, Jofre et al. 2022). Finally, it is likely that several of the
assemblies used were identical, due to having little to no distance within the phylogeny and,
in the case of “hiscap7” and “hiscap8”, having the same Genbank accession
“GCA_000150115.1” and “GCF_000150115.1”, respectively.

3.2.2 Captains of novel Starships can be classified into distinct element
families
While Starfish conducts its own phylogenetic similarity searches to place a putative Starship
within one of the 11 pre-defined families, based on several conserved YR domains, a
phylogenetic tree was also constructed with the complete amino-acid sequences of all 50
identified captains, and 35 high-quality verified captains from known Starships to help anchor
the new Starships (Figure 3). The 4 element families where H. capsulatum Starships were
identified through Starfish were clearly distinguished clades on the phylogram, with all A.
capsulatum captains belonging to a specific family sharing the same clade as the reference
captains which are known to belong to that family.

One family that does not share a homologous clade is the Tardis family (Figure 3), which has
two separate clades that are separated by a clade containing captains from the Arwing family
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and another clade from the Hephaestus family. However, both Tardis clades contain only YRs
from the Tardis family, and they contain at least one Tardis reference captain, making it likely
that both clades belong to the Tardis family. While the phylogram does indicate that the two
Tardis clades share a closer common ancestor with either the Arwing or Hephaestus family,
the bootstrap supports for the branches separating the four clades are below 95%, it is
therefore equally possible that the two Tardis clades are in fact closest, which is supported by
the existing literature (Gluck-Thaler & Vogan 2024). Finally, the phylogram further confirms
that at least the captain sequences for the 50 putative H. capsulatum Starships are likely to be
authentic captains, due to their consistent phylogenetic similarity with captains from other
fungi.

23



Phylogram of Starship Captains

Serenity

Prometheus

Enterprise

phisubl 17707

Moya
Voyager

Tardis
Hephaestus

Arwing

Tardis

Phoenix

treescale:1 —, Bootstrap support
@®:29%

Figure 3: A maximum likelihood phylogram of the 50 putative H. capsulatum Starship captains, together with 35
reference captains (red text) sampled from known Starships, representing 9 of the currently defined Starship families.
2000 iterations of ultra-fast bootstrap were run during tree construction with all branches containing adequate (95%)

bootstrap support marked in the phylogram. The 50 putative captains were assigned a family based on the family of
nearby reference captains. The tree was midpoint rooted.
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3.3 Synteny

The Starfish module locus-viz was used to inspect the synteny between the obtained elements.
Because the lift-over annotation format clashed with the EggNOG annotation format, Starfish
dereplicate was not able to run on the dataset. This meant that the Starships for each synteny
comparison had to be selected manually, instead of being automatically assigned by
dereplicate, reducing the number of alignments investigated.

3.3.1 The “Enterprise” Starships are highly interconnected

Two of the Starships in the Enterprise family, hiscap2 s00079 and hiscap2_s00080, show a
complete inverse match on the synteny plot, and have the exact same boundary coordinates
and contig location (Figure 4). This suggests that the two Starships are inversions, with the
only difference being which of the two YR genes present in the element is considered the
“captain”. Furthermore, hiscap2 s00111 shows strong synteny to the rear portion of

hiscap2 s00080, although there are several gaps in the synteny which suggest it is not a
perfect match. This, combined with the relatively shorter length of hiscap2 s00111, provides
some evidence that hiscap2 s00111 could historically have transposed to the precursor of
hiscap2 s00079/s00080 and become embedded, forming the double Starship.

Since no transcriptomic information was analyzed, it is impossible to assess if having two
opposite captains has any effect on the fungus, i.e. if both variants of the element are
transcribed. Furthermore, it is possible that only one of the YRs is capable of transposition,
with the other having become inert. It is also possible that with both strands containing the
Starship, it is more likely to transpose itself, granting a selective advantage to the element.
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Figure 4: Synteny comparison and graphic illustrating the 3 Enterprise Starships. Synteny lines are present where
there is a >95% confidence nucmer alignment with a neighboring element. ""Gene tags" are assigned from existing
Starfish and liftoff annotations. In these plots, “cap” and “tyr” are YRs identified by Starfish, where cap is considered
the Starships captain.
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3.4 Annotations

The Starships were annotated using two annotation approaches, lift-over annotation on the 79
genome assemblies using the existing hiscap2 annotations as a reference (Supplemental Table
6), and a functional annotation on the 50 identified elements through InterProScan
(Supplemental Table 7).

3.4.1 Lift-over annotations

There were few features found from the lift-over annotation, only 44 for all 50 elements, with
most of the features relatively commonplace and non-specific, such as FAD-binding domains,
protein-kinases and phospholipase (Figure 5A). However, a single annotation of ferric-chelate
reductase was present inside one of the Starships. Some ferric reductases are known to assist
yeasts to survive inside hosts such as humans by extracellularly reducing iron ions transported
by siderophores, which are excreted by H. capsulatum to collect iron from the environment.
This allows for intake of the collected iron through the yeast membrane (Martinez-Pastor &
Puig 2020, Valdez et al. 2022). None of the characteristic virulence factors for H. capsulatum
were found, although it is possible that several of the InterPro domains identified describe one
of these proteins.

3.4.2 InterProScan

A total of 195 features were found by InterProScan, with most domains comparable to those
annotated by the lift-over annotation. Protein kinases, phosphotransferases and RNAses
appear to be common within the elements, along with other ubiquitous protein domains
commonly found across life, such as zinc fingers (Figure 5B). However, several features
characteristic of Starships and other TEs were found as well. For instance, 30 copies of
DUF3435 were identified. DUF3435 is considered to be an important conserved domain
within all Starship YRs and is used by Starfish to phylogenetically classify the captains. 6
chromo shadow domains were also found, which are likely involved in assisting the Starship
to access parts of the genome during transposition (Supplemental Table 7).

Furthermore, 80 reverse transcriptase domains were identified in aggregate (Figure 5B),
although it is likely some of the 80 reverse transcriptases are in fact overlaps, since
InterProScan uses several databases to identify functional domains. These reverse
transcriptase domains are concentrated on only 17 Starships (Supplemental Table 8), with the
others appearing to completely lack any reverse transcriptase domains. These domains are
rare within active Starships, since they transpose through YRs, with reverse transcriptases
instead indicating the presence of nested and dead Class 1 transposons or viruses.
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Figure 5: A summary of the most common genetic features annotated within the 50 identified H. capsulatum Starships.
A) The 20 most common features found by the initial lift-over annotation conducted before Starfish was run,
represented in Supplemental Table 6. B) The 10 most common domains found by InterProScan, which searches for
functional domains against an existing database. The “Reverse transcriptase aggregate” domain is a merger of all
different identified reverse transcriptase domains, this has not been done for other domains such as “protein kinase”
and was merely done to illustrate the total number of times a reverse transcriptase-adjacent domain was identified.
Values taken from Supplemental Table 7.

3.4.3 Several elements have low GC-content

Several of the identified elements contain large regions where the GC-content is 10-30%,
which is below the average of 40-45% for the H. capsulatum assemblies they were identified
from (Figure 6). These GC-poor regions appear to be more common in elements and element
regions lacking annotated genes, this can for instance be seen in hiscapl s00042, where the
GC content is noticeably higher in the regions that contain annotated genes. This lack of
annotation is possibly due to a lack of genes in those regions, since AT-rich regions often lack
coding sequences. Additionally, low GC content is common among repetitive elements and
could be linked to the abundance of reverse-transriptase domains. However, there are too few
Starships to make a strong 95% confidence inference regarding any correlation between the
length of an element and its GC-content, or the number of annotations. Hiscap6 _s00182 for
instance, is one of the longer elements and displays a GC content rate in the high 40%-region
(Supplemental Figure 1).
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Figure 6: A subset of 9 Starships sampled from Supplemental for their abundance of low/high GC content and their
length. hiscap4_s00152 and hiscap2_s00088 were chosen as examples of Starships with a more neutral GC content.
"Gene tags" are assigned from existing Starfish and liftoff annotations. In these plots, “cap” and “tyr” are YRs
identified by Starfish, where cap is considered the Starships captain.

4 Discussion

4.1 |dentified Elements

In total, 50 curated and non-duplicate Starships were found for H. capsulatum, compared to
the current number of 6 present in Starbase. The BLASTn results suggest at least 4 of these
ships have been identified previously, which is unsurprising considering that the Starbase
elements were obtained from a previous analysis of the NCBI assemblies. Starbase also
contains an additional 31 H. capsulatum elements which have not yet been curated or
dereplicated; many of these elements are also likely present among the 50 Starships identified
in this study. The non curated and dereplicated elements present in Starbase were not used for
the BLASTn alignment database since it was determined that their quality and validity was
questionable, without false positives, low confidence elements and duplicates having been
removed.
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The 14 pre-constructed H. capsulatum assemblies were overrepresented in element counts
compared to the 65 assemblies constructed from SRA reads for this specific study. 122 out of
the 200 initially identified elements were found in the pre-constructed assemblies, despite
there being considerably fewer assemblies in number (Supplemental Table 2). This
discrepancy was further extended after both the manual filtering of false positives and the
removal of duplicates, both of which were biased against the assemblies constructed for this
study. Since 59 of the SRA assemblies were constructed solely from Illumina short-reads,
many of the contigs containing putative Starships or empty insertion sites were considerably
smaller compared to those in Figure 2. Such smaller contigs were often almost exclusively
composed of the putative element, making it difficult to determine if its flanking regions
aligned to another contig. Furthermore, as previously mentioned in 3.1, the manual removal
of duplicates was also biased towards elements found in the NCBI assemblies due to them
being higher up in the alphabet.

The main explanation for the SRA assemblies being underrepresented in Starship counts is
that most of these assemblies were made using short-reads, not long reads. Large MGEs such
as Starships are known to be difficult to find without long reads, since they are often too large
and repetitive for short-reads to form a contig that completely encompasses the element
(Urquhart A et al. 2024). This is further confirmed by the fact that 51 of the 200 initially
identified elements belonged to the 6 long-read SRA assemblies (Supplemental Table 1,
Supplemental Table 2). All except 3 of the elements found within the long-read SRA
assemblies were filtered out as duplicates, meaning only 3 remain in the final 50 Starships,
which suggests that many of the SRA long-reads were used to assemble the 14 pre-existing
assemblies downloaded from NCBI due to the abundance of duplicate Starships.

4.2 Phylogenies

The phylogenomic tree of H. capsulatum assemblies in Appendix Figure A2 shows several
clear geographic clades for the fungi, and several uncertain clades. The most distinguished
clades; “India”, “North America 1” and “North America 2” largely correspond with those
established in more extensive phylogenetic studies (Jofre et al. 2022). The other 3 known
monophyletic clades, Panama, South America and Africa are less defined in the tree due to a
lack of information about the geographic origin of most samples. For instance, the metadata
SRX21308638 only states the sample was collected in the US, but due to belonging to the
same clade as “hismis1” and “hismis2”, it was labelled under the “North America 1” clade
(Supplemental Table 5). Most of the 79 samples used lacked concrete geographic metadata,
with most samples belonging to the United States simply because the sequencing was done in
a US laboratory or hospital. However, despite these issues, the assembly tree does strongly
suggest that all assemblies used for Starship identification belong to H. capsulatum Appendix
Figure A1, Appendix Figure A2.
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4.3 Annotations

Figure 5 along with Supplemental Tables 6 and 7 show few complete or discernible genes
within the identified elements. Both features that are present many times, such as protein
kinase domains, or only once, such as armadillo-type folds, are very common domains that
provide limited information on the protein they belong to. None of the annotated features,
from either lift-over or InterProScan can be directly linked to proteins known to be involved
in H. capsulatum infectivity, such as Hsp60 or CBP1 (Valdez ef al. 2022). While it is possible
that genes encoding these proteins are present as cargo within several of the identified
elements, the limited specificity of annotations makes it hard to determine. One of the many
identified protein kinase domains could for instance be present in one of the proteins involved
in survival within a human host.

A major limitation to this study was the lack of transcriptomic data. As mentioned in 2.1, this
was done because most of the SRA reads lacked corresponding RNA reads, making it easier
to simply not include such information, since only a limited number of assemblies would
contain a corresponding transcriptome. Furthermore, the reliance on lift-over annotation could
have limited the number of annotations produced, making it more difficult to identify features
and domains of interest. A complete fungal annotation pipeline, such as Funannotate (Palmer
& Stajich 2020), which also includes InterProScan as part of its pipeline, could have produced
superior annotations. However, it must also be noted that many genes simply lack existing
database entries, so even a more thorough annotation process would likely have missed many
cargo genes of potential interest.

The identified H. capsulatum Starships display a consistency in being “messy”’, displaying
many nested YRs within the elements (Supplemental Figure 1), large regions with low GC-
content (Figure 6) and a large amount of reverse transcriptase domains (Figure 5). Together,
these results suggest a relative abundance of TEs having become buried within the larger
Starship elements compared with Starships from other fungi. Regions with low or high GC
content rates are common signs of repetitive regions. Long repetitive regions indicate in turn
the presence of smaller TEs and a lack of conservation in the region, which could suggest that
the Starships containing such features provide few contributions to the fitness of the host
fungus. However, there was no discernible pattern between the elements which according to
InterProScan contained reverse transcriptase domains, and the elements which displayed large
regions with low GC content. For instance, hiscap3 0126 (Figure 6) has no identified reverse-
transcriptase domains, but has a low GC content in a majority of the element. It is therefore
equally possible that there is no direct link between the GC content and the presence of nested
TEs within the identified Starships.

Some of the identified elements contain many (2-3) nested YRs which are not active captains,
but were conserved enough for Starfish annotate to consider (Supplementary Figure 1). These
nested YRs could be the result of past Starships which have since become inert after
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transposing inside an existing element, such as what appears to be the case for the Enterprise
Starship hiscap2 s00111 (Figure 4). Furthermore, Starfish was able to identify these genes as
Starship YRs and assign them to one of the Starship families. Alternatively, these YRs could
have been captured by the Starships during transposition. If the YRs are from inert Starships,
a correlation can potentially be found between the abundance of GC-poor regions, inert
captains and retrotransposons. RIP is present in many fungi, where it induces GC to AT point
mutations toward repetitive regions, this is believed to be a defense mechanism against TEs
and other selfish genetic elements. RIPs would further explain the abundance of AT-rich
regions in the Starships, as the presence of retrotransposons and Starships would induce the
activation of RIPs, and therefore the abundance of repetitive AT regions. Finally, it is possible
that some of the nested Starships are present because RIP has created several AT-rich regions,
since it is hypothesized that captains prefer AT-rich regions when inserting (Urquhart ef al.
2023). Such a scenario could potentially create a feedback-loop, where the insertion of
Starships induces RIP, which in turn makes it more likely for more Starships to insert, further
inducing RIP. However, since there is limited knowledge on how Starships transpose, such a
scenario could easily be incorrect.

Finally, the effects on natural selection caused by elements with low GC content and an
abundance of retrotransposons must be considered. The abundance of such elements within H.
capsulatum is an outlier, compared to other fungal species investigated by the Vogan lab.
Starships, like other MGEs, are generally considered to be deleterious to the host organism,
due to their selfish replication and ability to transpose. The trade-off between the beneficial
cargo of a Starship, and the deleterious nature of TEs, has been an important consideration in
the past (Urquhart ez al. 2023). This is especially true regarding Starships that appear to lack
beneficial cargo genes, seemingly containing only an abundance of selfish TEs within, yet are
still carried by H. capsulatum. One explanation is that these Starships which are seemingly
deleterious do carry advantageous cargo, which has not been annotated properly yet, that
provides enough of a fitness advantage for the fungal lineages carrying them to survive.
Alternatively, the deleterious effects of such elements within H. capsulatum could be
minimal, making their existence have a nearly neutral effect on fitness, instead of deleterious.
Whether that is connected to H. capsulatum in isolation, or if a similar abundance of Starships
with low GC-content and many retrotransposons also exists in other fungi remains to be seen.
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5 Future Perspective and Conclusion

5.1 Future Perspective

Future studies on H. capsulatum could benefit from transcriptomic data, as mentioned in 4.3,
along with more extensive de novo annotations using annotation pipelines such as
Funannotate. The search for past HGT events was constrained towards only comparing
against known Starships due to time constraints, however, it would be a simple task to run a
BLAST search against a database containing, for instance, all publicly available
Pezizomycotina genomes in the future.

Concerning the apparent “messiness” of the H. capsulatum Starships, an investigation on the
GC-content and abundance of retrotransposons within Starships of other fungi could be
valuable. Such an investigation could provide statistical significance to the claims made by
this study, that Starships with low GC-content and many retrotransposons are overrepresented
within H. capsulatum. If this is correct, the reasons for why such elements are
overrepresented could potentially provide valuable information on Starships and H.
capsulatum.

5.2 Conclusion

This thesis aimed to find new Starships within the human pathogen Histoplasma capsulatum,
place them within the existing Starship tree of life, find signs of past horizontal gene transfer
to other species and identify cargo genes that could potentially contribute toward survival
within a human host. In total, 50 elements were identified from 79 H. capsulatum assemblies,
with at least four elements having been identified previously. These elements were
successfully placed within the existing Starship tree of life and were mostly grouped within
the same monophyletic Starship families as previous elements. No evidence was found to
support past HGT events to other fungal species, however, this search was limited to
comparing against existing high confidence Starships from other species. Finally, no cargo
genes connected to survival and infection of a human host were found from the annotations.
However, the annotations showed a large number of Starships containing reverse transcriptase
domains, which is uncharacteristic for Starships. These annotations, together with an
abundance of low GC content in many Starships, suggests that H. capsulatum Starships are
messy in relation to known Starships. Investigating why so many H. capsulatum elements
contain nested retrotransposons and what implications they have for the fitness of the fungus
could help us understand both Starships and the Histoplasma fungus better.
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Appendix A — Figures

Blastomyces

H. capsulatum

Tree scale: 0.1 ——

Figure Al: A maximum likelihood phylogenomic tree of conserved BUSCO features shared by the 79 H. capsulatum
assemblies used to search for Starships (red), and 5 Blastomyces assemblies (green). The tree was rooted at the
Blastomyces branch.
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Figure A2: A maximum likelihood phylogenomic tree of conserved BUSCO features shared by the 79 H. capsulatum
assemblies used to search for Starships. The tree is the same as Appendix Figure A1 but displayed to showcase the
putative geographic clades of the 79 assemblies. Geographic location of H. capsulatum assemblies can be seen in
Supplemental Table 5. Most assemblies in Supplemental Table have uncertain geographic origins, but were anchored
to the tree with the help of phylogenetically related assemblies in the table which did have more certain origins.
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Appendix B — Supplemental Material

Supplemental tables and figures can be found in the attached .zip file.
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