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Abstract 

Starships are large fungal mobile genetic elements capable of horizontal gene transfer 

between species, but direct experimental evidence of their transposition remains 

limited to a small number of characterised elements. This thesis investigated the 

transposition of the Osiris h3 starship in A. fumigatus p+, aiming to tag the element 

with a hygromycin resistance cassette to enable future study of its mobility. A cargo 

gene of Osiris h3 was selected for knock out based on bioinformatic comparison of 

candidate sequences, and a hygromycin resistance cassette flanked by homology 

arms was designed for insertion via homologous recombination. Four assembly 

strategies were attempted to construct the tagged cassette; the construct could not be 

finalised within the scope of this thesis, but a GC-rich region affecting fragment 

annealing was identified as a probable contributing obstacle, and a revised primer 

design avoiding this region was produced for future testing. In parallel, co-cultivation 

experiments between A. fumigatus (no starship) and a hygromycin-tagged 

Hephaestus starship in Paecilomyces variotii were used to test interspecies starship 

transposition directly. Transposition was detected at a frequency comparable to that 

previously reported for Hephaestus excision within a single P. variotii genome, and 

was unaffected by DTT exposure or donor-to-acceptor spore ratio, but was abolished 

under shaking conditions. These results provide experimental support for starship-

mediated transposition between fungal species and suggest a route for future work 

toward completing the Osiris h3 tagging construct. 
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Popular science: A gene’s free ride: how a “molecular 
spaceship” jumps between fungal species 

Imagine a chunk of DNA so large it carries entire genes as cargo, and so mobile that it can leap 
out of one species and into another, no sex required. That is exactly what is studied by the Vogan 
Group at the Department of Organismal Biology at Uppsala University. 

Two different mould species were co-cultured in the same tube, and a giant mobile DNA element, 
nicknamed a “Starship,” jumped from one fungus into the other. It is a rare, direct, experimental 
glimpse of one species handing genetic material to a completely different one. 

Starships were only discovered a few years ago, but they have already upended a basic 
assumption about how genomes change over time. Normal evolution relies on genes passed down 
from parent to offspring, picking up small mutations along the way. Starships are a group of 
mobile DNA elements called transposons (TEs) that expand this traditional picture. These giant 
TEs carry hundreds of genes and stretch up to 700,000 bp long. Since TEs are known to move 
within the same genome, it has also been reported that starships are able to move from one 
individual to another, even across different species, carrying cargo genes like metal resistance, 
biofilm formation or stress tolerance along with them. 

Most information about these giant transposons comes from comparing genome sequences, from 
which researchers understand how they look and where they move, yet how exactly they cross 
from one organism to another remains unclear. 

Two fungi were chosen for the experiments: Aspergillus fumigatus, a common mould best known 
for occasionally causing lung infections in people with weakened immune systems, was cultured 
with Paecilomyces variotii, its close relative. One strain carried a Starship called Hephaestus, 
tagged with a gene for antibiotic resistance so any fungus that picked it up could be easily 
spotted. 

After four weeks, spores were plated on a medium that only resistant fungi could grow on, and 
the DNA of the appeared colonies was further checked for the presence of Hephaestus. The 
transfer happened at roughly the same rate previously reported for this Starship hopping around 
within a single species’ genome, suggesting that jumping to a brand new species is, perhaps 
surprisingly, no harder than jumping within one. 

An interesting twist was the immediate elimination of starship movement in cultures exposed to 
shaking. This might have disrupted physical connections between fungal cells that are necessary 
for the DNA to cross over at all. Other factors tested, like a chemical meant to soften the fungal 
cell wall, made no difference. 

A second Starship, Osiris h3, was meant to be studied in the same way. The DNA fragment 
needed for tagging resisted every standard cloning method tried, four in total, and the 
investigation traced the problem to an awkward stretch of repetitive DNA nearby that was 
sabotaging the assembly. Not every experiment cooperates, and figuring out why a method fails is 
its own kind of result. 

Since Starships act as a horizontal gene-sharing network across the fungal kingdom, 
understanding when that network switches on could matter for tracking antifungal resistance or 
engineering useful industrial fungi. The next steps are to stain the cells under a microscope to 
observe how the two species make contact, and to redesign the Osiris h3 construct around the 
troublesome DNA stretch that was identified. 
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Introduction 

Fungi and their relevance 

Fungi are a large group consisting of approximately 1.5 million species across a range 

of environments [1]. They have spread to all ecosystems, finding their place in forests, 

plantation fields, or the North Atlantic [2]. This variability is a result of a series of genetic 

modifications. A great example of this versatility is Aspergillus fumigatus. This 

ubiquitous Aspergillus serves as a recycler in nature, thanks to its ability to grow at 

low pH, at high temperature, and to digest polysaccharides or proteins as a source of 

carbon and nitrogen. However, some strains can be infectious, resulting in pulmonary 

aspergillosis. When conidia enter the lungs, the immune system usually eliminates this 

threat from the start. Unfortunately, in immunocompromised individuals this may not 

be the case, allowing infection of lung tissue. Aspergillosis is treated by azole 

fungicides, yet the increasing rate of antifungal resistance creates issues during 

treatment [3]. This is why it is important to study the adaptation mechanisms of these 

fungi and to limit treatment complications. 

Genetic variation and gene movement in fungi 

Variety in phenotypes, which allows an organism to thrive under different conditions, 

is a result of genetic variation. The modification of a genome can be on a small scale, 

as with spontaneous point mutations introducing novel alleles, or sexual and 

parasexual recombination, processes that create new combinations of genes and 

enable the rapid generation of novel genotypes from the existing gene pool [4]. On a 

larger scale, fungal genomes exhibit significant plasticity through structural changes 

such as aneuploidy and the acquisition of accessory chromosomes. Some strains 

have come to compartmentalise their genome, keeping core genes separate from 

accessory chromosomes, which are more prone to repeat-induced point mutation 

(RIP) and RIP-mediated mutations. There are three hypotheses for the formation of 

accessory chromosomes: breakage-fusion-bridge (BFB), nonmitotic recombination 

during conidial anastomosis tube (CAT) fusion, or horizontal gene transfer (HGT). BFB 

results in the detachment of a chromosome segment, leading to chromosome 

duplication or deletion; this mechanism occurs when telomeres are lost, which then 

affects fusion of sister chromatids. An interesting mechanism is nonmitotic 

recombination during CAT fusion: at an early stage of fungal growth, when conidia 
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begin growing, two individuals can meet, merge, and form a heterokaryon. The two 

nuclei can then undergo non-meiotic recombination of homologous chromosomes [5]. 

Horizontal gene transfer (HGT) in fungi 

Fungal genomes can also acquire genetic material from entirely unrelated organisms 

through horizontal gene transfer (HGT), a process once considered exclusive to 

prokaryotes but now well documented across eukaryotic lineages including plants, 

animals, and fungi [6, 7]. 

HGT plays an important role in evolutionary dynamics. A study by Murphy et al. (2019) 

identified HGT as a primary reason for anaerobic gut fungi (Neocallimastigomycota) 

to evolve into a distinct, gut-dwelling fungal lineage. In this study, 4 of 27 genomes 

showed 277 distinct HGT events, corresponding to a genome-wide HGT frequency of 

2–3.5%. Donors of this genetic material were mainly anaerobic bacteria such as 

Firmicutes, Proteobacteria, Bacteroidetes, and Spirochaetes, providing genes for 

carbohydrate metabolism, Fe-Fe hydrogenases, and other anaerobic adaptations. 

This rapid adaptation to a new environment shows how vital HGT is in the lives of 

eukaryotes. Such findings highlight the adaptive potential conferred by horizontal gene 

transfer. 

Beyond this specific case, the wider importance of HGT in fungal evolution becomes 

evident. Firstly, HGT can transfer entire functional pathways in a single event, 

bypassing the stepwise accumulation of mutations that would otherwise be required. 

Secondly, it allows gene flow between lineages that are reproductively isolated and 

would never exchange genetic information through sexual reproduction, effectively 

creating highways of gene exchange between ecologically co-occurring species [7]. 

Third, it has direct implications for human health: virulence factors, secondary 

metabolite clusters, and antifungal resistance genes can be passed on through HGT, 

representing an adaptive route for pathogens such as A. fumigatus that is difficult to 

anticipate or contain [8]. 

Mobile genetic elements in fungi 

Genetic variability is also introduced during spore formation, before a new organism 

is formed. Since fungi have no dedicated germline, mutations found in somatic cells 

are inherited by the next generation, so genomic changes can accumulate quickly 
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across generations [9]. Even though this mechanism is already quite adaptive to the 

environment, some genome components are additionally capable of duplication or 

relocation within or between genomes in a somatic cell. For example, some introns 

contain an intron-encoded homing endonuclease gene (HEG), which allows them to 

copy the intron sequence into an empty target site. This process, called homing, allows 

an intron to be copied to a new location, affecting gene function [10]; however, most 

introns do not translocate. The genetic elements most known for translocation are 

transposable elements (TEs), which move freely within the genome. These elements 

are broadly divided into two classes based on their transposition mechanism [11, 12]. 

Class I elements, or retrotransposons, transpose via an RNA intermediate. The 

transposon is first transcribed into RNA, which is then reverse-transcribed into DNA 

and inserted at a new genomic location. This “copy-and-paste” mechanism can 

increase element copy number. Examples of this class include long terminal repeat 

(LTR) retrotransposons, which are typically the most abundant mobile elements in 

fungal genomes, with the Ty-1 and Copia superfamilies being particularly well 

represented, as well as non-LTR elements such as LINEs and SINEs [11, 12]. 

Class II elements, by contrast, transpose directly at the DNA level via a “cut-and-paste” 

mechanism: the transposon is excised from its donor site and reintegrated elsewhere, 

leaving an empty site behind. At the insertion site they commonly form target site 

duplications (TSDs), while still being bound by terminal inverted repeats (TIRs) at their 

termini. This class includes the Tc1/Mariner, hAT, and Crypton families. This 

mechanism of rearrangement can trigger further genetic modifications, such as 

insertional mutations or chromosomal rearrangements [12, 13, 11]. In pathogenic fungi 

in particular, TE activity has been linked to the diversification of effector genes, the 

generation of lineage-specific genomic regions, and rapid adaptive responses to host 

defences [13]. 

Transposable elements and genome defence 

To prevent uncontrolled TE proliferation, fungi have evolved several genome defence 

mechanisms. These include: (1) repeat-induced point mutation (RIP), first described 

in Neurospora crassa, which introduces cytosine-to-thymine transitions in duplicated 

sequences and thereby inactivates TEs; (2) transposon methylation; and (3) RNA-

mediated gene silencing pathways including quelling and meiotic silencing. 
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Importantly, TE silencing through these mechanisms can extend to nearby host genes, 

with genes located within TE-dense clusters showing significant transcriptional 

repression [12]. The balance between TE activity and host suppression therefore 

shapes not only genome structure but also gene expression landscapes. 

Critically, mobile elements do not merely move within a single genome; they can also 

transfer between the genomes of different individuals and species. Romeijn et al. 

(2026) demonstrated that horizontal transfer of transposable elements (HTT) is 

widespread across fungal diversity, identifying at least 5,906 independent HTT events 

across 1,348 fungal genomes. Tc1/Mariner DNA transposons were the most 

frequently transferred class, and HTT rates were notably higher in species lacking 

fungal-specific TE defences such as RIP, and in those with repeat-rich genomic 

compartments [14]. The evolutionary significance of this is considerable: for a TE 

lineage, the ability to transfer horizontally provides an escape from the otherwise 

inevitable accumulation of inactivating mutations within a single host lineage, allowing 

long-term persistence and spread across the fungal tree of life. 

What is more, a special type of TE travels alone, carrying host sequences as cargo 

and depositing them in a new genomic context. This cargo-carrying potential becomes 

especially consequential in the case of a recently characterised group of giant fungal 

transposons known as Starships, which systematically acquire, mobilise, and deliver 

adaptive gene clusters between fungal species [15, 16]. 

Starships 

Even though most TEs carry only the machinery required for translocation, the recently 

characterised group of giant fungal transposons known as Starships contradicts this 

idea, with cargo genes present within the element itself. These class II transposons 

were first noticed in the genus Podospora while studying spore-killing genes (Spok) 

and their transposition, which hinted at their presence within a TE [19]. Further 

analysis has demonstrated the requirements for starship recognition: each starship 

must contain three components. Firstly, most starships contain a boundary defined by 

terminal inverted repeats (TIRs). Secondly, in the genome, a starship is surrounded 

by direct repeats (DRs), an identical sequence at the flanks of the starship. Lastly, 

each starship must contain a Captain, defined by a tyrosine recombinase domain, 

required for starship transposition [18]. This gene is around 4 kb long and sits in close 
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proximity to one end of a starship and its TIR [15]. Another sign of a starship is the 

presence of cargo genes between the Captain at the beginning of the starship and its 

end. Thanks to the variety of cargo genes, the size of starships also varies, from 20 

kb to 700 kb [20], even though the average size is between 50–100 kb, considerably 

larger than other TEs, whose average size is around 10 kb [21]. 

Furthermore, even though cargo genes of a starship can be present elsewhere in the 

genome outside the starship itself, there is usually only one copy of a given starship 

in the genome. This is probably due to a strong RIP mechanism that can be activated 

when multiple copies of a starship are present during meiosis, as demonstrated for the 

HEPHAESTUS starship in Paecilomyces variotii [18]. 

Starship cargo 

The diversity in starship size reflects the number of genes a given starship carries. 

Unfortunately, most of these genes are of unknown function. Even for the Captain 

gene, only the tyrosine recombinase domain is recognised, although each Captain 

also contains a DUF3435 domain (InterPro accession no. IPR021842). From the 

genes that have been bioinformatically recognised, it can be concluded that starship 

cargo can offer an environmental advantage to the host organism. In the Hephaestus 

starship, metal resistance gene clusters have been predicted and experimentally 

proven [28, 15]. Other detected clusters of orthologous groups (COGs) correlate with 

cellular processes or signalling. Some COGs are connected to a specific starship: for 

example, the Gnosi h1 starship seems to be related to metabolism rather than lipid 

transport, while the opposite is true for the Tardis h1 starship. As with metal resistance 

in Hephaestus, other advantageous genes have been annotated, including a number 

of well-known virulence genes, antibiotic resistance genes, and stress tolerance genes 

(e.g. UV, heat). The versatility of starship cargo is vast, even though around half of 

these genes remain poorly categorised [20]. 

Classification 

Since the discovery of the first starship, this TE family has developed a hierarchical 

classification system consisting of families, then navis, and lastly haplotype. Starships 

are divided into families based on the sequence similarity of the first gene in the 

starship, the Captain. Within a family, they are separated further into navis based on 
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orthologous relationships between Captains. Lastly, after organising starships by 

Captain, new haplotypes are defined based on the similarity of cargo genes [15]. 

Insertion site 

By definition, a transposon must move itself, or a copy of itself, to a new location within 

the same genome or to a new host organism. Starships are capable of transposition 

within an individual genome and into a different organism, jumping from one organism 

to another. But where exactly does a starship jump? The insertion sites of starships 

vary. Focusing on the direct repeats (DRs) of starships provides information about the 

sequences recognised for starship insertion. Almost all high-confidence starships had 

conserved DRs, ranging from 2 to 12 bp. These insertion sequences are not unique 

to a specific genetic region but are found multiple times in the genome, allowing 

transposition within the genome. Hephaestus is a starship with a bioinformatically 

predicted and experimentally confirmed DR sequence of TTAC(N₇)A. This k-mer was 

predicted by Gluck-Thaler et al. (2024) and later confirmed by Illumina sequencing in 

Urquhart et al. (2023). A number of starships, such as Osiris, recognise a k-mer of 

more than six bases, specific to the 5S rDNA region. This part of the genome is highly 

active due to its importance for translation, which might explain insertion of the starship 

into this active region, taking advantage of native expression systems of the fungus 

for cargo gene expression [18, 20]. 

Osiris h3 in A. fumigatus 

A number of papers have focused on the Hephaestus starship family, thanks to its 

metal resistance genes, which serve as a useful selection marker. From this starting 

point, other starships are currently being examined. Osiris h3 is recognised under the 

Enterprise family, with a target site in the 5S rDNA region. As with Hephaestus, most 

of its genes remain of unknown function, though two proteins have been predicted: 

bafB and an hrm-A-like protein. Both genes are linked to biofilm formation, since bafB, 

together with bafA and bafC, are biofilm architecture factors in A. fumigatus during 

hypoxia [26], while hrm-A is associated with adaptation to hypoxia in bacteria and fungi 

such as A. fumigatus, affecting biofilm formation [20]. 

Objective of the study 

As mentioned previously, Hephaestus is the only starship that has been studied under 

laboratory conditions. It is therefore important to study other starships, to determine 
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whether the mechanism of transposition is universal, and to understand what triggers 

starship transposition and influences the choice of insertion site. 

For this reason, this thesis focuses on a different starship, Osiris h3, mentioned above, 

whose transposition has not yet been experimentally demonstrated. The goal of this 

thesis is to tag this starship and perform a series of experiments to determine under 

what conditions it transposes. Furthermore, a series of experiments was performed to 

help standardise a system for quantifying starship transposition from one organism to 

another. 

With this in mind, Osiris h3 was marked in Aspergillus fumigatus A1160 p+. Although 

Osiris h3 was originally annotated in Aspergillus fumigatus CEA10 rather than A1160 

p+, the sequence annotated in CEA10 is also present in A1160 p+, since A1160 p+ is 

derived from the CEA10 lineage [23]. Furthermore, for selection during translocation 

experiments, an A1160 p+ leucine auxotroph strain was used. 

The Osiris h3 starship was tagged with a selectable marker: a hygromycin resistance 

gene obtained from the pAN7-1 plasmid. In this plasmid, hygromycin resistance is 

under a constitutive promoter, resulting in constant expression, which eliminates the 

need for an inducer. Hygromycin resistance was introduced into A1160 p+ via two 

methods: gap repair, which requires fusing the hygromycin gene with 1 kb overhangs 

flanking the insertion site within a pYES2 plasmid, or via CRISPR. Successful 

transformation was confirmed by growth on a selective plate and by subsequent PCR. 

Once a tagged A1160 p+ leucine auxotroph strain was produced, jumping experiments 

followed, co-culturing the A1160 p+ strain containing the tagged starship with A. 

fumigatus (no starship) lacking any starship. This co-cultivation does not require 

modification of the recipient strain, since the donor strain (A1160 p+, hygromycin-

resistant, leucine auxotroph) carries both selection markers. After co-cultivation, 

spores are plated on a hygromycin-containing medium lacking leucine, which selects 

only for a recipient that has acquired the starship: the donor strain requires additional 

leucine to grow, while the recipient strain is not capable of growing in the presence of 

hygromycin unless it has acquired hygromycin resistance. Thus, the only growth 

expected on such a plate is from a recipient that has acquired the ability to grow on 

hygromycin. To confirm that this ability was obtained via a starship jump rather than 
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by another mechanism, the presence of the starship in the recipient strain is further 

confirmed by PCR. 

To promote jumping, co-cultivation was performed under several conditions and 

examined across different durations of co-cultivation. The article describing the 

Hephaestus jump reports results after three weeks of co-cultivation [18], but does not 

report whether jumping could be detected earlier. Samples were therefore collected 

after one day, two days, one week, two weeks, and three weeks, to determine the 

earliest time point at which a starship jump could be detected, and thereby 

approximate when the jump occurs. 
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Methods 

Bioinformatic analysis of Osiris h3 cargo genes 

Candidate gene sequences were obtained from Urquhart et al. (2024) [15], in which 

they were annotated in A. fumigatus CEA10. CEA10 was used as the reference 

genome since it is the precursor strain of A. fumigatus A1160 p+ used in this study. 

Each candidate sequence was first checked for presence within the Osiris h3 starship 

in the A1160/p+ genome. Confirmed sequences were then submitted to Augustus (web 

interface) to predict open reading frames and corresponding protein sequences, using 

the A. fumigatus gene model and searching both strands. Where multiple gene models 

were predicted for a given sequence, the model with the fewest predicted intron 

interruptions was selected. 

Predicted protein sequences were searched for functional domains and sequence 

similarity using InterPro and ScanProsite (web interfaces, default settings), and for 

sequence similarity using BLASTp against the Swiss-Prot database, with the default 

e-value threshold. Top hits were ranked by degree of similarity to the query sequence 

(percentage identity/similarity), with the highest-ranking hit per database considered 

for further interpretation. 

Strains 

Organisms used in the experiments were A. fumigatus A1160 p+ (leucine autotroph), 

P. variotii CBS 144490, S. cerevisiae, and E. coli. 

Aspergillus fumigatus p+ is derived from the clinical isolate CEA10. CEA10 has 

undergone a series of mutations, with A. fumigatus p+ as one of the outcomes. This 

strain has been modified to confer resistance to zoocin and a re-established ability to 

produce pyrimidine, and lastly lacks akuBKU80, which is required for homologous 

recombination [23]. 

Long-term storage was at –80°C, while working cultures were kept on agar plates 

(fungi were kept on PDA agar, while E. coli was kept on LB agar plates). For growth, 

A. fumigatus A1160 p+ (leucine autotroph) and P. variotii CBS 144490 were kept at 

25°C, while S. cerevisiae was grown at 30°C. Lastly, E. coli was grown at 37°C and 

shaken at 120 rpm. 
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Media 

LB contained: 5 g NaCl, 5 g Tryptone, 2.5 g Yeast Extract, and 7.5 g Agar in 500 mL 

dH₂O. After autoclaving, ampicillin was added to reach a working concentration of 100 

µg/mL. 

PDA: PDA premix was purchased from Sigma-Aldrich and prepared according to the 

manufacturer’s instructions. When needed, leucine was added to reach a final 

concentration of 1 mM for leucine auxotrophs, and hygromycin was added for co-

cultivation selection at 200 µg/mL. 

For yeast transformation, a plate of SC medium without uracil was prepared from: 

Yeast Synthetic Drop-out Medium Supplement (1.4 g/L), Yeast Nitrogen Base without 

amino acids (6.7 g/L), and Bacteriological Agar (20 g/L). 

Experimental design 

To investigate the jumping of the Osiris h3 starship, a strain carrying a selectable 

marker within the starship was required. A leucine autotroph strain of A. fumigatus 

A1160 p+ was selected. To tag the starship, the hygromycin resistance gene was 

chosen as a selectable marker. Rather than inserting hygromycin into an intergenic 

region, one of the cargo genes of Osiris h3 was selected for substitution, allowing the 

function of the replaced gene to be studied in the future. 

 

Figure 1. Logic of the dual selection scheme used to identify starship transposition 

events. The only viable combination capable of growing on a selective plate containing 

hygromycin and lacking leucine is A. fumigatus (no starship) that has acquired Osiris 

h3 from the A. fumigatus p+ donor strain, and thus resistance to hygromycin. 
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Osiris h3 was marked via homologous recombination. This required building a 

cassette of hygromycin resistance (hygR) surrounded by Osiris h3 flanking regions, to 

guide replacement of the target gene (CEA10_g3678) by hygromycin. Since this 

cassette was intended to be inserted into a vector, an additional homologous region 

was added at the termini to allow seamless ligation of the cassette and the vector. 

 

Figure 2. Visualisation of the designed gene vector for A. fumigatus gap repair. The 

pYES2 vector is cut; hygR is amplified from the pAN7-1 plasmid; Osiris h3 (OH3 flank) 

fragments of 1 kb are amplified from the A. fumigatus genome. Since PCR was used 

for amplification, pYES2 homologous regions were added to the Osiris h3 fragments 

via primer overhangs. Fragments were amplified with Q5 polymerase, with primer 

annealing at 64°C and an elongation time of 1 min for Osiris h3 flanking regions and 

4 min for hygR, for 35 cycles. 

DNA components were amplified using the primers shown in Table 1. 

Name Sequence 

1 TACGACTCACTATAGGGAATATTAAGCTGGTACCAAATGTTGGTGCGAAAGATGGG 

2 TGTGTAAGCGCCCACTCCACATCTCCACTCGAACTGAAGTATGCATGCAGAGTTTGA 

3 CATTTCTCAAACTCTGCATGCATACTTCAGTTCGAGTGGAGATGTGGAGT 

4 AATAATGACCAGAAGGGACATACAGAATCCATAGAATTCCCTTGTATCTCTACACACA 

5 GAGCCTGTGTGTAGAGATACAAGGGAATTCTATGGATTCTGTATGTCCCTTCTGG 

6 GCGGCCGCCAGTGTGATGGATATCTGCAGAATTTTAATTAAAACACATGAAAGGCGTCGAG 
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Table 1. PCR primers for cloning of the hygR gene (primers 3, 4) and flanking regions 

for A. fumigatus insertion (primer pairs 1, 2 and 5, 6); primers were designed for the 

Q5® High-Fidelity protocol. 

Ligation of fragments 

Four methods were used to assemble the three fragments (5′ overhang of OH3, 

hygromycin cassette, 3′ overhang of OH3) into a single construct: (1) yeast gap repair, 

(2) ligation via homologous region using PCR, (3) TEDA cloning, (4) NEBuilder HiFi 

DNA Assembly kit. All methods rely on short homologous regions of approximately 60 

bp between adjacent fragments to direct their assembly. 

Li-PEG yeast gap repair 

After all fragments were elongated and pYES2 was cut with HindIII and EcoRI, 

homologous recombination in S. cerevisiae BY4742 was used to assemble the 

construct. 2.5 mL of overnight culture was topped up to 25 mL. After 4 h, cells were 

pelleted and washed with water. ssDNA carrier was heat-shocked at 95°C for 5 min 

and then placed on ice to facilitate fragment uptake into the yeast. The following was 

then added to the pellet: (1) 240 µL of PEG, (2) 12 µL of 1 M LiAc, (3) 50 µL of heat-

shocked ssDNA, (4) 5 µL of each purified DNA fragment, (5) 2 µL of pYES2. A positive 

control (circular pYES2 plasmid) and a negative control (no DNA) were included 

alongside the transformation. Components were mixed and incubated at 42°C for 1 h. 

Cells were pelleted, resuspended in 400 µL deionised water, and 200 µL was plated 

on SC-uracil selective medium. Plates were incubated at 30°C for 3 days. The plasmid 

was extracted and purified using the Zymoprep™ Yeast Plasmid Miniprep II kit (Zymo 

Research). 

Ligation via homologous region using PCR 

As a cell-free alternative not requiring a backbone plasmid, ligation via homologous 

region using PCR was attempted. This method consists of two steps: a first PCR in 

which the homologous ends of adjacent fragments anneal to each other and act as 

primers, joining the fragments together, followed by a second PCR using flanking 

primers to amplify the assembled product. The three purified fragments (5′ overhang, 

hygR cassette, 3′ overhang) were combined in the first PCR step at varying molar 

ratios, ranging from 1:1:1 to 1:1:3 (overhangs to hygromycin cassette), to favour 

productive annealing between fragment ends. Initial denaturation time was varied 
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between 3 and 5 min, and DMSO was added in some reactions, both aimed at 

reducing secondary structure at the fragment ends prior to annealing. 

Annealing/extension temperature was varied between 52°C and 64°C across replicate 

reactions to identify conditions permitting correct alignment of the fragment ends. 

TEDA cloning 

TEDA cloning was attempted as a low-cost alternative to commercial assembly kits, 

following the published online protocol [24]. The 5X TEDA cloning mix was prepared 

in-house, consisting of T5 exonuclease in a Tris-HCl buffer with MgCl₂, dithiothreitol, 

and PEG 8000. All three purified PCR fragments and the linearised pYES2 backbone 

were combined to a total of 100 fmol of DNA, with the 5X TEDA mix added to a 1X 

final concentration, and incubated at 30°C for 60 min. 2 µL of the assembled reaction 

was transformed into 50 µL of E. coli DH5α competent cells, which were plated on 

agar containing ampicillin (100 µg/mL) for selection. 

NEBuilder HiFi DNA Assembly 

Construct assembly was also attempted using the NEBuilder HiFi DNA Assembly kit 

(NEB), following the manufacturer’s online protocol. Purified PCR fragments and 

linearised pYES2 backbone were combined in a 10 µL reaction with NEBuilder HiFi 

DNA Assembly Master Mix, at fragment-to-backbone ratios of 3:1 and 4:1. Reactions 

were incubated at 50°C for 60 min and subsequently used directly for transformation. 

E. coli DH5α competent cells were transformed with the assembled product and plated 

on agar containing ampicillin (100 µg/mL) for selection. 

Plasmid amplification in E. coli 

The assembled plasmid was amplified in E. coli DH5α. CaCl₂-competent cells were 

mixed with 5 µL of purified plasmid and incubated on ice for 30 min. A heat shock at 

42°C for 45 s was followed by a further 5 min incubation on ice. After addition of 950 

µL SOB medium, cells were incubated at 37°C for 1 h and plated on agar containing 

ampicillin at 100 µg/mL. After re-streaking and growth of an overnight culture, the 

plasmid was extracted and purified using the QIAGEN® Plasmid Mini Kit. 

Verifications 

Restriction digestion 
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Successful insertion of the construct into the pYES2 backbone was verified by 

digestion with the restriction enzymes SalI and SpeI, each used according to the 

expected cleavage pattern of the assembled plasmid. SalI recognises the sequence 

G^TCGAC and is not present in the empty pYES2 backbone; a single SalI site was 

introduced via the assembled fragments, such that digestion of a correctly assembled 

plasmid was expected to yield a linearised product, while digestion of an empty or 

incorrectly assembled backbone was expected to leave the plasmid uncut. SpeI 

recognises the sequence A^CTAGT and is present once in the empty pYES2 

backbone; successful insertion of the construct was expected to introduce two 

additional SpeI sites within the inserted fragment, such that a correctly assembled 

plasmid would yield 3 fragments upon digestion, compared to 2 fragments 

(linearisation) for an empty backbone. Both enzymes were used in NEB rCutSmart™ 

Buffer, in which both cut optimally at 37°C. Digestions were carried out for 1 h at 37°C, 

with selected reactions repeated overnight to ensure complete digestion. An 

undigested plasmid sample was included alongside each digestion as a control. 

Digestion products were resolved by electrophoresis on a 2% agarose gel at 100 V for 

1 h, alongside a 1 kb DNA ladder (GeneRuler 1 kb DNA Ladder, Thermo Fisher 

Scientific), and band sizes were compared against the expected fragment sizes for 

both empty and correctly assembled plasmid. 

After digestion, selected plasmids were sent to Macrogen Europe for Sanger 

sequencing. 

PCR verification of hygromycin resistance cassette 

Two PCR-based screening strategies were used throughout the project, both 

performed with Phusion High-Fidelity DNA Polymerase. Presence of the 5′ and 3′ 

Osiris h3 flanking fragments in yeast and E. coli colonies was checked by colony PCR 

using the same primers used for fragment amplification (Table 1), since these primers 

anneal within the fragments themselves. This allowed colonies to be screened for the 

presence of both flanking fragments prior to plasmid purification. An 

annealing/extension temperature of 60°C and an elongation time of 4 min were used. 

Presence of the hygR cassette was verified separately by PCR using primers targeting 

hygR. This method was used during co-cultivation, to confirm hygromycin resistance 
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in recovered colonies. An annealing temperature of 56°C and an elongation time of 30 

s were used. 

Co-cultivation 

Co-cultivation experiments were conducted at room temperature, in 50 mL Falcon 

tubes, in the dark, for 4 weeks. For inoculation, 106 spores/mL were used, varying the 

spore ratio between A. fumigatus (no starship) and P. variotii. Spores were harvested 

by resuspension in Tween 80 solution, counted using a haemocytometer, and diluted 

to 108 spores/mL. 

Spores at a concentration of 106/mL were resuspended in 1 mL PDA containing 

leucine and subsequently transferred into a 50 mL Falcon tube containing 9 mL of 

leucine PDA. 

For replicates requiring agitation, shaking was set to 100 rpm, and DTT was applied 

at a concentration of 1 mM. Mycelium and spores were separated from the medium 

by filtration through filter paper. Mycelium samples were resuspended in deionised 

water and homogenised using a TissueLyser. Resuspended spores and homogenised 

mycelium were plated on selective medium and subsequently confirmed by PCR. 
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Figure 3. Overview of the co-cultivation experimental design, showing the donor and 

acceptor strains, the conditions tested, and the two downstream sample-processing 

paths leading to PCR confirmation. 
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Results and Discussion 

The experiments planned to investigate the jumping of the Osiris h3 starship require 

a marker of the donor strain and starship in the donor organism. To tag a donor strain, 

a leucine autotroph strain of A. fumigatus A1160 p+ was used. Thus, the only 

requirement before the jumping experiments was to tag the starship with hygromycin. 

The hygromycin gene was inserted into the starship of A. fumigatus A1160 p+. Since 

a number of genes are of unknown function, the plan was to replace one of the genes 

in Osiris h3 with hygromycin, allowing for future study of the removed gene. 

Selection of knockout gene 

Since the cargo of starships varies, the genome of A. fumigatus A1160 p+ was cross-

referenced against the literature [15]. 24 genes from Urquhart et al. (2024) were 

annotated and re-evaluated. The given sequences were run through the Augustus 

program to predict ORFs and protein sequences [25]. These protein sequences were 

run through a number of protein classification programs, such as InterPro, 

ScanProsite, and BLASTp, to obtain information about their function. These 24 

proteins have low sequence homology, limiting confidence in their functional 

characterisation. Only two proteins with a larger region of similarity were identified: 

CEA10_g3677 and CEA10_g3678. 

Both of these proteins show similarity in a sub-domain rather than across the entire 

protein. CEA10_g3677 contains a YDR124W-like domain, which has been found in an 

hrm-A-associated cluster (HAC) in A. fumigatus. This cluster affects hyphal processes 

such as biofilm development or inter-hyphal communication [22]. The second protein, 

CEA10_g3678, contains biofilm architecture factor A (bafA), which has been found to 

affect biofilm formation and thus has an effect on low oxygen growth and virulence 

[26]. The close proximity of these two genes and their similar functions point to the 

presence of a gene cluster in Osiris h3 affecting biofilm formation and thus the ability 

of hosts to adapt to external stressors. 

Since these were the only two sequences with some prediction of their function, one 

of these was chosen to be knocked out via insertion of the hygromycin cassette. As 

the presence of the bafA domain has also been annotated in another study [15], the 

CEA10_g3678 sequence was chosen for substitution. 
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Construct assembly 

Design 

To substitute CEA10_g3678 with hygromycin, a construct of hygromycin surrounded 

by at least 1 kb of overlap before and after CEA10_g3678 had to be created. These 

three fragments were ligated by a number of different methods: (1) yeast 

transformation, (2) ligation via homology region using PCR, (3) TEDA cloning, (4) 

NEBuilder HiFi DNA Assembly kit. All of these methods rely on a small homology 

region of around 60 bp between individual fragments, used to align and connect them 

(see Methods, Figure 2). 

Yeast transformation 

The first mechanism attempted for fragment ligation was yeast recombination, taking 

advantage of the innate yeast recombination machinery to ligate the fragments. In this 

method, the fragments must form a circular plasmid; thus, a linearised pYES2 plasmid 

was also introduced. The pYES2 plasmid connects the 5′ and 3′ fragments 

surrounding the hygromycin cassette. After growth on selective media, the plasmid 

was extracted from the yeast and transformed into E. coli, from which it was purified 

and digested. 

The insertion was confirmed via two mechanisms. Firstly, yeast colony PCR was 

performed with the primers used for fragment amplification, allowing colony selection 

for E. coli transformation. Initially, two yeast colonies were tested for presence of the 

5′ and 3′ fragments; one of these contained both, so the plasmid was purified and 

transformed into E. coli. Verification of the E. coli plasmid via restriction enzymes SalI 

and SpeI gave inconsistent results. SpeI digestion, which should have produced 3 cuts 

compared to 2 cuts in an empty backbone, showed only 2 cut sites, suggesting the 

plasmid size of an empty vector. SalI digestion, for which no restriction site is present 

in the backbone and which should therefore have linearised the plasmid only upon 

successful insertion, unexpectedly produced linearisation. A second overnight 

digestion and adjustment of digestion component ratios did not resolve the 

inconsistency. The plasmid was therefore sent for sequencing, which confirmed 

unsuccessful insertion of the fragments into the backbone. Subsequently, nine stored 

yeast colonies were tested via PCR; all were missing the 3′ fragment, representing the 

first indication of a systematic issue with the 3′ fragment. 
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The positive PCR result from the initial colony, despite confirmed failed insertion, 

raises the question of why the fragments appeared to be present. The primers used 

for colony PCR are the same as those used for fragment amplification, and therefore 

contain overhangs homologous to the plasmid backbone. These primers may have 

bound to the backbone rather than to the insert, producing a false positive. However, 

this alone would not explain why only one of the two tested colonies gave a positive 

result. A more likely explanation is insert loss over time: an issue producing a liquid E. 

coli culture necessitated a second transformation 2–3 weeks after the first. During this 

interval, plasmids carrying the insert may have been flagged as unstable and lost the 

insert to restore plasmid stability [27]. This would account for both the initial positive 

PCR and the subsequent negative PCR results across the nine stored colonies. 

The unexpected linearisation by SalI, despite confirmed failed insertion, is harder to 

explain. Digestion was performed alongside an undigested control, ruling out a loading 

error. A likely explanation is that a point mutation introduced a SalI restriction site into 

the backbone during yeast recombination, as a number of point mutations were visible 

in the sequencing results relative to the published pYES2 sequence. 

Ligation via homology region using PCR 

After the unsuccessful yeast transformation, other methods were used. The second 

method implemented was ligation via homology region using PCR. Since this is a cell-

free system, it does not require a backbone plasmid; only the three fragments are 

required. This method consists of two PCR steps: the first to join the fragments, and 

the second to amplify the product of the first step. Since the most important part is 

joining the fragments, the focus was on the first step. The first attempt used a 3 min 

initial denaturation and 58°C for extension, with a fragment ratio of 1:1:1, but ligation 

did not occur under these conditions. 

For this type of ligation, it is important for the individual fragments to fully denature 

during the initial denaturation step. Even though this step is important for every PCR 

reaction, it is much more crucial here, since the ends of the fragments are used as 

primers for ligation. It is therefore important to minimise secondary structures that 

might form at the fragment ends. Prolonging the initial denaturation time, adding 

DMSO, and changing the ratio of the fragments were all tried to address this potential 

problem. The second issue is reaching the correct temperature for the fragments to 
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align, in the usual PCR sense, for the primers (ends of the fragments) to anneal. To 

find the best temperature, variations from 52°C to 60°C were tested. Unfortunately, if 

either of these issues is not resolved, the ligation fails. 

After all of these experiments, ligation of two fragments was observed, but not of all 

three. Due to the similar size of the 5′ and 3′ fragments, it was difficult to distinguish 

which one had ligated with the hygromycin cassette. To evaluate which fragment 

ligated with hygromycin, and which had low efficiency in doing so, a series of 

experiments was performed. The 5′ or 3′ fragments were used in a 1:2 ratio to 

hygromycin, with 3 min initial denaturation and extension at temperatures from 56°C 

to 64°C. This set of experiments showed that the 5′ fragment was being incorporated, 

while the 3′ fragment was not incorporated in any instance. Due to this low efficiency, 

higher-efficiency protocols were tested. 

Following these experiments, a higher-efficiency method had to be implemented, 

leading to TEDA cloning and the NEBuilder HiFi DNA Assembly kit. These methods 

require transformation of the reaction mixture into E. coli, and thus a backbone plasmid 

was required again. Fragment-to-backbone ratios of 3:1 and 4:1 were used; however, 

after a restriction check with SpeI, none of the E. coli colonies from these methods 

contained a backbone with incorporated fragments. When even these methods failed 

to produce the desired construct, the sequence was re-examined to understand the 

reason behind these issues, focusing on the 3′ fragment. At this point, the probable 

cause of all the issues may have been identified: when designing the primers, the 

overall GC content was considered, but its distribution within the sequence was not 

examined. 

Examining this distribution (as was done after all these failed methods) reveals that 

the sequence downstream of CEA10_g3678, used as the 3′ fragment, contains runs 

of 3–5 consecutive guanines or cytosines approximately every 60 bp over the next 

500 bp. These repetitive regions of strong bonds may have affected the secondary 

structure of the fragment ends, thereby compromising ligation via homology. New 

primers were therefore designed further downstream of CEA10_g3678, in a region 

with fewer consecutive guanine or cytosine k-mers. 

Co-cultivation 
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Since it was not possible to create the construct for transformation into A. fumigatus 

p+, work shifted to the Hephaestus starship found in the Paecilomyces variotii CBS 

144490 leucine autotroph from Urquhart et al., which had been tagged with 

hygromycin [18]. This strain was co-cultured with A. fumigatus (no starship). 

The goal of these jumping experiments was to investigate the conditions under which 

jumping occurs, and how to increase the number of jumps. The conditions investigated 

were the ratio of donor to acceptor spores, exposure to DTT, and the effect of shaking 

on promoting spore interactions. Experiments were performed in liquid culture, which 

can be easily up-scaled compared to the solid-media cultivation used previously. Since 

A. fumigatus (no starship) grows much faster than P. variotii, it was important to 

investigate the spore ratio and prevent overgrowth of the co-culture by A. fumigatus, 

which eliminated P. variotii in 1:1 co-cultivation. 

The second investigated condition was the presence of DTT. DTT is a reducing agent 

capable of breaking disulfide bonds, and was included as a potential means of 

weakening fungal cell wall and membrane integrity, which might promote hyphal fusion 

(conidial anastomosis tube formation) between the two species and thereby facilitate 

starship transfer. The last investigated condition was shaking, which was expected to 

promote equal distribution of spores and greater interaction between them. 

After 4 weeks of co-cultivation, spores and mycelium were collected and plated on 

selective media. Shaking was more effective at limiting spore production than 

incubation with DTT: all samples exposed to shaking did not contain spores, and the 

mycelium had formed dense spheres that were difficult to separate and subsequently 

plate. Since spores were not produced, the extracted mycelium was homogenised 

using a TissueLyser. This method was chosen after vortexing and bead-beating were 

found to be insufficient. From the non-shaken samples, spores were collected and 

plated on selective medium. 

After selection on hygromycin, one to two colonies grew rapidly on each non-shaken 

sample, suggesting efficient insertion, with no difference between the presence or 

absence of DTT. These colonies were later confirmed via PCR. No colonies formed 

on plates containing shaken samples. These experiments led to three conclusions. 

Firstly, DTT has no effect on jumping, indicating that weakening of cell wall or 

membrane integrity under these conditions did not measurably promote starship 
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transfer. Secondly, the donor-to-acceptor spore ratio, over the timescale of weeks, 

does not significantly affect spore production, as no difference in colony numbers was 

observed. Lastly, shaking successfully eliminated detectable starship jumping across 

all samples. 

The complete absence of colonies in shaken samples is notable. This could be result 

of the transposition inhibition, or just failure to detect transposition that occurred, since 

the shaken culture did not produce spores and mycelium had to be obtained and 

plated instead. The suppression of transposition might be a result of a disruption in 

hyphal contacts between the two species, if such contacts are required for starship 

transfer. The present data cannot distinguish between these possibilities, since no 

spores were available from shaken samples to test for hygromycin resistance directly. 

Future work should test for the presence of the construct within shaken mycelium 

directly, for example by PCR on mycelial DNA, to determine whether the absence of 

colonies reflects a detection failure or a genuine effect of shaking on transposition. 

Donor:Acceptor spore ratio DTT Colony count (mean of 3 replicates) 
1:1 – 1.3 
1:1 + 2.3 

1:10 – 1.6 
1:10 + 2 

Table 2: Colonies count on selective medium for non shaken samples, averaging 3 

replicates  

Comparison with prior transposition assays 

The transposition frequency observed here (1-2 hygromycin-resistant colonies per 

approximately 106 spores plated) is comparable to the frequency reported for 

Hephaestus excision within a single P. variotii genome (approximately 1 excision per 

106 to 107 spores) [18]. This suggests that the liquid co-cultivation format, and the 

presence or absence of DTT, had little effect on transposition frequency relative to the 

solid-media single-strain assay used previously. A key difference between the two 

studies is that Urquhart et al. tracked excision and reintegration of Hephaestus within 

the same P. variotii genome, whereas the present work investigates transfer of the 

Hephaestus starship between two different species, A. fumigatus (no starship) and P. 

variotii. While cross-species movement of starships had previously been inferred from 

sequence comparisons consistent with horizontal gene transfer between species [18], 
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experimental co-cultivation between these two species had also been attempted 

previously within the research group, though this work remains unpublished. 

These results prompted further experiments to understand the difference between 

shaken and non-shaken conditions. The goal was to observe the interactions between 

the two species under different conditions, and to determine whether cytoplasmic 

anastomosis tube (CAT) joining occurs during shaking, as one proposed mechanism 

of starship movement involves the CAT machinery. To visualise these interactions, the 

goal was to stain the spores in order to distinguish between the two species during 

cultivation. 
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Conclusion 

This thesis investigated the transposition of the Osiris h3 starship in Aspergillus 

fumigatus and P. variotii, with the goal of tagging the element with a hygromycin 

resistance cassette to allow future study of its mobility within and between fungal 

genomes. A bioinformatic comparison of the cargo genes of Osiris h3 identified the 

biofilm architecture factor A (bafA) domain in the CEA10_g3678 protein, making it a 

suitable candidate for knockout. 

Construction of the tagged cassette proved substantially more difficult than 

anticipated. Of the four assembly methods attempted, yeast gap repair initially 

appeared successful but was later shown by sequencing to have failed, probably due 

to plasmid instability over time. Ligation via homology region using PCR was hindered 

by an unfavourable GC-rich region downstream of CEA10_g3678, which likely 

interfered with correct annealing of the 3′ fragment. The construct could not be 

finalised within the timeframe of this thesis; however, this GC-rich region has been 

identified as a probable contributing factor, and new primers avoiding it have been 

designed, offering one plausible route to revisit in future attempts. 

In parallel, co-cultivation experiments between A. fumigatus (no starship) and a 

hygromycin-tagged Hephaestus starship in Paecilomyces variotii demonstrated that 

starship transposition between these two species can be detected in liquid culture, at 

a frequency comparable to that previously reported for Hephaestus excision within a 

single P. variotii genome. Neither the presence of DTT nor the donor-to-acceptor spore 

ratio measurably affected this frequency, while shaking eliminated detectable 

transposition entirely. This result indicates that interspecies starship transfer can occur 

under co-cultivation conditions and is not restricted to the donor genome, supporting 

the broader hypothesis that starships act as vehicles of horizontal gene transfer across 

species boundaries. 

Future work should test whether the redesigned primers, avoiding the GC-rich region 

identified here, improve assembly success for the Osiris h3 hygromycin-tagged 

construct, followed by transformation into A. fumigatus p+ to enable direct study of 

Osiris h3 mobility. For the co-cultivation system, planned staining experiments aimed 

at visualising potential cytoplasmic anastomosis tube (CAT) formation between the 

two species would help clarify the mechanism underlying interspecies transfer, 
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particularly the unexpected suppressive effect of shaking. Sequencing of the insertion 

sites recovered from the co-cultivation experiments, following the approach used by 

Urquhart et al. (2023), would also allow direct confirmation of correct excision and 

reintegration, strengthening the evidence that the observed hygromycin resistance 

reflects true transposition events. 
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