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Summary 

 

Transposable elements (TEs) are repetitive and mobile genetic elements. Autonomous TEs 

contain all coding regions needed for excision, duplication and insertion. TEs can be considered 

to be selfish elements or genomic parasites, with the potential to dramatically disturb the 

genome by gene disruption, deletion of regions or change in gene expression. However, 

dramatic distortion also carries the potential to provide beneficial new functions. An increasing 

body of research highlights beneficial impacts of TE insertions that increase adaptability to new 

environmental conditions or toxic impacts, or become part of the proteome. In this thesis, we 

studied how TEs influence fungal species from a local and short-term impact to deeper 

evolutionary time scales, and how TEs themselves are evolving. In the first chapter, we studied 

population dynamics and the impact of TEs on genome size evolution in a fungal plant 

pathogen. Despite a strong impact of purifying selection, we detected an increase in TE copies 

from the population of origin to more recently established populations, with a strong recent 

burst in North America. Increase in TE copy numbers is strongly correlated with an increase in 

genome size as well. Yet, which TEs lead to a copy number increase, and where active copies 

insert was not clear. We therefore studied expansion routes of TEs in a number of high-quality 

genomes in the second chapter. We found that older elements are accumulated in regions with 

low gene contents and high indication of an ascomycete-specific defense mechanisms against 

TEs. Insertions that are part of a recent burst are generally closer located to genes and not yet 

affected by defense mechanisms. To study the impact of TEs on the proteome evolution, we 

analyzed species covering the fungal kingdom in the third chapter. We screened for proteins 

with indications to be host-TE fusions. We found an accumulation of host-TE fusions in 

Saccharomycotina that generally have a lower gene- and TE content. The majority of host-TE 

fusions has a helicase TE domain, indicating a strong impact of DNA binding functions. 

Furthermore, we found several host-TE fusions that are potentially involved in defense 

mechanisms against TEs.  

Keywords: Transposable elements, Population dynamics, Genome evolution  
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Résumé 
Les éléments transposables (ETs) sont des éléments génétiques répétitifs et mobiles. Les ET 

autonomes contiennent toutes les séquences codantes nécessaires à leur excision, duplication 

et insertion. Les ET peuvent être considérés comme des éléments égoïstes ou des parasites 

génomiques, ayant le potentiel de dramatiquement perturber le génome par l’interruption de 

gènes, la délétion de séquences ou la modification de l'expression des gènes. Cependant, ces 

perturbations peuvent également offrir de nouvelles fonctions avantageuses. Des recherches 

récentes ont souligné les fonctions bénéfiques de certaines insertions d’ET, d’augmenter 

l'adaptabilité à de nouvelles conditions environnementales ou à des impacts toxiques, ou 

prenant part au protéome. Dans cette thèse, nous avons étudié comment les ET influencent les 

espèces fongiques, d'un impact local et à court terme à des échelles de temps évolutives plus 

profondes, et comment les ETs eux-mêmes évoluent sous des processus neutres et sélectifs. 

Dans le premier chapitre, nous avons étudié la dynamique des populations et l'impact des ETs 

sur l'évolution de la taille du génome chez un champignon phytopathogène. Malgré un fort 

impact de la sélection négative sur les ET, nous avons détecté une augmentation du nombre de 

copies entre la population d'origine et les populations plus récemment établies, avec une forte 

augmentation récente en Amérique du Nord. L'augmentation du nombre de copies de ET est 

également fortement corrélée à une augmentation de la taille du génome. Cependant, il n'est 

pas clair quels ETs conduisent à une augmentation de leur nombre de copies, et où les copies 

actives s'insèrent. Dans un deuxième chapitre, nous avons donc étudié les voies d'expansion 

des ETs dans plusieurs génomes de haute qualité. Nous avons constaté que les ET les plus 

anciens s'accumulent dans les régions avec peu de gènes et une forte indication de mécanismes 

de défense contre les ET. À l’inverse, les insertions les plus récentes sont généralement situées 

plus près de gènes et ne sont pas encore affectées par les mécanismes de défense. Pour étudier 

l'impact des ETs sur l'évolution du protéome, nous avons dans un troisième chapitre porté nos 

études sur un ensemble d’espèces couvrant le règne des champignons. Nous avons identifié les 

protéines qui chez ces différentes espèces présentent les indications d’une fusion entre 

protéines hôte et ET. Nous avons trouvé une accumulation de fusions hôte-ET chez la sous-

classe des Saccharomycotina, qui de façon générale ont un faible nombre de gènes et d’ETs. 

La majorité des fusions hôte-ET possède un domaine hélicase, indiquant un fort impact des 

fonctions de liaison à l'ADN. De plus, nous avons trouvé plusieurs fusions hôte-ET qui sont 

potentiellement impliquées dans des mécanismes de défense contre les ET. 

Mots-clés : Éléments transposables, Dynamique des populations, Évolution du génome. 
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Introduction 

 
Transposable elements (TEs) are genetic sequences able to autonomously or non-

autonomously proliferate in their host’s genome. Autonomous TEs encode the proteins 

necessary for both self-replication and mobility. After the loss of coding regions, TEs can still 

be active as non-autonomous parasites of the corresponding autonomous element. TE 

insertions induce structural variant mutations that strongly impact genome integrity, often 

generating deleterious impacts. A disregard of the host genome integrity, a gene set only 

providing replication of themselves and then no clear visible phenotypic benefit coined terms 

like “junk DNA” or “selfish elements” (Doolittle & Sapienza, 1980). Yet, if the impact of TEs 

would be solely deleterious, one would expect TEs to be purged from most genomes. Indeed, 

recent evidence shows TEs to be major players in local adaptation, gene evolution and even to 

impact speciation and general evolution over longer periods of time.  

 

Barbara McClintock and the discovery of transposable elements 
“I was just so interested in what I was doing, I could hardly wait to get up in the morning and get at it. One of my friends, a 

geneticist, said I was a child, because only children can't wait to get up in the morning to get at what they want to do.”  

Barbara McClintock  

 
Figure 1: Barbara McClintock, 1983. Photography by David Miklos, Cold Spring Harbor Laboratory Archives. 

No research on TEs would be possible without the sharp thinking and meticulous experiments 

of the agricultural scientist, cytologist and geneticist Barbara McClintock (Kass, 2003). During 

her pioneering studies on maize ears in the 1950s, McClintock predicted the presence of mobile 

“controlling elements” as being responsible for color differences in the triploid aleurone layer 

of maize kernels (McClintock, 1953; Fedoroff et al., 1983). To consider the mobile property, 

controlling elements are also called “jumping genes” or “transposable elements”. Barbara 

McClintock not only predicted the existence of TEs, but also clearly understood the impact 
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such elements might have on the genome at large, including changing the expression of nearby 

genes as well as chromosomal rearrangements (McClintock, 1951). Despite her outstanding 

experiments, McClintock’s findings were largely dismissed by the scientific community for 

decades and their implications were not fully understood and did not match with existing ideas 

about genetics (Ravindran, 2012). It was only after the presence of TEs was confirmed by other 

scientists and in species outside of maize in the 1960s, that McClintock’s findings became more 

generally accepted (Ravindran, 2012). With time, their importance became undeniable, leading 

to McClintock being awarded a Nobel Prize in Physiology or Medicine in 1983. For decades, 

transposable elements were still routinely masked and ignored as “junk DNA” in whole-

genome studies. Yet, improvements in sequencing techniques and better understanding of the 

impact of TEs led to a strongly increasing interest in the field of TEs. 

 

TE classification 

 
The classification of TEs is not an easy task. The widely used classification system is based on 

the division of TEs into classes, orders and superfamilies that are present in all species or 

widespread in a kingdom (Wicker et al., 2007). Still, the discovery of new TE orders and 

superfamilies is ongoing. TEs that assumingly are hybrids between known elements and non-

autonomous elements complicate classification (Wicker et al., 2007). The currently accepted 

approach for classifying TEs bases nomenclature on sequence similarity and shared structures 

and mechanisms (Jurka et al., 2005; Wicker et al., 2007; Piegu et al., 2015; Arkhipova, 2017; 

Wells & Feschotte, 2020; Storer et al., 2021; Figure 2). Generally, TEs are grouped into two 

classes, Retrotransposons and DNA transposons (Figure 2). Retrotransposons use an RNA 

intermediate and proliferate via a copy-and-paste mechanism. Consequently, the original copy 

remains, while a new copy is created and inserted into a new genetic locus. Retrotransposons 

can further be divided into the orders of LTR (long terminal repeat) that contain long terminal 

repeats on both sides of the sequence, DIRS (Dictyostelium intermediate repeat sequence), 

Penelope and LINE (long interspersed nuclear element) (Wicker et al., 2007). DNA 

transposons have a DNA intermediate and move by excision and insertion, or a cut-and-paste 

mechanism. A first subclass consists of the orders TIR (terminal inverted repeat) and Crypton. 

TIR DNA transposons encode for a transposase that binds to TIR structures of the element, 

excise the complete element and insert it in a different location in the genome (for 
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visualizations of the mechanisms, see the Bachelor project in Knowledge Visualization at 

ZHdK by Tina Schwendener: https://diplome.kvis.zhdk.ch/Tina-Schwendener). Insertion 

occurs via double-strand break and leads to a short target site duplication that can remain even 

after the element is excised (Linheiro & Bergman, 2012). Cryptons do not contain TIRs and 

code for a tyrosine recombinase. A second subclass of DNA transposons, the Helitrons and 

Maverick use different mechanisms. Helitrons proliferate by a copy-and-paste mechanism, 

using a rolling-circle mechanism. Maverick (also called Polinton) are large TEs with 

similarities to retroviruses that replicate through an unknown mechanism (Pritham et al., 2007).  

 
Figure 2: Current TE classification (from: Wells & Feschotte, 2020) 

A subset of TEs have lost some or all coding regions, and depend on proteins from autonomous 

elements. Non-autonomous elements can still be highly active, which indicates that the loss of 

coding regions might be evolutionary beneficial and can make them parasites of complete 
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elements (Hua-Van et al., 2005; Lu et al., 2012; Suh, 2019). Non-autonomous elements include 

MITES (miniature inverted repeat transposable elements; derivates of TIRs) (Feschotte et al., 

2002), SINE (short interspersed nuclear element; retrotransposition of Pol III) and TRIM and 

LARD (terminal repeat retrotransposons in miniature; large retrotransposon derivatives; 

derivates of Retrotransposons/LTR). Conventional nomenclature systems based on TE class, 

order and superfamily assign a three-letter code for each TE family (Wicker et al., 2007). Most 

TE superfamilies are present in all species. Superfamilies are defined by the presence and 

sequential order of coding regions. Yet, superfamilies still evolve after species separation, 

leading to distinctive families or subfamilies that are at most shared between very closely 

related species.  

 

TE curation 

 
TEs diverge and evolve independently in species, but can also be gained by horizontal TE 

transfer. Consequently, individual TE curation has to be done for each species or clade. 

Repeatmodeler, a tool based on Repbase, can give a first insight in the number and diversity of 

TE families (Jurka et al., 2005; Flynn et al., 2020). Repeatmodeler scans the genome for 

repeated sequences that show high sequence similarity to known elements via Hidden Markov 

Models and creates consensus sequences for each predicted TE family. The flaking regions are 

not always precise, and consensus sequences can be based on fragments instead of full-length 

copies, especially when nested insertions are frequent. For more in-depth analyses, consensus 

sequences have to be manually curated, which is often time consuming. WickerSoft is a tool 

based solely on manual curation leading to highly accurate consensus sequences (Breen et al., 

2010): For each TE superfamily, the genome is screened for sequence similarity to the coding 

region of a known element, the results are visually inspected with dot plots, multiple sequence 

alignments are used to define the correct start and end and are used to create TE family 

consensus sequences (for more details on the methods see Badet et al., 2020). Several tools 

have been developed to detect non-autonomous families that are missing the typical coding 

regions, including LTR-finder, MITE-Tracker and Sine-Scan (for an up-to-date list of all tools 

visit the TE Hub page: https://tehub.org/en/resources/repeat_tools) (Xu & Wang, 2007; Mao 

& Wang, 2017; Crescente et al., 2018; Elliott et al., 2021).  
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Impacts of TEs on the genome 

 
In many species, TEs make up a large part of the genome and TE activity can lead to immense 

changes in genome size (Wells & Feschotte, 2020). Yet, TEs are not just useless “junk DNA”. 

TEs can disrupt coding and regulatory regions, influence gene regulation, gene evolution and 

genome integrity. 

 

TE activity, silencing and de-repression 

Uncontrolled TE proliferation would have a wide range of negative impacts on the host, thus 

most TE copies remain epigenetically silenced via histone modification (Slotkin & 

Martienssen, 2007; He et al., 2019). Silencing is reversible, and under some conditions, TEs 

can be de-repressed (Miousse et al., 2015). De-repressed TEs are able to create new copies in 

the genome, which can lead to proliferation bursts (Figure 3). Stress-induced TE de-repression 

can have negative impacts on host fitness and is associated with many diseases in humans, 

including some types of cancer, Autism, and Alzheimer’s (Guffanti et al., 2014; Goke & Ng, 

2016; Horváth et al., 2017; Pavliv et al., 2017; Lapp & Hunter, 2019). Interestingly, controlled 

TE activity is also associated with a healthy development of the human brain, while TEs are 

silenced in other tissues (Ahmadi et al., 2020). TEs activity is part of a regulatory network for 

fine-tuned and cell specific epigenetic expressions of neurons in the hippocampus (Mustafin & 

Khusnutdinova, 2020). Similar expression profiles of TEs and effector genes during the 

invasion of the host indicates stress-induced co-regulation in the fungal plant pathogen 

Zymoseptoria tritici (Fouché et al., 2020). 

 
Figure 3: Silenced TEs can become activated during stress conditions and proliferate uncontrolled in the genome 
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Impact on gene sequences and gene expression 

TEs that insert into new locations not only have the potential to be disruptive, but they can also 

impact the expression level of neighboring genes. Changes to gene expression in turn can 

impact phenotypic expression. Many examples of TE-induced expression change have recently 

been described, and the list is growing. Blood oranges and red apples have different types of 

TEs or TE fragments (i.e., solo-LTRs) in the promoter region of transcriptional activators of 

anthocyanin pigment production, that are overexpressed in the cold and lead to a red coloration 

of the pulp or skin (Butelli et al., 2012; Lisch, 2013; Zhang et al., 2019). During the Industrial 

Revolution, air pollution darkened the barks of birch trees and killed bright lichens, leading to 

strong exposure of the bright colored peppered moth Biston betularia (Cook & Turner, 2008). 

A darker, better camouflaged phenotype emerged and quickly increased in frequency in the 

populations. Responsible for the darker phenotype is a TE insertion in the intron of the cortex 

gene, which leads to overexpression in skin tissue and the increased production of dark 

pigments (van’t Hof et al., 2016; Figure 4). With the improvement of air quality, and the change 

of the environment, a bright phenotype was more preferential again, and the frequency of dark 

phenotypes subsequently decreased (Cook & Turner, 2008). Through changing gene 

expression profiles, TEs are important drivers of fast local adaptations and allow species to 

react quickly to changing environments.  

 
Figure 4: Population dynamics Biston betularia in different environments. The green triangle represents the TE insertion. 

 

Impact on chromosomal rearrangements and genome size evolution 

TEs also play an important role in large scale rearrangements of the genome. First, TEs will 

disrupt contiguous stretches of DNA and often increase the distance between genes (Wicker et 

al., 2018). Generally, uncontrolled TE proliferation will lead to an increase in genome size. 

Some species, including maize or the fungal species Cenococcum geophilum, Blumeria 

graminis and Peudocercospora ulei have very large genomes with TE sequences making up 
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more than 80% of the whole genome (Peter et al., 2016; Müller et al., 2019; González-Sayer et 

al., 2021; Stitzer et al., 2021). Ectopic recombination either between repetitive elements in the 

TE (leaving back solo-LTRs) or between two TE copies (leaving back one TE copy while 

deleting the region between the two elements) can counter-balance genome expansion to some 

extent (Devos et al., 2002; Petrov et al., 2003; Figure 5).  

 

Solo-LTRs can still carry regulatory elements and impact the gene expression, as mentioned in 

the blood orange example above (Butelli et al., 2012). Ectopic recombination between TEs 

likely led to the deletion of a larger, TE rich region that contained an already recognized 

effector gene in the fungal pathogen Z. tritici, leading to individuals that were not recognized 

by the host anymore (Hartmann et al., 2017). TE-derived rearrangements led to a large-scale 

reorder and change in orientation of genes in the Orp regions between sorghum and rice and 

between rice cultivars (Ma et al., 2005). TEs are also involved in large scale chromosomal 

rearrangements, creating both breakpoints and anchor points in Z. tritici (Mieczkowski et al., 

2006; Zhang et al., 2011; Fouché, 2020). 

 

TE co-option 

Over time, some TEs became integral parts of the genome, by co-option (also called 

domestication or exaptation). TEs can capture genes or fuse with gene fragments, creating de 

novo genes, or adding new function by exon shuffling of existing genes (Bennetzen, 2005; 

Morgante et al., 2005; Fouché et al., 2018; Figure 6).  

TEs can either provide genes or regulatory regions, for example promotors or enhancers in the 

LTR sequences (Rebollo et al., 2012). Most TEs will lose their ability of self-replication and 

mobility, will become a part of the gene and evolve in a gene like fashion (Hoen & Bureau, 

2015; Chuong et al., 2017). Host-TE fusions can still be present in the genome, even when the 

original TE family is extinct, and can remain in species, clades or even kingdoms over long 

evolutionary time-scales when they provide a benefit (Jangam et al., 2017; Cosby et al., 2019). 

Copies of an old family of SINE-like TEs are acting as conserved and tissue-specific neocortex 

enhancers in tetrapods (Notwell et al., 2015). Fusions with TE-derived transposases play an 

Figure 5: Ectopic recombination between the LTRs of one TE copy, leading to a solo-LTR or between two copies of the same TE family 
leading to a single copy and the deletion of the region between the copies respectively. 
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important part in transcriptional regulation in vertebrates (Cosby et al., 2021). Co-opted TEs 

induced many new functions and play an important part in the evolution of proteomes. 

 
 

 

Population dynamics of TEs 

 
TE distribution in genomes is a product of TE activity, selection, drift and defense mechanisms 

against TEs. TEs undergo birth (duplications and transpositions), death (excision and deletion) 

and resurrection (de-repression) (Blumenstiel, 2019). The birth-death rates differ between TE 

families and host species (Petrov et al., 2011; Drakos & Wahl, 2015). An increase in copy 

numbers can be counterbalanced by defense mechanisms and purifying selection 

(Charlesworth & Charlesworth, 1983). Comparisons of the TE composition showed a high 

variability of TE composition between individuals of Drosophila melanogaster or Z. tritici 

(Barrón et al., 2014; Plissonneau et al., 2016; Badet et al., 2020). Especially in asexual species, 

TE activity is an important driver of recombination in the absence of meiotic recombination 

(Schmidt et al., 2013). Petrov and colleagues (2011) suspect strongly differing transposition 

rates between TE families. Allele frequencies give an indication of the impact of a TE. Most 

TE insertions are rare and remain at low frequencies in the population (Petrov et al., 2011). 

Low frequency indicates a slightly negative or neutral impact (Petrov et al., 2011). Beneficial 

insertions are selected for, and will increase in frequency in the population at a fast rate (Barrón 

et al., 2014). Yet, a high allele frequency is not a direct indication for positive selection, as 

A 
B

 

D 
C 

Figure 6: Gene evolution. A) Duplication of a gene, with followed divergence of one copy. B) Exon shuffling. C) insertion of 
a transcription factor binding site in front of a non-coding region. D) Insertion, partial deletion and co-option of a TE into a 

gene 
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genetic drift can randomly lead to the increase of neutral and slightly deleterious insertions. 

Additionally, purifying selection seems to have a higher impact on longer TEs and on TEs 

located in regions with higher recombination rates (Petrov et al., 2011). TEs can also be lost 

by deletion through ectopic recombination. Elaborate defense mechanisms prevent the spread 

of TEs, either by inducing a higher mutation rate, or by epigenetically silencing TEs (Slotkin 

& Martienssen, 2007). Some filamentous ascomycetes contain a control mechanism called 

repeat induced point mutations (RIP) that limits the activity of TEs (Clutterbuck, 2011). During 

the sexual cycle (diploid phase), duplications are detected and CpG -> TpA mutations are 

introduced (Galagan & Selker, 2004), leading to missense or nonsense sequences. RIP-marked 

mutations often are targets for methylation and thus silencing (Galagan & Selker, 2004). 

  
Figure 7: Allele frequency changes in populations of deleterious, neutral and beneficial TE insertions. 
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TEs in fungi 

 
Fungi are a very diverse group of organisms, that range from small single celled organisms to 

the largest known living species on earth (Sipos et al., 2017). Fungi provide many important 

functions, as mutualists with land plants and quasi-domesticated strains for food and 

pharmaceutical production (Rokas, 2009; Peter et al., 2016). On the other hand, pathogenic 

fungi pose an important threat to human health, especially for immunosuppressed patients. A 

gain of resistance against antifungal drugs and the slow development of new treatments remains 

an important challenge (Martins et al., 2014; Casadevall, 2018). Likewise, fungal plant 

pathogens are threatening important local plant species and degrease food production 

dramatically (McKinney et al., 2014; Stukenbrock & Croll, 2014). A recent study estimated 

the fungal kingdom to consist of at least 12 million species (Wu et al., 2019). High quality 

reference genomes exist for ~1,300 fungal species (Figure 8). New sequencing methods 

including high-throughput amplicon sequencing, shotgun metagenomics and single-cell 

genomics will speed up genomic and TE research in the future (Wu et al., 2019). TEs have 

been shown to lead to multidrug fungicide resistance and other adaptations (Omrane et al., 

2015, 2017; Gusa et al., 2020; Mäe et al., 2020). The best-studied model organisms of the 

fungal kingdom, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Candida albicans 

and Cryptococcus neoformans, show some of the lowest known TE contents (3.5%, 1.1%, 

0.8%, 6.6% of the whole genome respectively) (Maxwell, 2020). However, a low TE content 

is not a typical fungal characteristic, as many fungal genomes are made of more than 80 % TEs 

(Peter et al., 2016; Müller et al., 2019; González-Sayer et al., 2021). TEs are significant drivers 

of diversification and adaptation in many fungi, including the model organisms (Raffaele & 

Kamoun, 2012; Gusa et al., 2020). We recently hypothesized three different modes of TE 

proliferation in fungal genomes to explain why the TE content can vary dramatically even 

between closely related species (Fouché et al., 2021): A) First, genomes can be “resistant” to 

uncontrolled burst of TEs, keeping the TE content constantly low, indicating strong purifying 

selection or defense mechanisms against TEs. An example of a “resistant” species is C. 

albicans with a low TE content but indication of ongoing TE activity (Holton et al., 2001). 
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Figure 8: Simplified phylogenetic tree of the fungal kingdom. 

 

B) “Semi-tolerance”, where the genome is separated into TE-rich/gene-poor and gene-rich/TE-

poor compartments (Figure 9). Strong purifying selection will prevent most TE insertions in 

the gene-rich compartments to remain in the population, but TE insertions into TE-rich 

compartments will be tolerated, creating nested insertions (Rouxel & Balesdent, 2017). Fast-

evolving genes, e.g. effectors involved in the interaction with the host, are often located in TE-

rich compartments, which led to the formulation of the multiple-compartment or two-speed-

genome hypothesis (Dong et al., 2015; Torres et al., 2020). C) Finally, some fungal species 

with high TE activity and strong bursts of proliferation might have become “tolerant” to new 

TE insertions. In the TE-bloated genomes C. geophilum and P. ulei with over 80% TE content, 

the likelihood of a TE to insert into a coding or regulatory region is very low, as these genomes 

are virtually made of TEs with some sparse genes (Peter et al., 2016; González-Sayer et al., 

2021).  
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Zymoseptoria tritici as an important pathogen of wheat 

Zymoseptoria tritici is one of the most important plant pathogens on Triticum aestivum (wheat) 

and a threat to food security (Jorgensen et al., 2014). Z. tritici split an estimated 11,000 years 

ago from its closest sister species Z. pseudotritici and co-evolved during the domestication of 

wheat (Stukenbrock et al., 2007; Stukenbrock & McDonald, 2008). The infection cycle of the 

fungus starts with hyphal grow through the stomata into the plant intercellular space, without 

penetration of the plant cell (Figure 10). After a longer latency phase, sexual or asexual fruiting 

bodies are formed (Kema et al., 1996; Steinberg, 2015). Clonally produced spores are 

distributed by water splash over short distances and stay on the same plant or the neighboring 

plants (Singh et al., 2020; Karisto et al., 2021). Sexual spore production is triggered under 

changing environmental conditions and in the presence of a high density of compatible mates, 

mostly towards the end of the growing season. Sexually produced spores are dispersed by wind 

over larger distances (Steinberg, 2015) and are able to infect new fields. Z. tritici strains shows 

a great variability in virulence towards different wheat cultivars. Hartmann and colleagues 

(2017) showed a complex cause of virulence in Z. tritici with at last 25 distinct genomic regions 

involved, including genes coding for plant cell wall degradation, cell transport and fungal 

metabolism. Z. tritici can be considered as a model organism to study the co-evolution between 

filamentous plant pathogens and their hosts. Z. tritici has a highly plastic genome and a 

moderate but dynamic TE content of 16.5-24 % (Badet et al., 2020).  

ongoing TE 
activity 

effector gene core gene 

effector gene is 
surrounded by TEs  no TEs in the core 

gene niche  

Figure 9: Compartmentalization. TE insertions in regions with core genes are less likely to remain in the population, 
while TE insertions close to effector genes can remain. 
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Figure 10: Zymoseptoria tritici disease. Lesions and pycnidia (asexual fruit bodies) on wheat leaves. 

The pathogen has adaptive phenotypic traits (e.g., virulence), very successful infection and 

reproduction strategies, and is easy to grow in planta and in vitro. The Z. tritici genome is 

composed of 13 core and up to 8 accessory chromosomes (Goodwin et al., 2011). In 

comparison to other known filamentous plant pathogens, accessory chromosomes do not show 

significantly higher amounts of virulence or effector genes than core chromosomes (Raffaele 

& Kamoun, 2012). TEs can be located anywhere in the genome, but are significantly enriched 

in heterochromatic, subtelomeric and gene poor regions, and are often closer to genes are not 

shared by all individuals (Raffaele & Kamoun, 2012; Dong et al., 2015; Grandaubert et al., 

2015). TEs are especially closer to genes that encode proteins involved in host infection 

processes than to genes coding for more conserved metabolic functions (Plissonneau et al., 

2016; Hartmann & Croll, 2017). Grandaubert and colleagues (2015) found species-specific TE 

compositions in Z. tritici compared to its sister species, with a reduced TE diversity in Z. tritici 

(Hartmann & Croll, 2017). TEs have been shown to impact virulence and resistance to 

fungicides (Omrane et al., 2015, 2017; Hartmann et al., 2017; Wang et al., 2021). 

 

Objectives 

 
Transposable elements (TEs) are able to replicate within a genome and are major drivers of 

genome instability and epigenetic changes (Eichler & Sankoff, 2003; Slotkin & Martienssen, 
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2007). The disruptive nature of TEs is not necessarily deleterious in each insertion. TEs can 

influence the expression of nearby genes, leading to local adaptation (Lisch, 2009). In fungal 

plant pathogens, TEs can delete or mutate recognized effector genes, leading to resistance to 

the host plant (Hartmann et al., 2017; Torres et al., 2020). In asexual species, TE-derived 

chromosomal rearrangements are an important source of diversity (de Jonge et al., 2013). TEs 

play an important role in the evolution and adaptation of fungal species. However, most work 

on TEs in fungal species is focused on individual insertions, and a global view on TE dynamics 

is still missing. Understanding how TEs influence the evolution of a species can explain 

adaptation events, where the sole presence of a gene or a single nucleotide polymorphism 

cannot fully explain a changed phenotype. In this thesis, I focus on the impact of TEs on long- 

and short-term adaptation of fungal species. I highlight the importance of studying TE 

dynamics and evolution in terms of TE activity, defense mechanisms against TEs, selection 

and genetic drift. 

We show how TEs impact the evolution of species, how TEs evolve, and how TEs can be co-

opted to become essential parts of the genome. 

In the first chapter, we aimed to describe the TE diversity and to understand how TE activity 

can lead to local adaptation despite the negative effect of genome size expansions. We scanned 

genome-wide population data in the fungal plant pathogen Z. tritici for TE presence and 

absence. This was the first population dynamics study of TEs in a fungal species to our 

knowledge. 

In the second chapter, we focused more on the evolution and mobility of TEs themselves. We 

aimed to understand the expansion routes of TEs: in which genomic niches can TEs become 

active, where will new TEs insert and what is the impact of selection and defense mechanisms? 

We described genomic niches in Z. tritici and scanned for signals of defense against TEs both 

in the genomic niche and in the TE itself. We used phylogenetic tools to define the expansion 

routes of TE families. 

In the third chapter, we were focusing on co-opted TEs, that provided a new function to 

already existing genes in the fungal kingdom and beyond. We wanted to know which TE and 

gene functions are more likely involved in host-TE fusions. Additionally, we wanted to know 

how widespread and old such fusion candidates are in the fungal kingdom, indicating a positive 

function or adaptation. 
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Abstract 
Genome evolution is driven by the activity of transposable elements (TEs). The spread of TEs 

can have deleterious effects including the destabilization of genome integrity and expansions. 

However, the precise triggers of genome expansions remain poorly understood because 

genome size evolution is typically investigated only among deeply divergent lineages. Here, 

we use a large population genomics dataset of 284 individuals from populations across the 

globe of Zymoseptoria tritici, a major fungal wheat pathogen. We built a robust map of 

genome-wide TE insertions and deletions to track a total of 2,456 polymorphic loci within the 

species. We show that purifying selection substantially depressed TE frequencies in most 

populations but some rare TEs have recently risen in frequency and likely confer benefits. We 

found that specific TE families have undergone a substantial genome-wide expansion from the 

pathogen's center of origin to more recently founded populations. The most dramatic increase 

in TE insertions occurred between a pair of North American populations collected in the same 

field at an interval of 25 years. We find that both genome-wide counts of TE insertions and 

genome size have increased with colonization bottlenecks. Hence, the demographic history 

likely played a major role in shaping genome evolution within the species. We show that both 

the activation of specific TEs and relaxed purifying selection underpin this incipient expansion 

of the genome. Our study establishes a model to recapitulate TE-driven genome evolution over 

deeper evolutionary timescales. 

Introduction 

 
Transposable elements (TEs) are mobile repetitive DNA sequences with the ability to 

independently insert into new regions of the genome. TEs are major drivers of genome 

instability and epigenetic change (Eichler & Sankoff, 2003). Insertion of TEs can disrupt 

coding sequences, trigger chromosomal rearrangements, or alter expression profiles of adjacent 

genes (Lim, 1988; Petrov et al., 2003; Slotkin & Martienssen, 2007; Hollister & Gaut, 2009; 

Oliver et al., 2013). Hence, TE activity can have phenotypic consequences and impact host 

fitness. While TE insertion dynamics are driven by the selfish interest for proliferation, the 

impact on the host can range from beneficial to highly deleterious. The most dramatic examples 

of TE insertions underpinned rapid adaptation of populations or species (Feschotte, 2008; 

Chuong et al., 2017), particularly following environmental change or colonization events. 
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Beneficial TE insertions are expected to experience strong positive selection and rapid fixation 

in populations. However, most TE insertions have neutral or deleterious effects upon insertions. 

Purifying selection is expected to rapidly eliminate deleterious insertions from populations 

unless constrained by genetic drift (Walser et al., 2006; Baucom et al., 2008; Cridland et al., 

2013; Stuart et al., 2016; Lai et al., 2017; Stritt et al., 2017). Additionally, genomic defense 

mechanisms can disable transposition activity. Across eukaryotes, epigenetic silencing is a 

shared defense mechanism against TEs (Slotkin & Martienssen, 2007). Fungi evolved an 

additional and highly specific defense system introducing repeat-induced point (RIP) mutations 

into any nearly identical set of sequences. The relative importance of demography, selection 

and genomic defenses determining the fate of TEs in populations remain poorly understood. 

 

A crucial property predicting the invasion success of TEs in a genome is the transposition rate. 

TEs tend to expand through family-specific bursts of transposition followed by prolonged 

phases of transposition inactivity. Bursts of insertions of different retrotransposon families 

were observed across eukaryotic lineages including Homo sapiens, Zea mays, Oryza sativa and 

Blumeria graminis (Shen et al., 1991; SanMiguel et al., 1998; Eichler & Sankoff, 2003; Piegu 

et al., 2006; Lu et al., 2017; Frantzeskakis et al., 2018). Prolonged bursts without effective 

counter-selection are thought to underpin genome expansions. In the symbiotic fungus 

Cenococcum geophilum, the burst of TEs resulted in a dramatically expanded genome 

compared to closely related species (Peter et al., 2016). Similarly, a burst of a TE family in 

brown hydras led to an approximately three-fold increase of the genome size compared to 

related hydras (Wong et al., 2019). Across the tree of life, genome sizes vary by orders of 

magnitude and enlarged genomes invariably show hallmarks of historic TE invasions (Kidwell, 

2002). Population size variation is among the few correlates of genome size across major 

groups, suggesting that the efficacy of selection plays an important role in controlling TE 

activity (Lynch, 2007). Reduced selection efficacy against deleterious TE insertions is expected 

to lead to a ratchet-like increase in genome size. In fungi, TE-rich genomes often show an 

isochore structure alternating gene-rich and TE-rich compartments (Rouxel et al., 2011). TE-

rich compartments often harbor rapidly evolving genes such as effector genes in pathogens or 

resistance genes in plants (Raffaele & Kamoun, 2012; Jiao & Schneeberger, 2019). Taken 

together, incipient genome expansions are likely driven by population-level TE insertion 

dynamics. 
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The fungal wheat pathogen Zymoseptoria tritici is one of the most important pathogens on 

crops, causing high yield losses in many years (Torriani et al., 2015). Z. tritici emerged during 

the domestication of wheat in the Fertile Crescent where the species retained high levels of 

genetic variation (Zhan et al., 2005; Stukenbrock et al., 2011). The pathogen migrated to all 

temperate zones where wheat is currently grown and underwent multiple migration 

bottlenecks, in particular when colonizing Oceania and North America (Zhan et al., 2005; 

Estep et al., 2015). The genome is completely assembled and shows size variation between 

individuals sampled across the global distribution range (Feurtey et al., 2020; Badet et al., 

2020) (Goodwin et al., 2011). The TE content of the genome shows a striking variation of 17-

24% variation among individuals (Badet et al., 2020). Z. tritici recently gained major TE-

mediated adaptations to colonize host plants and tolerate environmental stress (Omrane et al., 

2015, 2017; Krishnan et al., 2018; Meile et al., 2018). Clusters of TEs are often associated with 

genes encoding important pathogenicity functions (i.e. effectors), recent gene gains or losses 

(Hartmann & Croll, 2017), and major chromosomal rearrangements (Croll et al., 2013; 

Plissonneau et al., 2016). Transposition activity of TEs also had a genome-wide impact on gene 

expression profiles during infection (Fouché et al., 2019). The well-characterized demographic 

history of the pathogen and evidence for recent TE-mediated adaptations make Z. tritici an 

ideal model to recapitulate the process of TE insertion dynamics, adaptive evolution and 

changes in genome size at the population level. 
 

Here, we retrace the population-level context of TE insertion dynamics and genome size 

changes across the species range by analyzing populations sampled on four continents for a 

total of 284 genomes. We developed a robust pipeline to detect newly inserted TEs using short 

read sequencing datasets. Combining analyses of selection and knowledge of the colonization 

history of the pathogen, we tested whether population bottlenecks were associated with 

substantial changes in the TE content and the size of genomes.  
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Results 

 
A Dynamic TE landscape shaped by strong purifying selection 

We detected 4,753 TE copies, grouped into 30 families with highly variable copy numbers in 

the reference genome IPO323 (Figure 2-source data 1 and Figure 2-figure supplement 1A). To 

establish a comprehensive picture of within-species TE dynamics, we analyzed 295 genomes 

from a worldwide set of six populations spanning the distribution range of the wheat pathogen 

Z. tritici. To ascertain the presence or absence of TEs across the genome, we developed a robust 

pipeline (Figure 1A). In summary, we called TE insertions by identifying reads mapping both 

to a TE sequence and a specific location in the reference genome. Then, we assessed the 

minimum sequencing coverage to reliably recover TE insertions and removed 11 genomes with 

an average read depth below 15X (Figure 1B). We tested for evidence of TEs using read depth 

at target site duplications (Figure 1C) and scanned the genome for mapped reads indicating 

gaps at TE loci (Figure 1D). We found robust evidence for a total of 18,864 TE insertions 

grouping into 2,465 individual loci. Of these loci, 35.5% (n = 876) have singleton TEs (i.e., 

this locus is only present in one isolate: Figure 2A, Figure 2-source data 3). An overwhelming 

proportion of loci (2,345 loci or 95.1%) have a TE frequency below 1%. Singleton TE 

insertions in particular can be the product of spurious Illumina read mapping errors (Nakamura 

et al., 2011). To assess the reliability of the detected singletons, we focused on seven isolates 

for which PacBio long-read data was available (Badet et al., 2020). Aligned PacBio reads 

confirmed the exact location of 71% (22 out of 31 singleton insertions among seven isolates; 

see Methods for further details). We found no significant difference in read coverage between 

confirmed and unconfirmed singleton insertions (Figure 2 - figure supplement 1C-B and Figure 

2-source data 2).  
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Figure 1: Robust discovery and validation of transposable element (TE) insertions: (A) General analysis pipeline. (B) Read depth down-
sampling analysis for one isolate per population with an average coverage of the population. The vertical black line indicates the coverage at 
which on average 90% of the maximally detectable variants were recovered. Dashed black lines indicate the standard error. The threshold for 
a minimal mean coverage was set at 15X (red line). (C) Validation of insertions absent in the reference genome. (i) TE insertions that are not 
present in the reference genome show a duplication of the target site and the part of the reads that covers the TE will not be mapped against 
the reference genome. We thus expect reads to map to the TE surrounding region and the target site duplication but not the TE itself. At the 
target site, a local duplication of read depth is expected. (ii) We selected all reads in an interval of 100 bp up- and downstream including the 
target site duplication to detect deviations in the number of reads terminating near the target site duplication. (D) Validation of insertions 
present in the reference genome. (i) Analyses read coverage at target site duplications. (ii) Decision map if a TE should be kept as a true 
insertion or rejected as a false positive. Only predicted TE insertions that overlap evidence of split reads were kept as TE insertions in 
downstream analyses. (E) Singleton validation using long-read PacBio sequencing. (i) Analysis if TE insertions overlap with a detected 
insertion/deletion locus (Badet et al, 2021). (ii) Homology search of the TE insertion flanking sequences based on the reference genome 
against PacBio reads. In addition, the consensus sequence of the inserted TE was used for matches between the flanks. Figure supplement 1. 
Validation of transposable element (TE) insertion predictions. (A) TEs not present in the reference genome: distribution of additional TE hits 
found per locus after the outlier test. Color indicates superfamilies. (B) TEs not present in the reference genome: distribution of additional TE 
hits found per population after the outlier test. Colors indicate populations. (C) TEs present in the reference genome: distribution of missing 
data per locus after the validation with spliced junction reads. Missing data indicates that the TE was not predicted with ngs_te_mapper and 
that there was no indication of spliced reads. The red line (=20 %) indicates the threshold for missing data. TE loci with an amount of missing 
data > 20 % were completely excluded from further analyses. Color indicates superfamily. (D) TEs present in the reference genome: detection 
of strong outlier isolates with a high number of split reads. Color indicates the population. Figure supplement 2. Establishment of transposable 
element (TE) loci with differing start and end positions in the isolates. Distribution of length of distance for start position, end position and 
both start and end combined after the correction. Figure supplement 3. Bias for reads with a GC content lower than 30 % per population. 
Red lines indicate the mean. Source data 1. TE insertion validations for non-reference copies. Source data 2. TE consensus sequences. 
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The abundance of singleton TE insertions strongly supports the idea that TEs actively copy 

into new locations but also indicates that strong purifying selection maintains nearly all TEs at 

low frequency (Figure 2A). The density of TE loci on accessory chromosomes, which are not 

shared among all isolates of the species, is almost twice the density found on core chromosomes 

(102 versus 58 TEs per Mb; Figure 2B and Figure 2-figure supplement 2A). This suggests 

relaxed selection against TE insertion on the functionally dispensable and gene-poor accessory 

chromosomes. We found no difference in TE allele frequency distribution between 

recombination hotspots and the rest of the genome (Figure 2-figure supplement 2B). Similarly, 

the TE density and the number of insertions did not vary between recombination hotspots and 

the genomic background (Figure 2-figure supplement 2C).  

 

TEs grouped into 23 families and 11 superfamilies, with 88.2% of all copies belonging to class 

I/retrotransposons (n = 2175; Figure 2C and Figure 2-figure supplement 3A-B). RLG/Gypsy (n 

= 1,483) and RLC/Copia (n = 623) elements constitute the largest long terminal repeats (LTR) 

superfamilies. Class II/DNA transposons are dominated by DHH/Helitron (n = 249). As 

expected, TE families shared among fewer isolates tend to show also lower global copy 

numbers (i.e., all isolates combined), while TE families that are present in all isolates generally 

have high global copy numbers (Figure 2D).  

 

We detected 153 loci with TEs inserted into genes with most of the insertions being singletons 

(44.7%; n = 68) or of very low frequency (Figure 2E). Overall, TE insertions into exonic 

sequences were less frequent than expected compared to insertions into up- and downstream 

regions, which is consistent with effective purifying selection (Figure 2F). Insertions into 

introns were also strongly under-represented, likely due to the small size of most fungal introns 

(~ 50-100 bp) and the high probability of disrupting splicing or adjacent coding sequences. We 

also found that insertions 800-1000 bp away from coding sequences of a focal gene were under-

represented. Given the high gene density, with an average spacing between genes of 1.744 kb, 

TE insertions within 800-1,000 bp of a coding gene tend to be near adjacent genes already. 

Taken together, TEs in the species show a high degree of transposition activity and are subject 

to strong purifying selection. 
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Figure 2: Transposable element (TE) landscape across populations. (A) Allele frequencies of the TE insertions across all isolates. (B) TE 
insertions per Mb on core chromosomes (dark) and accessory chromosomes (light). Dashed lines represent mean values. Blue: global mean 
of 75.65 insertions/Mb, dark: core chromosome mean of 58 TEs/Mb, light: accessory chromosome mean of 102.24 insertions/Mb). (C) Number 
of TE insertions per family. (D) TE frequencies among isolates and copy numbers across the genome. The blue line indicates the maximum 
number of isolates (n = 284). (E) Allele frequency distribution of TE insertions into introns and exons. (F) Number of TE insertions within 1 
kb up- and downstream of genes on core chromosomes including introns and exons (100 bp windows). The blue arrow indicates a gene 
schematic with exons and an intron, the green triangles indicate TE insertions. The dotted blue line indicates no deviation from the expected 
value (i.e., mean number of TEs per window). Figure supplement 1. Validation of singleton insertions detected by mapped Illumina reads 
using PacBio read alignments for confirmation. (A) Comparison of TE family copy numbers per isolate to the number of copies found in the 
reference genome (IPO323). The color is indicating superfamilies. This figure includes only TE families that were detected in any of the 
isolates used for validation. (B) Confirmation of singleton TE insertions detected in the isolates CH99_SW5, CH99_SW39, CH99_3D7, 
CH99_3D1, ISR92_Ar_4f, AUS01_1H8 and ORE90Ste_4A10 using aligned PacBio reads. Confirmed/not confirmed TE insertions are shown 
by TE family. (C) PacBio read coverage (in 500 bp window) at singleton loci. Figure supplement 2. TE insertion loci characteristics. (A) 
Number of TE insertions and density (insertions per Mb) in accessory and core genes. (B) Allele frequencies of TEs genome-wide and 
restricted to recombination hotspots. (C) TE insertion density and TE copy numbers within and outside of recombination hotspots. Figure 
supplement 3. Hierarchy superfamilies. (A) Number of transposable element (TE) insertions per superfamily. Colors indicate the superfamily. 
(B) Number of TE loci and classification hierarchy. (C) Comparison of mean genome sequencing coverage and the number of detected TEs 
with ngs_te_mapper in isolates of the Middle East population. Dots indicate the coverage and colors indicate the superfamily. Source data 1. 
TEs in reference. Source data 2. Presence absence matrix TE loci. Source data 3 . Singletons. 
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Detection of candidate TE Loci underlying recent adaptation 

The TE transposition activity can generate adaptive genetic variation. To identify the most 

likely candidate loci, we analyzed insertion frequency variation among populations as an 

indicator for recent selection. Across all populations, the insertion frequencies differed only 

weakly with a strong skew towards extremely low FST values (mean = 0.0163; Figure 3A-B 

and Figure 3-figure supplement 1). To further analyze evidence for TE-mediated adaptive 

evolution, we screened a genome-wide SNP dataset for evidence of selective sweeps using 

selection scans. We found 16.5 % of all TE loci located in regions of selective sweep. Given 

our population sampling of two population pairs, we tested for adaptive TE insertions in 

selective sweep regions either in the North American or European population pairs. Hence, we 

selected loci having low TE insertion frequencies (< 5%) in all populations except either the 

recent North American or European population (> 20%) (Figure 3B). Based on these criteria, 

we obtained 7 candidate loci possibly underlying local adaptation (6 in North America, one in 

Europe; Figure 4A and Figure 4-source data 1). All loci carry inserted retrotransposons with 4 

RLG_Luna, one RLG_Mercurius and one RLC_Deimos. 
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Figure 3: Differentiation in transposable element insertions frequencies across the genome. (A) Global pairwise FST distributions shown 
across the 21 chromosomes. The red horizontal line indicates the mean FST (= 0.0163). TEs with a strong local short-term frequency difference 
among populations are highlighted (blue: increase in Europe; green: increase in North America). (B) Allele frequency changes between the 
populations. The same TE loci as in panel A are highlighted. (C) Circos plot describing from the outside to the inside: The black line indicates 
chromosomal position in Mb. Blue bars indicate the gene density in windows of 100 kb with darker blue representing higher gene density. 
Red bars indicate the TE density in windows of 100 kb with a darker red representing higher TE density. Green triangles indicate positions of 
TE insertions with among population FST value shown on the y-axis. Figure supplement 1. Global pairwise FST distributions shown 
separately for the 21 chromosomes. The red horizontal line indicates the mean FST = 0.0163. Colors are according to the three main 
superfamilies (RLG, RLC, DHH). 



 

 
45 

One TE insertion is 3,815 bp downstream of a gene encoding an RTA1-like protein, which can 

function as transporters with a transmembrane domain and have been associated with resistance 

against several antifungal compounds (Soustre et al., 1996). The insertion is also 5785 bp 

upstream of a gene encoding a protein kinase domain (Figure 4B). The TE insertion was not 

detected in the Middle East or the two European populations, and was at low frequencies in the 

Australian (3.7%) and North American 1990 (1.7%) populations, but increased to 53% of all 

isolates in the North American 2015 population (fixation index FST = 0.42; Figure 4-source 

data 1). Isolates that carry the insertion show a significantly higher resistance to azole 

antifungal compounds (Figure 4C). The TE is in the subtelomeric region of chromosome 12, 

with a moderate GC content, a low TE and a high gene density (Figure 4D). The TE belongs 

to the family RLG_Luna, which shows a substantial burst across different chromosomes within 

the species (Figures 4E-F). We found no association between the phylogenetic relationships 

among isolates based on the two closest genes and the presence or absence of the TE insertion 

(Figure 4G). A second candidate adaptive TE insertion belongs to the RLG_Mercurius family 

and is located between two genes of unknown function (Figure 4-figure supplement 1). A third 

potentially adaptive TE insertion of a RLC_Deimos is 229 bp upstream of a gene encoding a 

SNARE domain protein and 286 bp upstream of a gene encoding a flavin amine 

oxidoreductase. Furthermore, the TE is inserted in a selective sweep region (Figure 4-figure 

supplement 1). SNARE domains play a role in vesicular transport and membrane fusion 

(Bonifacino & Glick, 2004). An additional four candidates for adaptive TE insertions belong 

to RLG_Luna and were located distantly to genes (Figure 4-figure supplement 1). We 

experimentally tested whether the TE insertions in proximity to genes were associated with 

higher levels of fungicide resistance. For this, we measured growth rates of the fungal isolates 

in the presence or absence of an azole fungicide widely deployed against the pathogen. We 

found that the insertion of TEs at two loci was positively associated with higher levels of 

fungicide resistance, suggesting that the adaptation was mediated by the TE (Figure 4C and 

Figure 4-figure supplement 1). 
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Figure 4: Candidate adaptive transposable element (TE) insertions. (A) Distribution of all extremely differentiated TEs and their distance 
to the closest gene. Color indicates the superfamily. The stars indicate TE insertions not found in the reference genome. (B) Location of the 
RLG_Luna TE insertion on chromosome 12 corresponding to its two closest genes. (C) Resistance against azole fungicides among isolates as 
a function of TE presence or absence. (D) Genomic niche of the RLG_Luna TE insertion on chromosome 12: FST values for each TE insertion, 
gene content (blue), TE content (green) and GC content (yellow). The grey section highlights the insertion site. (E) Number of RLG_Luna 
copies per isolate and population. (F) Frequency changes of RLG_Luna between the two North American populations compared to the other 
populations. Colors indicate the number of copies per chromosome. (G) Phylogenetic trees of the coding sequences of either the gene encoding 
the RTA1-like protein or the protein kinase domain. Isolates of the two North American populations and an additional 11 isolates from other 
populations not carrying the insertion are shown. Blue color indicates TE presence, yellow indicates TE absence. Figure supplement 1. 
Additional top loci. Six additional candidate adaptive transposable element (TE) insertions. Each row corresponds to a candidate, with the 
first five being candidates detected in the North American populations and the last one in the European populations. For each candidate, the 
direction of the TE and the direction, function and distance of the closest two genes are indicated. The middle column indicates the location 
of the TE in the genomic niche, with TE content, gene content and GC content for the surrounding windows. The third column indicates 
resistance levels towards azole antifungals for isolates with and without the TE insertion. Source data 1. Top loci information.  
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Population-level expansions in TE content 

If TE insertion dynamics are largely neutral across populations, TE frequencies across loci 

should reflect neutral population structure. To test this, we performed a principal component 

analysis based on a set of six populations on four continents that represent the global genetic 

diversity of the pathogen (Figure 5A) and 900,193 genome-wide SNPs (Figure 5B). The 

population structure reflected the demographic history of the pathogen with clear continental 

differentiation and only minor within-site differentiation. To account for the lower number of 

TE loci, we performed an additional principal component analysis using a random SNP set of 

similar size to the number of TE loci. The reduced SNP set retained the geographic signal of 

the broader set of SNPs (Figure 5C). In stark contrast, TE frequencies across loci showed only 

weak clustering by geographic origin with the Australian population being the most distinct 

(Figure 5D). We found a surprisingly strong differentiation of the two North American 

populations sampled at a 25-year interval in the same field in Oregon.  

 
Figure 5: Population differentiation at transposable element (TE) and genome-wide SNP loci. (A) Sampling locations of the six 
populations. Middle East represents the region of origin of the pathogen. In North America, the two populations were collected at an interval 
of 25 years in the same field in Oregon. In Europe, two populations were collected at an interval of 17 years from two fields in Switzerland 
<20 km apart. Dark arrows indicate the historic colonization routes of the pathogen. (B) Principal component analysis (PCA) of 284 
Zymoseptoria tritici isolates, based on 900,193 genome-wide SNPs. (C) PCA of a reduced SNP data set with randomly selected 203 SNPs 
matching approximately the number of analyzed TE loci. (D) PCA based on 193 TE insertion loci. Loci with allele frequency < 5% are 
excluded. Source data 1. Isolates. 
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Figure 6: Global population structure of transposable element (TE) insertion polymorphism. (A) Total TE copies per isolate. Colors 
identify TE superfamilies. (B) TE copies per family and (C) superfamily. (D) TE insertion frequency spectrum per population. The curve 
fitting was performed with a self-starting Nls asymptomatic regression model (E). TE family copy numbers per isolate. Figure supplement 
1. Population changes additional. Variation in transposable element (TE) content per isolate across populations. (A) Total TE copies per 
superfamily (colored) and per isolate only including LTR (long terminal repeat) TEs Copia and Gypsy. Color indicates the family. (B) Total 
TE copies per superfamily (colored) and per isolate only on the core chromosomes. (C) Total TE copies per superfamily (colored) and per 
isolate only on the accessory chromosomes. Figure supplement 2. Heatmap loci. (A) Presence (blue) and absence (yellow) matrix for all 
transposable element (TE) loci in all isolates per population. Colors on the left side indicate the superfamily. (B) Comparison of different 
genomic regions with and without TE insertions in IPO323. Source data 1. Kolmogorof-Smirnov. 
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Unusual patterns in population differentiation at TE loci suggests that TE activity may 

substantially vary across populations (Figure 6, Figure 4-source data 1). To analyze this, we 

first identified the total TE content across all loci per isolate. We found generally lower TE 

numbers in the Middle Eastern population from Israel (Figure 6A-C, and Figure 6-figure 

supplement 1), which is close to the pathogen's center of origin (Stukenbrock et al., 2007). 

Populations that underwent at least one migration bottleneck showed a substantial burst of TEs 

across all major superfamilies. These populations included the two populations from Europe 

collected in 1999 and 2016 and the North American population from 1990, as well as the 

Australian population. We found a second stark increase in TE content in the North American 

population sampled in 2015 at the same site as the population from 1990. Strikingly, the isolate 

with the lowest number of analyzed TEs collected in 2015 was comparable to the isolate with 

the highest number of TEs at the same site in 1990. We tested whether sequencing coverage 

could explain variation in the detected TEs across isolates, but we found no meaningful 

association (Figure 2-figure supplement 3C). We analyzed whether the population-specific 

expansions were correlated with shifts in the frequency spectrum of TEs in the populations 

(Figure 6D). We found that the first step of expansions observed in Europe compared to the 

Middle East (Israel) was associated with an upwards shift in allele frequencies. This is 

consistent with transposition activity creating new copies in the genomes and stronger 

purifying selection in the Middle East. Similarly, the North American populations showed also 

signatures consistent with relaxation of selection against TEs (i.e., fewer low frequency TEs). 

We found a significant difference (Two-sample Kolmogorov-Smirnov test, two-sided) in the 

curve shapes between the population from the Middle East and North America 2015 (Figure 

6-source data 1). We analyzed variation in TE copy numbers across families and found that the 

expansions were mostly driven by RLG elements including the families Luna, Sol and Venus, 

the RLC family Deimos and the LINE family Lucy (Figure 6E and Figure 6-figure supplement 

2). We also found a North American specific burst in DHH elements of the family Ada 

(increase from 4.6 to 6.1 copies on average per isolate), an increase specific to Swiss 

populations in LINE elements, and an increase in RLC elements in the Australian and the two 

North American populations. Analyses of complete Z. tritici reference-quality genomes that 

include isolates from the Israel, Australia, Switzerland (1999) and North American (1990) 

population revealed high TE contents in Australia and North America (Oregon 1990) (Badet 

et al., 2020). The reference-quality genomes confirmed also that the increase in TEs was driven 

by LINE, RLG and RLC families in Australia and DHH, RLG and RLC families in North 

America (Badet et al., 2020). 



 

 
50 

TE-mediated genome size expansions 

The combined effects of actively copying TE families and relaxed purifying selection leads to 

an accumulation of new TE insertions in populations. Consequently, mean genome sizes in 

populations should increase over generations. We estimated the cumulative length of TE 

insertions based on the length of the corresponding TE consensus sequences and found a strong 

increase in the total TE length in populations outside the Middle East center of origin, and a 

second increase between the two North American populations (Figure 7-figure supplement 

1A). To test for incipient genome expansions within the species, we first assembled genomes 

of all 284 isolates included in the study. Given the limitations of short-read assemblies, we 

implemented corrective measures to compensate for potential variation in assembly qualities. 

We corrected for variation in the GC content of different sequencing datasets by downsampling 

reads to generate balanced sequencing read sets prior to assembly (see Methods). We also 

excluded all reads mapping to accessory chromosomes because different isolates are known to 

differ in the number of these chromosomes. Genome assemblies were checked for 

completeness by retrieving the phylogenetically conserved BUSCO genes (Figure 7A). 

Genome assemblies across different populations carry generally >99% complete BUSCO gene 

sets, matching the completeness of reference-quality genomes of the same species (Badet et 

al., 2020). The completeness of the assemblies showed no correlation with either TE or GC 

content of the genomes. GC content was inversely correlated with genome size consistent with 

the expansion of repetitive regions having generally low GC content (Figure 7B). We found 

that the core genome size varied substantially among populations with the Middle East, 

Australia as well as the two older European and North American populations having the 

smallest core genome sizes (Figure 7C). We found a notable increase in core genome size in 

both the more recent European and North American populations. The increase in core genome 

size is positively correlated with the count and cumulative length of all inserted TEs (Figure 

7D, 7E and 7G) and negatively correlated with the genome-wide GC content (Figure 7F and 

7G). Hence, core genome size shows substantial variation within the species matching the 

recent expansion in TEs across continents. We found the most variable genome sizes in the 

more recent North American population (Figure 7-figure supplement 1B). Finally, we 

contrasted variation in genome size with the detected TE insertion dynamics. For this, we 

assessed the variable genome segment as the difference between the smallest and largest 

analyzed core genome. To reflect TE dynamics, we calculated the cumulative length of all 

detected TE insertions in any given genome. We found that the cumulative length of inserted 
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TEs represents between 4.8 and 184 % of the variable genome segment defined for the species 

or 0.2-2.6% of the estimated genome size per isolate (Figure 7-figure supplement 1C-D). 

 
Figure 7: Core genome size and transposable element (TE) evolution across populations. (A) BUSCO completeness variation among 
genome assemblies. Black lines indicate the mean genome size per population. (B) Genome-wide GC content variation. (C) Core genome size 
variation among the isolates of the populations (excluding accessory chromosomes). (D) Correlation of core genome size and number of 
detected TEs. (E) Correlation of core genome size and the cumulative length of all TEs detected as inserted. (F) Correlation of core genome 
size and genome-wide GC content. (G) Spearman correlation matrix of BUSCO completeness, core genome size, number of detected TEs and 
genome-wide GC content. Figure supplement 1. Genome size expansion. (A) Estimated length of TE insertions per isolate and population. 
(B) Genome size variation per population. (C) Percentage of TEs content variation compared to the variation in genome size. (D) TE 
contributions to genome size variation compared to full genome size. 
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Discussion 

 
TEs play a crucial role in generating adaptive genetic variation within species but are also 

drivers of deleterious genome expansions. We analyzed the interplay of TEs with selective and 

neutral processes including population differentiation and incipient genome expansions. TEs 

have substantial transposition activity in the genome but are strongly counter-selected and are 

maintained at low frequency. TE dynamics showed distinct trajectories across populations with 

more recently established populations having higher TE content and a concurrent expansion of 

the genome.  

 

Recent selection acting on TE insertions 

TE frequencies in the species show a strong skew towards singleton insertions across 

populations. However, our short-read based analyses are possibly skewed towards over-

counting singletons as indicated by independent long-read mapping evaluations. Nevertheless, 

the skew towards low frequency TE insertions indicates both that TEs are undergoing 

transposition and that purifying selection maintains frequencies at a low level. Similar effects 

of selection on active TEs were observed across plants and animals, including Drosophila 

melanogaster and Brachypodium distachyon (Cridland et al., 2013; Stritt et al., 2017; Luo et 

al., 2020). TE insertions were under-represented in or near coding regions, showing a stronger 

purifying selection against TEs inserting into genes. Coding sequences in the Z. tritici genome 

are densely packed with an average distance of only ~1 kb (Goodwin et al., 2011). Consistent 

with this high gene density, TE insertions were most frequent at a distance of 200-400 bp away 

from coding sequences. A rapid decay in linkage disequilibrium in the Z. tritici populations 

(Croll et al., 2015; Hartmann et al., 2018) likely contributed to the efficiency of removing 

deleterious insertions. Some TE superfamilies have preferred insertion sites in coding regions 

and transcription start sites (Miyao et al., 2003; Fu et al., 2013; Gilly et al., 2014; Quadrana et 

al., 2016). Hence, some heterogeneity in the observed insertion site distribution across the 

genome is likely due to insertion preferences of individual TEs. We also found evidence for 

positive selection acting on TEs with the strongest candidate locus being a TE insertion on 

chromosome 12. This locus showed a frequency increase only in the more recent North 

American population, which experienced the first systematic fungicide applications and 
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subsequent emergence of fungicide resistance in the decade prior to the last sampling (Estep et 

al., 2015). The nearest gene encodes a RTA1-like protein, a transmembrane exporter which is 

associated with resistance towards different stressors, including antifungal compounds, and 

shows strong copy number variation in several fungi (Soustre et al., 1996; Rogers & Barker, 

2003; Sirisattha et al., 2004; Ali et al., 2014; Yew et al., 2016; Liang et al., 2018). Hence, the 

TE insertion may have positively modulated RTA1 expression to resist antifungals.  

Transposition activity in a genome and counter-acting purifying selection are expected to 

establish an equilibrium over evolutionary time (Charlesworth & Charlesworth, 1983). 

However, temporal bursts of TE families and changes in population size due to bottlenecks or 

founder events are likely to shift the equilibrium. Despite purifying selection, we were able to 

detect signatures of positive selection by scanning for short-term population frequency shifts. 

Population genomic datasets can be used to identify the most likely candidate loci underlying 

recent adaptation. The shallow genome-wide differentiation of Z. tritici populations provides a 

powerful background to test for outlier loci (Hartmann et al., 2018). We found the same TE 

families to have experienced genome-wide copy number expansions, suggesting that the 

availability of adaptive TE insertions may be a by-product of TE bursts in individual 

populations. 

 

Population-level TE invasions and relaxed selection 

Across the surveyed populations from four continents, we identified substantial variation in TE 

counts per genome. The increase in TEs matches the global colonization history of the pathogen 

with an increase in TE copies in more recently established populations (Zhan et al., 2003; 

Stukenbrock et al., 2007). Compared to the Israeli population located nearest the center of 

origin in the Middle East, the European populations showed a three-fold increase in TE counts. 

The Australian and North American populations established from European descendants 

retained high TE counts. We identified a second increase at the North American site where TE 

counts nearly doubled again over a 25-year period. Compared to the broader increase in TEs 

from the Middle East, the second expansion at the North American site was driven by a small 

subset of TE families alone. Analyses of completely assembled reference-quality genomes 

from the same populations confirmed that genome expansions were primarily driven by the 

same TE families belonging to the RLG, RLC and DHH superfamilies (Badet et al., 2020). 

Consistent with the contributions from individual TEs, we found that the first expansion in 

Europe led to an increase in low-frequency variants, suggesting higher transposition activity of 

many TEs in conjunction with strong purifying selection. The second expansion at the North 
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American site shifted TE frequencies upwards, suggesting relaxed selection against TEs. The 

population-level context of TEs in Z. tritici shows how heterogeneity in TE control interacts 

with demography to determine extant levels of TE content and, ultimately, genome size. 

 

TE invasion dynamics underpins genome size expansions 

The number of detected TEs was closely correlated with core genome size, hence genome size 

expansions were at least partly caused by the very recent proliferation of TEs. Genome 

assemblies of large eukaryotic genomes based on short read sequencing are often fragmented 

and contain chimeric sequences (Nagarajan & Pop, 2013). Focusing on the less repetitive core 

chromosomes in the genome of Z. tritici reduces such artefacts substantially. Because genome 

assemblies are the least complete in the most repetitive regions, any underrepresented 

sequences may rather underestimate than overestimate within-species variation in genome size. 

Hence, we consider the assembly sizes to be a robust correlate of total genome size. The core 

genome size differences observed across the species range match genome size variation 

typically observed among closely related species. Among primates, genome size varies by 

~70% with ~10% between humans and chimpanzees (Rogers & Gibbs, 2014; Miga et al., 

2020). In fungi, genome size varies by several orders of magnitude within phyla but is often 

highly similar among closely related species (Raffaele & Kamoun, 2012). Interestingly, drastic 

changes in genome size have been observed in the Blumeria and Pseudocercospora genera 

where genome size changed by 35-130% between the closest known species (Frantzeskakis et 

al., 2018; González-Sayer et al., 2021). Beyond analyses of TE content variation correlating 

with genome size evolution, proximate mechanisms driving genome expansions are poorly 

understood. By establishing large population genetic datasets, such as those possible for crop 

pathogens, analyses of genome size evolution become tractable at the population level. 

TEs might not only contribute to genome expansion directly by adding length through 

additional copies, but also by increasing the rate of chromosomal rearrangements and ectopic 

recombination (Bourque et al., 2018; Blommaert, 2020). However, TEs are not the only 

repetitive elements that can lead to a genome size expansion. In Arabidopsis thaliana 

genomes, the 45S rDNA has been shown to have the strongest impact on genome size variation, 

followed by 5S rDNA variation, and contributions by centromeric repeats and TEs (Long et 

al., 2013). In conjunction, recent work demonstrates how repetitive sequences are drivers of 

genome size evolution over short evolutionary timescales. 
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The activity of TEs is controlled by complex selection regimes within species. Actively 

transposing elements may accelerate genome evolution and underpin expansions. Hence, 

genomic defenses should evolve to efficiently target recently active TEs. Here, we show that 

TE activity and counteracting genomic defenses have established a tenuous equilibrium across 

the species range. We show that population subdivisions are at the origin of highly 

differentiated TE content within a species matching genome size changes emerging over the 

span of only decades and centuries. In conclusion, population-level analyses of genome size 

can recapitulate genome expansions typically observed across much deeper time scales 

providing fundamentally new insights into genome evolution.  

 

Methods 

 
Fungal isolate collection and sequencing 

We analyzed 295 Z. tritici isolates covering six populations originating from four geographic 

locations and four continents (Figure 5-figure supplement 1), including: Middle East 1992 (n 

= 30 isolates, Nahal Oz, Israel), Australia 2001 (n = 27, Wagga Wagga), Europe 1999 (n = 33, 

Berg am Irchel, Switzerland), Europe 2016 (n = 52, Eschikon, ca. 15km from Berg am Irchel, 

Switzerland), North America 1990 and 2015 (n = 56 and n = 97, Willamette Valley, Oregon, 

United States) (McDonald et al., 1996; Linde et al., 2002; Zhan et al., 2002, 2003, 2005). 

Illumina short read data from the Middle Eastern, Australian, European 1999 and North 

American 1990 populations were obtained from the NCBI Sequence Read Archive (SRA) 

under the BioProject PRJNA327615 (Hartmann et al., 2017). For the Switzerland 2016 and 

Oregon 2015 populations, asexual spores were harvested from infected wheat leaves from 

naturally infected fields and grown in YSB liquid media including 50 mgL-1 kanamycin and 

stored in silica gel at −80°C. High-quality genomic DNA was extracted from liquid cultures 

using the DNeasy Plant Mini Kit from Qiagen (Venlo, Netherlands). The isolates were 

sequenced on an Illumina HiSeq in paired-end mode and raw reads were deposited at the NCBI 

SRA under the BioProject PRJNA596434. 
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TE insertion detection 

The quality of Illumina short reads was determined with FastQC version 0.11.5 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (Figure 1A). To remove 

spuriously sequenced Illumina adaptors and low quality reads, we trimmed the sequences with 

Trimmomatic version 0.36, using the following filter parameters: illuminaclip:TruSeq3-PE-

2.fa:2:30:10 leading:10 trailing:10 slidingwindow:5:10 minlen:50 (Bolger et al., 2014). We 

created repeat consensus sequences for TE families (sequences are available 

on https://github.com/crolllab/datasets; Figure 1-source data 2) in the complete reference 

genome IPO323 (Goodwin et al., 2011) with RepeatModeler version open-4.0.7 

(http://www.repeatmasker.org/RepeatModeler/) based on the RepBase Sequence Database and 

de novo (Bao et al., 2015). TE classification into superfamilies and families was based on an 

approach combining detection of conserved protein sequences and tools to detect non-

autonomous TEs (Badet et al., 2020). To detect TE insertions, we used the R-based tool 

ngs_te_mapper version 79ef861f1d52cdd08eb2d51f145223fad0b2363c integrated into the 

McClintock pipeline version 20cb912497394fabddcdaa175402adacf5130bd1, using bwa 

version 0.7.4-r385 to map Illumina short reads, samtools version 0.1.19 to convert alignment 

file formats and R version 3.2.3 (Li & Durbin, 2009; Li et al., 2009; Linheiro & Bergman, 

2012; R Core Team, 2017; Nelson et al., 2017).  

 

Down-sampling analysis 

We performed a down-sampling analysis to estimate the sensitivity of the TE detection with 

ngs_te_mapper based on variation in read depth. We selected one isolate per population 

matching the average coverage of the population. We extracted the per-base pair read depth 

with the genomecov function of bedtools version 2.27.1 and calculated the genome-wide mean 

read depth (Quinlan & Hall, 2010). The number of reads in the original fastq file was reduced 

in steps of 10% to simulate the impact of reduced coverage. We analyzed each of the obtained 

reduced read subsets with ngs_te_mapper using the same parameters as described above. The 

correlation between the number of detected insertions and the read depth was visualized using 

the function nls with model SSlogis in R and visualized with ggplot2 (Wickham, 2016). The 

number of detected TEs increased with the number of reads until reaching a plateau indicating 

saturation (Figure 1B). Saturation was reached at a coverage of approximately 15X, hence we 

retained only isolates with an average read depth above 15X for further analyses. We thus 

excluded one isolate from the Oregon 2015 population and ten isolates from the Switzerland 

2016 population. 
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Validation procedure for predicted TE insertions  

ngs_te_mapper detects the presence but not the absence of a TE at any given locus. We devised 

additional validation steps to ascertain both the presence as well as the absence of a TE across 

all loci in all individuals. TEs absent in the reference genome were validated by re-analyzing 

mapped Illumina reads. Reads spanning both parts of a TE sequence and an adjacent 

chromosomal sequence should only map to the reference genome sequence and cover the target 

site duplication of the TE (Figure 1C). We used bowtie2 version 2.3.0 with the parameter --

very-sensitive-local to map Illumina short reads of each isolate on the reference genome 

IPO323 (Langmead & Salzberg, 2012). Mapped Illumina short reads were then sorted and 

indexed with samtools and the resulting bam file was converted to a bed file with the function 

bamtobed in bedtools. We extracted all mapped reads with an end point located within 100 bp 

of the target site duplication (Figure 1C). We tested whether the number of reads with a mapped 

end around the target site duplication significantly deviated if the mapping ended exactly at the 

boundary. A mapped read ending exactly at the target site duplication boundary is indicative 

of a split read mapping to a TE sequence absent in the reference genome. To test for the 

deviation in the number of read mappings around the target site duplication, we used a Poisson 

distribution and the ppois function in R version 3.5.1 (Figure 1C). We identified a TE as present 

in an isolate if tests on either side of the target site duplication had a p-value < 0.001 (Figure 

5-figure supplement 1; Figure 1-figure supplement 1B and Figure 1-source data 1).  

 

For TEs present in the reference genome, we analyzed evidence for spliced junction reads 

spanning the region containing the TE. Spliced reads are indicative of a discontinuous sequence 

and, hence, absence of the TE in a particular isolate (Figure 1D). We used STAR version 2.5.3a 

to detect spliced junction reads with the following set of parameters: --runThreadN 1 --

outFilterMultimapNmax 100 --winAnchorMultimapNmax 200 --outSAMmultNmax 100 --

outSAMtype BAM Unsorted --outFilterMismatchNmax 5 --alignIntronMin 150 --

alignIntronMax 15000 (Dobin et al., 2012). We then sorted and indexed the resulting bam file 

with samtools and converted split junction reads with the function bam2hints in bamtools 

version 2.5.1 (Barnett et al., 2011). We selected loci without overlapping spliced junction reads 

using the function intersect in bedtools with the parameter -loj -v. We considered a TE as truly 

absent in an isolate if ngs_te_mapper did not detect a TE and evidence for spliced junction 

reads were found, indicating that the isolate had no inserted TE in this region. If the absence of 

a TE could not be confirmed by spliced junction reads, we labelled the genotype as missing. 
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Finally, we excluded TE loci with more than 20% missing data from further investigations 

(Figure 1D and Figure 1-figure supplement 1C).  

 

Clustering of TE insertions into loci 

We identified insertions across isolates as being the same locus if all detected TEs belonged to 

the same TE family and insertion sites differed by ≤100 bp (Figure 1-figure supplement 2). We 

used the R package GenomicRanges version 1.28.6 with the functions 

makeGRangesFromDataFrame and findOverlaps and the R package devtools version 1.13.4 

(Lawrence et al., 2013; Wickham & Chang, 2016). We used the R package dplyr version 0.7.4 

to summarize datasets (https://dplyr.tidyverse.org/). Population-specific frequencies of 

insertions were calculated with the function allele.count in the R package hierfstat version 

0.4.22 (Goudet, 2005). We conducted a principal component analysis for TE insertion 

frequencies filtering for a minor allele frequency ³ 5%. We also performed a principal 

component analysis for genome-wide single nucleotide polymorphism (SNP) data obtained 

from Hartmann et al (2017) and Singh et al (2020). As described previously, SNPs were hard-

filtered with VariantFiltration and SelectVariants tools integrated in the Genome Analysis 

Toolkit (GATK) (McKenna et al., 2010). SNPs were removed if any of the following filter 

conditions applied: QUAL<250; QD<20.0; MQ<30.0; -2 > BaseQRankSum > 2; -2 > 

MQRankSum > 2; -2 > ReadPosRankSum > 2; FS>0.1. SNPs were excluded with vcftools 

version 0.1.17 and plink version 1.9 requiring a genotyping rate >90% and a minor allele 

frequency >5% (https://www.cog-genomics.org/plink2, Chang et al., 2015). Finally, we 

converted tri-allelic SNPs to bi-allelic SNPs by recoding the least frequent allele as a missing 

genotype. Principal component analysis was performed using the gdsfmt and SNPRelate 

packages in R (Zheng et al., 2012, 2017). For a second principal component analysis with a 

reduced set of random markers, we randomly selected SNPs with vcftools and the following 

set of parameters: --maf 0.05 –thin 200000 to obtain an approximately equivalent number of 

SNPs as TE loci.  

 

Evaluation of singleton insertions 

To evaluate the reliability of singleton TE insertion loci, we analyzed singleton loci in isolates 

for which we had both Illumina datasets and complete reference-quality genomes (Badet et al., 

2020). From a set of 19 long-read PacBio reference genomes spanning the global distribution 

of Z. tritici, one isolate each from Australia, Israel, North America (1990) and four isolates 
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from Europe (1999) were also included in the TE insertion screening. To assess the reliability 

of singleton TE insertions, we first investigated structural variation analyses among the 

reference genomes (Badet et al., 2021, Supplementary Data 1 and 2). The structural variation 

was called both based on split read mapping of PacBio reads and pairwise whole-genome 

alignments. Using bedtools intersect, we recovered for the 31 singleton TE loci in the 7 

analyzed genomes a total of 17 loci showing either an indel, translocation, copy number 

polymorphism, duplication, inverted duplication, inversion, or inverted translocation at the 

same location. We visually inspected the PacBio read alignment bam files against the IPO323 

reference genome using IGV version 2.4.16 (Robinson et al., 2011), and found a typical 

coverage increase at the target site duplication, with most read mappings interrupted at the 

target site duplication as expected for an inserted TE. For the 14 remaining TE loci, we 

extracted the region of the predicted insertion and padded the sequence on both ends with an 

additional 500 bp using samtools faidx. We used blast to identify a homologous region in the 

assembled reference-quality genomes. Matching regions were inspected based on blastn for the 

presence of a TE sequence matching the TE family originally detected at the locus. With this 

second approach, we confirmed an additional five singletons to be true insertions. Both 

methods combined produced supportive evidence for 22 out of 31 singleton insertions (71%). 

We calculated the read coverage after mapping to the reference genome IPO323 with bedtools 

genomecov for each PacBio long-read dataset and calculated mean coverage for 500 bp regions 

around singleton TE insertions. 

 

Population differentiation in TE frequencies 

We calculated Nei’s fixation index (FST) between pairs of populations using the R packages 

hierfstat and adegenet version 2.1.0 (Jombart, 2008; Jombart & Ahmed, 2011). To understand 

the chromosomal context of TE insertion loci across isolates, we analyzed draft genome 

assemblies. We generated de novo genome assemblies for all isolates using SPAdes version 

3.5.0 with the parameter --careful and a kmer range of “21, 29, 37, 45, 53, 61, 79, 87” 

(Bankevich et al., 2012). We used blastn to locate genes adjacent to TE insertion loci on 

genomic scaffolds of each isolate. We then extracted scaffold sequences surrounding 10 kb up- 

and downstream of the localized gene with the function faidx in samtools and reverse 

complemented the sequence if needed. Then, we performed multiple sequence alignments for 

each locus across all isolates with MAFFT version 7.407 with parameter --maxiterate 1000 

(Katoh & Standley, 2013). We performed visual inspections to ensure correct alignments 

across isolates using Jalview version 2.10.5 (Waterhouse et al., 2009). To generate 
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phylogenetic trees of individual gene or TE loci, we extracted specific sections of the alignment 

using the function extractalign in EMBOSS version 6.6.0 (Rice et al., 2000) and converted the 

multiple sequence alignment into PHYLIP format with jmodeltest version 2.1.10 using the -

getPhylip parameter. We then estimated maximum likelihood phylogenetic trees with the 

software PhyML version 3.0, the K80 substitution model and 100 bootstraps on the ATGC 

South of France bioinformatics platform (Guindon & Gascuel, 2003; Guindon et al., 2010; 

Darriba et al., 2012). Bifurcations with a supporting value lower than 10% were collapsed in 

TreeGraph version 2.15.0-887 beta and trees were visualized as circular phylograms in 

Dendroscope version 2.7.4 (Huson et al., 2007; Stöver & Müller, 2010). For loci showing 

complex rearrangements, we generated synteny plots using 19 completely sequenced genomes 

from the same species using the R package genoplotR version 0.8.9 (Guy et al., 2010; Badet et 

al., 2020). We calculated the population-specific allele frequency for TE loci and estimated the 

exponential decay curve with a self-starting Nls asymptomatic regression model nls(p_loci ~ 

SSasymp(p_round, Asym, R0, lrc) in R. 

We analyzed signatures of selective sweeps based on genome-wide SNPs using the extended 

haplotype homozygosity (EHH) tests implemented in the R package REHH (Sabeti et al., 2007; 

Gautier & Vitalis, 2012). We analyzed within-population signatures based on the iHS statistic 

and chose a maximum gap distance of 20 kb. We also analyzed cross-population signatures 

based on the XP-EHH statistic for the following two population pairs: North America 1990 

versus North America 2015, Europe 1999 versus Europe 2016. We defined significant selective 

sweeps as being among the 99.9th percentile outliers of the iHS and XP-EHH statistics. 

Significant SNPs at less than 5 kb were clustered into a single selective sweep region adding 

+/- 2.5 kb. Finally, we analyzed whether TE loci in the population pairs were within 10 kb of 

a region identified as a selective sweep by XP-EHH using the function intersect from bedtools. 
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Genomic location of TE insertions 

To characterize the genomic environment of TE insertion loci, we split the reference genome 

into non-overlapping windows of 10 kb using the function splitter from EMBOSS. TEs were 

located in the reference genome using RepeatMasker providing consensus sequences from 

RepeatModeler (http://www.repeatmasker.org/). To analyze coding sequence, we retrieved the 

gene annotation for the reference genome (Grandaubert et al., 2015). We estimated the 

percentage covered by genes or TEs per window using the function intersect in bedtools. 

Additionally, we calculated the GC content using the tool get_gc_content 

(https://github.com/spundhir/RNA-Seq/blob/master/get_gc_content.pl). We extracted the 

number of TEs present in 1 kb windows around each annotated core gene in the reference 

genome IPO323, using the function window in bedtools. We calculated the relative distances 

between each gene and the closest TE with the function bedtools closest. For the TEs inserted 

into genes, we used the function intersect in bedtools to distinguish intron and exon insertions 

with the parameters -wo and -v, respectively. TEs that overlap more than one exon were only 

counted once. For each 100 bp segment in the 1 kb windows as well as for introns and exons, 

we calculated the mean number of observed TE insertions per base pair. We calculated the 

mean number of TEs per window and calculated the log2 of the observed number of TE 

insertions divided by the expected value. We extracted information about recombination 

hotspots from Croll et al. (2015). This dataset is based on two experimental crosses initiated 

from isolates included in our analyses (1A5x1E4, 3D1x3D7). The recombination rates were 

assessed based on the reference genome IPO323 and analyzed with the R/qtl package in R. We 

used bedtools intersect to compare both TE density in IPO323 and TE insertion polymorphism 

with predicted recombination hotspots. 

 

Core genome size estimation 

Accessory chromosomes show presence/absence variation within the species and length 

polymorphism (Goodwin et al., 2011; Croll et al., 2013) and thus impact genome size. We 

controlled for this effect by first mapping sequencing reads to the reference genome IPO323 

using bowtie2 with --very-sensitive-local settings and retained only reads mapping to any of 

the 13 core chromosomes using seqtk subseq v1.3-r106 (https://github.com/lh3/seqtk/). 

Furthermore, we found that different sequencing runs showed minor variation in the 

distribution of the per read GC content. In particular, reads of a GC content lower than 30 % 

were underrepresented in the Australian (mean reads < 30 % of the total readset: 0.05 %), North 

American 1990 (0.07 %) and Middle East (0.1 %) populations, and higher in the Europe 1999 
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(1.3 %), North American 2015 (3.0 %) and Europe 2016 (4.02 %) populations (Figure 1-figure 

supplement 3). Library preparation protocols and Illumina sequencer generations are known 

factors influencing the recovery of reads of varying GC content (Benjamini & Speed, 2012).  

 

To control a potential bias stemming from this, we subsampled reads based on GC content to 

create homogeneous datasets. For this, we first retrieved the mean GC content for each read 

pair using geecee in EMBOSS and binned reads according to GC content. For the bins with a 

GC content <30%, we calculated the mean proportion of reads from the genome over all 

samples. We then used seqtk subseq to subsample reads of <30% to adjust the mean GC content 

among readsets. We generated de novo genome assemblies using the SPAdes assembler version 

with the parameters --careful and a kmer range of “21, 29, 37, 45, 53, 61, 79, 87”. The SPAdes 

assembler is optimized for the assembly of relatively small eukaryotic genomes. We evaluated 

the completeness of the assemblies using BUSCO v4.1.1 with the fungi_odb10 gene test set 

(Simão et al., 2015). We finally ran Quast v5.0.2 to retrieve assembly metrics including 

scaffolds of at least 1 kb (Mikheenko et al., 2018).  

 

Fungicide resistance assay 

To quantify susceptibility towards propiconazole we used a previously published microtiter 

plate assay dataset with 3 replicates performed for each isolate and concentration. Optical 

density was used to estimate growth rates under different fungicide concentrations (0, 0.00006, 

0.00017, 0.0051, 0.0086, 0.015, 0.025, 0.042, 0.072, 0.20, 0.55, 1.5 mgL-1) (Hartmann et al., 

2020). We calculated dose-response curves and estimated the half-maximal lethal 

concentration EC50 with a 4-parameter logistics curve in the R package drc (Ritz & Streibig, 

2005). 

 

Data availability 
Sequence data is deposited at the NCBI SRA under the accession numbers PRJNA327615, 

PRJNA596434 and PRJNA178194. Transposable element consensus sequences are available 

from https://github.com/crolllab/datasets.  

Supplementary Data available on https://zenodo.org/record/6029536.  
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Supplementary Files 

 
Figure 1 supplement 1: Validation of transposable element (TE) insertion predictions. (A) TEs not present in the reference genome: 

distribution of additional TE hits found per locus after the outlier test. Color indicates superfamilies. (B) TEs not present in the reference 

genome: distribution of additional TE hits found per population after the outlier test. Colors indicate populations. (C) TEs present in the 

reference genome: distribution of missing data per locus after the validation with spliced junction reads. Missing data indicates that the TE 

was not predicted with ngs_te_mapper and that there was no indication of spliced reads. The red line (=20 %) indicates the threshold for 

missing data. TE loci with an amount of missing data > 20 % were completely excluded from further analyses. Color indicates superfamily. 

(D) TEs present in the reference genome: detection of strong outlier isolates with a high number of split reads. Color indicates the population.  

 

 
Figure 1 supplement 2: Establishment of transposable element (TE) loci with differing start and end positions in the isolates. Distribution of 

length of distance for start position, end position and both start and end combined after the correction.  
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Figure 1 supplement 3: Bias for reads with a GC content lower than 30 % per population. Red lines indicate the mean. 

 

 
Figure 2 supplement 1. Validation of transposable element (TE) insertion predictions. (A) TEs not present in the reference genome: 

distribution of additional TE hits found per locus after the outlier test. Color indicates superfamilies. (B) TEs not present in the reference 

genome: distribution of additional TE hits found per population after the outlier test. Colors indicate populations. (C) TEs present in the 

reference genome: distribution of missing data per locus after the validation with spliced junction reads. Missing data indicates that the TE 

was not predicted with ngs_te_mapper and that there was no indication of spliced reads. The red line (=20 %) indicates the threshold for 

missing data. TE loci with an amount of missing data > 20 % were completely excluded from further analyses. Color indicates superfamily. 

(D) TEs present in the reference genome: detection of strong outlier isolates with a high number of split reads. Color indicates the population.  
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Figure 2 supplement 2. Establishment of transposable element (TE) loci with differing start and end positions in the isolates. Distribution of 

length of distance for start position, end position and both start and end combined after the correction. 

 
Figure 2 supplement 3. Bias for reads with a GC content lower than 30 % per population. Red lines indicate the mean. 
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Figure 3 supplement 1. Global pairwise FST distributions shown separately for the 21 chromosomes. The red horizontal line indicates the 

mean FST = 0.0163. Colors are according to the three main superfamilies (RLG, RLC, DHH). 

 

 
Figure 4 supplement 1. Additional top loci. Six additional candidate adaptive transposable element (TE) insertions. Each row corresponds to 

a candidate, with the first five being candidates detected in the North American populations and the last one in the European populations. For 

each candidate, the direction of the TE and the direction, function and distance of the closest two genes are indicated. The middle column 

indicates the location of the TE in the genomic niche, with TE content, gene content and GC content for the surrounding windows. The third 

column indicates resistance levels towards azole antifungals for isolates with and without the TE insertion. 
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Figure 6 supplement 1. Population changes additional. Variation in transposable element (TE) content per isolate across populations. (A) 

Total TE copies per superfamily (colored) and per isolate only including LTR (long terminal repeat) TEs Copia and Gypsy. Color indicates 

the family. (B) Total TE copies per superfamily (colored) and per isolate only on the core chromosomes. (C) Total TE copies per superfamily 

(colored) and per isolate only on the accessory chromosomes. 
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Figure 6 supplement 2. Heatmap loci. (A) Presence (blue) and absence (yellow) matrix for all transposable element (TE) loci in all isolates 

per population. Colors on the left side indicate the superfamily. (B) Comparison of different genomic regions with and without TE insertions 

in IPO323. 

 

 
Figure supplement 1. Genome size expansion. (A) Estimated length of TE insertions per isolate and population. (B) Genome size variation 

per population. (C) Percentage of TEs content variation compared to the variation in genome size. (D) TE contributions to genome size 

variation compared to full genome size. 
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“There was nowhere to go but everywhere, so just keep on rolling under the stars.” 

 Jack Kerouac (On the road) 
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Abstract 
The activity of transposable elements (TEs) contributes to genome evolution. TEs can 

destabilize genome integrity but also confer adaptive changes in phenotypic traits. De-

repression of silenced TEs can initiate bursts, creating a large number of novel copies in the 

genome. Strong purifying selection tends to quickly remove new deleterious TE insertions. A 

major gap in our knowledge is how transpositional activity, genomic defenses and selection 

jointly control TE expansion routes along the genome. To retrace the expansion of individual 

TE families, we analyzed a set of 19 telomere-to-telomere genomes of the fungal wheat 

pathogen Zymoseptoria tritici. Reconstructing the evolutionary history and ancestral states of 

individual TE families using phylogenetic methods, we show that TEs have undergone distinct 

activation and repression periods, leading to highly uneven copy numbers between genomes. 

Most TEs are clustered in gene poor compartments, indicating strong purifying selection 

against TE insertions nearby coding sequences. TE families with high copy numbers show low 

sequence divergence and strong signatures of defense mechanisms (i.e., RIP). In contrast, small 

non-autonomous TEs (i.e., MITEs) are less impacted by defense mechanisms and are often in 

close proximity to genes. We then reconstructed the expansion of individual TE families 

including copies from all genomes. TE families showed several distinct rapid expansion events 

with a large number of nearly identical copies being created. We find that a Copia element had 

initiated a burst from copies being inserted substantially closer to genes compared to older 

insertions. Overall, TE copies having most likely initiated a transposition burst are in more GC-

rich regions and less affected by genomic defenses. Our work shows that specific genomic 

environments have a substantial impact on TE proliferation. 

 

Introduction 

 
Transposable elements create novel copies by duplication or relocation in the genome. Without 

counteraction, TEs can proliferate in the genome, leading to expanded genome sizes, increased 

ectopic recombination and the potential of deleterious insertions into coding and regulatory 

regions (Petrov et al., 2003). Defense mechanisms have evolved to reversibly inactivate (i.e., 

silence) or irreversibly mutate TEs (Daboussi & Capy, 2003; Lisch & Bennetzen, 2011). 

Defense against TEs include histone modifications, cytosine and chromatin methylation, small 

RNA based silencing or KRAB zinc finger based transcriptional silencing (Lisch, 2009; Jacobs 
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et al., 2014; Yang et al., 2017; Schmitz et al., 2019). Some TEs have the ability to regulate 

their own expression trough small RNA (Rebollo et al., 2012). In certain ascomycete fungi, 

TEs are also targeted by repeat-induced point mutations (RIP) during sexual recombination 

(Galagan & Selker, 2004; Gladyshev & Kleckner, 2017; van Wyk et al., 2021). RIP introduces 

a number of CpG -> TpA mutations in all copies of a duplicated sequences. RIP generally 

decreases the GC content and likely introduces preliminary stop codons. In the ascomycete 

Neurospora crassa, a few generations of sexual recombination are sufficient to render TE 

copies unfunctional with RIP mutations (Wang et al., 2020b). TE expansion is additionally 

counterbalanced by deletion via ectopic recombination, purifying selection and genetic drift 

(Charlesworth & Charlesworth, 1983; Devos et al., 2002; Petrov et al., 2003). Defense 

mechanisms against TEs can lose effectiveness under stress conditions or are lost over 

evolutionary time scales (González et al., 2008; Horváth et al., 2017; Lorrain et al., 2020). A 

loss of control over TEs can lead to de-repression and rapid amplifications (i.e., bursts) of new 

TE copies characterized by low sequence diversity (Frantzeskakis et al., 2018). Where 

individual TE bursts are initiated remains largely unclear. For most TEs that were recently de-

repressed, or newly introduced into a species via horizontal transfer, a strong increase in copies 

occurs with genomic defenses being deployed to counterbalance the spread (Le Rouzic & 

Capy, 2005). In the absence of bursts, most TE families reach a plateau in copy numbers, which 

indicates a balance between insertion and deletion (Charlesworth & Charlesworth, 1983; 

Petrov et al., 2003; Le Rouzic & Capy, 2005).  

 

TE activity reshapes the genomic landscape with new insertions depending on the insertion 

rate and subsequent selection on the insertion loci (Sigman & Slotkin, 2016). Generally, strong 

purifying selection acts on new insertions in plant, animal and fungal genomes (Cridland et al., 

2013; Stuart et al., 2016; Lai et al., 2017; Stritt et al., 2017; Oggenfuss et al., 2021). The 

evolving genomic landscape in turn provides niches to tolerate new TE insertions (Kremer et 

al., 2020; Stitzer et al., 2021). Some TE superfamilies have preferred insertion sites, either into 

a specific motif or a specific region in the genome (Bridier-Nahmias et al., 2015; Sultana et 

al., 2017). Many fungal plant pathogens accumulate TEs in gene-sparse compartments with 

relaxed purifying selection or even in accessory chromosomes, often co-located with pathogen 

associated genes (Rouxel et al., 2011; Raffaele & Kamoun, 2012; Van Dam et al., 2017; de 

Freitas Pereira et al., 2018; Torres et al., 2020). Few TE insertions are under positive selection, 

especially after external stress conditions led to an increase in TE activity (González et al., 

2008; van’t Hof et al., 2016; Horváth et al., 2017; Zhang et al., 2019). As a consequence of 
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insertion site bias, selection and defense mechanisms, most TEs are unevenly distributed in the 

genome (Bourque et al., 2018). Despite significant progress, it remains unclear to what extent 

TEs have adapted to specific niches of the genome or whether variation in insertion frequencies 

reflects purifying selection.  

 

Active TEs face ongoing counterselection in the host genome and it has been proposed that 

some TEs have adapted by retaining low copy numbers (Stritt et al., 2017; Blumenstiel, 2019). 

Few TEs show patterns of becoming co-opted, e.g., as telomeric sequences or as part of 

regulatory networks (Dhillon et al., 2014; Chuong et al., 2016; Cosby et al., 2019). Low 

divergence in TE sequences of the family indicates that transpositions occurred recently (Lerat 

et al., 2003). Hence, phylogenetic analyses of TE copies can reconstruct the evolutionary 

history of the TE family. Analogous to viral birth-death models, bursts of transpositions should 

leave distinct marks of short internal branches in phylogenetic trees (Volz et al., 2013; 

Blumenstiel, 2019). Copies with long terminal branches have likely been silenced TEs that 

remained in populations as remnants, accumulated mutations and ultimately degenerated and 

are no longer functional. In contrast, transposition bursts are characterized by a most recent 

common ancestor likely reflecting the copy initiating the expansion. Reconstructing the 

sequence of events leading to transposition bursts is often challenged by the difficulty in 

recovering all copies of a transposable element due to the incomplete nature of genome 

assemblies or the fact that insertions are not fixed in populations. Recent bursts of TEs were 

documented in large collections of rice genome resequencing datasets showing that highly 

active elements can be successfully identified (Lu et al., 2017). Recovering full-length copies 

of transposition bursts remains challenging though using short-read datasets. 

 

Many filamentous fungal plant pathogens have compact genomes amenable to TE analyses and 

a high degree of compartmentalization into TE dense and gene dense regions (Frantzeskakis et 

al., 2019; Torres et al., 2020). Genes present in TE rich compartments are often dispensable 

for survival but may be associated with virulence on the host (i.e., effectors) (Raffaele & 

Kamoun, 2012; Croll & McDonald, 2012; Faino et al., 2016; Torres et al., 2020). Zymoseptoria 

tritici is an important fungal plant pathogen on wheat that co-evolved with its host 

(Stukenbrock et al., 2007). TEs cover between 16.5 and 24 % of the genome of Z. tritici, and 

TE bursts are associated with genome size expansions, where not only new insertions would 

lead to a genome size increase, but also TE-derived structural variation and large-scale 

chromosomal rearrangements (Fouché et al., 2020; Badet et al., 2020; Oggenfuss et al., 2021). 
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Insertion of different TE families in the promoter region of a major facilitator superfamily 

transporter led to multidrug resistance in Z. tritici (Omrane et al., 2015, 2017; Mäe et al., 2020). 

A DNA transposon was shown to reduce asexual spore production and is associated with 

chromosomal breakage points (Fouché, 2020; Wang et al., 2021). TEs are associated with 

melanization and avirulence (Krishnan et al., 2018; Meile et al., 2018). Some populations seem 

to have lost dim2, an essential gene of the RIP machinery (Möller et al., 2020; Lorrain et al., 

2021b). TE defenses based on cytosine methylation was also lost after a duplication event of 

the MgDNMT gene and subsequent mutations by RIP that rendered all copies non-functional 

(Dhillon et al., 2010, 2014). Histone modification and small RNAs might be responsible for 

TE silencing in Zymoseptoria tritici (Schotanus et al., 2015; Kettles et al., 2019; Habig et al., 

2021). We recently defined 304 TE families based on analyses of 19 complete genomes. Most 

TE families are silenced, but some are de-repressed and active during stress conditions, leading 

to bursts of TE proliferation (Fouché et al., 2020; Badet et al., 2020; Oggenfuss et al., 2021).  

 

Given the challenges to comprehensively retrace insertion events, our understanding of how 

TEs expand in genomes remains limited. Here, we use phylogenetic reconstructions to establish 

how TEs have proliferated within genomes. We combine the total evidence for TE copies in 

19 telomere-to-telomere genome assemblies of the same fungal pathogen species. We identify 

characteristics of genomic niches where TEs have recently been activated and caused bursts of 

proliferation.  

 

Methods 

 
Sequences and TE detection 

We used a previously published set of 19 reference-quality genomes of Z. tritici assembled 

using PacBio sequencing (Badet et al., 2020; European Nucleotide Archive BioProject 

PRJEB33986). The genomes cover the global genetic diversity of species and represent 14 

countries on six continents (Figure 1A, Supplementary Table S1). We used a recently published 

improved TE annotation for the species with elements retrieved from all assembled genomes. 

TE annotation steps included using RepeatMasker, LTR-Finder, MITE-Tracker, SINE-Finder, 

Sine-Scan and extensive manual curation with WICKERsoft (Smit et al.; Xu & Wang, 2007; 

Breen et al., 2010; Wenke et al., 2011; Ma et al., 2015; Gao et al., 2016; Mao & Wang, 2017; 
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Crescente et al., 2018; Badet et al., 2020). The primary TE annotation was followed by 

stringent filtering steps to detect nested insertions and to join TE fragments. Simple repeats, 

low complexity regions and elements smaller than 100 bp were removed. TEs belonging to the 

same family overlapping by more than 100 bp were merged. TEs belonging to different families 

overlapping by more than 100 bp were considered as nested insertions. TEs belonging to the 

same family separated by less than 200 bp were considered as fragmented TEs and merged to 

one element (Badet et al., 2020). We additionally annotated Z. tritici specific TEs using the 

same pipeline in high quality genomes of the sister species Z. ardabiliae, Z. brevis, Z. 

pseudotritici and Z. passerinii (Feurtey et al., 2020).  

 
Figure 1: Transposable element (TE) distribution in 19 telomere-to-telomere genomes: (A) Origin of isolates used for TE genome 

analyses. Circle size indicates the genome size, the green shade indicates the TE content. (B) Genome size and TE copy number per isolate. 

The colors indicate MITEs (miniature inverted repeat transposable elements, small non-autonomous DNA transposons corresponding to 

several TE superfamilies), Copia/Gypsy (two superfamilies belonging to LTR (long terminal repeat) and LINE (a class of different 

superfamilies of non-LTR long non-interspersed elements). (C) Copy numbers of TEs (left) and total length (right) in all 19 genomes. Smaller 

boxes correspond to TE families. (D) Allele frequencies of TEs at orthologous insertion loci among genomes. TEs were defined as orthologous 

if they were located between the same set of orthologous genes. 

 

TE multiple sequence alignment 

We created multiple sequence alignments for all copies belonging to the same TE family from 

the 19 Z. tritici and four sister species genomes. We extracted all sequences of TE families 

with copy number ≥ 20 with the function faidx in samtools version 1.9 (Li et al., 2009). In case 
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of fragmented elements, we extracted all fragments as individual copies. We reverse-

complemented sequences where necessary prior to sequence alignment. To extract coding 

regions, we performed blastx searches against the PTREP18 database and against the non-

redundant protein database from NCBI (09/2020) with diamond blast version 0.9.32.133 and 

selected the hit with the highest bit score with at least 200 bp length (Thomas Wicker; 

http://botserv2.uzh.ch/kelldata/trep-db/index.html) (Altschul et al., 1990; Buchfink et al., 

2014). For small non-autonomous TE families lacking a coding region, we selected the whole 

sequence. We created multiple sequence alignments for each family with MAFFT version 

7.453 and the following parameters: --thread 1 --reorder --localpair --maxiterate 1000 --

nomemsave --leavegappyregion (Katoh & Standley, 2013). For four TE families with high 

copy numbers and large coding regions (RII_Cassini, RLG_Luna, RLG_Sol, RLC_Deimos), 

we slightly decreased accuracy of MAFFT, using the parameters --6merpair instead of --

localpair. 

 

TE family divergence 

TE families are expected to be active during different time spans and evolve at different rates. 

To estimate the age of the TE families, we ran RIPCAL with --windowsize 1000 --model 

consensus to create an additional consensus sequence that includes all copies of a TE family 

(Hane & Oliver, 2008, 2010). In R version 4.0.2 we created DNAbin objects with the R package 

ape version 5.3 and calculated nucleotide diversity of the multiple sequence alignments for 

each TE family with nuc.div in the package pegas version 0.13 (Paradis, 2010; Paradis & 

Schliep, 2019; R Core Team, 2020). To compare between TE families, we divided the 

nucleotide diversity by the length of the corresponding TE coding region. We did a relative age 

estimation of TE bursts per family using RepeatMasker. To compare recent activity or bursts, 

we created a repeat landscape using build Summary, calcDivergenceFromAlign using Kimura 

divergence and createRepeatLandscape in RepeatMasker and visualized the results with ggplot 

(Kimura, 1980). 

 

Genomic environment of TE insertions 

We described the genomic characteristics of niches containing TE insertions. For 5 kb windows 

centered on TE insertion loci, we calculated the TE and gene content based on TE and gene 

annotations, respectively, using the intersect command in bedtools version 2.28.0. We 

calculated GC content with the geecee tool in EMBOSS version 6.6.0 (Rice et al., 2000; 

Quinlan & Hall, 2010; Grandaubert et al., 2015). We also calculated the distance to the closest 
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gene and TE with the closest command in bedtools. We used Occultercut version 1.1 with 

default parameters to detect isochores with low (£ 49 %) or moderate (> 49 %) GC content 

(Testa et al., 2016). We used TheRIPper to identify large RIP affected regions in all analyzed 

genomes, and calculated the overlap of TE insertions and RIP affected regions with bedtools 

intersect (van Wyk et al., 2019). For the reference genome IPO323, we used available ChIP-

seq information (http://ascobase.cgrb.oregonstate.edu/cgi-bin/gb2/gbrowse/ncrassa_public/) 

to define the chromatin structure in niches around TE insertions (Schotanus et al., 2015).  

 

Characteristics of TE insertions 

Many TE sequences in the genome are fragmented due to nested insertions or partial deletions. 

To improve the quality of multiple sequence alignments, we selected only TE coding regions 

for phylogenetic analyses. For this, we trimmed the multiple sequence alignments with 

extractalign from EMBOSS, based on the position of the coding sequences, removed empty 

sequences with trimAl -gt 0 version 1.4.rev15 (http://trimal.cgenomics.org) and removed 

fragments that contained more than 50 % gap positions in the coding region (Capella-Gutiérrez 

et al., 2009). We calculated the GC content of each TE coding region with geecee in EMBOSS. 

To quantify RIP-like mutation signatures, we extracted dinucleotide frequencies for each TE 

family alignment with count in the package seqinr (Charif & Lobry, 2007). To define locus 

specific TE dynamics, we looked at the closest up- and downstream fixed orthologous genes 

from the pangenome annotation with closest in bedtools (Badet et al., 2020). We defined TE 

insertions belonging to the same TE family and being located between the same fixed 

orthologous genes as orthologous TE groups. Visualizations were made with ggplot (Wickham, 

2016).  

 

Maximum likelihood trees 

We estimated maximum likelihood trees for all TE families with indications for recent activity 

and bursts in the species. We extracted conserved blocks of the coding region with Gblocks 

version 0.91b, using the following parameters: -t=d -b3=10 -b4=5 -b5=a -b0=5 (Castresana, 

2000). For each TE family, we included two sequences retrieved from the same TE in sister 

species genomes to root trees. We estimated maximum likelihood trees with RAxML version 

8.2 (Stamatakis, 2014). For this, we generated 20 ML trees with each a different starting tree 

and extracted the starting tree with best likelihood with the following parameters: raxmlHPC-

PTHREADS-SSE3 -T 4 -m GTRGAMMA -p 12345 -# 10 --print-identical-sequences. We 
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performed a bootstrap analysis to obtain branch support values with the following parameters: 

raxmlHPC-PTHREADS-SSE3 -T 4 -m GTRGAMMA -p 12345 -b 12345 -# 50 --print-

identical-sequences. Finally, we draw bipartitions on the best ML tree with the following 

parameters: raxmlHPC-PTHREADS-SSE3 -T 4 -m GTRGAMMA -p 12345 -f b --print-

identical-sequences.  

 

Ancestral state reconstruction 

We performed ancestral state reconstructions for each TE family including characteristics of 

the TE sequences or the niche of the TE insertion. We imported the trees into R using read.tree 

from the package treeio version 1.10.0 (Wang et al., 2020a). We rooted the trees with root in 

package ape, using sister species sequences as an outgroup. We converted trees objects to tibble 

with as_tibble from the package tibble version 3.0.1 in tidyverse version 1.3.0 and added 

metadata using dplyr version 0.8.5 in tidyverse (Wickham et al., 2019, 2020; Müller & 

Wickham, 2020). We converted the tibble objects back to tree formats with as.treedata in treeio 

(Wickham et al., 2019). Using fastAnc and contMap from package phytools version 0.7-47, we 

performed ancestral state reconstruction for characteristics of the following continuous traits: 

gene density, TE density and GC content of 2.5 kb windows surrounding the TEs, closest gene, 

GC and RIP-like mutations per bp (Revell, 2012). To estimate ancestral states for binary 

characteristics (GC rich vs. poor, accessory vs. core chromosomes), we used make.simmap 

from the package phytools with an equal rates model and 100 simulations. We visualized the 

trees with ggtree version 2.0.1 (Yu et al., 2017). To retrieve clades representing recent bursts, 

we created polytomy trees from binary trees, using the command CollapseNode from 

TreeTools version 1.4.4 in R at branch lengths smaller than 1.1e-05 (Smith, 2019). For each 

burst clade, we defined the parental branch and an outgroup of the clade with offspring in the 

treeio package as the ancestral branch. We compared characteristics of ancestral branches of 

bursts with the distribution of the characteristics in all elements outside of bursts. We 

performed associating mapping for shared characteristics along the phylogenetic tree using 

treeWAS (Collins & Didelot, 2018).  

 

Results 
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TE diversity in the pangenome 

We analyzed TE copies in 19 completely assembled genomes to comprehensively map each 

TE family found in Z. tritici (Figure 1A). Both genome size and TE content vary considerably, 

and are positively correlated. The Australian isolate has the highest TE content (24 %) and 

largest genome size (41.76 Mb) and an Iranian isolate has the lowest TE content (18.1 %) and 

smallest genome size (37.13 Mb) (Figure 1B; published Supplementary Table S1 in Badet et 

al, 2020). We focused on TE families with at least 20 copies that are making up a total of 

24,520 copies across all analyzed genomes. Half of the copies belong to DNA transposons (n 

= 104 families) and half to retrotransposons (n = 59 families; Supplementary Table S2) without 

meaningful differences among genomes (Figure 1C; Supplementary Figure S1). We analyzed 

allele frequencies at TE insertion sites. Most TE insertions are singletons or at low frequency 

with few TE insertions being fixed among genomes (n = 122; Figure 1D). Fixed TE insertions 

are predominantly MITEs. 

 

TE insertion niches are of low gene content 

We analyzed niches of TE insertions by retrieving key features of 5 kb windows centered 

around insertions (Figure 2A). For the reference genome IPO323, we found no accumulation 

of TE insertions in regions with euchromatin marks, and only a subset of TEs overlapping with 

obligate heterochromatin marks (Figure 2A). Across all 19 genomes, we found that most TEs 

are located on core chromosomes, but TEs are more densely packed on accessory chromosomes 

(Figure 2B). The majority of TE copies are located in compartments with a GC content below 

50 %, with the exception of MITEs (Figure 2B). Only a small subset of TE copies is located in 

regions overlapping a gene or a subtelomeric region (Figure 2B). We found no relationship 

between TE insertions and large RIP affected regions. Most Copia/Gypsy and LINE are located 

within large RIP affected regions and most MITEs outside of large RIP affected regions (Figure 

2B).  
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Figure 2: Characteristics of TE insertion niches in the genome: (A) Proportional overlap of H3K27me2, H3K4me9 and H3K9me3 histone 

methylation marks with TE insertion niches in the reference genome IPO323. Colors indicate the group of TE. (B) TE insertion sites between 

core and accessory chromosomes, TE insertions into niches with a moderate (³ 50%) or low (< 50%) GC content, TE insertions into regions 

annotated as genes, TE insertions into subtelomeric region and TE insertions into large RIP affected regions. (C) Overlap of TE content, gene 

content and GC content with TE insertion niches. (D) Distribution of the distance to the closest gene in MITEs, Copia/Gypsy, LINE and other 

TEs. The red line indicates the mean distance. (E) Distances to the next TE MITEs, Copia/Gypsy, LINE and other TEs. The red line indicates 

the mean distance. (F) Spearman correlation matrix of 11 characteristics of TE insertion niches and TE copy characteristics. Dark red indicates 

strong positive correlation, dark blue indicates strong negative correlation of two characteristics. 
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We found more than one third of TEs inserted into niches with more than 80 % TE content. In 

contrast, MITEs are preferentially in TE poor regions (Figure 2C). GC content in TE insertion 

niches varies between 25 and 60 %. We found more than one third of TE insertions being 1-10 

kb away from the next gene, with MITEs being on average closer (Figure 2D). TE insertions 

were often close to LINEs and Copia/Gypsy copies (902 and 2431 bp, respectively). MITEs 

generally were at a large distance from the next TE (8,037 bp; Figure 2E). Overall, niche TE 

density is negatively correlated with gene density and GC content (Figure 2F). Longer TE 

copies tend to be located in already TE rich regions. 

 

Recent activity of high-copy TE families 

Recently active TE families typically carry a high number of weakly differentiated TE copies 

in the genome. We first filtered for a subset of TE families with more than 100 copies in all 19 

genomes combined. The 61 retained TE families include predominantly MITEs (n = 12) as 

well as Gypsy and Copia copies (n = 11 and 5, respectively) (Figure 3A). We find that high-

copy TE families tend to have also more variable copy numbers among 19 genomes, indicating 

ongoing activity of the individual families (Figure 3B). The GC content of high copy TE 

families is generally near the genome-wide GC, with the exception of MITEs with an overall 

higher GC content around 52%, and an RLC_Deimos family where most copies have a GC 

content below 40 % (Figure 3C). Full length copies range from 218 to 13,907 bp, with the 

shorter copies belonging to the non-autonomous MITEs lacking coding regions (Figure 3D). 

To estimate the relative age of TE copy number increases, we calculated the nucleotide 

diversity for each TE family. TE families with lower copy number tend to have a higher 

nucleotide diversity. TE families with high copy numbers have very low nucleotide diversity 

consistent with recent proliferation in the genome. MITEs tend to have higher nucleotide 

diversity at similar copy numbers compared to other TE families (Figure 3E, H). MITEs are 

also less affected by genomic defenses related mutations (Figure 3F, H). Terminal branch 

lengths of individual TE copies are a further indication of the age of recent transposition. 

Copies of MITEs tend to have overall short terminal branch lengths compared to other TEs 

(Figure 3G). The short length of MITEs might constrain the potential to accumulate mutations 

compared to longer TEs.  
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Figure 3: Characteristics of high-copy TE families: This figure is ordered from highest total copy numbers to lowest copy numbers (right) 

in all 19 analyzed genomes combined. (A) Total copy numbers. (B) Copy numbers per TE family. (C) GC content distribution per TE family. 

(D) Length of the consensus sequence corresponding to the full-length consensus sequence excluding nested TEs or partial deletions. (E) 

Nucleotide diversity of the TE family. (F) Number of RIP-like mutation (CpA<->TpA/TpG<->TpA) per TE copy, corrected for the length of 

the TE. (G) Long (> 0.00001; red) and short (£0.00001; blue) terminal branch lengths of individual copies identifying two classes of divergence 

times. (H) Correlation between copy numbers and consensus sequence lengths for TE families. Circle size corresponds to the mean number 

of RIP-like mutations and the color indicates the nucleotide diversity. 
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Consistent with this, many MITEs show long internal branch lengths between distinct clades 

characterizing independent bursts (Supplementary Figure S2). Overall, TE families with high 

copy numbers and long consensus sequences show a lower nucleotide diversity yet a higher 

impact of RIP-like mutations (Figure 3H). Our findings show that recent activity typically 

characterized by high copy numbers and low nucleotide diversity is in a complex interplay with 

genomic defenses and the length of TEs. 

 

Expansion routes assessed through phylogenetic relationships 

We investigated the timing of TE bursts by calculating genetic distances among copies (Figure 

4A). Most TE families show their highest activity in a similar, recent range. We found two TE 

families with ongoing activity (Styx and Thrym). For the high copy TE families, the 

RII_Cassini was most recently active. RLG_Luna, RLG_Sol, RIX_Lucy and RLC_Deimos 

had undergone earlier bursts with both RLC_Deimos and RLG_Luna showing indications for 

an even earlier burst of proliferation. To reconstruct TE expansion routes in the genome, we 

created phylogenetic trees, rooted using copies found in genomes of the Zymoseptoria sister 

species. For each inserted TE, we analyzed whether the characteristics of the genomic niche 

and TE sequences themselves have evolved from the ancestor sequence it has most likely 

derived from. For this, we used ancestral state reconstruction to identify features of all the most 

recent branching points leading to individual TE copies. We found increases from ancestor 

sequences to individual TEs in the GC and gene content of the genomic niche as well as the 

GC content of the copy (Figure 4B). While most TEs inserted on a different chromosome 

compared to their ancestor, new insertions typically remained on core chromosomes (65.4 %) 

or switched from accessory to core chromosomes (21.5 %). We found that more than half of 

the insertions remained in isochores of low GC content (58.4 %) or jumped from moderate to 

low GC content (20.5 %). Additionally, more than half of all TE insertions remained in large 

RIP affected regions or jumped into such regions (20.7 %).  
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Figure 4: Origin and features of TE transposition bursts: (A) Repeat landscape of the TE families with the highest copy numbers. Colors 

indicate the highest copy numbers (RII_Cassini, RLC_Deimos, RLG_Sol, RLG_Luna), TEs with multiple bursts (RLC_Deimos, RIX_Lucy 

and RLG_Luna) or very recent burst (Styx, Thrym). (B) Normalized range of characteristics of TE copies and their genomic niche compared 

between ancestral states and derived copies. Green indicates an increase and red a decrease in individual features. (C) Scheme of the definition 

of burst and burst outgroups based on phylogenetic trees of TE families. Green indicates the copies of a burst with low terminal branch lengths 

and the red outgroup indicates the closest related sister branch of a burst. (D) Distribution of niche and TE copy characteristics of copies 

belonging to a burst clade (red) compared to all other copies (blue).  

 

We identified individual bursts within TE families as groups of almost identical sequences by 

retrieving clades of highly similar sequences distinct from the rest of the tree (Figure 4C). We 

defined the outgroup of individual bursts as the most likely parental copy that preceded the 

burst. Overall, half of TE families experienced at least one recent burst and 10% (n = 32) of all 

TE families show several bursts. Copies of individual bursts were often found only in a subset 
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of the analyzed genomes of the species consistent with the bursts being very recent and local. 

Bursts observed in MITE families often include a large proportion of all copies suggesting 

recent expansion events. To identify general properties of TE bursts, we compared copies 

included in a burst with all other copies of a TE (Figure 4D). Burst copies generally have a 

higher GC content, less RIP-like mutations, are closer to genes and more distant to other TEs 

compared to non-burst copies (Figure 4D). We found also that burst copies tend to be located 

in genomic niches with lower TE density, overlap less with large RIP affected regions and have 

a higher GC content.  

 

Niche characteristics of massively expanded TE families 

To identify niche insertion preferences in the evolutionary history of massively expanded TE 

families, we focused on five TE families with high copy numbers and evidence for recent bursts 

of activity (LINE/I RII_Cassini, LTR/Gypsy Luna and Sol, the LTR/Copia Deimos, and the 

DTX_MITE_Goblin). During the recent burst of RLC_Deimos, new copies were mostly 

inserted outside of large RIP affected regions and closer to genes. These copies are also of 

higher GC content and show only few RIP-like mutations (Figure 5). Similarly, the recent burst 

of RII_Cassini has created copies with a higher GC content and lower numbers of RIP-like 

mutations (Figure 5). In contrast, RLG_Sol and RLG_Luna show no evidence of recent bursts 

of activity (Figure 5). DTX_MITEs_Goblin showed a general high copy number, with similar 

copy numbers per isolates indicating that these are old insertions shared among the genomes. 
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Figure 5: High copy number TE families and characteristics of burst copies: Comparison of copies in bursts (red) and all other copies 

(blue) for the five TE families with the highest copy numbers. The TE families RLG_Luna and RLG_Sol do not have any copies in burst 

clades. 

 

RII_Cassini shows evidence for six individual bursts, two of which are likely very recent as all 

copies of an individual burst were found in a single genome (isolates from Australia and 

Canada, respectively). Most copies show a low to moderate number of RIP-like mutations, and 

moderate GC content, with the copies generated during bursts having a higher GC content and 

lower number of RIP-like mutations compared all other copies (Figure 6). Most copies were 

inserted into niches with strong signatures of RIP, moderate GC content, and far from coding 

sequences. The RLC_Deimos has undergone a single large burst with copies carrying nearly 

no RIP-like mutations (Figure 7) in contrast to a higher number of RIP-like mutations in all 

other copies.  
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Figure 6: Phylogenetic tree of the TE family RII_Cassini: (A) Phylogenetic tree. Colors indicate the number of RIP-like mutations. The 

black bar marks the different burst clades. The dot plot shows the changes RIP like mutations in from the ancestor to offspring for all internal 

and terminal branches from the ancestral state reconstruction. (B-E) Phylogenetic trees and ancestor-offspring changes for (B) the GC content 

of the niche, (C) the overlap of the niche with large RIP affected regions (LRAR), (D) the GC content of the copy and (E) the distance to the 

closest gene. 

 



 

 
95 

 
Figure 7: Phylogenetic tree of the TE family RLC_Deimos: (A) Phylogenetic tree with colors indicating the number of RIP-like mutations. 

The black bar marks the different burst clades. The dot plot shows the changes in RIP-like mutations from the ancestor to offspring for all 

internal and terminal branches from the ancestral state reconstruction. (B-E) Phylogenetic trees and ancestor-offspring changes for (B) the GC 

content of the niche, (C) the overlap of the niche with large RIP affected regions, (D) the GC content of the copy and (E) the distance to the 

closest gene. 

 

Burst copies show an increase in GC content and are inserted into regions devoid of RIP-like 

mutations compared to all other copies. Interestingly, one of the likely ancestral copies leading 

to the burst of RLC_Deimos copies is inserted into a gene found in a single genome only and 

encodes an alpha/beta hydrolase. The expansion of DTX_MITEs_Goblin is characterized by a 

high number of bursts. Copies from individual bursts are typically shared among all isolates. 

Despite high nucleotide diversity, RIP-like mutations are very low. Taken together, the 
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DTX_MITEs_Goblin family might consist of older insertions shared between genomes, that 

are not affected by RIP. Across major TEs showing recent burst activity, the genomic niche 

characteristics between TE families are largely depending on the presence of recent bursts. 

 

Discussion 

 
TE activity is an important disruptor of genome integrity and a source of potentially beneficial 

mutations. The deleterious impact of TEs is strongly influenced by the length of inserted 

sequences and site preferences, in particular during bursts. Our analyses of 19 complete 

genomes of the same species show that TEs were highly active in the recent evolutionary 

history of the species. A substantial number of TEs have produced one or multiple bursts of 

proliferation with distinct insertion site characteristics from copies unrelated to bursts. 

Genomic defense mechanisms were only partially effective against proliferating TEs. Our 

analyses suggest that a key trigger point for initiating new bursts is the successful insertion 

close to coding sequences. 

 

TE families undergo phases of inactivation, bursts and diversification 

We identified the emergence and expansion of numerous clades within TE families consistent 

with rapid copy number expansions characteristic of a burst. TE families often include large 

numbers of inactive copies accumulating mutations that are unlikely to cause new insertions. 

Consistent with the dynamic nature of TE families, many TEs of Z. tritici are not detectable in 

the genomes of sister species. Searching for more distant homologs to Z. tritici TEs might 

reveal common ancestors though as observed in other species (Wicker et al., 2007; Bleykasten-

Grosshans et al., 2021). Z. tritici MITEs families are most often absent in the sister species. 

This is consistent with a rapid divergence of these non-autonomous elements, as they are not 

carrying coding sequences. A small subset of all TE families seems to be driving most recent 

insertions. Such new insertions are expected to have persisted despite potential purifying 

selection against new insertions, mutations introduced by genomics defenses (i.e., RIP) or 

silencing. We identified such rapid proliferations of new copies (i.e., bursts) to be highly 

uneven among TE families. While most families seem largely inactive, we identified a small 

subset of families having undergone repeated bursts. Some TE families including 

RLC_Deimos were activated in several waves starting new branches or ”subfamilies” from 
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distinct TE copies in the genome. Consistent with the independent bursts, the family has also 

an overall elevated nucleotide diversity. What triggers the activation of TEs remains largely 

unexplored. Z. tritici has undergone substantial colonization bottlenecks during its emergence 

as a wheat pathogen and global migration (Zhan et al., 2003; Stukenbrock et al., 2007). The 

species has also experienced significant environmental stress factors including colder climates 

and, more recently, fungicide applications (Croll & McDonald, 2017). Stress can de-repress 

silenced TEs and therefore underpin the activation of TEs (Ito et al., 2011; Cavrak et al., 2014). 

Z. tritici specifically de-represses TEs upon contact with the plant host caused by plant defenses 

being activated (Fouché et al., 2020). How TE bursts in the evolutionary history of the species 

are associated with changes in the lifestyle or demography could provide important insights 

into the biology governing TE activity. 

 

The impact of defense mechanisms on TE proliferation 

As ongoing activity should trigger defense mechanisms, we expected recently active TE 

families to be highly affected by RIP. However, our results suggest a low impact of RIP on 

more recent TE copies. Weak RIP signatures were predominantly found in MITEs and such 

short elements are most likely to escape detection by the RIP machinery as seen in another 

species (Pereira et al., 2021). Longer elements show stronger impacts of RIP using both GC 

content and RIP-like mutations as proxies. We found evidence for RIP mostly in older copies, 

while copies generated during a burst show nearly no RIP signatures. Escaping effects of RIP 

may be a prerequisite for the initiation of a burst, hence the strong association of age and RIP 

mutations driven by this necessity. RIP has mostly been studied in the ascomycete N. crassa, 

where RIP introduces a large number of mutations after just one generation of sexual 

recombination (Wang et al., 2020b). The life cycle of Z. tritici is thought to consist of several 

cycles of asexual reproduction during the growing season, and only one round of sexual 

reproduction at the end of the season (Chen & McDonald, 1996). Hence, TEs may proliferate 

despite RIP for short periods but the ubiquitous sexual reproduction should provide ample 

opportunity for RIP to act on copies of any recent burst. Evidence for RIP mutations are 

widespread in the genome of Z. tritici and the machinery for RIP appears conserved (van Wyk 

et al., 2021). However, species-wide analyses have suggested that newly established 

populations have lost a functional RIP machinery (Lorrain et al., 2020). As RIP is a key factor 

in reducing GC content of fungal genomes, loss of the RIP machinery would therefore maintain 

repetitive sequences at a GC content or even lead to an increase through for example GC biased 

gene conversion (Duret & Galtier, 2009). To what extent the loss of RIP and counter-acting 
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factors have shaped the distribution of GC content among TE copies remains unknown. A loss 

of RIP efficiency would be consistent with the loss of RIP-like mutations in nearly all recently 

expanded TE families. Our data on recent TE proliferation strongly supports the idea that 

genomic defenses have been recently weakened in the species. 

 

The insertion niche has a strong impact on the fate of a TE copy 

Young TE copies show distinct niche associations in the genome compared to older copies. 

Older copies tend to be located in regions with high TE content, new copies from recent bursts 

are closer to genes. If the association of different TE copies with genomic niches is driven by 

preferred insertion sites this pattern is most likely confounded by the action of purifying 

selection. The strength of purifying selection against TEs depends on the fitness penalties 

incurred by the insertion. As TEs can disrupt encoded proteins or change expression profiles 

of neighboring genes, purifying selection is most likely strongest for TEs inserting into gene 

rich regions. In contrast, TEs inserting into already TE-rich regions by disrupting of existing 

TE sequences (i.e., nested insertions) have likely only a minor impact on fitness. In some fungal 

plant pathogens including Z. tritici, such nested insertions led to the compartmentalization of 

niches with high TE density and niches mostly composed of genes (Plissonneau et al., 2016). 

Repeated insertions of TEs into such TE-rich regions likely exacerbates the 

compartmentalization of the genome. Selection might also have an impact on the effectiveness 

of defenses against TEs. Silencing or hypermutation close to genes can disrupt the functionality 

of genes, hence the efficiency of genomic defenses may be weakened by selection to reduce 

pleiotropic effects. Hence, it is conceivable that otherwise silenced TEs can create new copies 

and lead to a burst of inserted sufficiently close to genes.  

 

Beyond having possibly reduced genomic defenses, the propensity of bursts being initiated by 

TEs inserting unusually close to genes could also be related to beneficial impacts of the TE 

insertion itself. We found that copies at the start of bursts tend to have higher allele frequency 

within the species (i.e., present in most analyzed genomes). Our reference genome dataset is 

too small to analyze selection acting on parental copies initiating bursts. It is conceivable 

though that beneficial effects of an individual TE insertion are linked to triggers of TE bursts. 

Such a multi-level model of selection was recently suggested to represent a Devil’s Bargain in 

plant pathogens (Fouché et al., 2021). Reconstructing fitness consequences of individual TE 

insertions along the expansion history of TEs will allow to test hypotheses about proximate 

drivers of TE expansions over short evolutionary time periods. 
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Supplementary Files 

 
Supplementary Figure S1: Hierarchy TE superfamilies: Classes, subclasses, orders, superfamilies as well as the tree-letter code according 

to Wicker et al (2007). The Z. tritici specific family names are according to Badet et al (2020). 
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Supplementary Figure S2: Approach to obtain multiple sequence alignments among TE copies. Due to the high number of nested 

insertions and partially deleted fragments, we aligned only coding regions.  

 

Supplementary Table S1: Collection of 19 reference-quality genomes of Zymoseptoria tritici. Data from Badet et al (2020) 

 

Supplementary Table S2: Metadata for all loci. Includes TE family, information about isolates of origin, position in the genome, niche and 

copy characteristics. 
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Abstract 
How novel protein functions are gained is a central question in molecular biology. Key paths 

to novelty are gene duplications or recombination. Transposable elements (TEs) are 

increasingly recognized as major source of novel domain-encoding sequences driven by the 

ubiquitous TE transposition activity. Yet, the impact of TE coding sequences on the evolution 

of the proteome remains largely unknown. Here, we analyzed 1,327 genomes spanning the 

phylogenetic breadth of the fungal kingdom. We scanned proteomes for evidence of co-

occurrence of TE-derived domains together with other unrelated conventional protein 

functional domains. We detected more than 13,000 predicted proteins with a TE-derived 

domain, of which 825 were present in more than 5 species, indicating that host-TE fusions have 

persisted over longer evolutionary time scales. We used the phylogenetic context to identify 

the age and retention of individual TE-derived domains. Most of the TE-derived protein 

domains originate from Helitrons, a TE superfamily that can capture surrounding genomic 

regions including genes during proliferation. Additionally, we found TE co-options at a higher 

rate in the Saccharomycotina, a subphylum of ascomycetes with generally small genomes 

depleted of TEs. Finally, we suggest that a predicted protein including two TE domains plays 

a role in TE and gene silencing in a subset of the ascomycete phyla. The gene shows multiple 

full and partial losses within the ascomycetes. Overall, our work establishes a kingdom-wide 

view of how TE activity influences the evolution of protein functions. 

 

Introduction 

 
Proteomes evolve through the loss of genes, changes in gene functions, horizontal acquisition 

or de novo gains (Van Oss & Carvunis, 2019). Novel functions and de novo genes often emerge 

after the duplication of already existing genes, followed by relaxed purifying selection and 

neofunctionalization of one of the copies (Andersson et al., 2015). De novo genes can emerge 

through the addition of new open reading frames, the truncation or merging of open reading 

frames in existing genes or additional exonisation via novel splice sites in introns (Van Oss & 

Carvunis, 2019). Some de novo genes emerged without any homology to genes in the same 

species or closely related species, indicating that genes can also emerge from previously non-

coding sequences or via horizontal gene transfer (Nishida, 2006; Keeling & Palmer, 2008; 

McLysaght & Guerzoni, 2015). Novel gene function also evolve by exon shuffling trough the 
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activity of transposable elements (TEs) (Kolkman & Stemmer, 2001; Ejima & Yang, 2003; 

Morgante et al., 2005; Grabundzija et al., 2016). Additionally, TEs can be an important source 

of new protein domains encoded by de novo genes (Bourque et al., 2018). TE insertion into 

genes typically has deleterious effects on the encoded protein functions, therefore most TE 

insertions into genes are under strong purifying selection (Baucom et al., 2008; Stritt et al., 

2017). In duplicated genes, pseudogenes or non-essential genes, TE insertions are less likely 

to be deleterious and can lead to neofunctionalization of the gene. Furthermore, some TEs can 

capture and amplify segments containing coding sequences, as described for Helitrons in maize 

or Pack-Mules in rice (Jiang et al., 2004; Gupta et al., 2005). Either TE insertion into existing 

genes or gene capture by TEs can lead to fusion proteins with domains derived both from TEs 

and genes. If retained over time, such host-TE fusions are likely to lose functions related to TE 

proliferation, a process also identified as TE domestication or exaptation (Hoen & Bureau, 

2015; Bourque et al., 2018). Host-TE fusions that provide essential new functions are expected 

to be retained, although the evolutionary timeframes of such domestication events remain 

poorly understood. 

 

The fusion of host genes with TE derived domains are generated at a considerable rate (Hoen 

& Bureau, 2015). The initial function of TE coding sequences is typically restricted to few 

functions related to the mobilization and duplication of the elements (Wicker et al., 2007; Wells 

& Feschotte, 2020). Yet, how TE sequences provide additional functions for existing coding 

sequences is largely unclear with few exceptions. A well-studied example of host-TE fusion is 

the V(D)J recombination that leads to immunoglobin diversification and provides highly 

conserved adaptive immunity in vertebrates (Agrawal et al., 1998; Koonin et al., 2020). The 

recombination activating genes RAG1 and RAG2 code for proteins ensuring DNA cleavage at 

recombination signal sequences, which are derived from the terminal inverted repeats of the 

TE (Martin et al., 2020). RAG1 and RAG2 retained mobility and can re-shuffle recombination 

signal sequences creating the basis for rapid sequences changes in the face of new antigens 

(Agrawal et al., 1998). Even though the V(D)J recombination is not conserved across 

vertebrates, the fusion is thought to have occurred ~500 million years ago (Agrawal et al., 

1998; Kapitonov & Jurka, 2005). RAG1 is a host-TE fusion gene, containing the transposase 

of the Transib-like DNA transposon and a RING finger ubiquitin ligase at the N-terminal that 

probably acts in dimerization and as a ligase for ubiquitination (Yurchenko et al., 2003). 

KRABINER is a host-TE fusion in vespertilionid bats including a Mariner DNA transposon 

inserted into the intron of ZNF112, followed by alternative splicing and a single base pair 
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deletion that fused the TE and host genes into a single open reading frame (Cosby et al., 2021). 

KRABINER controls the regulation of a large network of other genes (Cosby et al., 2021). Host-

TE fusion events were recently reviewed in Hoen & Bureau (2015) and Jangam et al (2017), 

highlighting that TE-derived sequences often remain largely intact including terminal inverted 

repeats and open reading frames matching known TE functions.  

 

Fungal genomes show high variability in TE content and composition even between closely 

related species suggesting significant recent TE activity (Raffaele & Kamoun, 2012; Hess et 

al., 2014; González-Sayer et al., 2021). TEs have played an important role in the evolution of 

host-associated lifestyles or local adaptation to external stress including tolerance of pesticides 

(Omrane et al., 2015, 2017; Hartmann et al., 2017; Gladyshev, 2017). Fungi associated with 

animals and pathogenic lifestyles in general tend to have higher numbers of TE insertions into 

genes, which could either be recent insertions in non-essential genes or host-TE fusions 

(Muszewska et al., 2019). Old TE insertions are more likely to affect genes with enzymatic 

rather than protein-protein interaction functions (Muszewska et al., 2019). In the fission yeast 

Schizosaccharomyces pombe, Abp1, Cbh1, Cbh2 are centromeric pogo derived host-TE fusions 

that led to retrotransposon silencing (Smit & Riggs, 1996; Cam et al., 2008; Mateo & González, 

2014). A Bel-Pao derived gag sequence was recently shown to have fused with PEX14 gene, 

acquiring an intron and being co-opted in fungi (Wang & Han, 2021). The recent TE activity 

in many lineages of the fungal kingdom and the exceptional genomic resources available for 

such compact genomes provide a vast potential to retrace the emergence of host-TE fusions 

over deep evolutionary timeframes. 

 

Here, we used a systematic approach to detect host-TE fusions in the genomes of 1,327 fungal 

species. We used gene orthology and phylogenomic analyses to detect the emergence and 

retention of TE-derived domains in fungal proteomes. We found that TE-derived helicases are 

the dominant TE partner in host-TE fusions. The subphylum Saccharomycotina including the 

model yeasts S. pombe and Saccharomyces cerevisiae shows elevated content of host-TE 

fusions despite their typically small and repeat-poor genomes. Host-TE fusions are enriched 

for binding functions to heterocyclic compounds, organic cyclic compounds ATP, adenyl 

ribonuclease and adenyl nucleotide. We found also widespread host-TE fusions in ascomycetes 

involved in gene silencing originating from Helitron and Maverick domains. Phylogenetic 

analyses suggest independent origins of identical host-TE fusions, uneven rates of gene 

retention and secondary losses.  
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Methods 

 
Retrieval of genomes and gene annotations  

We retrieved high-quality genomes and gene annotations of 1,327 fungal and oomycetes 

species from two different sources. A total of 1,011 genomes belong to the phylum 

Ascomycota, 206 Basidiomycota, 30 Microsporidia, 28 Mucoromycota, 16 Chytridiomycota, 

16 Zoopagomycota, 2 Blastocladiomycota, 2 Cryptomycota and 16 Oomycota as an outgroup 

(see Supplementary Table S1 for full references and additional data). The budding yeast 

genomes were retrieved from Shen and colleagues (2018). We retrieved additional genomes 

and gene annotation from fungal and oomycetes genomes were retrieved from NCBI (see 

Supplementary Table S1 for full references and additional data).  

 

Species phylogeny reconstruction 

For the species tree reconstruction, we followed an approach published by Li et al (2020) to 

reconstruct the fungal tree of life. Briefly, we first identified a set of single-copy orthologous 

genes in each of the 1,327 genomes using BUSCO v 4.1.4 searching the fungi or oomycote 

orthology database version 10 for fungal and oomycete species, respectively (Manni et al., 

2021). The method identified a maximum set of 756 BUSCO genes in the genome of the fungus 

Colletotrichum plurivorum. The identified BUSCO genes were then translated into protein 

sequences respecting the relevant genetic code (code 12 for Saccharomycotina species except 

for Pachysolen tannophilus (Pactanno for which code 26 was used and code 1 for all other 

species) (Mühlhausen et al., 2016). Of the 756 BUSCO genes identified, a random sample of 

100 of the resulting BUSCO protein sequences was then concatenated using the 

geneStitcher.py script (https://github.com/ballesterus/Utensils) and aligned using mafft v 7.475 

with the parameters --maxiterate 1000 --auto (Katoh & Standley, 2013). The resulting 

alignment was then trimmed using trimAl v 1.4.rev15 with the -gappyout option (Capella-

Gutiérrez et al., 2009). We estimated the best fitting evolutionary models for the concatenated 

100 protein sequences using partitionfinder v 2 with the quick option -q and default RAxML v 

8.2.12 (Lanfear et al., 2012; Stamatakis, 2014). The resulting partitioned model was then 

applied for phylogenetic inference using iqtree2 v 2.1.2 after 1,000 replicates for ultrafast 

bootstrap and 2 independent runs with -B 1000 --runs 2 (Minh et al., 2020). We rooted the tree 
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with the oomycete Phytophthora parasitica and visualized the tree using the R packages ggtree, 

ggtreeExtra and treeio (Yu et al., 2017; Wang et al., 2020a; Xu et al., 2021)  

 

Annotation of functional domains in the proteomes 

To identify putative functional domains across the species proteomes, we downloaded the 

annotated domains hidden Markov models from the PFAM release 31 (Mistry et al., 2021). 

We used the hmmsearch function from the HMMER package v 3.3.2 to scan all the species 

proteomes for functional domains with the --noali option to speed up the process (Eddy, 2011). 

We then filtered the matching domains for a minimal bitscore of 50 and a maximal e-value of 

1e-17 using the HmmPy.py script. 

 

Inference of trophic modes 

We categorized species using the CATAStrophy v 0.1.0 according to their trophic mode (Hane 

et al., 2020). Using the predicted proteins from all genomes, we searched for genes encoding 

carbohydrate-degrading enzymes (CAZymes) with dbCAN v 8 (Zhang et al., 2018). As for the 

PFAM annotation, we performed hmmscans on each proteome using the dbCAN hidden 

Markov models as query. We then applied the CATAStrophy algorithm to predict the most 

likely trophic mode based on the set of encoded CAZymes. 

 

Gene orthology analysis 

We inferred gene orthology among all species based on protein sequence identity. We used 

orthofinder v 2.4.1, which implements diamond blast v 0.9.24 for homology searches across 

the pool of predicted proteins (Buchfink et al., 2014; Emms & Kelly, 2018). From the initial 

set of 13,863,658 individual proteins encoded by all genomes combined, orthofinder grouped 

7,860,083 proteins into 299,713 orthogroups. 

 

Detection of candidate host-TE fusions 

We retrieved previously reported PFAM domains associated with different fungal TE 

superfamilies (Muszewska et al., 2019: see there Supplementary Table S2) and filtered for 

genes encoding such TE-associated PFAM domains. In a second filtering step, we removed 

proteins annotated exclusively with TE-associated PFAM domains. We excluded PFAM with 

similarity to any of the fungal TE PFAM based on SCOOP and HHSearch (Hoede et al., 2014) 

(Supplementary Table S2). We removed all oomycete genes. We filtered out genes if the 

identified TE and non-TE PFAM domains had an overlap of more than 5% in the amino acid 
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sequence. Such overlaps may indicate that the two annotations identify the same protein 

domain. Overlaps were identified using bedtools v 2.30.0 with the intersect function (Quinlan 

& Hall, 2010). We retained candidate orthogroups including host-TE fusion proteins if genes 

encoding independent TE and non-TE PFAM domains were represented in at least five species 

and belong to the same orthogroup.  

 

Gene ontology term enrichment analyses 

We analyzed the enrichment of specific gene ontology (GO) terms among host-TE fusion genes 

compared to the background of all genes. To reduce the computational load, we defined the 

background as a 1% random subset of the entire set of genes (subset: n = 358,350). GO terms 

were assigned to genes using a GO-PFAM term translation based on Mitchell et al (2015). We 

created a GOAllFrame object with the AnnotationDbi package v 1.54.1 and constructed a 

GeneSetCollection with GSEABase v 1.54.0 (Morgan et al., 2021; Pagès et al., 2021). We 

calculated enrichment p-values using the hyperGTest in the Category package v 2.58.0 

(Gentleman, 2021). For each MF (molecular function), BP (biological process) and CC 

(cellular component) GO term enrichment, a p-value cut-off of 1e-10 and a minimum term size 

of 20 was applied. 

 

Additional filtering for copy-number variation in host-TE fusion genes 

To detect potential activity of the TEs represented by the identified PFAM domains in 

individual genomes, we analyzed potential copy-number variation of the host-TE fusion genes 

and their respective PFAM terms. To reduce conservatively detecting host-TE fusion genes 

generated by recent TE insertion events, we required host-TE fusion genes to be present in at 

least 5 species belonging to the same order, and present in at least 20 species. Furthermore, we 

analyzed candidate host-TE fusion genes for their PFAM domain order along the amino acid 

sequence and removed orthogroups without a conserved domain order. After filtering, we 

extracted the predicted function of the non-TE candidate function based on the information 

provided in the PFAM database (Mistry et al., 2021). To remove host-TE fusion gene 

candidates potentially erroneously identified due to the physical proximity of genes in fungal 

gene clusters, we performed gene cluster analyses using antiSMASH v 3.0 (Blin et al., 2017). 

Sequence alignments were generated with MAFFT v 7.487 with the parameters --reorder --

localpair --maxiterate 1000 --leavegappyregion (Li & Durbin, 2009; Li et al., 2009).  
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Results 

 
Analysis of fungal genomes and phylogenetic reconstruction 

We analyzed genomes of 1,327 fungal species belonging primarily to phyla of ascomycetes 

and basidiomycetes (Figure 1A). Based on a set of 100 single-copy genes we constructed a 

maximum likelihood phylogenetic tree (Figure 1B; Supplementary file F1). The tree resolves 

the fungal phylogeny consistent with recent analyses of similar breadth (Shen et al., 2020). 

ascomycetes are segregated into two large groups including the Saccharomycotina that mostly 

contain yeast species and the Sordariomycotina, Eurotiomycotina, Dothideomycotina and 9 

other classes, that mostly contain filamentous species. The analyzed genomes are generally of 

high completeness based on BUSCO analyses for almost all species (Figure 1C). Genomes 

sizes are highly variable based on estimates from genome assembly sizes. The observed range 

is 2.2 – 1,230 Mb with the smallest genomes being found as expected among Cryptomycota 

and Microsporidia (Figure 1C). Genome-wide GC content is on average 46.4 % with an 

observed range between 16.3-67.8 % (Figure 1C). Oomycete genomes and Blastocladiomycota 

tend to have higher GC contents, while the genomes of Saccharomycotina, Chytridiomycota, 

Cryptomycota, Microsporidia, Mucoromycota and Zoopagomycota have generally lower GC 

contents. 
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Figure 1: Phylogenomic analysis and genome properties across the fungal kingdom and oomycetes: (A) Number of species per phylum 
analyzed. The subphylum of Saccharomycotina is shown separately from the other ascomycetes. (B) Phylogenomic tree of the fungal kingdom 
based on 100 concatenated orthologous protein alignments. Oomycetes were defined as the outgroup. From inside to outside: genome-wide 
GC content (green), total genome size (blue) and number of annotated genes (red). The tree is missing the phyla of Blastocladiomycota, 
Cryptomycota and Microsporidia. (C) Distribution of gene completeness score (BUSCO), genome size and genome-wide GC content. 
 

Uneven rates of host-TE fusions across the fungal kingdom 

We next analyzed coding sequences for conserved domains present in the PFAM database. To 

define candidate host-TE fusion we require that at least one conserved domain matches a 

domain thought to be exclusively associated with TEs (see methods) and at least one more non-

TE domain. The stringent filtering for candidates detected in 20 species or more allowed us to 

only obtain the most conserved host-TE fusions over deep evolutionary times, and to remove 
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remnants of deleterious or neutral TE insertions into genes. From a total of 39,655 unique 

proteins associated with a TE-associated domain across all genomes, we found that 13,342 also 

contain a non-TE domain (Figure 2A; Supplementary Table S3). A total of 1,305 species (98.3 

%) carries at least one gene matching our criterion for host-TE fusion genes. In four species 

we did not detect any host-TE fusion (Emmonsia sp., Lachaencea sp., Penicillium roqueforti 

and Pyricularia sp.). We found on average 297.5 host-TE fusions (range 0-3,311) per genome 

(Figure 2B). Overall, 0.6-17.0 % of all annotated genes of a species are host-TE fusions. 

Saccharomycotina has on average higher proportions of host-TE genes per genome (5.2 % 

compared to 2.8 % across all genomes; Figure 2B). Species of the Saccharomycotina have 

overall genomes with fewer genes compared to other ascomycetes (Figure 2B). Additional 

outlier species with high proportions of host-TE fusion genes include the basidiomycetes 

Armillaria ostoyae and Microbotryum silene-dioica, as well as the ascomycete Fusarium poae 

and the mucoromycete Rhizopus delemar. We found no correlation between the number of 

detected host-TE fusions, BUSCO completeness scores, GC content or genome size suggesting 

the variation in host-TE among lineages is not meaningfully explained by variation in genome 

assembly quality (Supplementary Figure S1). 
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Figure 2: Host-TE fusion events identified across the fungal kingdom: (A) Overview of host-TE fusion detection steps. (B) Number of 
fusions detected per species, number of fusions detected per gene and number of annotated genes per genome. (B) Function of TE derived 
domains in all detected host-TE fusions. Squares indicate the number of individual fusions. (D) Function of non-TE derived domains of host-
TE fusion genes. (E) Counts of non-TE derived domain gene ontology terms. Gene ontology with a single occurrence can be found in 
Supplementary Table S7. 
 

Functions of evolutionarily retained host-TE fusion genes 

We restricted our analysis to 824 (115,497 occurrences) host-TE fusion orthogroups where an 

ortholog is present in at least five species, thereby retaining the evolutionarily conserved host-
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TE fusions. From the set of 824 individual host-TE fusions (Supplementary Table S4) we 

identified 22 distinct TE-associated PFAM. The TE-related PFAM covers mostly domains of 

Helicase_C and DEAD helicases in either the AcademH or KolobokH superfamilies (Figure 

2C). The diversity in non-TE PFAM domains consistently found across all orthologs of a host-

TE fusion protein is substantially higher with 383 individual non-TE PFAMs. In particular, the 

domains included ResIII, SNF2_N, OB_NTP_bind and AAA_19 functions (Figure 2D). The 

383 non-TE PFAM are associated with 66 gene ontology (GO) terms with ATP binding, 

nucleosome-dependent ATP activity, nucleic acid binding, protein binding, methyltransferase 

activity, GTP binding, nucleus, zinc ionic binding, RNA processing and hydrolase activity, 

acting on acid anhydrides, in phosphorus containing anhydrides being the prevalent functions 

(Figure 2E). Over 40 % of all non-TE domains could not be associated with a GO term.  

 

We then focused on a more restricted set including the most evolutionarily conserved host-TE 

fusions by requiring an ortholog to be present in at least 20 species (and at least five species 

belonging to the same order). The resulting subset of host-TE fusions contains 241 genes 

encoding 125 distinct non-TE PFAM terms. Domains included SNF2_N, UBA, zf-H2C2, 

Rad60-SLD and UBA_4 present in five or more fusion host-TE fusions (Supplementary Figure 

S2). Domains with functions related to nucleotide binding are enriched in this set of 241 

candidates (Figure 3; Supplementary Table S5). Fusion proteins include a homolog of 

centromere protein CENP-B also described as Abp1, Cbh1 and Cbh2 centromere protein N-

domain in S. pombe that were previously described as a host-TE fusion (Smit & Riggs, 1996; 

Nakagawa et al., 2002; Cam et al., 2008; Mateo & González, 2014). Furthermore, the subset 

contains predominantly TE-associated functions related to helicases (Helicase_C, DEAD 

helicase) (Supplementary Figure S2). We also identified a fusion between a DEAD helicase 

and a Dicer dimerization domain (PF00270_Can55 and PF00271_Can80). The Dicer protein 

is involved in RNA interference and protection against TE activity or viral infection and has 

been previously identified as containing a helicase domain (Hammond, 2005). 
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Figure 3: Gene enrichment analysis: Left side: Gene enrichment analysis of the non-TE derived domains, ordered by p-value. BP = biological 
process, CC = cellular component, MF = molecular function. Right side: corresponding TE-derived domains that are in fusion with enriched 
GO terms. DEAD and Helicase_C are helicases derived from AcademH or KolobokH TEs. DDE_3 are transposases derived from TIR DNA 
TEs. * active with either ribo- or deoxyribonucleic acids and producing 5’-p hosphomonoesters. 

 

We highlight an effector complex for heterochromatic transcriptional silencing (SHREC) with 

a function in heterochromatin silencing (PF00385_Can4 and PF00271_Can16), described in S. 

pombe (Sugiyama et al., 2007). SHREC is a host-TE fusion that includes a Helicase_C derived 

from AcademH or KolobokH, an additional TE-derived Chromo domain from Maverick TEs 

and a conserved non-TE domain zf-CCCH_6. In addition to the conserved non-TE domain zf-

CCCH_6 and the two TE domains Helicase_C and Chromo, almost all copies of SCREC 

contain SNF2_N and zf-PHD-like domains. Around half of the fusion protein variants contain 

ResII or PHD domains in addition to 88 more rarely associated domains (Figure 4A; 

Supplementary Figure S3). SCREC is present primarily in ascomycetes with the highest 

representation in the Eurotiomycetes (n=169), Dothideomycetes (n=115) and Leotiomycetes 
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(n=34). Lower numbers are found in Lecanoromycetes (n=4), Orbiliomycetes (n=5), 

Pezizomycetes (n=9), Taphrinomycetes (n=1) and Xylonomycetes (n=1). SHREC is largely 

absent in the large class of Saccharomycotina (n=1) and only present in Schizosaccharomyces 

cryptophilus, S. japonicus and S. pombe of the Schizosaccharomycotina. Weak representation 

is also found in basidiomycetes of the class Agaricomycetes (n=4) and Dacrymycetes (n=1). 

In two ascomycete species (Aspergillus carbonarius and Phialophora americana), SHREC has 

a paralog, with one duplication that affected the gene with both TE domains and one duplication 

that affected the Helicase_C domain gene. A multiple sequence alignment of the duplicated 

genomic regions confirms the conservation of the individual domains (Figure 4B).  

 
Figure 4: Host-TE fusion candidate SHREC: (A) Presence of the candidate in ascomycetes with Helicase_C and Chromo TE-derived 
domains. Black = SHREC is present. Red = the domain is present. (B) Multiple sequence alignment of a subset of SHREC ascomycetes with 
the relative position of the coding regions. The full alignment containing all 348 copies can be found in Supplementary Figure S4. The five 
coding regions are marked in purple below the alignment. 
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Discussion 

 
Transposable elements play important roles in triggering chromosomal rearrangements, 

disrupting genes, and changing gene expression over short evolutionary timeframes. In 

addition, the retention and domestication of TE-derived domains underpins significant 

functional diversity in proteomes. Our analyses of host-TE fusion genes across 1,327 fungal 

genomes revealed an important role of helicase domains. In vertebrates and plants, terminal 

inverted repeat transposase domains are predominantly associated with host proteins (Hoen & 

Bureau, 2015; Cosby et al., 2021). Host-TE fusion genes are unevenly distributed among major 

fungal phylogenies but tend to associate with processes involved in genome integrity and 

defense against foreign sequences including TEs.  

 

Uneven rates of host-TE fusions across the fungal kingdom 

We find that the compact genomes of Saccharomycotina contain a higher proportion of host-

TE fusion genes compared to other fungi but have overall similar absolute numbers of host-TE 

fusions per genome. Interestingly, species of the Saccharomycotina do not carry defense 

mechanisms against TEs shared by other ascomycetes (i.e. repeat-induced point mutations or 

RIP) (van Wyk et al., 2021). RIP is a mechanism that induces point mutations in all copies of 

duplicated regions of a certain length, including transposable elements and genes (Selker & 

Garrett, 1988; Selker, 2002; Galagan & Selker, 2004). RIP can cause early stop codons or other 

deleterious mutations in coding regions leading to loss-of-function of duplicated gene 

sequences (Dhillon et al., 2010). Active RIP in a lineage might largely prevent the evolution 

of essential gene functions through gene duplication (Hane et al., 2015) Consequently, activity 

of RIP may underpin low rates of duplicated genes among ascomycetes (Skamnioti et al., 

2008). Host-TE fusions of essential genes may plausibly arise after gene duplications whereby 

one copy remains essential, and the other copy is under relaxed purifying selection to gain new 

functions including through TE domain fusion events. The TE content of genomes of 

Saccharomycotina (and other yeast species) is generally low compared to other fungal species 

yet several species retain TE activity (Holton et al., 2001; Bleykasten-Grosshans & Neuvéglise, 

2011; Zhu et al., 2014; Potocki et al., 2019). Identifying mechanisms creating host-TE fusions 

remains challenging as, regardless of genomic defenses, non-deleterious insertions of TEs into 

open reading frames of existing genes are likely very rare. 
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Dominance of helicase functions in host-TE fusions 

Most detected host-TE fusions encode TE-derived helicase domains. The most common source 

appears to be TEs of the superfamilies AcademH and KolobokH belonging to DNA transposon 

with terminal inverted repeats. The specific DEAD and Helicase_C helicase domains were only 

recently recognized as of TE origin likely due to the recent discovery of AcademH and 

KolobokH TEs (Muszewska et al (2019). AcademH has been found as low-copy TEs in 

basidiomycetes, ascomycetes as well as Mucoromycota (Kojima, 2020). Helicases in general 

provide functions for the unwinding of DNA and are involved in DNA repair pathways 

(Croteau et al., 2014). Helicases from Helitrons though are known to be able to capture 

neighboring regions during transposition events (Morgante et al., 2005; Chellapan et al., 2016). 

Helitrons might thus generate host-TE fusions through the capture of genes rather than their 

insertion into coding sequences. Whether the preponderance of host-TE fusions with AcademH 

helicases is related to such a promiscuous mechanism to capture neighboring genes remains 

unknown. Recurrent gene capture by helicase containing TEs could explain the high helicase 

diversity in fungi and their dominance among host-TE fusion genes (Chellapan et al., 2016). 

Over evolutionary time, host-TE fusion genes are expected to abolish transposition-related 

functions as an element of the domestication process. Consistent with this expectation, most 

identified host-TE genes across fungi have low copy numbers. 

 

Complex retention of a major host-TE fusion  

DNA binding activity is predominant among fungal host-TE fusion genes and is also featured 

among the most phylogenetically conserved fusions. The SHREC host-TE fusion candidate 

shows a patchy distribution in some classes of ascomycetes, with sparse presence in other 

clades. Some classes of ascomycetes do not contain SHREC, which could be an indication that 

this host-TE fusion was lost. SHREC corresponds to the Snf2/Hdac repressive complex 

(SHREC), which leads to transcriptional silencing of genes and TEs in S. pombe (Sugiyama et 

al., 2007). SHREC contains two TE-derived domains, Helicase_C and Chromo. In TEs, 

helicase domains are involved in nucleic acid and ATP binding (Kojima, 2020). Chromo 

domains are known in the superfamilies of Maverick (older naming Polinton) and 

chromoviruses (a group of Gypsy) and are located at the C-terminus of the integrase (Pritham 

et al., 2007; Gao et al., 2008; Quesneville, 2020). Chromo domains interact mostly with 

methylated histones (Brehm et al., 2004; Gao et al., 2008). The patchy distribution of SHREC 

and the prevalent loss of the Chromo domain indicate that the complex might not be functional 

in all fungi (Lei et al., 2021). Chromatin remodeling is also controlled by the dicer domain, 
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which is present in all ascomycetes except Saccharomycotina (PF00270_Can55 and 

PF00271_Can80) (Sugiyama et al., 2007; Marina et al., 2013; Allshire & Madhani, 2018).  

 

Fungal proteomes have been significantly shaped by TE insertions of various age, phylogenetic 

distribution and function. The exact mechanisms creating still functional proteins remain 

poorly documented, but intraspecies screens will improve our understanding. We suggest gene 

capturing by TEs (i.e., Helitron) as an alternative mechanism to TE insertion into introns 

followed by alternative splicing to create host-TE fusion. Future research will shed a light on 

the ongoing evolution of host-TE fusions. 
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Supplementary Files 

 
Supplementary Figure S1: Number of host-TE detection and genome characteristics: BUSCO completeness score, genome-wide GC 

content, genome size. 
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Supplementary Figure S2: Distribution of domains in the filtered set of candidates: After filtering for candidates that are present in at 

least 20 species, with at least 5 species being closely related. Distribution for the TE-derived domain and the non-TE derived domain. 

 

 
Supplementary Figure S3: Additional domains in the host-TE fusion candidate SHREC: Dark orange indicates presence of a TE domain 

in a specific gene, bright orange indicates absence of a TE domain. Dark green indicates presence of a non-TE derived domain, bright green 

indicates its absence.  

 

Supplementary Figure S4: Full multiple sequence alignment of all SCREC regions (only available via zenodo) 

 

Supplementary File F1: Phylogenetic tree: phylogenetic tree of the fungal kingdom, based on 100 genes and in nexus format. The tree 

contains the following metadata: label (a short species ID), organism, species taxonomy ID, assembly name, assembly accession number, 

taxonomy ID, link to the genome in GenBank, phylum, class, order, family, genus, protein file, genome file, cds file, yeast (marked with 1 for 

yeast-like growing species), sequences counts, genome size (number of bases), average length, median length, maximum length, minimum 

length, N50, L50, BUSCO completeness score [%], BUSCO single copy genes [%], BUSCO fragmented genes [%], BUSCO missing genes 

[%], number of genes in the BUSCO code, BUSCO code, number of proteins detected, predicted lifestyle with CATAStrophy, phylum3 

includes the differentiation between Saccharomycotina and the other classes of the phylum Ascomycota 

 



 

 
133 

General discussion 
“In the shade of the sun 

We'll bloom 'till we're young” 

Kapitan Korsakov 

 

In this doctoral thesis I investigated the impact of transposable elements (TEs) on the adaptive 

evolution of fungi. Genetic variation across the genome is a critical factor for the evolutionary 

potential, and TEs are important drivers of polymorphism within species. In the first chapter, 

we studied the population dynamics of TEs in the fungal plant pathogen Zymoseptoria tritici, 

using a large population genomics dataset. We found that TEs have recently been active in Z. 

tritici, with indications of strong purifying selection acting against most insertions. We found 

local bursts of new TE insertions strongly linked with a genome size expansion. While the 

additional length of TEs alone cannot solely explain the observed genome size expansion, we 

argue that TEs can also indirectly impact genome size evolution, for example by chromosomal 

rearrangements. We continued by analyzing expansion routes of TEs and the genomic 

environment within 19 Z. tritici telomere-to-telomere genomes for the second chapter. Using 

phylogenetic methods, we were able to reconstruct where bursts of proliferation started and in 

what types of genomic niches subsequent new TE copies inserted. While older TE copies are 

clustered in distinctive genomic niches with high TE contents, younger copies in recent bursts 

are more evenly distributed in the genome and often at a close distance to a gene. 

Simultaneously, TE copies in bursts show a reduced signature of defense mechanisms. We 

argue being close to a gene without having a deleterious impact might allow TEs to remain 

active and thus create new copies. For the third chapter, we used a dataset of 1,327 fungal 

species to uncover long-term impacts of TEs on fungal proteome evolution. We focused on 

fusions between existing genes and TE-derived domains. Helicases are the most prevalent TE-

derived domains in host-TE fusions over the fungal kingdom. Functions of fusion genes include 

several already described genes involved in defense against viruses and TEs.  

 



 

 
134 

TE activity and short-term genome size expansion 

 
TEs are important facilitators of short-term local adaptation. Most TEs in a genome are silenced 

and will not proliferate, but can be de-repressed under stress conditions (Horváth et al., 2017). 

De-repression can be followed by bursts of proliferation. Most new TE insertions will have a 

neutral or deleterious effect, however, some new TE insertions can provide an adaptive value, 

including adaptation to a new environment (González et al., 2008). Adaptive TE insertion loci 

will increase in frequency in the population. We used a short-read genome dataset covering 

284 isolates from 6 globally distributed Z. tritici populations. Detecting TEs in short-read data 

is still challenging, as reads are not long enough to cover the full length of the TE. 

Consequently, most TE-containing reads cannot be annotated at the correct genomic position. 

In this project, we used an established method that is detecting insertions based on reads that 

cover both terminal regions of the TE and its surrounding region (Linheiro & Bergman, 2012; 

Nelson et al., 2017). We validated the results with a new pipeline that confirms the presence 

or absence of TEs in a predefined locus in all isolates. Our pipeline provided us with a set of 

TE insertion loci that represent the most recently active elements, which allowed us to compare 

TE content between isolates and populations. Isolates from the center of origin of the species 

contain lower amounts of TEs, compared to more recently established populations. The short-

term increase in TE content is strongly correlated with an increase in genome size. Ongoing 

TE activity most likely had both a direct and indirect impact on genome size expansion. Each 

TE insertion can directly increase the genome size to some extent, yet the total length of new 

TE copies cannot fully explain the increase in genome size we discovered. TEs can also 

indirectly increase genome size, by chromosomal rearrangements and partial duplications of 

chromosomes. Interestingly, TEs can also play a role in the decrease of genome size. By ectopic 

recombination, the region of a TE or between two TEs can be deleted (Devos et al., 2002). 

Ectopic recombination might be important to remove TEs or larger regions in Z. tritici as well 

and could be a counter-balance to ongoing TE activity. While recent TE bursts can produce a 

large number of new copies in a short time, ectopic recombination is a random process that 

will not remove TEs at the same speed as insertions emerge. Additionally, purifying selection 

might act against most occurrences of ectopic recombination, as deletion of random regions 

can lead to deletion of essential genes. It is possible that the most recent populations with large 

genome size will have reduced genome sizes in the absence of ongoing TE bursts.  
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Expansion routes of TEs in the genomic ecosystem 

 
The mechanisms of how TEs gain activity, create new copies and insert into new sites is already 

well established for the most prevalent TE superfamilies (Wicker et al., 2007; Sultana et al., 

2017; Wells & Feschotte, 2020). Which TEs are activated and where they insert into is less 

well known. In a study of the invasion of a TE family after horizontal transfer, a short burst of 

TEs was detected after specific environmental conditions, while transposition rates were much 

lower in other conditions (Kofler et al., 2018). Environmental stresses can have an impact on 

the de-repression of a TE, but the genomic environment might be important as well. The 

genome can be seen as an ecosystem consisting of different niches (Venner et al., 2009). 

Genomic niches can differ in TE content, gene content, distance to the closest gene or in 

chromatin state. In some niches, the impact of new TE insertions might be close to neutral, yet 

the TE might be silenced more easily. Other niches might allow TEs to remain active, with the 

cost that strong purifying selection will remove the insertion from the population. In the first 

chapter we detected indication of strong purifying selection, as most TE insertions are only 

present in one isolate. In addition to purifying selection, TEs can also be removed by deletion, 

for example by ectopic recombination. Looking at only one reference genome would thus not 

provide the full picture of a TE expansion route. We analyzed 19 telomere-to-telomere 

genomes that are covering the global distribution of Z. tritici (Badet et al., 2020). As described 

above, stress conditions can induce bursts of TE proliferation. Whether a burst is started by a 

general de-repression of TEs or a single TE that will then create new copies in a cascade-like 

way is not known. We used phylogenetic tools to establish the relationships between the 

individual copies of each TE family. Even for TE families with high copy numbers we detected 

few recent bursts clades per family. We compared different characteristics of both the TE and 

the niches they were inserted into, and reconstructed the ancestral state to see if and how a 

characteristic emerged. Most TEs are located on a different chromosome than their closest 

relatives, indicating the insertion site is independent from the original copy. We found most 

older TEs placed in specific niches with high TE content and few genes. In contrast to older 

elements, TEs in recent burst clades show an increase in GC content compared to all other 

elements of the TE family. An increase in GC content could indicate the absence of an 

Ascomycete specific defense mechanism called RIP (repeat-induced point mutations), which 

introduces directed point mutations, mostly CpG -> TpA (Galagan & Selker, 2004). RIP might 
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not be triggered in recent bursts yet, which is surprising, as most bursts predate the separation 

of the 19 isolates, and RIP has been described to have a very strong impact from the first round 

of sexual recombination in Neurospora crassa (Wang et al., 2020b). In contrast, RIP left strong 

signals on older TE copies, and the genes that are thought to be necessary for RIP are present 

in Z. tritici (van Wyk et al., 2021). Yet there are some indications, that RIP might have been 

lost (Lorrain et al., 2021a), or RIP might simply not be as effective as in N. crassa (Thomas 

Badet, personal communication). Escape of RIP might be a reason why we found strong TE 

bursts and genome size expansions in the first chapter as well. 

In addition to a tendency for a higher GC content, TEs at the start of a burst are closer located 

to genes. A close distance of a TE to a gene can in many cases be deleterious, either by 

disrupting coding regions or by changing the expression of the gene. Generally, TE copies 

close to genes will strongly be selected against. Yet, a close distance to a gene might prevent 

the TE from being silenced or deleted, as a defense against the TE can impact the gene as well 

(Fudal et al., 2009). We mostly detected small non-autonomous MITEs close to genes, which 

correlates with the idea that smaller TEs are less deleterious (Barrón et al., 2014). 

Consequently, niches close to genes might even serve as protective habitat for certain TE 

families to proliferate. And as only TEs that provide a beneficial impact will survive over a 

long period of time, the very TEs that help their host in local adaptation might be responsible 

for potentially devastating bursts of proliferation as well. 

 

Domestication of TEs in fungi 

 
The proteome of a species evolves continuously, and novel gene functions can be gained. Gene 

evolution is predominantly based on the recombination and re-shuffling of pre-existing open 

reading frames (ORFs) (Andersson et al., 2015). TEs play many roles in the evolution of genes, 

and can provide ORFs themselves as well, leading to fusions between existing genes and TEs. 

Host-TE fusions have been detected in animals and plants (Bennetzen, 2000; Cosby et al., 

2021), and there are indications of host-TE fusions in the fungal kingdom as well (Muszewska 

et al., 2019). The exact mechanisms in how TEs fuse with genes is not entirely clear, but TEs 

likely either insert into existing genes or capture gene fragments, for example by the TE 

superfamilies Helitron and Pack-Mule (Jiang et al., 2004; Barbaglia et al., 2012). Gene 

fragment capture could serve the TE evolution rather than gene evolution, leading to new TE 



 

 
137 

subfamilies, but they might also become host-TE fusions. Both TE insertion and gene capturing 

might happen rather frequently on species-level, but are likely to have a neutral or even 

negative impact. Only beneficial host-TE fusions will remain over longer evolutionary times, 

and their presence in several species that share an ancestor indicate a benefit.  

To detect TE-derived fusions with a beneficial impact beyond the species level, we analyzed 

the annotated genomes of 1,327 fungal species. We filtered for genes that include TE-derived 

domains and domains that have no relation with TEs that are present in at least 20 fungal 

species. We detected 241 very stable host-TE fusion candidates. Predominantly, the TE-

derived domain is a helicase, derived either from the superfamily AcademH or KolobokH 

(Muszewska et al., 2019). We could not confirm or deny the true TE origin of helicase domains. 

The helicase domain has a binding function to either DNA or RNA and is thus a universally 

useful function. On interspecies level, many fusions containing a helicase domain show strong 

presence/absence polymorphism for additional domains. Yet, most host-TE fusions show no 

or only one duplication event per species, indicating they are not functional TEs anymore. 

Containing a helicase domain might enable the host-TE fusion to continue capturing genes, 

gain additional functions, and to continue to diversify as a gene. Helicases that still continue 

capturing genes would not be stable host-TE fusions, but could lead to a high variability of new 

helicase derived host-TE fusions. Some of the detected host-TE fusions have already been 

described in the literature, either on fungal level or in plant or animals, including dicer 

dimerization and the SHREC complex, which are both involved in defense against viruses and 

TE silencing, and contain the respective TE-derived domains (Hammond, 2005; Sugiyama et 

al., 2007). As these genes not only exist in fungi, the origin of host-TE fusions might be older 

than the separation of the fungal kingdom.  

Yet, both dicer dimerization and SHREC complex were not detected in the Ascomycete class 

of Saccharomycotina. So far described species in Saccharomycotina are also missing other 

defense mechanisms against TEs, including RIP (van Wyk et al., 2021). Saccharomycotina 

also have a rather low number of TEs, a reduced number of genes generally small genome sizes 

(Bleykasten-Grosshans & Neuvéglise, 2011; Shen et al., 2020). Intriguingly, we found the 

proportion of genes that contain a TE-derived domain to be increased in Saccharomycotina 

compared to other fungi. With a strong selection pressure on both TEs and genes, it is likely 

that host-TE fusions are better suited as genes in Saccharomycotina. Saccharomycotina might 

have evolved individual defense mechanisms against TEs. 
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Outlook 

 
This thesis underlines the importance of TEs in short-term adaptation and long-term evolution 

of fungal genomes. Our methods included several novel approaches in combining large datasets 

with many individuals per species, many TE copies per genome or many species per kingdom 

to compare. We improved the understanding of the role that TEs play on different scales, from 

local adaptation to TE evolution in a species to the impact of TEs on the evolution of the fungal 

kingdom. At the same time, this thesis opens many new questions in how TEs evolve in fungi. 

 

TE diversity and TE content and the evolution of the host 

 
TE diversity and TE content in fungi are species specific and can even vary between isolates 

of the same species (Raffaele & Kamoun, 2012; Badet et al., 2020). TE activity has been 

hypothesized to be involved in speciation by inducing reproductive isolation (Serrato-

Capuchina & Matute, 2018). It is likely that TE content and diversity will diverge after 

speciation, and random processes can have a strong impact in the fate of TEs in a genome. By 

analyzing phylogenetic relationships, we detected divergences of sequences of recently active 

TE families in the second chapter. Low copy TE families can become extinct, remain at low 

copies or can rapidly increase in copy numbers after de-repression, while the sequences 

continue to evolve until they are not recognized as the same family anymore (Bleykasten-

Grosshans et al., 2021). Environmental stressors either after the migration of the species to 

different climates or after changes in the climate can impact fungi via the host. A change of 

host species or cultivars can also have dramatic effects, and forces the fungus to evolve new 

effectors in plant pathogens, or adapt to the high core body temperature for mammalian hosts 

(Leach et al., 2012; Richards et al., 2019). Other stressors target the fungus directly, for 

example fungicides. All these stressors can induce TE activity, most likely leading to many 

new deleterious and neutral TE insertions (Horváth et al., 2017). Yet, in some cases new TE 

insertions can lead to local adaptation. Some TE-derived adaptations have been shown to be 
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triggered by insertion of different TEs in the same locus, as seen in fungicide resistance in Z. 

tritici (Omrane et al., 2015, 2017; Mäe et al., 2020). Artificial de-repression and activation of 

TEs is a very helpful source for future plant breeding (Thieme et al., 2017; Thieme & Bucher, 

2018), but could also be used to better understand fungal pathogens. 

 

How do Saccharomycotina deal with TEs? 

 
Different defense mechanisms are acting against TEs and viruses. Defenses include RNA 

interference, where siRNA is leading to cleavage of the RNA, silencing by RdRp, DNA 

methylation, histone methylation or repeat induced point (RIP) mutation, a fungus-specific 

defense that introduces a higher mutation rate during sexual recombination (Galagan & Selker, 

2004; Slotkin & Martienssen, 2007). TEs have been shown to be involved in viral and TE 

regulation as well, for example via the domestication of gag (capsid protein) and env (envelope 

protein) of retrotransposons or by copy number control (Saha et al., 2015; Naville et al., 2016). 

In the 3rd chapter, we found more potential examples of TEs being involved in viral and TE 

regulation as part of host-TE fusions. TEs are involved as part of host-TE fusions in Dicer 

dimerization and SHREC, which are potential defense mechanisms against viruses and TEs, 

and present beyond the fungal kingdom (Hammond, 2005; Sugiyama et al., 2007). 

Interestingly, the presence of these potential defense mechanism is very patchy along the fungal 

phylogeny, especially in Ascomycetes, indicating independent losses. If the mechanisms are 

still functional is another question. As many Ascomycetes contain RIP, other defense 

mechanisms might have become redundant. RIP itself was also actively involved in the 

destruction of a defense in Z. tritici by mutating all copies of a methyltransferase after 

duplication, rendering cytosine methylation unfunctional (Dhillon et al., 2010). 

Saccharomycotina, a class of Ascomycetes not only is lacking most of the generally known 

defense mechanisms against TEs, but also has no indication of RIP in any of the species (van 

Wyk et al., 2021). The absence of most known defense mechanisms did not lead to burst of 

TEs in Saccharomycotina. On the contrary, species of Saccharomycotina contain very low TE 

contents, while there is still indication that TEs are still active and even induce adaptation (Zhu 

et al., 2014; Maxwell, 2020). These species might be very resistant against TEs, via not yet 

described defense mechanisms (Fouché et al., 2021). Some Saccharomycetes are using the 
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genetic code slightly different (Butler et al., 2009), which might act as a defense mechanism 

against viruses, and subsequently against TEs. Research on the activity and regulation of TEs 

in Saccharomycotina will help to detect new defense strategies against TEs. 
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Annex: Figure sources 

 
Figure 1 Introduction: Photography of Barbara McClintock by David Miklos, Cold Spring 
Harbor Laboratory Archives. 
Figure 2 introduction: Figure taken from Wells & Feschotte, 2020 
 
All other figures, spore prints, microscopic pictures and photographs are made by Ursula 

Oggenfuss 

 

 
”Whether in forests, labs or kitchens, fungi have changed my understanding of how life happens” 

Merlin Sheldrake, Entangled Life 


