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Resumen 
 
 
La mayoría de organismos procariotas y eucariotas contiene en su genoma secuencias de ADN 

repetitivas, definidas como elementos transponibles (ETs), que pueden movilizarse e insertarse 

aleatoriamente generando inestabilidad genómica que en definitiva afecta la función de secuencias 

codificantes. Durante mucho tiempo, los ETs se describieron como fragmentos de ADN 'independientes', 

debido a su proliferación dentro del genoma del huésped sin aportar ningún beneficio o induciendo efectos 

deletéreos cuando se insertan en genes. Sin embargo, con el tiempo, esta visión de los ETs fue cambiando 

al conocerse la contribución de los mismos en el mantenimiento de la estabilidad y evolución del genoma.  

En los últimos años, la disponibilidad de genomas procariotas y eucariotas secuenciados ha permitido el 

estudio de la distribución de estos elementos móviles y el efecto de sus copias activas entre genomas 

relacionados.  

Es conveniente señalar que debido a la capacidad que tienen de generar mutaciones, los genomas del 

huésped han desarrollado mecanismos endógenos para limitar la movilización y reprimir la actividad 

transcripcional. En eucariotas, las secuencias repetidas pueden silenciarse a través de modificaciones 

epigenéticas de la secuencia de nucleótidos, que modifican la expresión génica sin producir cambios 

permanentes. Los mecanismos epigenéticos, que incluyen la metilación del ADN y las estrategias de 

silenciamiento por ARN de interferencia (RNAi), pueden regularse a diferentes niveles, determinando el 

silenciamiento de regiones específicas genómicas. Por lo tanto, el desarrollo de las llamadas tecnologías 

de nueva generación (Next-Generation) ha permitido obtener perfiles epigenéticos completos del genoma 

y ampliar la visión general de los ETs en la evolución de los genomas. Las modificaciones epigenéticas 

en hongos filamentosos se han estudiado con gran detalle en Neurospora crassa, aunque también se han 

descrito en otros eucariotas superiores. Sin embargo, el efecto de los cambios epigenéticos en el ADN de 

basidiomicetes permanece aún casi sin explorar.  

Estudios recientes realizados en Pleurotus ostreatus mostraron que el genoma de este basidiomicete 

modelo está poblado por numerosas familias de ETs, entre las que se encuentran los helitrones, un grupo 

de transposones de ADN que se movilizan a travésde un mecanismo de transposición de círculo rodante. 

En esta tesis nos hemos propuesto investigar la herencia de los helitrones y caracterizar los perfiles 

epigenéticos y transcriptómicos del hongo P. ostreatus en diferentes estadios de desarrollo. Ambos 

objetivos se han llevado a cabo mediante el uso de técnicas moleculares integradas con el análisis de 

datos de secuenciación Sanger o Next-Generation.  
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Esta tesis doctoral se compone de cuatro capítulos principales. 

En el Capítulo I se describe el estado actual de la técnica de secuenciación del genoma, identificación 

del transposones y descripción de los mecanismos epigenéticos (metilación del ADN y silenciamiento por 

ARN de interferencia). Se incluye también, una introducción general sobre el Reino de los hongos y del 

organismo modelo P. ostreatus. 

En el Capítulo II se determinan los perfiles de transmisión de las dos familias de helitrones (HELPO1 y 

HELPO2) en la progenie derivada meióticamente en P. ostreatus. Los resultados describen unos patrones 

de segregación distorsionada de los helitrones pertenecientes a la familia HELPO2 que demuestran una 

evidente sub-representación de estos elementos en la progenie. Análisis de las regiones flanqueantes de 

las secuencias de los elementos HELPO2 indican que el proceso meiótico de conversión génica podría 

estar relacionado con la eliminación de estos elementos repetitivos, favoreciendo la presencia de loci 

vacíos resultantes de la transposición de elementos HELPO2. El análisis del contenido de elementos 

HELPO2 en una genealogía de subclones mantenidos en diferentes condiciones de cultivo demostró la 

existencia de transposición somática de un helitron HELPO2. Análisis adicionales de la secuencia 

genómica y transcriptomica revelaron que P. ostreatus posee una maquinaria de RNAi activa que podría 

estar implicada en el control de los elementos transponibles. Estos hallazgos demuestran, por primera 

vez, la movilización de un helitron en el reino de los hongos y muestran la puesta en marcha de 

mecanismos de defensa del genoma contra ADN invasivo usando P. ostreatus como modelo. 

En el Capítulo III se describen las estrategias de defensa epigenética en P. ostreatus mediante el análisis 

integrado de metilación del ADN, transcripción de sRNAs y mRNA en distintas estadios de su ciclo de 

vida. El análisis realizado utilizando tecnologías de nueva generación aplicada a distintas contextos 

genómicos (BS-seq, sRNA-seq y mRNA-seq) se llevó a cabo en cepas monocarioticas y dicarióticas.  

El estudio realizado reveló que el perifl de metilacion de ADN especifico en cada cepa, así como la 

producción de ARN pequeños de 21-22 nt, están involucrados en la represión de la actividad de los 

transposones. Además, estos análisis revelan que la metilación de los transposones—pero no la 

producción de sRNA—está directamente involucrada en el silenciamiento de genes localizados cerca de 

transposones. Finalmente, estos resultados describen los genes directamente involucrados en el proceso 

de fructificación a través del análisis comparativo de transcriptomas. 
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En el Capítulo IV, se presenta una discusión general sobre los resultados de esta tesis. Se discute sobre 

los perfiles epigenéticos y transcripcionales en las dos familias de helitrones de las cepas de P. ostreatus, 

así como las la variabilidad de los perfiles de metilación de cepas dicarióticas que comparten idéntico 

complemento genético pero que se han mantenido en diferentes condiciones de subcultivo durante varios 

años. Finalmente, se discute la presencia de los elementos necesarios para la activación de la maquinaria 

de RNAi en las distintas cepas de P. ostreatus. 
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Summary 
 
 
Most prokaryotic and eukaryotic life forms must deal with the presence of repetitive DNA sequences called 

transposable elements (TEs), whose ability to mobilize through the genome and insert at a random position 

has an impact on genome stability and functionality. For a long time, TEs were described as ‘selfish’ DNA 

fragments, owing to their proliferation within the host genome without conferring any benefit or inducing 

detrimental effects when inserted in gene-coding regions. Over time, however, this view was changed by 

the discovery of the contribution of transposons in genome integrity and evolution. 

Recent genome-wide characterizations have focused on the distribution of these mobile elements and the 

effects of active transposon copies within closely related genomes. Given their mutagenic potential, host 

genomes have evolved endogenous mechanisms to limit the mobilization and repress the transcriptional 

activity of transposons. In higher organisms, repeat sequences are transcriptionally silenced through 

epigenetic modifications, which modulate gene expression without producing permanent modifications 

along the nucleotide sequence. The integrated and dynamic nature of epigenetic pathways, including DNA 

methylation and RNA-silencing systems, can be regulated at different levels, leading to the targeted 

silencing of specific genomic regions. Thus, the revolutionary advent of high-throughput sequencing led to 

an unprecedented opportunity to generate genome-wide epigenetic profiles and extend the understanding 

of the contribution of TEs in genome evolution. 

The filamentous fungi—in particular, Neurospora crassa and other ascomycetes—have provided 

fundamental advances in many of the aforementioned areas. These organisms possess complex 

epigenetic pathways that are also conserved in other higher eukaryotes to efficiently shut down transposon 

activity. Despite their importance, the occurrence of epigenetic events as well as the impact of transposon 

activity in basidiomycetes have been poorly analyzed so far.  

Recent studies in Pleurotus ostreatus uncovered that the genome of this basidiomycete model is populated 

by a diverse set of TE families, providing a detailed picture of the distribution and importance of helitrons, 

which are a group of DNA transposons that mobilize through a rolling-circle mechanism.  

Therefore, the principal aim of this work is to investigate the inheritance of helitron transposons and profile 

the epigenetic and transcriptomic landscape of P. ostreatus at different growing stages. Both objectives 

have been performed through the use of molecular techniques integrated with subsequent Sanger or  

Next-Generation sequencing data analysis.  
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This PhD dissertation is comprised of four main chapters.  

Chapter I describes the current state-of-the-art of genome sequencing, transposon identification and 

epigenetic mechanisms (DNA methylation and RNA silencing pathways); it also provides an introductory 

overview on the fungal kingdom and the model system P. ostreatus.  

Chapter II presents the inheritance patterns of HELPO1 and HELPO2 helitron families in the meiotically-

derived progeny of P. ostreatus. Our results report the distorted segregation patterns of HELPO2 helitrons 

that lead to a strong under-representation of these elements in the progeny. Further analyses of the 

HELPO2 flanking sites showed that the meiotic process of gene conversion may contribute to the 

elimination of such repetitive elements, favoring the presence of HELPO2 vacant loci. Moreover, the 

analysis of HELPO2 content in a reconstructed pedigree of subclones maintained under different culture 

conditions revealed an event of helitron somatic transposition. Additional investigations of genome and 

transcriptome data indicated that P. ostreatus carries active RNAi machinery that could be involved in the 

control of transposable element proliferation. These findings provide the first evidence of helitron 

mobilization in the fungal kingdom and highlight the interaction between genome defense mechanisms 

and invasive DNA using P. ostreatus as a model.  

Chapter III describes the occurrence of epigenetic defense strategies in this fungal model. The analyses 

report a picture of genome-wide epigenetic (DNA methylation and small RNAs) and transcriptional (mRNA) 

patterns in P. ostreatus throughout its life cycle. High-throughput sequencing analyses (BS-seq, sRNA-

seq and mRNA-seq) performed in monokaryon and dikaryon samples revealed epigenetic differences 

among strains but not within developmental stages. Our results uncovered strain-specific DNA methylation 

profiles (~ 2 to 7 % global methylation levels) and 21-22nt small RNA production primarily involved in the 

repression of transposon activity. Furthermore, our findings provide evidence that TE-associated DNA 

methylation—but not small RNA production—is directly involved in the silencing of genes surrounded by 

transposons. Finally, these findings also report key genes that are activated in the fruiting process through 

a comparative analysis of transcriptomes. 

A general discussion on findings presented in this thesis is given in Chapter IV. This last part reports a 

critical outlook on the epigenetic and transcriptional state of the two helitron families of the P. ostreatus 

strains that are differentially subcultured during several years as well as nucleus-specific methylation 

variations in dikaryotic strains that share an identical genetic complement but different subculture 

conditions. Lasty, it is given a general overview on the strain-specific RNAi machinery in P. ostreatus. 
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Evolution of genome sequencing  
 

The development and constant improvement of DNA sequencing, which refers to the determination of the 

precise nucleotide sequence within a DNA molecule, has made it possible to obtain exhaustive information 

about the genomic landscapes, ranging from short fragments (i.e., gene regulatory regions) up to the 

characterization of entire genomes. The advent of the first DNA sequences was documented during the 

early 1970s. Around that time, a short sequence of the lac operator from bacteria was obtained through 

the application of time consuming and laborious techniques (Gilbert and Maxam 1973).The first revolution 

in this field took place in the late 1970s after the development of innovative methods proposed 

simultaneously by the researchers Maxam and Gilbert (Maxam and Gilbert 1977) and Sanger (Sanger et 

al. 1977), which extraordinarily increased the sequencing throughput. These techniques, defined as Whole 

Genome Shotgun (WGS), enabled the sequencing of longer DNA sequences with higher efficiency 

compared to the initial strategies. By then, Sanger sequencing was predominant due to its improved 

accuracy and reduced utilization of toxic compounds. According to these procedures, the DNA chain is 

broken up into smaller fragments, which are cloned and sequenced individually. Subsequently, the short 

sequences are reassembled into their original order based on overlaps, ultimately yielding the complete 

sequence through the use of sophisticated computer programs (Staden 1979).  

In the last few decades, the extensive use of WGS techniques for DNA sequencing and the progressive 

technological optimization led to the successful determination of the first set of eukaryotic genomes, 

including human (Consortium 2001; Venter et al. 2001) and mouse (Waterston 2002) genomes. Despite 

its reliability and constant improvement (Collins et al. 2003), sequencing based on the Sanger method 

displayed some disadvantages in terms of reagents, intensive working time and monetary cost. Given the 

importance of DNA sequencing in different fields of biological research, considerable efforts were made to 

develop more efficient methods, reducing their cost.  

This encouraged the production of alternative technologies and considerable breakthroughs that led to the 

advent of the so-called high-throughput technologies (Next-Generation Sequencing [NGS]) (Mardis 2008). 

So far, three NGS platforms are the most prevalent and commercially available: i) 454 array-based 

pyrosequencing (Margulies et al. 2005), ii) Illumina sequencing by synthesis (Bentley 2006) and iii) SOLiD 

sequencing by ligation (Valouev et al. 2008). Although second-generation sequencing has enabled the 

discovery of many new genomes (Schatz et al. 2010), the techniques experienced some difficulties in 

terms of small size of reads (i.e. 25 – 250 bp) and lack of sufficient robustness to study overall chromosome 

architecture (Jia et al. 2013).  
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The need for technologies that would produce longer reads has resulted in the advent of new sequencing, 

called Third-Generation Sequencing (TGS), which facilitated the development of long-read sequencing  

(3 – 15 kb). PacBioRS is the most successful TGS technology so far (Eid et al. 2009; Korlach et al. 2010). 

Furthermore, the release of another TGS technology, the so-called Nanopore DNA (Stoddart et al. 2009), 

ushered in a new era of cheap and portable long-read sequencing techniques. The increasing 

improvement of these technologies as well as the proliferation of genome databases and bioinformatics 

software led to extraordinary advances in many fields of genomics through the applications of specific 

techniques, such as RNA-seq to analyze comparative transcriptomes (Mortazavi et al. 2008), Methyl-seq 

to identify the methylation state across the genome (Brunner et al. 2009), ChIP-seq to detect DNA-protein 

binding (Johnson et al. 2007) and whole-exome sequencing to investigate the variations of all protein-

coding regions (Rabbani et al. 2014).  

In addition, highly accurate de novo genome assemblies and resequencing analysis provided a better 

picture of the genome fraction occupied by non-coding DNA (Costa 2008). Overall, the improvement of 

NGS technology and the deluge of sequenced data provide a chance to explore unsolved questions in 

many fields of biology and genetics.  

 

Uncovering the “non-coding” fraction of genomes 

 
Several genomic studies documented that the diverse and integrated regulation of each organism relies 

on a complex interaction of “non-coding” regions rather than just on protein-coding genes (Doolittle and 

Sapienza 1980). Initially defined as “junk DNA”, non-genic DNA sequences such as transposable elements 

(TEs) have been progressively recognized as important players in genome plasticity. Their study has 

impressively risen during the past decade with the advent of comparative genomics and bioinformatics 

tools dedicated to their detection. Before that, transposable elements gained extraordinary interest through 

the revolutionary discoveries performed by the Nobel Prize winner Barbara McClintock in the late 1940s. 

Her experiments on maize chromosome breakage elucidated the mechanism by which these jumping DNA 

units modulated the expression of certain genes, generating phenotypic changes (McClintock 1984).  

Since then, several studies uncovered that these segments of DNA are ubiquitous across living organisms 

and are able to induce mutations and chromosomal rearrangements as a consequence of their 

mobilization. In the last several decades, the proliferation of whole-genome sequencing projects provided 

increasing information on the transposon landscapes, particularly on their function and distribution.  
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The surprising impact of TEs on the genome structure contribute to a turnaround from considering them  

as ‘selfish’ parasitic sequence (Orgel and Crick 1980) to potent drivers of genome evolution. Given their 

ability to transpose and multiply within the DNA sequence, these mobile genetic sequences can increase 

in copy number and occupy variable genome fractions, ranging from a few copies to millions of copies 

(Szmulewicz et al. 1998). In higher eukaryotes, TEs represent one of the most significant contributors to 

genome size, and they account for up to approximately 80% in some plants (Wicker et al. 2011) and up to 

50% in mammals (Zamudio and Bourchis 2010). 

 

Classification of transposable elements  

 
The main ability of transposable elements is to mobilize within the host genome. According to their 

mechanism of transposition, TEs are generally classified into two main categories: Class I and Class II 

(Fig. 1). Class I elements, also known as retrotransposons, transpose by a copy-paste mechanism through 

reverse transcription of an RNA intermediate encoded by the element. Based on their structure and 

transposition mechanism, retrotransposons can be divided into five orders: LTR (Long terminal repeat) 

retrotransposons, DIRS (Dictyostelium intermediate repeat sequence), PLE (Penelope-like element), 

LINEs (Long interspersed nuclear element) and SINEs (Short interspersed nuclear element) (Wicker et al. 

2007). The principal distinction in this group concerns LTR-retrotransposons, which are flanked by specific 

long-terminal-repeats (LTRs) at the end of both sides and non-LTR retrotransposons (LINEs and SINEs). 

Class II transposons proliferate directly from DNA to DNA. This class is divided into two subclasses that 

are comprised of four orders: TIR (terminal inverted repeats), Crypton, Helitrons and Mavericks. During 

their transposition, DNA transposons can excise from the original position and integrate into a new target 

site through a “cut and paste” mechanism or mobilize through rolling-circle replication, as described for 

Helitron elements, similarly to some bacterial mobile elements (Kapitonov and Jurka 2001). Based on 

specific traits (e.g., target site duplication, expression of specific proteins), elements belonging to both 

classes can be further categorized into superfamilies and families. Both retrotransposons and DNA-

transposon families comprise non-autonomous elements that require the retrotransposase/transposase of 

an autonomous element for their mobilization across the genome. 
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Figure 1.  Hierarchical classification of transposable elements. Obtained from Wicker et al. (2007). 

 

Impact of transposable elements on genome architecture and functionality 

 
Transposon mobilization can be more than simple events of genomic deletions and insertions. Beside their 

potential detrimental impact, it has been postulated that transposons play an essential role in promoting 

the plasticity within the host genomes and exert both positive and negative regulation over the proximity of 

genes (Raffaele and Kamoun 2012). Given their ability to multiply across the genome, the insertion of a 

few or higher number of transposon copies contributes to generate variability between genomes at inter- 

and intraspecific levels. On a structural scale, transposon bursts can lead to an increase of the genome 

size and generate polymorphisms between closely related lineages as is extensively reported in plants 

(Naito et al. 2006; El Baidouri and Panaud 2013). Additionally, these repetitive sequences play an essential  
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role in chromatin organization and the maintenance of genome integrity. In fact, high amounts of repeated 

elements and TEs have been detected in chromosomal regions involved in processes of segregation and 

replication in eukaryotic cells (Gao et al. 2015). For example, transposon blocks and other repeats are 

associated with heterochromatin formation in the centromeric regions of S. pombe (Almeida and Allshire 

2005), and they also constitute the telomeric regions of D. melanogaster chromosomes (Biessmann et al. 

1992). Although TEs can positively contribute to genome stability and variability, they are primarily known 

for their potential to act as insertional mutagens and cause chromosome breakage (McClintock 1947).  

In this sense, the activity of some transposons has been described as a continual rather than occasional 

event in several eukaryotic genomes (Huang et al. 2012). In the human fungal pathogen Candida albicans, 

the transcriptional activity of LTR and non-LTR retrotransposons has been shown to induce random 

mutations across the genome (Goodwin et al. 2001; Holton et al. 2001). Transposons can also produce 

mutations after their excision by either leaving or not leaving “footprints” that can point to their previous 

presence or lack thereof (Britten 1996). Some deleterious effects of TEs can also result from illegitimate 

chromosomal rearrangements as well as the insertion into or near protein-coding genes (Wright et al. 

2003). Indeed, transposons can negatively impact host fitness by extending their epigenetic marks on 

flanking regions (Wessler 2006) and downregulating the expression of coding genes (Lankenau and Volff 

2009).  

Taken together, genetic variations associated to the activity of mobile elements may result in dramatic 

alterations at somatic levels. An example is the color variegation in maize kernels and leaves documented 

by McClintock (McClintock 1951), but somatic variations caused by TEs have also been documented in a 

wide range of eukaryotic organisms (Kidwell and Lisch 1997). In Drosophila melanogaster, massive 

chromosome breakage in larval cells resulting from the transposition of P elements showed a direct impact 

on pupal lethality and hybrid dysgenesis in progeny (Bregliano and Kidwell 1983). Another paradigmatic 

example reports that LINE-mediated transposition in the mammalian brain can induce a broad spectrum 

of phenotypic modification and ultimately generate variations in neuronal genomes (Singer et al. 2010).  
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Epigenetic regulation of transposon activity 

Transposable elements have been described as important drivers of genome plasticity and evolution; 

nonetheless, they remain mutagenic that agents able to produce detrimental effects. Therefore, host-

genomes have evolved endogenous mechanisms to protect themselves from transposon proliferation and 

limit their expansion. In fact, plant and animal transposable elements have been described as the principal 

target of epigenetic silencing mechanisms that consist of integrated and dynamic pathways that are 

regulated at different levels (Slotkin and Martienssen 2007; Fedoroff 2012).  

The term ‘epigenetics’ refers to modifications that can modulate the transcription of genes in the absence 

of changes along the DNA sequence. Initially described as heritable modification, the term is now applied 

to changes that may occur in terminally differentiated cells as well (Popova et al. 2006). The best 

characterized epigenetic strategies include DNA methylation (correlated with chromatin remodeling and 

histone modification) and mechanisms of transcriptional and post-transcriptional silencing mediated by the 

RNA interference (RNAi) complex. It is becoming clear that these epigenetic modifications can be 

regulated by various silencing effector complexes in response to the activity of invading transposons.  

DNA methylation  

DNA methylation was the first epigenetic mark that was discovered to impact gene expression (Holliday 

and Pugh 1975). It is involved in the regulation of several cellular processes ranging from development to 

gene silencing in a variety of eukaryotic genomes (Suzuki and Bird 2008; Law and Jacobsen 2010a).  

Such modification occurs by the covalent transfer of methyl groups (CH3) to the DNA, typically at position 

5 of the cytosine ring (mC). The addition of methyl groups is controlled at different levels in cells and 

orchestrated by a family of enzymes known as DNA methyltransferases (DNMTs) (Bird 2002) (Fig. 2).  

Figure 2. Mechanism of cytosine methylation mediated by DNA methyltransferases. 
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This modification can modulate the activity of a DNA segment without involving permanent changes in the 

nucleotide sequence of the organism. An exhaustive picture of molecular mechanisms leading the 

establishment and maintenance of DNA methylation is still unknown. However, several efforts have been 

made to characterize the molecular pathways that are involved in this process in the last two decades (Law 

and Jacobsen 2010b). The state-of-the-art method to profile DNA methylation in all cytosine contexts  

(CG, CHG and CHH) based on bisulfite (BS) conversion was discovered in 1980 (Wang et al. 1980).  

After chemical treatment of DNA molecules with bisulfite under denaturing conditions, the procedure 

converts unmethylated cytosines to uracil, whereas the methylated cytosines remain unchanged.  

During subsequent PCR amplifications and sequencing, uracil residues are converted to thymine (Fig. 3).  

The technique was initially applied to a few genomic regions with individual Sanger sequencing (Frommer 

et al. 1992), but it can now be performed at the whole-genome scale using Next-Generation Sequencing 

(NGS) (Lister and Ecker 2009; Laird 2010). The complete conversion and high sequencing coverage 

obtained allow to generate comprehensive DNA methylome and detect methylated cytosines at single-

base resolution along the whole genome.  

According to a recent comparative study (Harris et al. 2010), BS-Seq is considered to be the most reliable 

method to achieve a large-scale single-bp resolution of the methylation profile. Thus, the increasing 

improvement of tools for genome-wide profiling of DNA methylation enabled researchers to identify these 

genomic modifications and gain a comprehensive picture of epigenetic regulation in different organisms. 

In mammalian stem cells (Lister and Ecker 2009)plants (Lister et al. 2008) and fungi (Selker et al. 2003; 

Zemach et al. 2010), methylated cytosines have been detected in symmetrical CG/CHG or asymmetrical 

CHH (where H stands for A, T or C) contexts (Dyachenko et al. 2010). In differentiated mammals, however, 

5mC occurs nearly exclusively in CG dinucleotides. Further studies extended this view by reporting that 

CG and CHG are found in similar locations, whereas CHH methylation (as a non-symmetric site and 

requiring active de novo methylation for its presence) is often rare and transient (Cokus et al. 2008; Schmitz 

and Ecker 2012).  

In fungi, the occurrence and function of this epigenetic modification is still unclear. DNA methylation has 

been uncovered in Neurospora crassa and Ascobulus immersus and some other filamentous fungi, while 

in others it seems to be lacking (Freitag and Selker 2005; Galagan et al. 2005). In N. crassa, it was found 

to be primarily associated with relics of the genome defense system repeated-induced point (RIP) mutation 

(Selker et al. 1987). Also, in the transposons-rich ascomycete Tuber melanosporum, 5mC was mainly 

detected in transposable elements (Montanini et al. 2014). 
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Figure 3. Schematic representation of bisulfite conversion in unmethylated and methylated cytosine 

residues and subsequent PCR amplification. 

Generally, genomic regions possessing high methylation levels display a tightly packaged chromatin state 

referred to as heterochromatin, whereas regions with low methylation and loose chromatin are defined as 

euchromatin. Heavily methylated genomic regions are often considered a mark of silenced 

heterochromatin. Nevertheless, comparisons between genome-wide DNA methylation and transcriptional 

profiles suggest that this association is not totally repressive (Zilberman et al. 2007; Vaughn et al. 2007).  

A recent analysis of the genome-wide distribution of 5mC in plants shows that intergenic DNA regions 

display higher methylation levels when compared to gene bodies due to the preferential location of 

repeated elements within intergenic regions (Regulski et al. 2013). However, the highest methylation levels 

are generally detected in the pericentromeric and centromeric regions of the chromosomes (Lippman et 

al. 2004; Eichten et al. 2013), which are enriched in repeated elements and depleted of coding genes.  

It is considered that methylation is principally involved in genome defense and the regulation of gene 

expression. The first function concerns the inactivation of non-self fragments, such as potential insertion 

of viral and retroviral sequences, and the silencing of repeated sequences, such as TEs, pseudogenes 

and repetitive sequences (Zhang et al. 2006; Slotkin and Martienssen 2007). In eukaryotes, DNA 

methylation maintains the silent state of transposable elements and regulates the chromatin status through 

the coordinate interaction of DNMTs with components of additional epigenetic complexes.  
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According to this, when the activity of transposons is not fully suppressed, cryptic promoters located in the 

transposon sequence can induce the transcription of noncoding RNAs (ncRNAs). Specific classes of 

ncRNAs participate as targeting factors in epigenetic pathways, such as RNA-directed DNA methylation 

(RdDM) involved in the silencing of transposable elements (Law and Jacobsen 2010).   

Transcriptional and post-transcriptional silencing mediated by sRNAs 

Beyond their crucial role in the pathway from DNA into proteins, RNA molecules are involved in other 

functional processes, such as the establishment of DNA methylation and histone modifications. RNAs are 

conventionally distinguished into coding (mRNA) and non-coding (ncRNAs) molecules (Szymanski et al. 

2003). This latter group comprises functional RNA molecules transcribed from a DNA molecule but not 

translated into proteins. Among the ncRNAs, only ribosomal RNA (rRNA) and transfer RNA (tRNA) have 

been characterized in depth. However, recent studies uncovered a novel class of ncRNAs called small 

RNAs (sRNAs), which are involved in gene regulation at both transcriptional (TGS) and post-transcriptional 

(PTGS) levels (Moazed 2009).  

TGS refers to the blocking of transcription, which prevents the accumulation of mRNA transcripts, and the 

role of small RNAs in TGS mediated by heterochromatin formation was described in Schizosacharomyces 

pombe (Volpe et al. 2002). On the other hand, PTGS involves the degradation of mRNA products in the 

cytoplasm, which prevent their translation into proteins. The occurrence of post-transcriptional gene 

silencing mediated by small RNAs was first discovered in plants in 1998 (Waterhouse et al. 1998), and 

subsequent experiments described that this mechanism was led by sRNAs that were 21-25 nt long 

(Hamilton and Baulcombe 1999). RNA-sequencing (RNA-Seq) is a highly sensitive and accurate tool for 

measuring expression across the transcriptome using deep-sequencing technologies. Studies using this 

method enable researchers to view the complexity of eukaryotic transcriptomes and uncover the functional 

elements during development or different conditions.  Small RNA sequencing, which is a type of RNA-Seq, 

is a technique to isolate and sequence small RNA species. This method can query thousands of small 

RNAs and examine the differential expression at single-base resolution (Shore et al. 2016). The sRNAs 

described to date vary in terms of size and are classified depending on their biogenesis and function (Kim 

2005; Kim et al. 2009) (Fig. 4).  
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The main small RNA categories are piwi interacting RNAs (piRNAs), microRNAs (miRNAs) and small 

interfering RNAs (siRNAs). piRNAs originate from transposons, repeats and piRNA clusters, their 

mechanism of action is RNA cleavage (PTGS) and they have been exclusively identified in animals. 

miRNAs are processed from single-stranded hairpin precursors of variable length and produce 

translational repression and mRNA degradation in plants and animals. 

 

 

 

Figure 4. Classification of coding and non-coding RNA (ncRNAs). Coding RNA comprises messenger 

RNAs (mRNAs). Non-coding RNAs are divided into ribosomal (RNAs), transfer (tRNAs) and small (sRNAs) 

RNAs. SmallRNA include three main types: short interfering RNAs (siRNAs), microRNAs (miRNAs) and 

piwi interacting RNAs (piRNAs). Short interfering RNAs have been recently grouped into different classes, 

including virus-derived RNAs (vsiRNAs), trans-acting RNAs (tasiRNAs) or repeat associated RNAs 

(rasiRNAs). Adapted from Guleria et al. (2012). 

 

Regarding siRNAs, they are present in plants, animals and fungi and originate from repeats, transposons 

or virus. siRNAs can be involved in PTGS, which starts with the production of aberrant double-stranded 

RNAs (dsRNAs). The dsRNAs are cleaved by the Dicer RNAse III complex to produce short fragments of 

21-25 nucleotides and transported to the cytoplasm. These siRNAs are loaded in the RNA-induced 

silencing complex (RISC) and guide it towards complementary mRNAs. Targeted mRNAs are 

subsequently degraded by the Argonaute slicer activity, leading to the cleavage or suppression of 

translation of complementary mRNA sequences (Valencia-Sanchez et al. 2006; Carthew and Sontheimer 

2009) (Fig. 5). 
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Figure 5. Schematic diagram of transcriptional (TGS) and post-transcriptional (PTGS) gene silencing. 

Adapted from M Matzke MA, Matzke AJM (2004). 

 

In addition, siRNAs can produce TGS by promoting histone methylation (in animals) and DNA methylation 

(in plants). Recent studies in plants and mammals have stressed such a link between DNA methylation 

and the RNAi pathways (Huang et al. 2014; Zhao et al. 2016) in transposon silencing, indicating that both 

mechanisms are tightly related (Zilberman et al. 2003). It has been postulated that de novo methylation in 

plants as well as the maintenance of DNA methylation in asymmetric sequence contexts are mediated by 

RNA-directed DNA methylation (RdDM), which is an epigenetic process directed by siRNA or rasiRNA 

(repeat associated siRNA) (Wassenegger et al. 1994; Mette et al. 2000; Law and Jacobsen 2010). RdDM 

guided by siRNAs has been well characterized in plants, where de novo methylation can occur in all 

cytosine contexts (CG, CHG and CHH) in contrast to animals (He et al. 2011). According to this 

mechanism, the precursors of endogenous siRNA are synthetized by a specific nuclear RNA polymerases  

(Pol IV and Pol V) (Herr 2005; Wierzbicki et al. 2009) and processed by a RNA-dependent RNA 

polymerase (RdRP) homolog (RDR2) (Xie et al. 2004) and Dicer enzyme DCL3 (Matzke and Mosher 

2014). These siRNAs bind to an Argonaute protein AGO4 and facilitate the targeting of complementary  

loci. Since AGO4 is physically associated with the de novo DNA methyltransferase DRM2                         

(Zhong et al. 2014), an interaction establishes the direct link between siRNAs and transcriptional silencing 

(Fig. 5).  

In Arabidopsis, high-resolution, genome-wide methylation revealed that ~37% of methylated regions are 

associated with high levels of siRNAs (Zhang et al. 2006b), suggesting that the integrated interaction within 

the molecular pathways associated with RdDM mechanisms contribute to the maintenance of  
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transcriptional silencing (Law et al. 2013; Johnson et al. 2014). These observations highlight the function 

of methylation regulated by the TGS mechanism in the dynamic control of transposon activity. 

Despite that most RNAi studies have been performed on plants and animals, this pathway has also been 

described in fungi, even though the precise molecular pathway has not yet been fully understood. 

Nevertheless, this mechanism is thought to play a crucial role in the control of development and genome 

integrity (Janbon et al. 2010). In the fungal model N. crassa, two different silencing pathways that are 

mediated by siRNAs have been described: quelling (Romano and Macino 1992) and meiotic silencing by 

unpaired DNA (MSUD) (Shiu et al. 2001. Both mechanisms seem to participate in genome defense against 

invasive nucleic acids, such as transposons and viruses (Dang et al. 2011).  

 

The kingdom of Fungi  

 
The kingdom of fungi includes some of the most important eukaryotic organisms in terms of ecological 

roles. Fungi are not able to photosynthesize and, similarly to animals, are classified as heterotrophic 

organisms. They acquire nutrients directly from their living hosts or by absorbing non-living organic matter 

from the external environment through an efficient enzymatic system. Some fungi digest nutrients by the 

release of enzymes that break down large organic molecules such as polysaccharides, proteins and lipids 

into smaller molecules, which are then absorbed into the fungal cells.  

Recent studies based on molecular approaches suggest that they may have appeared more than 1000 

million years ago (Parfrey et al. 2011), adding strength to the first dating based on fossil records (Redecker 

et al. 2000). Initially considered as primitive plant forms, following taxonomic classifications suggested that 

fungi were more closely related to animalia than to plant kingdom and that they diverged from the former 

about 1500 million years ago (Hedges et al. 2004). A reasonable estimation reports 1.5 million fungal 

species, though only about 5% have been formally classified (Hawksworth 2001).  

The fungal kingdom encompasses an extraordinary diversity of taxa. The group Eumycota comprises 

organisms traditionally studied as ‘fungi’ and classified in four main phyla: Ascomycota, Basidiomycota, 

Chytridiomycota and Zygomycota (Alexopoulos et al. 1996; Webster and Weber 2007). However, recent 

taxonomic studies provide support for the recognition of additional fungal phyla, such as Glomeromycota 

and Microsporidia, which were initially identified as plant and animal parasites (Hibbett et al. 2007)  

(Fig. 6). A subkingdom Dikarya has been proposed for Ascomycota and Basidiomycota phyla (Hibbett et 

al. 2007), which include most of the so-called “higher fungi” and account for the vast majority of fungal 

species described up to now (James et al. 2006).  
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Most fungi are formed by multibranching cellular structures called hyphae that enable the colonization of 

various habitats. Abundantly distributed worldwide, they can grow in different ecological niches, principally 

as decomposers, pathogens or saprotrophs, and play essential roles in several processes, from nutrient 

cycling to production of active molecules of great biotechnological interest. Besides their use as a 

nutritional source in the form of mushrooms and truffles, they are involved in a number of food industrial 

processes (i.e., leavening agent for bread and fermentation of wine and beer). Given their ability to produce 

antibiotics and active metabolites, fungi are also a prominent source for pharmaceutical and medical 

applications.  

 

 

 

Figure 6. Phylogenetic tree and classification of fungi. Obtained from Stajich et al. (2009).  

 

Fungal reproduction is complex and reflects genetic and ecological differences between phyla. Fungi can 

reproduce both sexually and asexually by formation of spores and can grow as unicellular or multicellular 

mycelia. During the life cycle, the asexual cycle produces mitospores, while the sexual cycle produces 

meiospores (Fig. 7). The development of haploid nuclei, the cellular (plasmogamy) and nuclear 

(karyogamy) fusions before meiosis, represent the key steps of sexual reproduction. In Dikarya, the life 

cycle of a sexually reproducing fungus alternates between monokaryotic and dikaryotic stages containing 

haploid and diploid nuclei. The haploid phase ends with nuclear fusion, and the diploid phase begins with 

the formation of the zygote (the diploid cell resulting from fusion of two compatible haploid nuclei). The 

meiotic event restores the haploid number of chromosomes and initiates the haploid phase through the  

 

https://en.wikipedia.org/wiki/Tuber_%28genus%29
https://en.wikipedia.org/wiki/Bread#Leavening
https://en.wikipedia.org/wiki/Wine
https://www.britannica.com/science/nuclear-fusion
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production of meiospores. In both Ascomycota and Basidiomycota, the fusion of nuclei (karyogamy) can 

occur much later than the fusion of cytoplasms (plasmogamy).  

During this stage, which is defined as the dikaryotic phase, the two compatible haploid nuclei coexist and 

remain separate in one hyphal segment. The nuclear fusion and formation of diploid cells occurs only 

immediately before meiosis, where uninucleate spores are produced and dispersed. 

 

 

Figure 7. Generalized sexual and asexual life cycle in fungi. 

 

The presence of specialized structures where spores are contained and the process involved in the 

formation of meiospores reflect the evolution of specific features considered for taxonomic classification. 

In Ascomycota, sexual spores are produced inside structures of the fruiting bodies, known as ascus, 

whereas members of Basidiomycota produce the basidiospores externally in a structure called basidia. 

Unlike basidiomycetes, the asexual reproduction is very common in members of the Ascomycota phylum, 

where spores known as conidia are produced by mitosis or budding (like in yeasts). Despite that the 

Ascomycota phylum comprises the largest number of members and the most relevant fungal models,  

many basidiomycete exemplars are commonly known for the presence of unique structures—e.g., 

mushrooms, which are a type of fruiting body of relevant interest for their nutritional values.  
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Fungal genomics: a picture from Basidiomycota 

 
The phylum Basidiomycota comprises approximately 32% of the taxonomically categorized fungal species 

(Kirk et al. 2008), and it is extraordinarily important in agriculture, forestry and medicine.  

This heterogeneous phylum includes plant (Johansson and Stenlid 1985) and human (Brown et al. 2007) 

pathogens, ectomycorrhizal symbionts (Martin et al. 2008) as well as most of the wood-decaying fungi 

(Floudas et al. 2012). Three main subphyla are identified within the Basidiomycota (Blackwell et al. 2006), 

depending on their lifestyle and the basidium structure. Ustilaginomycotina and Pucciniomycotina 

encompass mainly plant parasitic and crop pathogen lineages, known as smut and rust fungi. The third 

subphylum, Agaricomycotina, includes members that display morphological differences and produce 

basidia in various types of fruiting bodies. Some edible species are generally known for their excellent 

nutritional and organoleptic characteristics and are industrially cultivated for food production, such as the 

shiitake (Lentinula edodes), common button (Agaricus bisporus) and oyster (Pleurotus ostreatus) 

mushrooms. Besides these properties, basidiomycetes displaying ligninolytic activity have fueled several 

fields of research for their potential biotechnological applications (Morita et al. 2009; Riley et al. 2014).  

The extraordinary ecological diversity reflected in a number of industrial applications make the 

characterization of basidiomycete genomes of increasing interest.  

The recent throughput of phylogenetic comparative methods and applications of NGS technologies 

provided new insights from a large number of basidiomycete genomes, leading to a better understanding 

of their genetics and biology. According to these studies, basidiomycetes show an extreme variability in 

genome size, ranging from approximately 8 up to 190 Mb (Nemri et al. 2014) and a number of protein-

coding genes commonly correlated with their lifestyle (Grigoriev et al. 2014). Interestingly, it has also been 

estimated that a variable fraction of sequenced genomes is occupied by transposable elements (reviewed 

by Castanera et al. 2017), which cover from small (0.1%) to very large genome fractions (~ 45%). 

 

Lifestyle and genomics of the basidiomycete Pleurotus ostreatus 

 
Pleurotus ostreatus, which is commonly referred to as the oyster mushroom, is an edible basidiomycete 

that belongs to the monophyletic Pleurotacea family within the order Agaricales (Thorn et al. 2000). It 

produces fleshy fruiting bodies that range in color from white to gray or even dark-brown and has shell-

shaped, semicircular caps that span 5-25 cm, although some variability can originate from their widespread 

distribution (Woller 2007) (Fig. 8). Its biological plasticity and the fact that it can grow relatively easy on 

several natural and artificial substrates compared to other gourmet mushrooms make this species  
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particularly suitable for mushroom cultivation. In the natural environment, this white-rot fungus lives as a 

saprophyte on dead or decaying wood and plays a key role as an active lignin degrader (Eugenio and 

Anderson 1968; Sánchez 2010). 

 

 

Figure 8. Pleurotus ostreatus fruiting bodies. Obtained from Genetics and Microbiology Research Group, 

Public University of Navarre. 

 

Similarly to other wood decomposers fungi, P. ostreatus possess an efficient ligninolytic enzymatic system 

(Langmead and Salzberg 2012; Riley et al. 2014), which is described as an ancestral toolkit within 

members of Agaricomycota (Riley et al. 2014; Alfaro et al. 2016). Enzymes involved in lignin degradation 

(e.g. laccases, monooxygenases, peroxidases) produced by P. ostreatus and other ligninolytic fungi have 

gained considerable attention for several biotechnological applications, such as agro-waste recycling 

(Aggelis et al. 2003), bioremediation (Purnomo et al. 2010) or pulp bleaching (Dwivedi et al. 2010). 

Additionally, the simplicity of its life cycle and its ability to grow and fructify under laboratory conditions 

make it an interesting model for fungal genetics. Since the early 1990s, a commercial strain identified as 

P. ostreatus N001 has been used as a model organism for cultivated and lignin degrading basidiomycetes 

in the Genetics and Microbiology research group at the Public University of Navarre.  

Its life cycle alternates between monokaryotic (haploid cells) and dikaryotic (dihaploid cells) phases 

(Eugenio and Anderson 1968). Two compatible monokaryons can mate to generate a dikaryon (sexually 

competent form) in which the two haploid nuclei remain independent throughout the vegetative growth and 

fruit body development until the occurrence of karyogamy. The karyogamy (diploid condition) occurs only 

in the basidia at the end of the life cycle, immediately before the meiotic division that produces four haploid 

basidiospores. 

 

http://www.gpisabarro@unavarra.es/
http://www.gpisabarro@unavarra.es/
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In 1999, the two nuclei harbored in the dikaryotic strain N001 were isolated by a de-dikaryotization process 

based on a enzymatic treatment of N001 protoplast, leading to the obtainment and the subsequent 

identification of the parental monokaryons containing either of the two nuclei (Larraya et al. 1999). This 

process yielded two compatible protoclones (monokaryons PC15 and PC9) bearing each one of the non-

recombined haploid nuclei. The availability of these strains as well as a meiotic progeny derived from the 

N001 dikaryotic strain enabled further genetic studies of P. ostreatus.  

The molecular karyotype determined the presence of 11 chromosomes (Larraya et al. 1999) that fit with 

11 linkage groups that were subsequently described in the genetic map of P. ostreatus (Larraya et al. 

2000; Park et al. 2006). Using this framework, it has been possible to map quantitative linkage loci that 

control the mycelial growth rate in both monokaryotic and dikaryotic strains (Larraya et al. 2002) and 

characterize production and quality traits (Larraya et al. 2003) and the activity of ligninolytic enzymes 

(Santoyo et al. 2008). These data supported the full sequencing of the PC15 and PC9 genomes in 

collaboration with the DOE Joint Genome Institute (JGI, http://jgi.doe.gov/), and their genome assemblies 

and annotations are publicly available in the Mycocosm Database (Riley et al. 2014b; Alfaro et al. 2016; 

Castanera et al. 2016).  

The genome sequencing yielded 34.3 and 35.6 Mbp assemblies for PC15 and PC9, respectively, with a 

similar number of annotated genes (Table 1).  

 

Table 1. Summary of PC15 and PC9 genome sequencing and annotation 

 

Nuclear genome 
Assembly 

PC15 v2.0 PC9 v1.0 

Nuclear genome size (MbP) 34.3 35.6 

Number of nuclear scafffolds 11 572 

Number of gene models  12,330 12,206 

Sequencing method Sanger 454 + Sanger 

Total repeats* 1051 (204) 873 (65) 

Repeats content (%) 6.20 2.50 

Genome assembly gaps (%)  0 9.72  

 
 

* RepeatMasker reconstructed copies (Full-length copies are shown in parentheses). 
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The PC15 assembly contains 12 scaffolds that match with the 12 chromosomes of P. ostreatus that were 

previously described (11 nuclear + 1 mitochondrial), while the assembly of the PC9 genome led to 572 

scaffolds that account for a total of 476 gaps and cover 9.72 % of the assembly length. Both genomes 

showed an overall conserved macrosynteny, although comparative genomic analyses uncovered an 

important amount of non–homologous regions that are reminiscent of genomic rearrangements promoted 

by the mobilization of repeated elements. In a recent study, 80 TE families were identified, and they 

accounted for 6.2 and 2.5 % of PC15 and PC9 genome size, respectively (Castanera et al. 2016).  

The results of this work showed that both Class I and Class II TEs populate the P. ostreatus genome  

(Fig. 9), and there is a clear abundance of LTR-retrotransposons and a strong preference to accumulate 

within TE-rich clusters. 

 

 

 

 

 

Figure 9. Class I and Class II transposon coverage of the genome of PC9 and PC15 P. ostreatus reference 

genomes. 

 

The revolutionary advent of high-throughput sequencing technologies has triggered the development of a 

whole range of methods for genome-wide mapping of DNA methylation and comparative transcriptomic 

profiling, which have been separately used to uncover specific genomic contexts. 

In the last few years, however, the integrated application of these methods enabled the combined analysis 

of epigenetic events and transcriptional profiles, highlighting their complex interaction during the 

development and transposons inactivation in many eukaryotes at multicellular (Mishra et al. 2011; 

Chodavarapu et al. 2012) and single-cell levels (Angermueller et al. 2016; Hu et al. 2016). 
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Scope of research 
 

The objectives of this work can be divided into two groups as follows: 

 

I  

 Analysis of the inheritance of two helitron families in a meiotically-derived progeny and 

comparison with parental strains.  

 Evaluation of helitron content in P. ostreatus sub-clones and experimental demonstration of 

their transposition. 

 

II 

 

 Analysis and functional characterization of DNA methylation and small RNA production at 

different growing stages of P. ostreatus. 

 Identification of possible epigenetic origin of TE-mediated gene silencing. 

 Comparative transcriptome analysis throughout the life cycle of P. ostreatus. 
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Introduction 
 

Transposable elements (TEs) constitute an important fraction of the eukaryotic and prokaryotic genomes. 

According to their transposition mechanism, the vast majority of TEs produce target site duplications 

(TSDs) at their insertion sites, with some exceptions as Helitrons, a subclass of DNA transposons 

discovered in 2001 by computational analysis in Arabidopsis thaliana, Oryza sativa, and Caenorhabditis 

elegans genomes (Kapitonov and Jurka 2001). Helitrons are present in a wide range of eukaryotic 

genomes (Kapitonov and Jurka 2001; Poulter et al. 2003; Pritham and Feschotte 2007; Roffler et al. 2015) 

and show several structural and enzymatic features that differentiate them from the rest of the TEs.  

They do not display Terminal Inverted Repeats (TIRs) as other DNA transposons do, do not generate 

TSDs at the insertion site, and carry conserved 5’-TC and CTRR-3’ ends and a 16 bp to 20 bp palindromic 

hairpin located approximately 10-20 nucleotides upstream of the 3’ terminus (Kapitonov and Jurka 2001; 

Kapitonov and Jurka 2007). Additionally, putative autonomous helitrons encode a RepHel protein 

containing a replication initiation (Rep) and a helicase (Hel) domain. The conservation of the Rep catalytic 

motifs with the replication initiators of plasmids and ssDNA viruses led to the hypothesis that these 

elements transpose with a rolling-circle mechanism (RC), which is consistent with the absence of TSDs 

(Fig. 1A). Nevertheless, a study carried out in maize haplotypes identified helitron somatic excision events 

based on the presence of footprints in polymorphic helitron loci (occupied vs vacant loci occurrence in the 

genome) (Li and Dooner 2009), suggesting that this TE subclass may show both excision and replication 

based transposition mechanisms.  

Similar to other transposons, it has been described that helitrons can promote rearrangements in plant 

genomes (Lai et al. 2005; Choi et al. 2007) and generate intra-specific variability by breaking the genetic 

co-linearity among haplotypes (Fu and Dooner 2002; Lai et al. 2005; Choi et al. 2007). In addition, during 

the transposition process, helitrons can capture and disperse gene fragments, producing chimeric 

transcripts (Lai et al. 2005). After their discovery, in silico studies have been carried out to characterize the 

nature of these eukaryotic DNA TEs. Despite several helitron-related finding being described and 

explained, the mechanism of helitron mobilization remained unclear because, until very recently, there was 

no experimental evidence for their transposition.  

Based on the proposed “rolling-circle” mechanism, helitrons transpose through the cleavage of a single-

stranded DNA intermediate and subsequent insertion in another chromosomal location. It has been 

postulated that during mobilization, two transposases cleave at the donor and target sites and bind to the  
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resulting 5' ends (Fig. 1B). The free 3' OH in the target DNA forms a bond with the donor strand resulting 

in strand transfer. Replication at the cleaved donor site starts at the free 3' OH where the donor strand 

serves as a primer for DNA synthesis by host DNA polymerase and replication initiates to displace one 

strand of Helitron. If the palindrome sequence and 3' end of the element are recognized, cleavage occurs 

after the CTRR sequence and the one Helitron strand is transferred to the donor site where DNA replication 

resolves the heteroduplex (Fig. 1B  ̶  bottom left panel). When the inserted fragment of donor DNA is 

flanked at one end by IRR and at the other end by the CTTG or GTTC sequence present in the donor in a 

way that usually results in multiple tandem insertions of the donor plasmid or capture of flanking sequence 

in the target site. Failure to recognize the termination signal for Helitron transposition may result in the 

transfer of DNA sequence flanking the 3' end of the Helitron border to the donor site and capture of this 

flanking sequence in the target site (Fig. 1B  ̶  bottom right panel). This last mechanism has been proposed 

to explain the acquisition of additional coding sequences along the Helitron sequence. Interestingly, a novel 

study reports the first experimental evidence of helitron insertions in cell culture, providing insights into the 

transposition and gene capture mechanisms (Grabundzija et al. 2016). In addition, the finding of circular 

DNA intermediates containing head-to-tail junctions of helitron ends strongly supports the originally 

proposed RC transposition mechanism (Pritham and Feschotte 2007; Grabundzija et al. 2016).  

Previous bioinformatics analyses have reported that helitrons account for ~3% of the mammalian genome 

size (Zhou et al. 2006; Pritham and Feschotte 2007) and 1-5% of the genome size in insects (Poulter et 

al. 2003; Kapitonov and Jurka 2007). In plants, these DNA transposons constitute a variable portion, 

contributing between 0.01% to 6% among different species (Kapitonov and Jurka 2001; Lal 2003; 

Morgante et al. 2005; Xiong et al. 2014).  

In fungi, the presence of helitrons has been reported often as part of in silico comprehensive TE 

annotations of several ascomycetes and basidiomycetes sequenced genomes (Kapitonov and Jurka 2007; 

Cultrone et al. 2007; Santoyo et al. 2008; Martin et al. 2010; Labbé et al. 2012; Castanera et al. 2014). In 

addition, a study in Aspergillus nidulans described the capture and duplication of a gene promoter during 

the generation of a non-autonomous helitron (Cultrone et al. 2007). 

 

 

 

 

 

https://en.wikipedia.org/wiki/Primer_%28molecular_biology%29
https://en.wikipedia.org/wiki/Plasmid
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Figure 1. Generic Helitron structure (A) and transposition mechanism (B).  Red lines represent Helitron 

element (autonomous or nonautonomous element), blue ellipses indicate transposase molecules and 

green lines show DNA sequence flanking the 3’ end helitron extreme. Obtained from Feschotte and 

Wessler (2001).  

 

In P. ostreatus, a recent study identified and characterized two helitron families, HELPO1 and HELPO2, 

which showed differential patterns of expression and distribution (Castanera et al. 2014). Helitron elements 

were detected by a structure-based approach using HelSearch (Yang and Bennetzen 2009) and classified 

into families according to the conservation of their 3’ ends (30 bp with at least 80% identity). Subsequent 

manual inspection of both 5’ and 3’ boundaries of each helitron led to the identification of subfamilies (80% 

or higher identity in the 30 bp 3’ end but lower than 80% in the 5’ end). Thus, based on the similarity of the 

5′ and 3′ boundaries helitrons of the HELPO1 family were further classified into three subfamilies: 

HELPO1.1, HELPO1.2 and helpo1.3, with elements varying from 1.5 to 13.7 kb length. HELPO2 contained  
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elements ranging from 3.9 to 10 kb in length. Both the HELPO1 and HELPO2 families include putative 

autonomous elements, containing genes encoding a RepHel protein with a rolling-circle replication initiator 

(Rep) and a helicase (Hel) domain, thought to be essential for transposition (Fig. 2). P. ostreatus helitrons 

carry most canonical features such as the 3' subterminal hairpin and the RepHel helicase. Nevertheless, 

in contrast to plants and animal helitrons, their encoded helicase does not carry RPA or zinc fingers 

domains. They occupy 0.35% and 0.05% in PC15 and PC9 genomes respectively and are mainly located 

in polymorphic loci.  

 

 

Figure 2. Structural representation of HELPO1 and HELPO2 helitron families in P. ostreatus. 

 

In addition, comprehensive analysis of the transposons landscape in P. ostreatus genome unravel that 

helitrons were the most abundant DNA transposons, with HELPO1 family showing among the highest  

transcriptional levels when compared to other Class I and Class II TE families (Castanera et al. 2016). In 

the present study, we used experimental approaches to uncover the differential amplification dynamics of 

helitrons in P. ostreatus subclones maintained on solid culture under high and low subculture frequencies. 

In addition, we analysed the pattern of inheritance of helitron TEs in the offspring of 68 monokaryotic strains 

meiotically obtained from the dikaryotic strain N001. We provide evidence of somatic HELPO2 

transposition in one of the analysed subclones and show that the HELPO2 family is under-represented in 

the progeny. A detailed analysis of two HELPO2 loci suggests that helitrons could be eliminated during 

meiosis by gene conversion.  
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Materials and Methods 
 
Origins of the P. ostreatus monokaryotic and dikaryotic strains 

A total of seventy-four strains and sub-clones of P. ostreatus with different nuclear allelic compositions 

were used in this study. All of them were derived from N001, the dikaryotic strain used by our group as a 

model for mushroom breeding, genetics and genomics since 1994 (Larraya et al. 2003). The N001 strain 

was de-dikaryotized in 1999, and the two corresponding haploid-monokaryotic protoclones were recovered 

and identified as PC9 and PC15 (Larraya et al. 1999). For each of the three strains, a subclone was 

deposited in the Spanish Type Culture Collection (CECT) on the dates indicated in Table 1 and maintained 

under low subculture frequency (N001-03, PC9-99 and PC15-99, two subcultures per year); another 

subclone was kept under high subculture frequency (approximately 8 subcultures per year) for routine 

laboratory work up to the present day (N001-14, PC9-14 and PC15-14). In addition, we used a haploid-

monokaryotic progeny of 68 monokaryotic strains meiotically derived from N001 in 1994 (68mK, Table 1). 

This collection has been stored in our laboratory for 20 years under low subculture frequency.  

 

Table 1. Description of P. ostreatus strains and subclones used in this stud 

Subclone Strain 

Nuclear 

condition 

(ploidy) 

Subculture regime 

(frequency) 
Use/storage Culture period 

N001-03 N001 Dikaryon (n+n) High/Low * 
Culture Collection 

(CECT20600) 
1994-2003/2003-2014 

N001-14 N001 Dikaryon (n+n) High (8/year) Laboratory work 1994-2014 

PC9-99 PC9 Monokaryon (n) Low (2/year) 
Culture Collection 

(CECT20311) 
1999-2014 

PC9-14 PC9 Monokaryon (n) High (8/year) Laboratory work 1999-2014 

PC15-99 PC15 Monokaryon (n) Low (2/year) 
Culture Collection 

(CECT20312) 
1999-2014 

PC15-14 PC15 Monokaryon (n) High (8/year) Laboratory work 1999-2014 

68mK # 
N001 

 single spore isolates 
Monokaryon (n) Low (2/year) 

Culture Collection 

(Laboratory) 
1994-2014 

 

* This subclone was maintained under high subculture frequency from 1994 to 2003. Then, it was deposited in 

the CECT and maintained under low subculture frequency on solid medium until 2014. 

# Collection of 68 monokaryotic strains (mk = monokaryotic).  
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Culture conditions and nucleic acid extraction 

All of the strains and subclones used in this work were cultured in liquid SMY submerged fermentation (10 

g of sucrose, 10 g of malt extract, 4 g of yeast extract, 1 litre H2O [pH 5.6]) in the dark at 24°C under orbital 

shaking (130 rpm). The cultures were kept for eight growing days, and the mycelia were collected using 

vacuum filtration, ground in a sterile mortar in the presence of liquid nitrogen and stored at -80ºC. Genomic 

DNA extractions were carried out using an E.Z.N.A. Fungal DNA Mini Kit (Omega Bio-Tek, Norcross, GA), 

following the manufacturer’s instructions. After additional incubation with 4 μl of RNAse A (10 mg/ml) for 

30 minutes at 37°C, the DNA solutions were treated twice with phenol-chloroform (3:1), and the pellet was 

resuspended in 40 μl of nuclease-free water. DNA concentrations were determined using a Qubit® 2.0 

fluorometer (Life Technology, Carlsbad, CA). The evaluation of total DNA purity was based on the 

NanodropTM 2000 A260/A280 ratio (Thermo Scientific, Wilmington, DE). DNA preparations served as a 

template for both real-time quantitative PCR (qPCR) and conventional PCR approaches. 

 

Design and validation of primer sequences 

Primers were designed based on the P. ostreatus reference genome sequences PC15 v2.0 and PC9 v1.0, 

using Primer3 software (Untergasser et al. 2012). Specificity of primer pairs was verified in silico by two 

approaches: i) BLASTN searches (Altschul et al. 1990) against P. ostreatus genomes using primer 

sequences as a query, and ii) manual verification of perfect matches between oligonucleotides and binding 

sites in PC15-PC9 alignments of the target loci. The validated primers were used to perform experimental 

analyses based on qPCR and conventional PCR.  

 

Real-time quantitative PCR analysis 

The helitron content was estimated by qPCR using a relative quantification approach (Pfaffl 2001). 

Reactions were carried out in a CFX96 thermal cycler (Bio-Rad Laboratories, S.A.). Amplification products 

were monitored at each cycle of PCR using SYBR green fluorescent dye. Each amplification mixture (20 

μl) contained 1X IQ SYBR green Supermix (10 μl), 6 μM forward and reverse primers and 0.5 ng of genomic 

DNA in nuclease-free water. Primers were designed targeting family-specific regions to selectively amplify 

the HELPO1 and HELPO2 elements. The list of primers designed for the amplification of helitrons and 

reference single-copy genes is shown in Supplementary Table S1.  
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Reactions were run according to the following cycling conditions: DNA templates were denatured at 95 °C 

for 5 min, followed by 40 cycles of amplification (95 °C for 15 sec, 60 °C for 30 sec, and 95 °C for 1 min).  

The final melting curve was set by increasing 0.5 °C every 5 sec from 65 °C to 95 °C. Each assay was 

performed in triplicate in 96-well plates, and a non-template control (NTC) for each primer pair was 

included. Relative fluorescence units and threshold cycle values were processed using Bio-Rad CFX 

Manager Software, and the results were exported to Microsoft Excel for further analysis. The helitron copy 

number was estimated as a relative value in relation to the average signal of two single-copy reference 

genes, according to formula 1: 

    [1]  RCN = 2- (Ct hel – Ct ref) 

where RCN stands for “Relative copy number”, Cthel is the threshold cycle value of the target region 

(helitron), and Ctref is the average threshold cycle value of sar1 and lacc3 single-copy reference genes 

(reference). 

 

Conventional PCR reactions 

Several PCR protocols were designed according to the amplicon size and were run on a thermal cycler 

PCT-200 (MJ Research, MN). Biotaq DNA Polymerase (Bioline, Luckenwalde, Germany) was used to 

amplify products lower than 3.5 kb. Each PCR mix was performed in a final volume of 25 μL containing 1 

unit of Biotaq polymerase, 50 mM MgCl2, dNTP mix at 100 mM, and forward and reverse primers at 6 μM. 

Template DNA was firstly denatured at 95 °C for 5 min followed by 30 cycles of amplification (95 °C for 40 

sec, 58 °C for 60 sec, 72 °C for 1 min to 3 min, depending on the expected product size) and a final 

extension cycle at 72 °C for 10 min. RANGER DNA Polymerase (Bioline, Luckenwalde, Germany) was 

used to amplify products longer than 3.5 kb. PCR reactions were prepared following the manufacturer’s 

recommendations in a final volume of 50 μl containing 4 units of RANGER DNA polymerase, 20 μM of 

specific primers and 20 ng of total DNA template suspended in nuclease-free water. PCR conditions 

comprised initial denaturation at 95 °C for 3 min followed by 30 cycles of 98 °C for 10 sec, 57 °C for 60 sec 

and 68 °C for 5 min to 10 min (depending on the expected product size), with a final extension at 68 °C for 

10 min. For both protocols, negative controls were included using nuclease-free water instead of DNA 

template. Amplicons were resolved by electrophoresis on 0.8% w/v TAE agarose gels (1X Tris-acetate-

EDTA), stained with 1:20000 Red SafeTM (iNtRON Biotechnology) and visualized under UV Illumination.  
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PCR products were isolated from the agarose gels, purified with an E.Z.N.A Gel Extraction Kit (Omega 

Bio-Tek, Norcross, GA) and sequenced using Sanger technology (Sistemas Genómicos S.L., Valencia, 

Spain). Primer pairs used for the conventional PCR approach are listed in Supplementary Table S2-S5. 

 

Southen blot hybridization  

An internal fragment (PIF-1 like helicase domain) from HELPO2 helitrons was used as a probe on Southern 

blots hybridization according to standard procedures (Sambrook and Russell 2001). Probe fragments were 

obtained by PCR, using 10 ng of DNA template in a total reaction volume of 25 μl. The oligonucleotides 

used as primers were designed by PRIMER3 (Untergasser et al. 2012)  software, and used at 6 μM 

concentration. Genomic DNA (10 μg) of PC15 and PC9 strains was digested with 20 units of HpaII and 

MspI restriction enzymes (Promega) for 14 h at 37 °C. These isoschizomers selectively target CCGG 

restriction sites, although they display differential sensitivity to C5-methylcytosine. Fragmented DNA was 

then recovered by phenol-chloroform (1:1) extraction, followed by ethanol precipitation. Each aliquot was 

resuspended in a volume of 30 μL and resolved in a 0,8 % agarose gel stained with Red Safe at 50 V for 

16 hours. After running, the gel was blotted onto nitrocellulose membrane. Restriction enzyme-digested 

products were hybridized with a digoxigenin-labeled (Roche Diagnostic GmbH, Mannheim, Germany) PIF-

1 like probe. 

 

Detection of RNAi pathway genes in P. ostreatus  

Key genes involved in Quelling and Meiotic Silencing of Unpaired DNA (MSUD) pathways described in 

Neurospora crassa were used as a query for BLASTP searches (cutoff e value = e-5) against P. ostreatus 

PC15 v2.0 and PC9 v1.0 annotations. GenBank accessions of N. crassa proteins were the following: qde-

1: EAA29811.1, qde-2: ESA42123.1, qde-3: AAF31695.1, sad-1: AAK31733.1, sms-2: EAA29350, dcl-1: 

EAA32662.1, dcl-2: EAA34302.3, and qip: XP_011393741.1. Conserved domains of P. ostreatus proteins 

with significant hits were identified using HMMER3 software (Eddy 2011) with PFAM-A target database 

(Finn et al. 2014) , as well as NCBI Conserved Domain Database (Marchler-Bauer et al. 2015). In parallel, 

proteins were clustered using all by all BLASTP (cutoff e value = e-10) followed by mcl (Enright et al. 2002) 

(inflation value =2). Clusters of proteins carrying the same conserved domains as the query proteins were 

retained. Orthology between PC15 and PC9 proteins was inferred by reciprocal best blast hit. 
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Results and discussion 
 
HELPO1 and HELPO2 families show different inheritance patterns in the N001 meiotic progeny 

To analyse the inheritance patterns of the two helitron families present in P. ostreatus, we studied helitron 

segregation in a progeny of 68 monokaryons meiotically derived from the N001 strain (population 68mK) 

by means of qPCR. The relative copy number of HELPO1 elements showed a normal distribution in the 

progeny (Shapiro-Wilks test, W=0.978, p-value=0.271), with monokaryons displaying RCN values ranging 

from 2 to 13 and a population peak showing 6-7 RCNs (Fig. 3A). Surprisingly, results corresponding to the 

HELPO2 family showed a trend that did not fit with a normal distribution (W=0.727, p-value=5.135 e-10, Fig. 

3B). In this case, although RCNs ranged from 0 to 9, up to 49 monokaryons exhibited only 0 or 1 helitrons, 

uncovering a strong bias towards the lack of HELPO2 elements in the N001 progeny.  

 

 

Figure 3. Distribution of HELPO1 (A) and HELPO2 (B) relative copy number in the 68-mK meiotic 

population. Relative copy numbers are presented as histograms with density lines. 

 

Previous studies carried out by our group indicated that the HELPO2 family amplified very recently in the 

protoclone PC15, whereas it is absent in the compatible strain PC9 (Castanera et al. 2014). The distorted 

segregation of HELPO2 elements might be the consequence of a specific genome defence mechanism 

against the invasion of repetitive DNA. In this sense, the HELPO2 family shows elements with high 

similarity among them and low transcription levels (Castanera et al. 2014; Castanera et al. 2016), indicating 

that it might be targeted by transposon-silencing mechanisms. In contrast, HELPO1 elements are more 

divergent and showed very high transcription levels (Castanera et al. 2014; Castanera et al. 2016).  
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This fact suggests that this family is not targeted by genome defense mechanisms. A possible explanation 

for the unique profile of HELPO2 might be the very recent amplification of RepHel-coding elements in this 

family, evidenced by the presence of five identical full-length copies. These elements could be detected 

as foreign, invasive DNA and targeted by the genome defense machinery. To understand the striking 

differences found in the inheritance patterns of HELPO1 and HELPO2 families in the meiotic progeny, we 

reconstructed the pedigree of the monokaryotic collection along with their parental strains N001, PC15 and 

PC9 (Fig. 4), which have been used as a genetic model of study since 1994.  

 

 

 

Figure 4. Pedigree and related time-scale events of P. ostreatus strains and subclones used in this 

study. (a) (1994) The N001-94 strain was sporulated leading to the monokaryotic population 68 mK. (b) 

(1999) PC9 and PC15 protoclones were obtained from N001 by de-dikaryotization and deposited in CECT 

(PC9-99 and PC15-99). (c) (2003) N001 was deposited in CECT (N001-03). (d) (2005) PC9 and PC15 

protoclones were sequenced at JGI. (e) (2014) N001-03, PC9-99 and PC15-99 were retrieved from CECT 

and used in this study, along with N001-14, PC9-14 and PC15-14 subclones used for laboratory routine 

work up to 2014. 

 

HELPO2 dynamics diverge in subclones maintained under different subculture conditions 

The abundance of HELPO1 and HELPO2 elements was estimated in several subclones of the 

monokaryons and dikaryon parental strains. These subclones have been stored under different subculture 

frequencies for up to 20 years, as shown in Table 1 and Figure 4. Using the previously described qPCR  
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approach, we observed that HELPO1 RCNs were largely conserved and consistently identical among the 

subclones maintained under low subculture frequency (PC9-99, PC15-99, N001-03) and the 

corresponding subclones maintained in the laboratory at a high subculture frequency (PC9-14, P15-14 and 

N001-14; p < 0.05, two-tailed Student’s t-test, Fig. 5A).  

 

 

 

Figure 5. HELPO1 (A) and HELPO2 (B) relative copy number in parental subclones maintained 

under different subculture frequencies. Relative copy number of elements belonging to HELPO1 

and HELPO2 families examined in the dikaryotic (N001) and monokaryotic (PC15 and PC9) parental 

strains. Data are reported as the mean ± SD. 

 

Furthermore, the RCNs observed in N001 dikaryon subclones fit with the sum of PC9 and PC15 RCNs, as 

expected for an additive model (N001 is a dikaryotic strain that carries the PC15 and PC9 nuclei). In 

contrast, the estimation of HELPO2 abundance in the monokaryotic and dikaryotic subclones revealed an 

unexpected scenario. Significant differences were found in HELPO2 content within PC15 and N001 

subclone pairs (Fig. 5B). More specifically, PC15-99 showed a RCN value higher than PC15-14 (23 vs 15, 

respectively), whereas N001-14 showed a striking five-fold increment in comparison to N001-03 (11 vs 2 

RCNs). In the case of PC9, both subclones lacked HELPO2 elements. Previous bioinformatics analysis 

reported a widespread distribution of HELPO2 copies in the chromosomes of PC15, whereas no intact 

HELPO2 helitrons were detected in the genome of the PC9 strain (Castanera et al. 2014). In this sense, 

qPCR results confirmed the lack of HELPO2 elements in both PC9-99 and PC9-14 strains. Additionally, 

these observation were confirmed, by performing Southern blot hybridization using the PIF-1 helicase 

domain of HELPO2 elements, as a probe (Supplementary Figure S1).  
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Nevertheless, the differential HELPO2 content in the PC15 and N001 subclones suggested that these 

elements have been mobilized in the mycelia (somatic transposition) and accumulated in the genome as 

a result of a continuous subculture. The fact that the addition of PC15 and PC9 HELPO2 RCNs surpasses 

that of any of the N001 subclones reinforces the hypothesis of an amplification burst in both PC15 

subclones. Previous studies have described an amplification burst of DNA transposons (IS30 and IS5) in 

bacterial subclones maintained for decades in stab culture, giving rise to genetic and phenotypic diversity 

(Naas et al. 1994). In addition, it is known that environmental stresses increase transposition rates  

(Capy et al. 2000; Tittel-Elmer et al. 2010). In this sense, the de-dikaryotization process underwent by the 

strain N001 in 1999 might have played a critical role in helitron increases, as protoplast isolation requires 

an enzymatic digestion protocol that could have triggered a stressful scenario leading to HELPO2 elements 

activation. We hypothesize that high subculturing rates may increase the chance of helitron transposition 

and accumulation. The five-fold increment of the HELPO2 element content in N001-14 vs N001-03 

supports this hypothesis, but does not explain the results observed in PC15-99 and PC15-14. In the latter 

case, the subclone maintained under low-subculturing frequency (PC15-99) shared a higher HELPO2 

RCNs than its counterpart maintained under higher subculturing rates.  

This finding suggest that TE insertions without strong deleterious effects have a random chance of being 

passed to successive generations by clonal subculturing, thus bringing to the equation a randomness 

parameter. On the contrary, HELPO1 family elements did not show any sign of amplification. This finding, 

along with the uniform patterns of its inheritance found in the N001 mk68 meiotic progeny suggested that 

transposition of HELPO1 elements is infrequent in the P. ostreatus genome.  

 

Molecular analysis of HELPO2 polymorphisms uncovers HELPO2 transposition events 

The results obtained by the qPCR approach strongly suggest that HELPO2 is an active family, and 

the RCN increments observed in PC15 and N001 suggest that new elements of this family could be 

populating unknown loci. Previous bioinformatics analyses identified seven HELPO2 copies encoding 

RepHel helicases, distributed in 5 of 11 nuclear chromosomes of PC15 (Table 2). This genome-wide 

helitron annotation was carried out with P. ostreatus PC9 v1.0 and PC15 v2.0 genome assemblies 

(Castanera et al. 2014) produced by the JGI in 2005. Using conventional PCR, we re-analysed the 

parental subclone pairs to track the presence or absence of such HELPO2 loci.  
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The objective of this approach was to confirm the bioinformatics predictions and to identify putative helitron 

polymorphisms between and within subclone pairs that could be the result of helitron mobilizations. 

 

 

Table 2. Helitrons described in silico in P. ostreatus PC15 genome assembly v2.0 

Locus 
Localization 

(chromosome*) 
Start (bp) End (bp) Length (bp) 

Helpo2_I I 619761 626150 6388 

Helpo2_V V 387607 398218 10611 

Helpo2_VI VI 1150050 1156438 6388 

Helpo2_VII VII 1635256 1641644 6388 

Helpo2_VIII_a VIII 1367660 1374048 6388 

Helpo2_VIII_b VIII 1722302 1726240 3938 

Helpo2_VIII_c VIII 2234922 2241310 6388 

 

 *Chromosomes are equivalent to scaffolds in PC15 v2.0 assembly 

 

A PCR strategy was designed to differentiate the two possible allelic states corresponding to the presence 

or absence of a helitron element in a given locus. We designed two primer pairs per locus flanking the left 

and right helitron ends. In each pair, one primer was designed inside the element, and the other was 

designed outside the helitron boundary, as shown in Figure 6A and 6B. This strategy (outer/inner) allowed 

us to identify loci carrying HELPO2 insertions (“occupied loci”) with positive PCR products, but no 

amplification should occur in loci with no HELPO2 insertion (“vacant loci”).  
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Figure 6. Detection of HELPO2 polymorphisms by the outer/inner and outer/outer strategies. (A) 

Example of a HELPO2 (Helpo2_VIII_a) polymorphic site in PC15 and PC9 haplotypes shown as an ACT 

(Artemis Comparison Tool) comparison. Blocks indicate conserved regions (>85% similarity). The 

HELPO2 element is shown as a white arrow with a grey rectangle inside the arrow representing its encoded 

RepHel helicase. Vertical black lines show stop codons predicted in the three forward reading frames. (B) 

and (C) represent the amplification profiles of a polymorphic HELPO2 locus in PC9 (vacant), PC15 

(occupied) and N001 (vacant + occupied) subclones using the outer/inner and outer/outer strategies. 

  

As expected, none of the PC9 subclones showed amplification in any of the HELPO2 loci (Table 3, 

Supplementary Figure S2). Interestingly, a striking difference was observed between PC15-99 and PC15-

14 subclones: although the first one displayed HELPO2 insertions in the seven loci described in Table 2, 

the latter showed no amplification in Helpo2_I and in Helpo2_VIII_c. Intriguingly, both N001 subclones 

(N001-03 and N001-14) showed an identical profile to PC15-14 (Table 3, Supplementary Figures. S2 A 

and S2 G). This result lead us to hypothesize that Helpo2_I and Helpo2_VIII_c helitrons were transposed 

and inserted exclusively in PC15-99 subclone, after the de-dikaryotization of N001 in 1999. The 

experimental evidence of helitron transposition has been recently demonstrated in vitro using a 

reconstructed element from the bat genome (Grabundzija et al. 2016).  
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Table 3. Molecular validation of HELPO2 polymorphisms using the PCR outer/inner strategy. Each 

term represents an amplification product. Primers and expected product sizes are shown in Supplementary 

Table S2.  

 

& The right flank displayed a higher size than the bioinformatics prediction (2 kb instead of 1.38 kb). 

 

Our finding represents the first evidence of a fungal helitron transposition in its host genome under 

laboratory conditions. PCR products corresponding to Helpo2_I and Helpo2_VIII_c were purified, 

sequenced by Sanger technology and aligned to PC15 v2.0 and PC9 v1.0 genome sequences. The results 

obtained confirmed the helitron presence in the Helpo2_I locus, with the alignments spanning both external 

and internal regions of the HELPO2 (Fig. 7).  

Regarding Helpo2_VIII_c, it is noteworthy that the PCR product of the right flank displayed a size 0.6 kb 

larger than expected. In this case sequenced PCR products could be aligned to the internal helitron regions 

but not to the external ones due to the low quality of the sequence. To discard that this phenomenon as a 

false negative, we designed a second strategy to validate vacant sites with a positive PCR product. Using 

the PC15 sequence as a reference, primers were designed for regions adjacent to HELPO2 boundaries 

and homologous to the PC9 regions flanking the vacant site (outer/outer, Fig. 6A). The complexity of such 

regions (often carrying other transposons, especially Gypsy LTR-retrotransposons) made it difficult to find 

homologous regions between PC15 and PC9, yielding long expected PCR fragment sizes for vacant sites, 

ranging from 2,603 bp to 8,578 bp (Supplementary Table S3).  

To overcome this problem, we used a long-range DNA polymerase that allowed us to amplify vacant and 

occupied sites including PCR product size up to 10-15 kb (i.e., Fig. 6C). 

                       Strain      

   Locus 
PC9_99 PC9_14 PC15_99 PC15_14 N001-03 N001-14 

Helpo2_I vacant vacant occupied vacant vacant vacant 

Helpo2_V vacant vacant occupied occupied occupied occupied 

Helpo2_VI vacant vacant occupied occupied occupied occupied 

Helpo2_VII vacant vacant occupied occupied occupied occupied 

Helpo2_VIII_a vacant vacant occupied occupied occupied occupied 

Helpo2_VIII_b vacant vacant occupied occupied occupied occupied 

Helpo2_VIII_c vacant vacant occupied & vacant vacant vacant 



       Chapter II                     

Somatic transposition and meiotically-driven elimination of an active helitron family in Pleurotus ostreatus 

 

62 

 

 

 

Figure 7. Evidence of HELPO2 insertion in the Helpo2_I locus of the PC15-99 subclone. Left (START) 

and right (END) Helpo2_I boundaries amplified exclusively in PC15-99 subclone (A). Helitron insertion in 

the PC15-99 subclone is reported by aligning both sequenced PCR products (B and C) to the occupied 

and empty sites of PC15 v2.0 (Pleos15) and PC9 v1.0 (Pleos9) reference genomes. Lowercase typeface 

indicates helitron sequences. 

 

The presence of vacant sites was tested in all subclones (Table 4, Supplementary Figure S4) including the 

discordant Helpo2_I and Helpo2_VIII_c loci in the PC15-99 subclone, despite the outer/inner strategy 

confirming the presence of HELPO2 in both of them. Using this approach, we validated all vacant sites 

except PC9 Helpo2_VII. This particular locus was further analysed with additional primer pairs and could  
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not be amplified in any of the PC9 subclones, probably due to the inefficacy of long-range RANGER 

polymerase. Remarkably, the amplification and sequencing of Helpo2_I and Helpo2_VIII_c in PC15-99 

revealed products corresponding to vacant sites, even though we had previously validated the presence 

of HELPO2 helitrons in both loci by the outer-inner strategy. Validation of these two vacant sites was 

performed by sequencing and subsequent alignment to the PC15 v2.0 reference (Supplementary Figure 

S3). These results could suggest that cells with and without HELPO2 elements (HELPO2+ / HELPO2-) 

coexist in hyphae of the PC15-99 subclone, giving rise to a mosaic mycelium. This fact reinforces the 

hypothesis of a very recent transposition of both elements, which were not entirely fixed or eliminated from 

the PC15-99 subclone in the successive subculturing performed after their insertion. In addition, these 

results provide indirect evidence that helitron was mobilized by replicative or semi-replicative transposition, 

as HELPO2 elements increased in PC15_99 without the excision of any of the other five occupied loci.  

 

 

Table 4. Molecular validation of HELPO2 polymorphisms using the PCR outer/outer strategy. Each 

term represents an amplification product. White cells show results in agreement with the outer/inner 

strategy, and black cells result in disagreement. Grey cells represent occupied loci previously validated by 

the outer/inner strategy. Primers and expected product sizes are shown in Supplementary Table S3. 

 

 

N/A no amplification 

 

 

 

 

 

                       Strain      

   Locus 
PC9_99 PC9_14 PC15_99 PC15_14 N001-03 N001-14 

Helpo2_I vacant vacant vacant vacant vacant vacant 

Helpo2_V vacant vacant     

Helpo2_VI vacant vacant     

Helpo2_VII N/A N/A     

Helpo2_VIII_a vacant vacant     

Helpo2_VIII_b vacant vacant     

Helpo2_VIII_c vacant vacant vacant vacant vacant vacant 
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Distorted segregation patterns of HELPO2 in the N001 meiotic-derived progeny  

We investigated the segregation patterns of the seven HELPO2 loci in 68 monokaryons using the 

previously described outer/inner strategy. As N001 is a dikaryon formed by the mating of PC15 and PC9 

monokaryons and due to the seven loci being polymorphic (the presence of helitrons in PC15 vs absence 

of helitrons in PC9), it should be expected that there is a proportion of 1:1 (presence vs absence of 

helitrons) in the progeny. In contrast, the results revealed that the inheritance of HELPO2 elements was 

clearly distorted (Fig. 8). First of all, three of the seven loci carrying a HELPO2 in the PC15 strain (Helpo2_I, 

Helpo2_VII and Helpo2_VIII_c) were completely absent in the progeny.  

The fact that Helpo2_I and Helpo2_VIII_c were present in the PC15-99 subclone but absent in PC15-14, 

N001-03, N001-14 and the whole N001 progeny (68mK) reinforces the hypothesis of its unique (and 

recent) transposition in PC15-99, which according to this result, would have taken place after N001 de-

dikaryotization (1999) but before PC15 genome sequencing (2005), as both loci carry HELPO2 elements 

in the PC15 v2.0 assembly.  

This observation demonstrated that these loci were vacant in the original PC15 and PC9 strains that mated 

in the wild to form N001. Following similar reasoning, a HELPO2 element must have been inserted in 

Helpo2_VII in the PC15 nucleus of the N001 dikaryon in the time that elapsed between the isolation of the 

meiotic progeny (in 1994 all monokaryons carry a vacant locus) and N001 de-dikaryotization (1999, PC15 

carries an occupied locus; Fig. 4). Furthermore, PC9 helitron (vacant) alleles were consistently 

overrepresented in a ratio close to 3:1 in the remaining four loci. These results are in concordance with the 

biased distribution of HELPO2 elements previously found in the monokaryotic collection by qPCR (Fig. 

3B). This scenario suggests the occurrence of a preferential selection of PC9 helitron (vacant) alleles 

during meiosis, or, in other words, an elimination of helitrons. To rule out the possibility that such a finding 

was derived from an artificially skewed progeny, we revisited the P. ostreatus genetic linkage map.  

This map was constructed based on the segregation of 214 molecular markers in a population of 80 sibling 

monokaryons meiotically derived from N001 (Park et al. 2006), and 68 of them were used in this study. 

According to the genetic map, 86%, of the markers followed the expected 1:1 ratio. Additionally, the 

segregation of genetic markers surrounding HELPO2 loci did not show distorted segregation. Taking 

together, these data reinforced the fact that the segregation of HELPO2 elements is selectively skewed 

with respect to the expected Mendelian segregation. 
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Figure 8. HELPO2 segregation rates in the 68-mK monokaryotic progeny. Distribution of HELPO2 

helitrons in a meiotic progeny of 68 individuals is reported as stacked histograms. The seven HELPO2 loci 

are shown on the X-axis. The Y-axis indicates the number of monokaryons. Black and grey bars show the 

number of monokaryons presenting occupied and vacant loci, respectively. The frequency of helitron 

presence per locus is shown above each bar. 

 

Somatic transposition of HELPO2 generates mosaicism in P. ostreatus 

The transposition of an autonomous HELPO2 element to a new chromosomal location in PC15-99 (i.e., 

Helpo2_I, chromosome I, position 619,761-626,150) was validated by two PCR strategies and reinforced 

by the presence of a vacant locus in the other strains/subclones, including the monokaryotic progeny. We 

integrated these results in the reconstruction of the pedigree of P. ostreatus’ strains maintained under 

different subculture conditions to propose a time-scale model that could explain the HELPO2 transposition 

in PC15-99 as well as the current HELPO2 profiles obtained in all the strains under study (Fig. 9).  

After 1999, a somatic transposition of the helitron HELPO2 took place in the nucleus of a cell of a PC15 

culture plate and was integrated in the Helpo2_I locus by a copy and paste mechanism that could be 

triggered by the stress of the de-dikaryotization process. As a result, the transposition event originated a 

new HELPO2 copy in such a cell, which after mitotic replication led to the occurrence of mosaicism in the 

PC15 mycelia, displaying Helpo2_I+ (occupied) and Helpo2_I- (vacant) cells. Thus, subsequent subclones 

derived from the PC15 strain might have been originated from agar plugs located in different sections of 

the mycelium plate, thus presenting polymorphic loci.  
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We hypothesize that the PC15-14 sample maintained during 20 years under high subculture frequency 

and used for routine laboratory work could have derived from a section of the PC15 Helpo2_I- cells. 

Alternatively, another likely explanation could be that Helpo2_I+ cells were also sampled but lost in the 

PC15-14 subclone after multiple subculturing replications due to lower fitness in comparison to Helpo2_I- 

or simply by the result of random drift. In contrast, PC15-99 still maintains the phenotype of a genetic 

mosaic. In this sense, the minimal subculturing frequency of this subclone likely favoured the preservation 

of both Helpo2_I+ and Helpo2_I- cells in the same mycelium net.  

The presence of mosaicism in basidiomycetes has been widely studied in Armillaria gallica, where variable 

numbers of nuclei genotypes have been detected in single fruiting bodies collected for decades (Peabody 

et al. 2000). In this sense, it has been described that among-cell-line genetic variation in the haploid 

mycelium of A. gallica may confer plasticity to adapt to changing environmental conditions (Peabody et al. 

2005).  

 

Allelic gene conversion may contribute to the elimination of HELPO2 helitrons from P. ostreatus 

progeny 

As was previously described, the PCR strategies leading to an understanding of the inheritance patterns 

of the HELPO2 family in the progeny of N001 uncovered an over-transmission of the HELPO2- vacant 

alleles from the parental PC9. To understand if such phenomena were derived from a preferential 

inheritance or by helitron excisions during meiosis, we proceeded as follows: Helpo2_VI and Helpo2_VIII_b 

loci were chosen on the basis of their clear distortion segregation ratios. All the monokaryons carrying 

vacant sites according to the lack of amplification by the outer/inner strategy (58 of 68 for Helpo2_VI and 

55 of 68 for Helpo2_VIII_b) were subjected to additional amplification reactions using the primers shown 

in Figure 10 A and B. The objectives were as follows: i) to validate the presence of vacant sites with a 

positive PCR product, and ii) to determine the parental (PC9 or PC15) origin of such vacant sites as well 

as that of the adjacent regions (i.e., if they were inherited from the parental PC15 or PC9). For this purpose, 

primers were designed to amplify homologous regions of the parental strains carrying small indels and 

single nucleotide polymorphisms (SNPs), which allowed us to identify their PC9 or PC15 origin (primer 

sequences shown in Supplementary Table S4 and S5). 
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Figure 9. Chronological model explaining HELPO2 somatic insertions in the PC15-99 subclone. (a) 

(1994) N001-94 parental strain displays 4 helitron loci (Helpo2,_V, Helpo2,_VI, Helpo2,_VIII_a and 

Helpo2,_VIII_b), which are transmitted to the meiotic progeny 68 mK. (b) (1999). After de-dikaryotization, 

a HELPO2 from one of the four loci mobilizes in a cell of PC15 and integrates into a new locus (i.e. 

Helpo2,_I), producing a mosaic mycelium displaying both occupied (Helpo2,_I+) and vacant (Helpo2,_I) 

cells (dashed arrow indicates HELPO2 helitron transposition and subsequent integration). (c) (1999–2014) 

A PC15 subclone presenting mosaicism is deposited in the CECT and maintained under low subculture 

frequency up to 2014 (PC15-99). (d) (2005) A PC15 subclone carrying Helpo2,_I+ cells is used for whole 

genome sequencing by JGI. (e) (1999–2014) PC15 subclone used for routine laboratory work up to 2014 

(PC15-14) is derived from a section of PC15 Helpo2,_I- cells. Alternatively, Helpo2_I + cells were lost by 

random drift as a consequence of the high subculture frequency. 

 

For each locus, the four amplification products shown in Figure 10 A and 10 B were sequenced and aligned 

to both PC15 v2.0 and PC9 v1.0 assemblies. SNPs were manually identified in the alignments and used 

to assign their parental origin. In 94% of the monokaryons analysed, the four regions studied were inherited 

from PC9, pointing to a preferential inheritance of the vacant site instead of a HELPO2 excision during 

meiosis. Nevertheless, a surprising profile was found in 7 monokaryons (4 in Helpo2_VI locus and 3 in 

Helpo2_VIII_b locus). Although the three flanking sites were inherited from the PC15 parental strain, SNPs 

of the amplification product corresponding to the vacant site (1,489 bp in Helpo2_VI and 907 bp in 

Helpo2_VIII_b) indicated that they were transmitted from the parental PC9 (Fig. 10A and B).  
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These results might be explained by a mechanism of allelic gene conversion, which results in the loss of 

HELPO2 helitrons. To verify this hypothesis, the presence of gene conversion junctions were validated in 

the 7 monokaryons by PCR as shown in Figure 10C. To ensure the linearity of the short regions located 

between the amplified regions (shown in Fig. 10A and B as white rectangles), primers were designed to 

amplify longer regions, spanning Helpo2_VI and  Helpo2_VIII_b loci as well as their flanking sites (yellow 

arrows in Fig 10C, Supplementary Table S6).  

Our results showed the presence of bands corresponding to the expected size, confirming the linearity of 

such regions and discarding the presence of rearrangements (Supplementary Figure S5). After 

sequencing, PCR products were aligned to both PC15 and PC9 parental strains. Interestingly, the pattern 

of SNPs/indels showed that gene conversion occurred precisely in the same sites in all monokaryons 

analysed for each locus (Supplementary Figure S6), suggesting that the mechanism leading to this 

recombination might have specific targets. The absence of HELPO2 helitrons in the monokaryons with 

profiles consistent with allelic gene conversion events suggest that this mechanism might be used to 

eliminate unpaired repetitive sequences (such TEs) during meiosis. Allelic gene conversion is a molecular 

mechanism associated with recombination in which a genomic fragment is “copied/pasted” onto another 

homologous fragment. Little is known about gene conversion in fungi, although it is associated with non-

Mendelian segregation ratios in yeast and mammals (Lamb 1998; Galtier 2001).  

In fungi, previous studies have shown that gene conversion leads to 3:1 ratios in heteroallelic crosses 

(Holliday 2007). A recent analysis of the recombination landscape in the basidiomycete Agaricus bisporus 

revealed a skewed segregation ratio from the expected Mendelian 1:1 in certain loci of the haploid offspring 

of 139 isolated single spores. In addition, results showed that crossover events (COs) occurred almost 

exclusively at chromosome ends including gene conversion in the reciprocal CO context (Sonnenberg et 

al. 2016). In 1982, it was proposed that gene conversion could be involved in the elimination of selfish DNA 

during meiosis when hybrid DNA structures are homologous but one of them displays a DNA insert present 

in one parent (Holliday 1982), as is the case with HELPO2 loci in PC15 and PC9. In such a case, a single-

strand loop could be formed, being targeted by endonucleases and resulting in gene conversion with the 

elimination of the insert. Events of a model of gene conversion (homing) mediated by site-specific 

endonucleases have also been detected in different strains of Botrytis cinerea.  

The analysis of meiotic products obtained by crossing strains carrying polymorphisms permitted 

determination of gene conversion tracts that corresponded to unpaired regions previously identified in the 

parental strains (Bokor et al. 2010).  
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Our results are the first showing evidence of the somatic transposition of a native helitron in its own host 

and the meiotically driven elimination of an active helitron family in basidiomycetes. 

 

 

 

 

Figure 10. Molecular validation of HELPO2 meiotic loss. Schematic representation of Helpo2_VI (A), 

Helpo2_VIII_b (B) loci and their flanking (homologous) regions in the parental PC15 (upper blocks) and 

PC9 (intermediate blocks) as well as in 7 monokaryons showing profiles compatible with gene conversion 

events (lower blocks). HELPO2 elements are represented as an arrow in the parental PC15, but are absent 

in PC9 (vertical black lines). PCR primers are represented by black arrows (designed to amplify the vacant 

site) and white arrows (designed to amplify flanking sites). The size of overlapping regions (bp) amplified 

by primers pairs is showed between two slashes in PC15 and PC9 sequences. Regions excluded to PCR 

amplification are indicated by slashes in PC15 and PC9 parental strains and white rectangles in 

monokaryons. Vertical grey lines inside blocks represent PC9-specific SNPs/indels used to assign the 

parental origin of such regions. (C) Validation of gene conversion event in 4 (Helpo2_VI locus) and 3 

(Helpo2_VIII_b locus) monokaryons. Primers sequences are indicated by arrows. Gene conversion 

junctions with their associated SNPs/indels are reported in the DNA alignment. 
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Helitron elimination in P. ostreatus progeny: genome defence against invasive DNA?  

Eukaryotes have developed defence mechanisms to control the proliferation of transposable elements and 

avoid the potentially harmful effects of their insertions. One of the most impressive mechanisms of genome 

defence is called chromatin diminution, which has been described in several eukaryotes from distinct 

lineages (Kataoka and Mochizuki 2011; Sun et al. 2014). This mechanism selectively eliminates DNA and 

targets mainly young TEs displaying high frequencies and similarities (Sun et al. 2014). The molecular 

mechanism underlying chromatin diminution bears similarity to piRNA-directed transposon silencing in 

metazoans and requires an active RNAi machinery. In fact, it has been proposed that small RNAs could 

play an essential role directing such DNA elimination in the protozoan Tetrahymena thermophile (Kataoka 

and Mochizuki 2011). No study has described the presence of such mechanisms in fungi, but a handful of 

studies have shown the presence and activity of the main components of the RNAi pathway in filamentous 

fungi (Dicer, Argonaute, and RNA-dependent RNA polymerase) reviewed in (Dang et al. 2011) . From the 

diversity of the fungal RNAi pathway, two mechanisms have evolved to control TEs at the vegetative 

(Quelling) and sexual (MSUD) states. The latter is of great relevance to our study as it involves the 

identification of unpaired DNA during meiosis by a trans-sensing mechanism. The origin of such unpaired 

regions are likely produced by TE insertions in only one of the two parental strains, such as in the case of 

the HELPO2 family in P. ostreatus. We screened PC15 and PC9 genomes for proteins homologous to 

those involved in N. crassa MSUD and Quelling and found a total of 18 genes in both strains: 5 argonaute 

proteins, 5 RNA-dependent RNA polymerases (RdRPs), 4 dicers, 3 RecQ helicases and 1 exonuclease. 

P. ostreatus RNAi proteins carry the corresponding conserved domains (Supplementary Table S7) and 

are actively expressed in vegetative mycelia (Table 5). Further experimental work is needed to understand 

whether the transcriptional repression and meiotic elimination of HELPO2 is somehow linked to the activity 

of RNAi pathway genes. Due to the ability of fungi to diversify and develop “epigenetic solutions” to control 

TE proliferation, such a possibility seems to be an interesting field for future studies. 
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Table 5. Identification of proteins belonging to the RNAi pathway in P. ostreatus. Transcription of PC15 

and PC9 orthologs is shown in RPKM (Reads Per Kilobase per Million mapped reads) 

 

PC15-ID * PC9-ID * RPKM RPKM Description 

25449 90477 10.8 11.1 RNA-dependent RNA polymerase 

1053861 85609 16.34 30.2 RNA-dependent RNA polymerase 

1076136 83385 2.74 0.6 RNA-dependent RNA polymerase 

1041769 52011 36.06 22.6 RNA-dependent RNA polymerase 

154946 85193 53.19 21.8 RNA-dependent RNA polymerase 

1060211 89407 87.2 233.8 Argonaute 

1110274 43687 116.78 59.7 Argonaute 

173501 122655 85.31 124.2 Argonaute 

21640 91748 12.43 20.5 Argonaute 

44554 114784 27.76 39.9 Argonaute 

33722 67302 15.34 30.7 RecQ Helicase 

11210 24796 12.58 3.3 RecQ Helicase 

160303 87316 7.47 4.8 RecQ Helicase 

1064031 83509 12.96 6.6 DICER 

1033048 81629 9.4 7.6 DICER 

1093523 50672 27.64 16.8 DICER 

1112895 84917 34.41 47.1 DICER 

1039826 83395 41.63 54.4 DnaQ-like exonuclease 

 

* Protein identifiers of PC15 v2.0 and PC9 v1.0 Mycocosm databases 
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Table S1. Primers sequences used for RT-qPCR protocol 
 

Locus Direction Sequence (5’-3’) Product lenght (bp) 

HELPO1.1 
Fw GGAAAGGACGCCGAGTTCACATTCAC 

79 
Rv CTTGTTGATGGTCATCGAGAACGCAA 

HELPO1.2 
Fw TCGTGCTACTGGTGCATCTC 

113 
Rv ATAGACGTCCTCCTCGCAGA 

helpo1.3 
Fw GCGCGCACATTCTTAATTTAC 

83 
Rv CTGCTTACAGTCACAGTGGTTATCCA 

HELPO2 
Fw AAACTGCGGACTCCTGAAGA 

127 
Rv CAGCTGTGGTGCTTCCAGTA 

Lacc3 
Fw TCGTTTCCGTCTCGTTTCTC 

133 
Rv CTGCGAAGATTTGGATGCTG 

Sar1 
Fw GGATAGTCTTCCTCGTCGATAG 

134 
Rv GGGTGCGTCAATCTTGTTAC 
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Table S2. Primer sequences used for outer/inner PCR protocol  
 

Helitron position 
(PC15 genome) 

Scaffold 
Primers  

identification 
Sequence (5'-3') 

Expected product 
size (bp) 

619761-626150 1 

Is_Fw GCGGGCTAATAATGCACACA 
1316 

Is_Rv CCAGGTCCAGAAATCCAGGT 

Ie_Fw GCATGGTCGACACACAAATC 
1530 

Ie_Rv GGAAACGAAGTCATGGTCGT 

387607-398218 5 

Vs_Fw CACCCCTACCAACACTCTGT 
1099 

Vs_Rv CCTGTCATGATCTTGCGCAA 

Ve_Fw TGCCCCAACCTTTACTCCAT 
1061 

Ve_Rv CGGACCACTCTTTGCAAACA 

1150050-1156438 6 

VIs_Fw TCCTCACTCCCTTGTTTCCC 
1202 

VIs_Rv CCTTCAAGTGCCCACAGAAC 

VIe_Fw GCTTATCTGGGGCTATTTGGG 
1088 

VIe_Rv AGAGTGTCATCCTCGCGAAT 

1635256-1641644 7 

VIIs_Fw CAAAGTGGTGACATCCATCG 
1148 

VIIs_Rv CTGCTCTGGCCTACCACTTC 

VIIe_Fw CCAGGTCCAGAAATCCAGGT 
1431 

VIIe_Rv CATCAACACTGCCGCTATCC 

1367660-1374048 8 

VIII(13)s_Fw CGCGTAAATGGTACTGACGG 
1265 

VIII(13)s_Rv CCAGGTCCAGAAATCCAGGT 

VIII(13)e_Fw AATGGATCTCGCGGAATCCT 
1302 

VIII(13)e_Rv CAAGTTCGCTCGTGTTGTCA 

1722302-1726240 8 

VIII(17)s_Fw CGTTGTAGCCCTTAGTGTGC 
3128 

VIII(17)s_Rv GGCTGTTGACCATGAAGCAA 

VIII(17)e_Fw TGTTGTCTTTGGTGGGGACT 
2815 

VIII(17)e_Rv AGGTCTTTGCGAGGGATGAA 

2234922-2241310 8 

VIII(22)s_Fw CGATTGCAGGCTACTCACAA 
1245 

VIII(22)s_Rv GCATGGTCGACACACAAATC 

VIII(22)e_Fw CACCCTCCCTAAGCCTTCAA 
1381 

VIII(22)e_Rv GCAGAGTTAGCAGCGTCTTC 
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Table S3. Primer sequences used for outer/outer PCR protocol 

 

Helitron position 
(PC15 genome) 

Primers  
identification 

Sequence (5'-3') 

Location 
(scaffold) 

Expected product 
size (bp) 

PC9 PC15 PC9 PC15 

619761-626150 
I_Fw CGAAGGTAGAACGTGGGCTA 

1 1 2618 9008 

I_Rv GATGCCCATTCCGCTTTGAT 

387607-398218 
V_Fw TGGCTTGTCTAGATGCGCTA 

3 5 3322 42368 

V_Rv TTAGGCAGCAAGTCGAGGAA 

1150050-1156438 
VI_Fw TCCTTGCCGTAACCCTTCAT 

8 6 3610 12080 

VI_Rv GGACGCTTTGATTCCCGTAC 

1635256-1641644 
VII_Fw TTTCTGCGACCTTTCTTGCC 

6 7 8578 14966 

VII_Rv GTGATGTTGATGGTCTGGGC 

1367660-1374048 
VIII(13)_Fw GATGCAGCGCGAGATATCG 

5 8 4861 13079 

VIII(13)_Rv CTGCTATCACCATCCAGCCT 

1722302-1726240 
VIII(17)_Fw AGAGTCAGAGATGTCAGGCG 

5 8 4407 8425 

VIII(17)_Rv GTATCAATCCAGCGCACGTT 

2234922-2241310 
VIII(22)_Fw GGCAAACATCAGATCAGGCA 

5 8 2603 8990 

VIII(22)_Rv AAACAATGCATGCACTGGGG 

 

 
Table S4. Primer sequences used for PCR protocol (SNPs detection in vacant site) 
 

Helitron position 
(PC15 genome) 

Primers  
identification 

Sequence (5'-3') 

Location 
(scaffold) 

Expected 
product 
size (bp) 

PC9 PC15 PC9 PC15 

1150050-1156438 
P6_Fw GCTTGATCTTCGTCCTACGC 

8 6 1845 9862 
P6_Rv AAGAGTGGAAGCCAAGTGGA 

1722302-1726240 
P8_Fw GACGGCCTTTGATTGAACCA 

5 8 6876 907 
P8_Rv GTTGCTGCGCTTCTCTAACC 
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Table S5. Primer sequences used for PCR protocol (SNPs detection in flanking sites) 

 
Helitron position 
(PC15 genome) 

Scaffold 
Primers 

identification 
Sequence (5'-3') 

Expected product 
size (bp) 

1150050-1156438 6 

F6s_Fw TCAACATCTCTGCCTTCTGC 
489 

F6s_Rv CCCCCGTATCCATACCAGAT 

F6e1_Fw TGTTGCTGTCGAACACGC 
269 

F6e1_Rv TCTGCATCCCACTACAACCG 

F6e2Fw ATGCTCAACAATCACCAGCG 
267 

F6e2_Rv GCGTGCTATCTGGTCTTTGT 

1722302-1726240 8 

F8s_Fw CTCCCGAGCTTCCAGTTCTT 
479 

F8s_Rv GCAGTCCCTTCTAACGGAGA 

F8e1_Fw GCGGATTAAGAAGGCCACAG 
324 

F8e1_Rv GTCCTAACCCGCGTCCAAT 

F6e2_Fw TGGAACCCATCTATCCCCTTC 
285 

F6e2_Rv ACAGTGTGTGATTTGTGTACAGC 

 

 
 

 

Table S6. Primer sequences used for PCR protocol (SNPs/indels validation in gene conversion region of 

monokaryons) 

 

Locus 
Scaffold 
(PC15 

genome) 

Primers  
identification 

Sequence (5'-3') 
Expected product 

size (bp) 

Helpo2_VI 6 
C6_ws_Fw GGGAGGAATTCCATGATGAG 

2971 
C6_ws_Rv CTCGCGAGATTGACCTTGAC 

Helpo2_VIII_b 8 
C8_ws_Fw GTCGTCTCCGCGTTTTTG 

2426 
C8_ws_Rv CTCGAGAATAGGCCATCCAG 
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Figure S1 . Southern blot patterns of PC9 (lanes 1 and 2) and PC15 (lanes 3 and 4) monokaryotic strains 

digested with HpaII (lanes 1 and 3) and MspI (lanes 2 and 4). Digested genomic DNA products were 

hybridized with PIF-1 like helicase domain of HELPO2 helitrons.  
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Figure S2. Analysis of full and vacant sites using the outer/inner PCR strategy 

Evidence of HELPO2 polymorphic insertion in PC9, PC15 and N001 subclones maintained under different 

subculture conditions. Panels on left and right show respectively start and end helitrons boundaries located 

at different loci. 
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Figure S3. Analysis of full and vacant sites using the outer/outer PCR strategy 

Molecular validation of HELPO2 insertion in PC9, PC15 and N001 subclones maintained under different 

subculture conditions. Panels show full and vacant sites corresponding to HELPO2 helitrons located at six 

different loci. 
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Figure S4. Alignment of Helpo2_I and Helpo2_VIII_c sequences 

Alignment showing the full (Pleos_15 : PC15 v.20 reference genome) and vacant sites (PC9 and PC15 

subclones maintained under low and high subculture frequency) of two 6.4 kb HELPO2 helitrons placed at 

chromosome I (Helpo2_I) and VIII (Helpo2_VIII_c) of PC15 strain. Helitron insertion and flanking regions 

are represented in red and black type respectively. 
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Figure S5. PCR amplification of gene conversion region in 7 monokaryons 

Molecular validation of gene conversion regions in 7 individuals belonging to the monokaryotic progeny. 

Panels show the 2971 bp (A) and 2426 bp (B) fragments located respectively in chromosomes VI and VIII. 
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A) 
 
 

PleosPC9        TTCAACATCTCTGCCTTCTGCAGGGATTTCATAGCATATACCTTGCCCGTGTCGACTTTC 

mk14            TTCAACATCTCTGCCTTCTGCGGGGATTTCATGGCATACACCTTGCTCTTGTCGACTTTC 

mk48            TTCAACATCTAAGCCTTCTGCAGGGATTTCATGGCATACACCTTGCCCGTGTCGACTTTC 

mk73            TTCAACATCTCTGCCTTCTGCAGGGATCTCATGGCATACACCTTGCCCGTGTCGACTTTC 

mk99            TTCAACATCTCTGCCTTCTGCAGGGATTTCATGGCATACACCTTGCCCGTGTCGACTTTC 

PleosPC15       TTCAACATCTCTGCCTTCTGCAGGGATTTCATGGCATACACCTTGCCCGTGTCGACTTTC 

                **********  ********* ***** **** ***** ******* * *********** 

 

PleosPC9        TGCACCAATCGTACCTAATAGTATCGCCCATGGCAGTAAGATCAGTGGCCTAGGGTGTCT 

mk14            TGCACCAATCGTACCTAATGGTATCGCCCATGGCAGTAAGATCAGTGGCCTAGGGTCTCT 

mk48            -GCACCAATCGTACCTAATGGTATCGCCCATGGCAGTAAGATCAGTGGCCTAGGGTCTCT 

mk73            TGCACNAATCGTACCTAATGGTATCGCCCATGGCAGTAAGATCAGTGGCCTAGGGTCTCT 

mk99            TGCACCAATCGTACCTAATTGTATCGCCCATGGCAGTAAGATCAGTGGCCTAGGGTCTCT 

PleosPC15       TGCACCAATCGTACCTAATGGTATCGCCCATGGCAGTAAGATCAGTGGCCTAGGGTCTCT 

                 **** ************* ************************************ *** 

 

PleosPC9        AGAACGAAGGTATGTACTTCGCCAAAAGCACCCTTCCCGATGACCTTGACCGTGTTGAAA 

mk14            AGAATGGACGTATGTACTTCGCC---GGCACCCTTCCCGATGACCTTGACCGTGTTGAAA 

mk48            AGAATGGACGTATGTACTTCGCCAAAGGCACCCTTCCCGATGACCTTGACCGTGTTGAA- 

mk73            AGAATGGACGTATGTACTTCGCCAAAGGCACCCTTCCCGATGACCTTGACCGTGTTGAAA 

mk99            AGAACGGACGTATGTACTTCGCCAAAGGCACCCTTCCCGATGACCTTGACCGTGTTGAAA 

PleosPC15       AGAATGGACGTATGTACTTCGCCAAAGGCACCCTTCCCGATGACCTTGACCGTGTTGAAA 

                **** * * **************    ******************************** 

 

PleosPC9        TCGGAGAGCTTGATCTTCGTCCTACGCAGGCGCAGATGCTGCGACTCCTGCTGGCTGAAC 

mk14            TCGGAGAGCTTGATCTTCGTCCTACGCAGGCGCAGATGCTGCGACTCCTGCTGGCTGAAC 

mk48            TCGGAGAGCTTGATCTTCGTCCTACG-AGNNGCAGATGCTGCGACTCCTGCTGGCTGAAC 

mk73            TCGGAGAGCTTGATCTTCGTCCTACGCAGGCGCAGATGCTGCGACTCCTGCTGGCTGAAC 

mk99            TCGGAGAGCTTGATCTTCGTCCTACGCAGGCGCAGATGCTGCGACTCCTGCTGGCTGAAC 

PleosPC15       TCGGAGAGCTTGATCTTCGTCCTACGCAGGCGCAGATGCTGCGACTCCTGCTGGCTGAAC 

                ************************** **  ***************************** 

 

PleosPC9        GAGCGTTCGAAGTAGACGTAGTCTTCTGCGGGCTGCTGGTGCTGGAGATTATCTGGTATG 

mk14            GAGCGTTCAAAGTAGACGTAGTCTTCTGCGGGCTGCTGGTGCTGGAGGTTATCTGGTATG 

mk48            GAGCGTTCAAAGTAGACGTAGTCTTCTGCGGGCTGCTGGTGCTGGAGGTTATCTGGTATG 

mk73            GAGCGTTCAAAGTAGACGTAGTCTTCTGCGGGCTGCTGGTGCTGGAGGTTATCTGGTATG 

mk99            GAGCGTTCAAAGTAGACGTAGTCTTCTGCGGGCTGCTGGTGCTGGAGGTTATCTGGTATG 

PleosPC15       GAGCGTTCAAAGTAGACGTAGTCTTCTGCGGGCTGCTGGTGCTGGAGGTTATCTGGTATG 

                ******** ************************************** ************ 

 

PleosPC9        GATACGGGGGCAAAGTGCGGCTGCTGTTGCTGGTGGTGCATGGTAGTGTGCCCTGCGCTC 

mk14            GATACGGGGGCAAAGTGCGGCTGCTGTTGCTGGTGGTGCATGGTAGTGTGCCCTGCGCTC 

mk48            GATACGGGGGCAAAGNGC--CTGCTGTTGCTGGTGGTGCATGGTAGTGTGCCCTGCGCTC 

mk73            GATACGGGGGCAAAGTGCGGCTGCTGTTGCTGGTGGTGCATGGTAGTGTGCCCTGCGCTC 

mk99            GATACGGGGGCAAAGTGCGGCTGCTGTTGCTGGTGGTGCATGGTAGTGTGCCCTGCGCTC 

PleosPC15       GATACGGGGGCAAAGTGCGGCTGCTGTTGCTGGTGGTGCATGGTAGTGTGCCCTGCACTC 

                *************** **  ************************************ *** 

                ******************* ****************************** ********* 

 

PleosPC9        GTCGACTACCTTTGAGAGAACAAGGCCAAGATTCGATCGTGAAGCCAGTCAAAAGTTTTG 

mk14            GTCGACTACCTTTGAGAGAACAAGGCCAAGATTCGATCGTGAAGCCAGTCAAAAGTTTTG 

mk48            GTCGACTACCT-TGAGAGAACAAGGCCAAGATTCGATCGTGAAGCCAGTCAAAAGTTATG 

mk73            GTCGACTACCTTTGAGAGAACAAGGCCAAGATTCGATCGTGAAGCCAGTCAAAAGTTTTG 

mk99            GTCGACTACCTTTGAGAGAACAAGGCCAAGATTCGATCGTGAAGCCAGTCAAAAGTTTTG 

PleosPC15       GTTGACTACCTTTGAGAGAACAAGGCCAAGATTCGATCGTGAAGCCAGTCAAAAGTTTTG 

                ** ******** ********************************************* ** 
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PleosPC9        GCTGCAACACGCTGCTTTCATATATGCCCATCAAATGCGGTAACAGTTACTATACAACTC 

mk14            GCTGCAACACGCTGCTTTCATATATGCCCATCAAATGCGGTAACAGTTACTATACAACTC 

mk48            GCTGCAACACGCTGCTTTCATA---G--CATCAAATGCGGTAACAGTTACTATACAACTC 

mk73            GCTGCAACACGCTGCTTTCATATATGCCCATCAAATGCGGTAACAGTTACTATACAACTC 

mk99            GCTGCAACACGCTGCTTTCATATATGCCCATCAAATGCGGTAACAGTTACTATACAACTC 

PleosPC15       GCTGCAACACGCTGCTTTCATATATGCCCATCAAATGCGGTAACAGTTACTATACAACTC 

                **********************   *  ******************************** 

 

PleosPC9        CATCGGCTAATTCATCACATGGAAATCGGCCGTACATCACAGAACACGTTCATGGAACTC 

mk14            CATCGGCTAATTCATCACATGGAAATCGGCCGTACATGACAGAACACGTTCATGGAACTC 

mk48            CATCGGCTAATTCATCACATGGAAATCGGCCGTACATCACAGAACACGTTCATGGAACTC 

mk73            CATCGGCTAATTCATCACATGGAAATCGGCCGTACATCACAGAACACGTTCATGGAACTC 

mk99            CATCGGCTAATTCATCACATGGAAATCGGCCG--CATCACAGAACACGTTCATGGAACTC 

PleosPC15       CATCGGCTAATTCATTACATGGAAATCGGC---------CAGAACACGTTCATGGAACTC 

                *************** **************         ********************* 

 

PleosPC9        AACAGTGATGCCTGCTCATACGTCCAAACTTCCAACATTCACGTCAGAGTCTAGAGTTGT 

mk14            AACAGTGATGCCTGCTCATACGTCCAAACTTCCAACATGCACGTCAGAGTCTAGAGTTGT 

mk48            AACAGTGATGCCTGCTCATACGTCCAAACTTCCAACATTCACGTCAGAGTCTAGAGTTGT 

mk73            AACAGTGATGCCTGCTCATACGTCCAAACTTCCAACATTCACGTCAGAGTCTAGAGTTGT 

mk99            AACAGTGATGCCTGCTCATACGTCCAAACTTCCAACATTCACGTCAGAGTCTAGAGTTGT 

PleosPC15       AACAGTGATGCCTGTTCAAACGTCCAAACTTCCAACGTTCACGTCAGAGTCTAGAGTTGT 

                ************** *** ***************** * ********************* 

 

PleosPC9        GAGT-------------GAATTCTGTCTTATTCAAGTCGA-------------------- 

mk14            GAGT-------------GAATTCTGTCTTATTCAAGTCGA-------------------- 

mk48            -----------------GAATTCTGTCTTATTCAAGTCGA-------------------- 

mk73            GAGT-------------GAATTCTGTCTTATTCAAGTCGA-------------------- 

mk99            GAGT-------------GAATTCTGTG-NATTCAAGTCGA-------------------- 

PleosPC15       GAGTCAAGAAACGACCAGACTTCTGTCTTATTGAAGTCGACAAGTTTCAGGCCCGTGACT 

                                 ** ******   *** *******                       

 

PleosPC9        ------------------------------------------------------------ 

mk14            ------------------------------------------------------------ 

mk48            ------------------------------------------------------------ 

mk73            ------------------------------------------------------------ 

mk99            ------------------------------------------------------------ 

PleosPC15       TCATCACGCATGGGACTCAGG /Helitron 6.4Kb/ GATTACCTAAGTTCAAAGTTC 

 

 

PleosPC9        ---------------------------TCGCTAACGCCTACAAGGTAGAGACCAATGAAG 

mk14            ---------------------------TCGCTAACGCCTACAAGGTAGAGACCAATGAAG 

mk48            ---------------------------TCGCTAACGCCTACAAGGTAGAGACCAATGAAG 

mk73            ---------------------------TCGCTAACGCCTACAAGGTAGAGACCAATGAAG 

mk99            ---------------------------TCGCTAACGCCTACAAGGTTGAGACCAATAAAG 

PleosPC15       ACACGGATCGAGACTTAATATAATAGATCGCTAACGCCTACAAGGTAGAGAGCAACGAAG 

                                           ******************* **** ***  *** 

 

 

PleosPC9        ACGGAGTGCGCCCCTATGCCTGAGGGCCAACGCCCTACGATGTGAGCGCGTCTTCAGCGC 

mk14            ACGGAGTGCGCCCCTATGCCTGAGGGCCAACGCCCTACGATGTGAGCGCGTCTTCAGCGC 

mk48            ACTGAGTGCGCCCCTATGCCTGAGGGCCAACGCCCTACGATGTGAGCGCGTCTTCAGCGC 

mk73            ACGGAGTGCGCCCCTATGCCTGAGGGCCAACNTCCTACGATGTGAGCACGTCTTCAGCGC 

mk99            ACGGAGTGAGCCCCTATGCCTGAGGGCCAACGCCCTACGATGTGAGCGCGTCTTCAGCGC 

PleosPC15       ACGGAGCGCGCCCCTATGCCTGAGGGCCAACGCCCTACGATGTGATCATGTCTTCAGCGC 

                ** *** * **********************  ************ *  *********** 
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PleosPC9        TAAGGCAAGGGGGATGAAGTGAAGAGGAGGTACGATACGACGAAACGACTTGATTCAATA 

mk14            TACGGCAAGGGGGATGAAGTGAAGAGGAGGTACGATACGACGAAACGACTTGATTCAATA 

mk48            TAAGGCAAGGGGGATGAAGTGACCAGGAGG-ACGATACGACGAAACGACTTGATTCTATA 

mk73            TAAGGCAAGGGGGATGAAGTGAAGAGGAGGTACGATACGACGAAACGACTTGATTCAATA 

mk99            TAAGGCAAGGGGGATGAAGTGAAGAGGAGGTACGATACGACGAAACGACTTGATTCAATA 

PleosPC15       TATGGTGAGGGGGATGAAGTGAAGAGGAGGTACGATACGACGAAAGGACTTGATTCAATA 

                ** **  ***************  ****** ************** ********** *** 

 

PleosPC9        TACAACATACCTAGGCTTGCGCAGCGCA------------GAGTCAGTACTAGTGTTGTT 

mk14            TACAACATACCTAGGCTTGCGCAGCGC-------------GAGTCAGTACTAGTGTTGTT 

mk48            TACAACATACCTAGGCTTGCGCAGCGCA------------GAGTCAGTACTAGTGTTGTT 

mk73            TACAACATACCTAGGCTTGCGCAGCGCA------------GAGTCAGTACTAGTGTTGTT 

mk99            TACAACATACCTAGGCTTGCGCAGCGCA------------GAGTCAGTACTAGTGTTGTT 

PleosPC15       TACA--------AGGCTTGCGCAGCGCAGAGTGGCACATCGAGTCGGTACTAGTGTTGTT 

                ****        ***************             *****  ************* 

 

PleosPC9        TCAAATTCACCGACGCGATCTGGGCAGGAGATAGGAAGATAATAAGCGTGATACAGTCAG 

mk14            TCAAATTCACCGACGCGATCTGGGCAGGAGATAGGAAGATAATAAGCGTGATACAGTCAG 

mk48            TCAAACTCT-CGACGCGATCTGGGCAGGAGATAGGAAGATAATAAGCGTGATACAGTCAG 

mk73            TCAAATTCACCGACGCGATCTGGGCAGGAGATAGGAAGATAATAAGCGTGATACAGTCAG 

mk99            TCAAATTCACCGACGCGATCTGGGCAGGAGATAGCAAGATAATAAGCGTGATACAGTCAG 

PleosPC15       TCAAATTCACCGACGCGATCTGGGCAGGAGATAGGAAGATAATAAGCGTGATACAGTCAG 

                ***** **  ************************ *************************                                 

 

PleosPC9        TGAATGACCCAACGTGCAGTCCGTCTGACCTCCACTTGGCTTCCACTCTTCAATCGTCGC 

mk14            TGAATGACCCAACGTGCAGTCCGTCTGACCTCCACTTGGCTTCCACTCTTCAATCGTCGC 

mk48            TGAATGACCCAACGTGCAGTCCGTCTGACCTCCACTTGGCTTCCACTCTTCAATCGTCGC 

mk73            TGAATGACCCAACGTGCAGTCCGTCTGACCTCCACTTGGCTTCCACTCTTCAATCGTCGC 

mk99            TGAATGACCCAACGTGCAGTCCGTCTGATCTCCACTTGGCTTCCACTCTTCAATCGTCGC 

PleosPC15       TGAATGACCCAACGTGCACTCCGTCTGACCTCCACTTGGCTTCCACTCTTCAATCGTCGC 

                ****************** ********* ******************************* 

 

 

PleosPC9        AGCACGGTCTTGTTAGAAGCCAATATATCTCCTTGGAACTCCCGGCCGTTCACTTATTCC 

mk14            AGCACGGCCTTGTTAGAAGCCAATATATCTCCTTGGAACTCCCGGCCGTTCACTTATTCC 

mk48            AGCACGGCCTTGTTAGAAGCCAATATATCTCCTTGGAACTCCCGGCCGTTCACTTATTCC 

mk73            AGCACGGCCTTGTTAGAAGCCAATATATCTCCTTGGAACTCCCGGCCGTTCACTTATTCC 

mk99            AGCACGGCCTTGTTAGAAGCCAATATATCTCGTTGGAACTCCCGGCCGTTCACTTATTC- 

PleosPC15       AGCACGGCCTTGTTAGAAGCCAATATATCTCCTTGGAACTCCCGGCCGTTCACTTATTCC 

                ******* *********************** *************************** 

 

 

PleosPC9        GTATTGTCGAAATATACCATGGCCGAAGACGACGTGCAACGACCTACCAAGAGGTCTAAA 

mk14            GTATTGTCGAAATATACAATGGCCGAAGACGACGTGCAACGACCTACCAAGAGGTCTAAA 

mk48            GTATTGTCGAAATATACAATGGCTGAAGACGACGTGCAACGACCTACCAAGAGGTCTAAA 

mk73            GTATTGTCGAAATATACAATGGCCGAAGATGACGTGCAA-GACC-CCCAAGAGGTCTAAA 

mk99            -TATTGTCGAAATATACAATGGCCGAAGACGACGTGCAACGACCTACCAAGAGGTCTAAA 

PleosPC15       GTATTGTCGAAATATACAATGGCCGAAGACGACGTGCAACGACCTACCAAGAGGTCTAAA 

                 **************** ***** ***** ********* ****  ************** 

 

PleosPC9        ATAGAGCATGGATCGTCTCCCACCGCAATGACCAATGATGATGTTATGCAAAACGACGAC 

mk14            ATAGAGCATGGATCATCTCCCACCGCGATGACCAATGATGATGTTATGCAAAACGACGAC 

mk48            ATAGAGCATGGATCATCTCCCACCGCGATGACCAATGATGATGTTATGCAAAACGACGAC 

mk73            ATAGAGCATGGATCATCTCCCACCGCGATGACCAATGATGATGTTCTGCAAAACGACGAC 

mk99            ATAGAGTATGGATCATCTCCCACCGCGATGACCAATGATGATGTTATGCAAAACGACGAC 

PleosPC15       ATAGAGCATGGATCATCTCCCACCGCGATGACCAATGATGATGTTATGCAAAACGACGAC 

                ****** ******* *********** ****************** ************** 
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PleosPC9        ACTGCCATGACGGGAGAGCCTGAAGCATCAAGCTCAAGCGCTGTTGCTGTCGAACACGCC 

mk14            ACTGCCATGACGGGAGAGCCTGAAGCATCAAGCTCAAGCGCTGTTGCTGTCGAACACGCC 

mk48            ACTGCCATGACGGGAGAGCCTGAAGCATCAAGCTCAAGCGCTGTTGCTGTCGAACACGCC 

mk73            ACTGCCATGACGGGAGAGCCTGAAGCATCAAGCTCAAGCGCTGTTGCTGTCGAACACGCC 

mk99            -CCGCCATGA-GGGGGAGCCTGAAGCTT-AAACTTTAGCCCTGTTGCTGTCGAACACCC- 

PleosPC15       ACTGCCATGACGGGAGAGCCTGAAGCATCAAGCTCAAGCGCTGTTGCTGTCGAACACGCC 

                 * ******* *** *********** * ** **  *** ***************** * 

 

PleosPC9        CCAGCCGGGCAACCGGGGAAAAAAAAGAGACGGGACGCGTCTGGGTGGGCCAAATCTAGG 

mk14            CCAGCCGGGCAACCGGGGAAAGGGAAGAGACGGGACGCGTCTGGGTGGGCCAAATCTAGG 

mk48            CCAGCCGGGCAACCGGGGAAAGGGAAGAGACGGGACGCGTCTGGGAGGGCCAAATCTAGG 

mk73            CCAGCCGGGCAACCGGGGAAAGGGAAGAGACGGGACGCGTCTGGGTGGGCCAAATCTAGG 

mk99            CCAGCCGGGCAACCGGGGAAAG-GAAGAGACGGGACGCGTCGGGGTGGGCCAAATCTAGG 

PleosPC15       CCAGCCGGGCAACCGGGGAAAGGGAAGAGACGGGACGCGTCTGGGTGGGCCAAATCTAGG 

                *********************   ***************** *** ************** 
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B) 
 
PleosPC9        AAAGAAGTTAGGAGACCAGGTGGACCCAGGCGGGTGATGGCTTACACCGTGGGCTCCCGG 

Mk52            AAAGAAGTTAGGAGACCAGGTGGACCCAGGCGGGTAATGGCTTACAGCGTGGGCTCCCGG 

Mk53            TTAGAAGTTAGGAGACCAGGTGGACCCAGGCGGGTAATGGCTTACAGCGTGGGCTCCCGG 

Mk49            CAAGAAGTTAGGAGACCAGGTGGACCCAGGCGGGTAATGGCTTACAGCGTGGGCTCCCGG 

PleosPC15       AAAGAAGTTAGGAGACCAGGTGGACCCAGGCGGGTAATGGCTTACAGCGTGGGCTCCCGG 

                  ********************************* ********** ************* 

 

PleosPC9        GCCTCAATCCTAGCGAAGAATACTGTCAGTGGTTGTCTTTGCAGCCGCAAACATCTAAAC 

Mk52            GCCGCAATCCTAGCGAAGAATACTGTCAGTGGTTGTCTCCGCAGCCGCAAACATCTAAAC 

Mk53            GCCTCAATCCTAGCGAAGAATACTGTCAGTGGTTGTCTCCGCAGCCGCAAACATCTAAAC 

Mk49            GCCTCAATCCTAGCGAAGAATACTGTCAGTGGTTGTCTCCGCAGCCGCAAACATCTAAAC 

PleosPC15       GCCTCAATCCTAGCGAAGAATACTGTCAGTGGTTGTCTCCGCAGCCGCAAACATCTAAAC 

                *** **********************************  ******************** 

 

PleosPC9        ATACAAGTTTGCTTCATCACTTTGCGTCACTTGATTGGTTTCTCCGTTAGAAGGGACTGC 

Mk52            ATACAAGTTTGGCTCATCACTTTGCGTCGCTTGATTGGTTTCTCCGTTAGAAGGGACTGC 

Mk53            ATACAAGTTTGGCTCATCACTTTGCGTCGCTTGATTGGTTTCTCCGTTAGAAGGGACTGC 

Mk49            ATACAAGTTTGGCTCATCACTTTGCGTCGCTTGATTGGTTTCTCCGTTAGAAGGGACTGC 

PleosPC15       ATACAAGTTTGGCTCATCACTTTGCGTCGCTTGATTGGTTTCTCCGTTAGAAGGGACTGC 

                ***********  *************** ******************************* 

 

PleosPC9        GACCACTGCGGTAGCAAGGACGGCGGCCAGAATGACGGCCTTTGATTGAACCATATTTGC 

Mk52            GACCACTGCGGTGGCAAGGACGGCGGCCAGAATGACGGTCTTTGATTGAACCATATTTGC 

Mk53            GACCACTGCGGTGGCAAGGACGGCGGCCAGAATGACGGTCTTTGATTGAACCATATTTGC 

Mk49            GACCACTGCGGTGGCAAGGACGGCGGGCAGAATGACGGTCTTTGATTGAACCATATTTGC 

PleosPC15       GACCACTGCGGTGGCAAGGACGGCGGCCAGAATGACGGTCTTTGATTGAACCATATTTGC 

                ************ ************* *********** ********************* 

 

PleosPC9        AGAGTAGTAATAACTTCGATGACCGGCACCAGAAGTCGAATATGTGAGCTCAGCTGGAGA 

Mk52            AGAGTAGTAATAACTTCGATGACCGGCACCAGAAGTCGAATATGTGAGCTCAGCTGGAGA 

Mk53            AGAGTAGTAATAACTTCGATGACCGGCACCAGAAGTCGAATATGTGAGCTCAGCTGGAGA 

Mk49            AGAGTAGTAATAACTTCGATGACCGGCACCAGAAGTCGAATATGTGAGCTCAGCTGGAGA 

PleosPC15       AGAGTAGTAATAACTTCGATGACCGGCACCAGAAGTTGAATATGTGAGCTCAGCTGGAGA 

                ************************************ *********************** 

 

PleosPC9        ACAATGCATTATAGTCGCGATGTTATATACTGCGATTCCGCCAGTAACACCGTCGTTGAA 

Mk52            ACAATGCATTATAGTCGCGATGTTATATACTGCGATTCCGCCAGTAACACCGTCGTTGAA 

Mk53            ACAATGCATTATAGTCGCGATGTTATATACTGCGATTCCGCCAGTAACACCGTCGTTGAA 

Mk49            ACAATGCATTATAGTCGCGATGTTATATACTGCGATTCCGCCAGTAACACCGTCGTTGAA 

PleosPC15       ACAATGCATTATAGTCGCGATATTATATACTGCGATTCCGCCAGTAACACCGTTGTTGAA 

                ********************* ******************************* ****** 

 

PleosPC9        ACGTTGTAGCCCTTAGCGTGCACGCTGCACAAGTACCGCCATCGCCGGACTTGTTGCATG 

Mk52            ACGTTGTAGCCCTTAGCGTGCACGCTGCACAAGTACCGCCATCGCCGGACTTGTTGCATG 

Mk53            ACGTTGTAGCCCTTAGCGTGCACGCTGCACAAGTACCGCCATC--CGGACTTGTTGCATG 

Mk49            ACGTTGTAGCCCTTAGCGTGCACGCTGCACAAGTACCGCCATCGCCGGACTTGTTGCATG 

PleosPC15       ACGTTGTAGCCCTTAGTGTGCACGCTGCACAAGTACCGCCATCGCCGGACTTGTTGCACG 

                **************** **************************  ************* * 

 

PleosPC9        CCTTGGCATGGGGCGCACCACAGAGGCTGCATGGTCCTCGTCGGGTAGGAGCGGTGAGCA 

Mk52            CCTTGGCATGGGGCGCACCACAGAGGCTGCATGGTCCTCGTCGGGTAGGAGCGGTGAGCA 

Mk53            CCCTGGCATGGGGCGCACCACAGAGGCTGCATGGTCCTCGTCGGGTAGGAGCGGTGAGCA 

Mk49            CCTTGGCATGGGGCGCACCACAGAGGCTGCATGGTCCTCGTCGGGTAGGAGCGGTGAGCA 

PleosPC15       CCTTGGCATGGGGCGCACCACAGAGGCTGCATGGTCCTCGTCGGGTAGGAGCGGTGAGCA 

                ** ********************************************************* 
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PleosPC9        TGAACATTTCAAAAAAGCTCCCCATCGCTCCTGTTCGAGGA------------------- 

Mk52            TGAACATTTCAAAAAAGCTCCCCATCGCTCCTGTTCGAGGA------------------- 

Mk53            TGAACATTTCAAAAAAGCTCCCCATCGCTCCTGTTCGAGGA------------------- 

Mk49            TGAACATTCCAAAAAAGCTCCCCATCGCTCCTGTTCGAGGA------------------- 

PleosPC15       TGAACATTT--GAAAAGCTCCCCATCGCTCCTGTTCGAGGATCTATATTATCTATCTATC 

                ********    *****************************                    

 

PleosPC9        ------------------------------------------------------------ 

Mk52            ------------------------------------------------------------ 

Mk53            ------------------------------------------------------------ 

Mk49            ------------------------------------------------------------ 

PleosPC15       AATACATCGTGTGGGGGCCTTGCTTCCAGAGCAAGGACAAGTACCACAATATGCCCAACT 

                                                                             

 

PleosPC9        ------------------------------------------------------------ 

Mk52            ------------------------------------------------------------ 

Mk53            ------------------------------------------------------------ 

Mk49            ------------------------------------------------------------ 

PleosPC15       TTATATTCATGACCCAGCG/Helitron 3.9 Kb/GTACTCATATTCCACATAGTATGC 

                                                                             

 

PleosPC9        -------------------------------TTTGAATGAAATCCGACTCGAGCTCGCTG 

Mk52            -------------------------------TTTGAATGAAATCCGACTCGAGCTCGCTG 

Mk53            -------------------------------TTTGAATGAAATCCGACTCGAGCTCGCTG 

Mk49            -------------------------------TTTGAATGAAATCCGACTCGAGCTCGCTG 

PleosPC15       ATTCGTGACGAAGTCACGGGCCTGAAACTTGTTTGAATGAAATCCGACTCGAGCTCACTG 

                                               ************************* *** 

 

PleosPC9        AGTCTGAGCTCGCGTCGTGGCACGGTCACGTTCTTGCTTTCACAGGGCTGTCGGTGTCGG 

Mk52            AGTCTGAGCTCGCGTCGTGGCACGGTCACGTTCTTGCTTTCACAGGGCTGTCGGTGTCGG 

Mk53            AGTCTGAGCTCGCGTCGTGGCACGGTCACGTTCTTGCTTTCACAGGGCTGTCNGTGTCGG 

Mk49            AGTCTGAGCTCGCGTCGTGGCACGGTCACGTTCTTGCTTTCACAGGGCTGTCGGTGTCGG 

PleosPC15       AGACTGAGCTCGCGTCGTGCCACGGTCACGTTCTTGTTTTCACAGGGCTGTCGGTGTCGG 

                ** **************** **************** *************** *******     

 

PleosPC9        ACACCAAA-------CATTCATTACGCAGTCTAACA------CCAGAAATTCGCTGATTC 

Mk52            TCACCAAA-------CATTCATTACGCAGTCTAACA------CCAGAAATTCGCTGATTC 

Mk53            ACACCAAA-------CATTCATTACGCAGTCTAACA------CCAG--ATTCGCTGAT-C 

Mk49            ACACCAAA-------CATTCATTACGCAGTCTAACA------CCAGAAATTCGCTGATTC 

PleosPC15       ACACCAAAGATCCACCATTCATTACGCAGTCTAACACTCGCGCCAGAAATTCACTGAT-- 

                 *******       *********************      ****  **** *****   

 

PleosPC9        GGACAGCCTTTTAAGTCCCTATTCCAAGCTGTCGGCATCGATACGTCTATTGCGAAAACG 

Mk52            GGACAGCCTTTTAAGTCCCTATTCCAAGCTGTCGTCATCGATACGTCTATTGCGAAAACG 

Mk53            G--CAGCCCGTTAAGTCCCTATTCCAAGCTGTCGGCATCGATACGTCTATTGCGAAAACG 

Mk49            GGACAGCCTTTTAAGTCCCTATTCCAAGCTGTCGGCATCGATACGTCTATTGCGAAAACG 

PleosPC15       -------CTTTTAAGGCCCTATTCCAAGCCGTCGGCATCGATACGTCTATTGCAAAAACG 

                       *  ***** ************* **** ****************** ****** 

 

PleosPC9        AAGTAGCCGATCATGAACCCGACGCTCCGCGGAGTATTGTCATTGGACGGATGCTGGCCT 

Mk52            A-GTAGCCGATCATGAACCCGACGCTCCGCGGAGTATTGTCATTGGACGGATGCTGGCCT 

Mk53            AAGTAGCCGATCATGAACCCGACGCTCCGCGGAGTATTGTCATTGGACGGATGCTGGCCT 

Mk49            AAGTAGCCGATCATGAACCCGACGCTCCGCGGAGTATTGTCATTGGACGGATGCTGGCCT 

PleosPC15       AAGTAGCCGATCATGAACCCGACGCTCGGCGGAGTATTGTCATTGGACGGATGCTGGCCT 

                * ************************* ******************************** 
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Figure S6. DNA sequence alignment of gene conversion region 

Complete DNA sequence of gene conversion regions of chromosomes VI (A) and VIII (B) described 

respectively in 4 and 3 monokaryons. SNPs corresponding to PC15 and PC9 parental strains are indicated 

respectively in blue and red. HELPO2 insertions in PC15 sequence are identified by yellow colour. 

 

 
 
 
 
 
 

 

PleosPC9        GAATGTATGGGCCGAGATGAAAGGTATCCCGGCATGTTGTAATATCAATCGGTTAGAGAA 

Mk52            GAATGTATGGGCCGAGATGAAAGGTATCCCGGCATGTTGTAATATCAATCGGTTAGAGAA 

Mk53            -AATGTATGGGCCGAGATGAAAGGTATCCCGGCATGTTGTAATATCAATCGGTTAGAGAA 

Mk49            GAATGTATGGGCCGAGATGAAAGGTATCCCGGCATGTTGTAATATCAATCGGTTAGAGAA 

PleosPC15       GAATGTATGGGCCGAGAGGAAAGGTATCCCGGCATGTTGTAATATCAATCGGTTAGAGAA 

                 **************** ****************************************** 

 

PleosPC9        GCGCAGCAACGTAGGACGAGAGGAGACTGAGGGGAGAGGGCAGTGAGGACTCAGCGAAGG 

Mk52            GCGCAGCAACGTAGGACGAGAGGAGACTGAGGGGAGAGGGCAGTGAGGACTCAGCGAAGG 

Mk53            GCGCAGCAACGTAGGACGAGAGGAGACTGAGGGGAGAGGGCAGTGAGGACTCAGCGAAGG 

Mk49            GCGCAGCAACGTAGGACGAGAGGAGACTGAGGGGAGAGGGCAGTGAGGACTCAGCGAAGG 

PleosPC15       GCGCAGCAACGTAGGACGAGAGGAGACTGAGGGGAGAGGGCAGTGAGGACTCAGC----- 

                *******************************************************      

 

PleosPC9        CTGGGGCTTCCCCCACACATCGCGCCCGATTCCTTC-ACTTACGCTTTGGAATCAGCGCA 

Mk52            ------CTCCCCCCACACATCGCGCCCGATTCCTTCAACTTACGCTTTGGAATCAGCGCA 

Mk53            ------CTCCCCCCACACATCGCGCTCNATTCCTTCAACTTACGCTTTGGAATCAGCGCA 

Mk49            ------CTCCCCCCACACATCGCGCCCGATTCCTTCAACTTACGCTTTGGAATCAGCGCA 

PleosPC15       ------CTCCCCCCACACATCGCGCCCGATTCCTTCAACTTACGCTTTGGAATCAGCGCA 

                      ** **************** * ******** *********************** 

 

PleosPC9        GACGCGGGTTAGGACGACCATCACAATGTCCTCAACCTGGCTGCCAGAGGCACCTAGAGC 

Mk52            GACGCGGGTTAGGACGACCATCACAATGTCATTGACCTGGCTGCCAGAGGCACCTAGAGC 

Mk53            GACGCGGGTTAGGACGACCATCACAATGTCATTGACCTGGCTGCCAGAGGCACCTAGAGC 

Mk49            GACGCGGGTTAGGACGACCATCACAATGTCATTGACCTGGCTGCCAGAGGCACCTAGAGC 

PleosPC15       GACGCGGGTTAGGACGACCATCACAATGTCATTGACCTGGCTGCCAGAGGCACCTAGAGC 

                ****************************** *  ************************** 

 

PleosPC9        ---------------------------------------CAACATGGAAGACTGGAGTAC 

Mk52            ---------------------------------------CAATATGGAAGACTGGAGT-- 

Mk53            ---------------------------------------NNACATGGAAGACTGGAGTAC 

Mk49            ---------------------------------------CAACATGGAAGACTGGAGTAC 

PleosPC15       CATGTTCGGAACCCTACCACCTCGAAGCCAACGACACAACAACATGGAAGACTGGAGTAC 

                                                      * *************** 
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Introduction 
 
The extraordinary increase in genomic data released during the last decade has made it possible to begin 

unraveling the impact of transposable elements (TEs) on a wide range of eukaryotic genomes. TEs can 

interrupt genes, produce rearrangements and lead to illegitimate recombination events (Doolittle and 

Sapienza 1980). The majority of TEs are usually present as defective copies that have accumulated 

mutations and deletions, which ultimately inactivate their transposition potential. Under most 

circumstances, TEs accumulate in centromeric and pericentromeric regions where they play a crucial role 

in genomic architecture and heterochromatin maintenance (Fukui et al. 2001; Slotkin and Martienssen 

2007). Nevertheless, active transposons constitute a significant source of mutations that can lead to 

harmful effects in the host genome (McGinnis et al. 1983; Lonnig and Saedler 2002).  

Thus, most eukaryotes have evolved epigenetic defense mechanisms to limit TE expansion. More 

specifically, transcriptional and post-transcriptional gene silencing pathways (TGS and PTGS) have been 

described to suppress transposon activity in plants and animals (Klahre et al. 2002; Malone and Hannon 

2009). TGS operates through DNA methylation and histone modification, whereas PTGS is mediated by 

small RNAs and orchestrated by the RNA interference pathway (RNAi).  

In the fungal kingdom, insight into epigenetic silencing mechanisms have been mainly obtained from the 

filamentous ascomycete Neurospora crassa and are beginning to be documented in other lineages. 

Notably, the increasing study of epigenetic phenomena in filamentous fungi have shed more light on 

several pathways, referred to as ‘genome defense’, that appear to have evolved to limit the expansion of 

virus and repeated elements, such as TEs. By contrast, gene regulation by epigenetic modifications 

observed in plants and animals (Suzuki and Bird 2008; Law and Jacobsen 2010) during development is 

still poorly understood in fungi. In N. crassa, TGS and PTGS epigenetic pathways have been identified to 

inactivate transposons at the vegetative and sexual stages (Dang et al. 2014). Specifically, a repeat-

induced point mutation (RIP) operates during the sexual cycle to transcriptionally silence repetitive 

sequences through a homology-dependent manner. In Neurospora, it occurs during the sexual stage in 

haploid nuclei after fertilization but prior to meiotic DNA replication (Selker et al. 1987; Selker et al. 2003). 

This mechanism induces CG to AT hypermutations in these sequences during the sexual cycle, leading to 

their degeneration and silencing by DNA methylation. In fact, the resulting A/T-rich sequences are potent 

signals for subsequent de novo DNA methylation (Tamaru and Selker 2003).  
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A related mechanism, which is called methylation induced premeiotically (MIP), has been detected in 

Ascobolus immersus and displays similar hallmarks with RIP (Barry et al. 1993). Both mechanisms act to 

silence duplicated DNA, either by epigenetic (MIP) or a combination of epigenetic and mutagenic (RIP) 

marks. In filamentous fungi, DNA methylation, defined as the archetype of all epigenetics, has been 

described as a genome defense mechanism involved in the transcriptional repression of repeat sequences. 

Relevant discoveries of RIP and MIP mechanisms uncovered that in ascomycetes, transposons can be 

inactivated by DNA methylation linked to RIP mutations (Galagan and Selker 2004), whereas in 

basidiomycetes, this mechanism has been reported almost exclusively in members of the 

Pucciniomycotina (Horns et al. 2012) and in the ustilaginomycete Microbotrium violaceum (Johnson et al. 

2010). Distinct patterns of DNA methylation have been observed in many fungal lineages, while in others, 

this mechanism seems to be absent (Malagnac and Silar 2010; Zemach and Zilberman 2010). Most 

filamentous fungi possess an enzymatic system that selectively target the C5 of cytosines. However, recent 

studies uncovered adenine methylation (6mA) associated with transcriptionally active genes in early-

diverging fungal lineages (Mondo et al. 2017). Two distinct DNA methyltransferases (DMTs) have been 

delineated in filamentous fungi. DIM-2 in Neurospora (Kouzminova and Selker 2001) and its ortholog in A. 

immersus (Chernov et al. 1997) are responsible for DNA methylation and transcriptional silencing in 

vegetative cells. The second DMT (i.e., Masc1, which is found in A. immersus) is involved in development 

and premeiotically induced DNA methylation during the sexual stage (Malagnac et al. 1997). The ortholog 

RID in Neurospora is described for repeated-induced point (RIP) mutation during the sexual phase (Freitag 

et al. 2002) (Fig. 1).  

Comprehensive methylome analyses carried out in five fungi that belong to the Zygomycota, Ascomycota 

and Basidiomycota groups reported a marked preference for methylation in the CG sites placed within 

transposons and other repeated sequences in contrast to the weak methylation levels found in gene-coding 

regions10. Furthermore, a similar trend was recently reported in the plant-symbiotic ascomycete Tuber 

melanosporum (Montanini et al. 2014). Regarding PTGS of transposable elements, two RNAi mechanisms 

have been described in N. crassa: quelling (Romano and Macino 1992) (related to plant co-suppression) 

and MSUD (meiotic silencing by unpaired DNA) (Shiu et al. 2001).  Both mechanisms are based on the 

production of small RNAs and rely on the core components of the RNAi pathway. 
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Figure 1. Conserved domains of DNA methyltransferases from 12 fungi, 2 mammals, 5 invertebrates, and 

3 plants. DNA methylase domains are located on the N-terminal regions of each protein. Obtained from 

Liu et al. (2102). 

 

Quelling relies on the generation of small RNA that act in trans to degrade targeted mRNAs molecules, 

leading to the silencing of repetitive DNA sequences (i.e., transposons or multi-copy genes) during 

vegetative growth. In this process, aberrant DNA originates from repetitive sequences, or damaged 

ribosomal RNA is transcribed into aberrant DNA (aDNA) by an Argonaute protein (QDE-1). Subsequently, 

aRNA is cleaved into 25nt small interfering RNA (siRNA) by a Dicer-like protein (Chang et al. 2012). These 

siRNAs bind to a second Argonaute protein (QDE-2) to degrade the homologous coding RNA (mRNA) 

(Figure 2). The sexual RNAi pathway triggered by unpaired DNA during meiosis (MSUD) results from the 

lack of sequence pairing in homologous chromosomes (Hammond et al. 2013). It has been proposed as a 

defense mechanism against the insertion of repeated elements that can accumulate during vegetative 

growth and asexual propagation, to generate unpaired regions that are silenced during meiosis (Shiu et 

al. 2001). In this mechanism, the unpaired DNA is transcribed into aRNA, leading to the production of 

double-stranded RNA (dsRNA) produced by a RNA polymerase (SAD-1). A Dicer-like 1 protein processes 

the dsRNA, and the resulting small noncoding RNA (sRNAs) are loaded on an Argonaute protein (SMS-

2), which guides the silencing of homologous DNA sequences (Fig. 2).  
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Moreover, an RNAi-dependent mechanism has been recently discovered to silence transposable elements 

at the post-transcriptional level during sexual development (SIS, sex-induced silencing) in the 

basidiomycete Cryptococcus neoformans (Wang et al. 2010a). Similarly to quelling, SIS requires the 

presence of tandem arrays of the transgene sequence, and its efficiency correlates with the copy number 

of the transgene. Also, a significant portion of the sRNA population in C. neoformans originates from 

repetitive sequences and centromeric regions, supporting the role of the SIS mechanism in transposon 

control (Wang et al. 2010a). 

 

 
 

 

Figure 2 . RNAi pathways during sexual and vegetative stages in N. crassa. During meiosis  (left panel) 

unpaired DNA is detected and induce the production of aberrant RNA (aRNA). aRNA is converted into 

dsRNA by RNA polymerase proteins (SAD-1, SAD-2 and SAD-3). dsRNA is cleaved by DCL-1 into sRNAs 

and then loaded on the Argonaute complex (SMS-2) to execute gene silencing. During the vegetative stage 

(right panel), both repetitive sequences (quelling) and ribosomal DNA loci (qiRNA) are involved in the 

production of aRNAs. aRNA is converted into dsRNA and processed by either Dcl-1 or Dcl-2. sRNAs are 

loaded on the Argonaute Qde-2 and transported to the the target sequence. Adapted from Chen et al. 

(2012). 
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Although epigenetic mechanisms for TE control have been extensively described in ascomycetes, 

particularly in the fungal model N. crassa, only a few studies have aimed to analyze DNA methylation (Binz 

et al. 1998; Foulongne-Oriol et al. 2013) and RNAi interference mechanism (Mueth et al. 2015) in 

basidiomycetes. 

Beyond its biotechnological applications, the lignin-degrader Pleurotus ostreatus has gained relevance in 

genetic and genomics studies in recent years. The simple nature of its life cycle, the easy of cultivation 

under laboratory condition and the availability of an un-gapped telomere-to-telomere genome sequence 

makes P. ostreatus a good basidiomycete model. Recent comprehensive analyses carried out in our group 

completely characterized the landscape of transposable elements in two compatible monokaryotic strains 

of Pleurotus ostreatus (Castanera et al. 2016) (PC9 and PC15). This study uncovered the presence of 80 

TE families, which encompass 2.5 and 6.2 % of the total genome sizes of PC9 and PC15, respectively. 

Also, most TEs were aggregated in 40 non-homologous clusters spread across the 12 chromosomes. 

Moreover, it was observed that genes carrying upstream or downstream TE insertions display lower 

transcription levels than average, especially when the genes are enclosed in TE-rich clusters. Regarding 

the potential RNAi activity of P. ostreatus, preliminary data suggests the presence of the core RNAi 

machinery, which has been detected in silico by screening for Neurospora MSUD and quelling orthologous 

proteins (Borgognone et al. 2017). 

Using high-throughput sequencing, we describe the genome-wide epigenetic (DNA methylation and small 

RNAs) and transcriptional (mRNA) profiles of two compatible P. ostreatus monokaryons as well as 

dikaryons at different stages during fruitbody development. Our results support existing evidence of strain-

specific DNA methylation and small RNAs production primarily involved in the repression of transposons 

activity. Also, we provide direct evidence that the TE-associated gene silencing effect previously described 

by Castanera et al. (Castanera et al. 2016) is a consequence of the extension of DNA methylation from 

surrounding transposons. Finally, the comparative analysis of the transcriptomes at different stages of the 

P. ostreatus life cycle provides a better understanding of the genes and functions that might be involved 

in the triggering of primordia formation and fruit body development.  
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Materials and Methods 
 
Fungal strains and growth conditions  

Here, we used four Pleurotus ostreatus strains: PC9 (Spanish Type Culture Collection accession 

CECT20312), PC15 (CECT20312), N001 (CECT20600) and N001-HyB. PC9 and PC15 are two 

compatible monokaryotic protoclones obtained by de-dikaryotization of the N001 commercial strain in 

1999(Larraya et al. 1999). N001-HyB is a dikaryotic sub-clone regenerated ad hoc by mating PC9 and 

PC15 in 2015, which contains the same genetic complement as N001. All strains were cultured in 

Erlenmeyer flasks containing 200 ml of Malt Extract (ME, 20 gr/l) in the dark, at 24°C under orbital shaking 

(125 rpm). After 6 days the cultures were homogenized using an Omni mixer and used as inoculum (15 

ml) for Submerged Fermentation (SmF) and Solid-state Fermentation (SSF) cultures. Submerged 

fermentation (SmF) was carried out in Erlenmeyer flasks containing 135 ml of liquid Malt Extract medium 

and maintained in the dark for 7 days at 24ºC. Solid-state fermentation was carried out in polycarbonate 

Magenta boxes containing 15 g of the total dry substrate (88% sawdust, 10% millet and 2% CaCO3) and 

adjusted to an 80% water content. A total of six samples representing the main stages of the P. ostreatus 

life cycle were obtained for further analysis:  i) vegetative mycelium in SmF (PC9 and PC15); ii) mycelium 

under fruiting induction in SSF (M_N001 and N001-HyB); iii) primordia (P_N001); and iv)and mature 

fruitbodies (F_N001) (Fig. 3). To induce fruiting conditions, completely colonized SSF cultures were 

maintained at 18 °C under a light/dark photoperiod of 12 h until fruit-body formation (~ 15 days). Three 

biological replicates per condition were sampled, pooled and frozen in liquid nitrogen. Pooled samples 

were ground in a sterile mortar in the presence of liquid nitrogen before nucleic acids extraction.  

 

Construction and sequencing of whole genome bisulfite libraries  

Global DNA methylation levels were estimated by performing sodium bisulfite treatment, based on the 

chemical conversion of unmethylated cytosines(Frommer et al. 1992), followed by high-throughput 

sequencing (BS-seq). To generate BS-seq libraries, genomic DNA (gDNA) from the fungal samples was 

extracted using an E.Z.N.A Fungal DNA Mini Kit (Omega Bio-Tek, Norcross, GA). After additional RNase 

A treatment (10 mg/ml for 60 min at 37°C), gDNA was purified using phenol: chloroform solution (3:1), 

precipitated overnight with ethanol (2:1) and the pellet resuspended in nuclease-free water. For additional 

purification after extraction, gDNA was treated with the Genomic DNA Clean & Concentrator Kit (Zymo 

Research, Irvine, CA).  



   Chapter III         

Epigenetic and transcriptomic profiles throughout the life cycle of Pleurotus ostreatus 

104 

 

The concentrations were quantified using a Qubit® 2.0 fluorometer (Life Technology, Carlsbad, CA) and 

total gDNA was fragmented with a Covaris S-2 ultrasonicator to obtain fragments spanning from 150 to 

300 bp size range. Library preparation was performed using the Illumina TruSeq DNA Sample Prep (Feng 

et al. 2011) according to the manufacturer’s instruction. 

 

 

 

Figure 3.  Summary of the samples used in this study, which represent the life cycle stages of P. ostreatus. 

PC15 and PC9 represent two monokaryotic strains that fuse to generate ad hoc the dikaryon N001-HyB. 

Given its inability to fructify, N001-HyB is examined exclusively at the mycelium stage. The N001 dikaryotic 

strain, bearing both PC15 and PC9 haploid nuclei and maintained under continuing subculturing during 

several years, is analyzed under different fruiting conditions (mycelium M_N001, primordium P_N001, and 

fruitbodies F_N001). N001-HyB and N001 harbor the same genetic complement although they show 

different fruiting ability. 

 

Bisulfite conversion was carried out with the EpiTect Kit (QIAGEN) and two consecutive rounds of 

conversion for a total of 10 h were performed according to the following program: denaturation at 98°C for 

2 min; 12 cycles of 98°C for 15 s, 60°C for 30 s, 72°C for 30 s; and final extension at 72°C for 5 min. All 

libraries obtained after bisulfite treatment were sequenced by an Illumina HiSeq2000 system (Illumina, San 

Diego, CA, USA) using 100 bp single-end reads. 
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Preparation of mRNA and small RNAs sequencing libraries 

Total RNA isolation for mRNA (mRNA-seq) and small RNA (sRNA-seq) sequencing was performed using 

a Fungal RNA E.Z.N.A Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s 

guidelines. The integrity and quantity of RNA were validated by Bioanalyzer (version 2100) and Qubit® 2.0 

fluorometer. mRNA-seq libraries were prepared using the TruSeq RNA Sample Prep Kit (Illumina) following 

the manufacturer’s instruction. Total RNA was used for isolation of poly(A)-carrying mRNA molecules and 

synthesis of double-stranded cDNA before adapters ligations.  For sRNA libraries, small RNAs molecules 

were resolved by electrophoresis on a 6% (w/v) polyacrylamide gel and the fraction corresponding to < 

200 nt in length was eluted from the gel. Adapter-ligated molecules were reverse transcribed and enriched 

by PCR. The final libraries were quantified by real-time PCR in LightCycler 480 (Roche) and sequenced 

with an Illumina HiSeq 2000 system using 100 bp paired-end reads.  

 

P. ostreatus reference genome 

Reads from all libraries were mapped to the P. ostreatus reference genome (PC15 v2.0, 

www.genome.jgi.doe.gov/PleosPC15_2/PleosPC15_2.home.html). The PC15 v2.0 reference genome is 

completely assembled in twelve scaffolds (34.3 Mb genome size) corresponding to the eleven nuclear plus 

one mitochondrial chromosomes, as previously reported for the P. ostreatus karyotype(Larraya et al. 

1999).  In total, 12,330 genes have been annotated in this genome(Riley et al. 2014).  

 

Bisulfite sequencing analysis  

Raw reads from bisulfite treatment were checked for quality using FastQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/) and aligned to the reference genome using the BS-

Seeker2 pipeline(Guo et al. 2013). DNA methylation content was estimated at each cytosine level as a 

relative value of methylated cytosines (5mC) to unconverted (5mC) and converted (C→T) cytosines after 

bisulfite modification. Default parameters of the whole-genome bisulfite alignment pipeline were 

unchanged, except for using Bowtie2(Langmead and Salzberg 2012) as aligner and allowing unique 

alignments. For the following analyses, we only considered cytosines covered by at least four reads. 

Pairwise comparison to detect differentially methylated regions (DMR) was performed by using Metilene 

software(Jühling et al. 2016), setting 200 bp as the minimum window size, p-value < 0.05 and 50% 

minimum mean methylation difference for calling DMR. 

 

http://www.genome.jgi.doe.gov/PleosPC15_2/PleosPC15_2.home.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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mRNA-seq analysis  

RNA-seq data were filtered for quality using FastQC and trimmed with Trimmomatic(Bolger et al. 2014) to 

remove sequences of adapters and low quality reads. The resulting reads were aligned to the reference 

genome assembly using STAR v2.3.1(Dobin et al. 2013) restricted to single hit mapping using the following 

parameters: --outReadsUnmapped Fastx --outFilterMismatchNoverLmax 0.04 --outFilterMultimapNmax 1. 

Expression levels were quantified using python script rpkmforgenes.py 

(www.sandberg.cmb.ki.se/media/data/rnaseq/rpkmforgenes.py) to calculate values of reads per kilobase 

of transcript per million mapped reads (RPKM).  

 

sRNA-seq analysis  

Small RNA (sRNA) raw reads were first processed to trim the adapters sequence(Bolger et al. 2014), 

remove polyA tails and filter by size (17 to 30 nt) using Trimmomatic and Prinseq(Schmieder and Edwards 

2011) software. Reads mapping to a custom database of ribosomal RNA (rRNA) and transfer RNA (tRNA) 

were also removed. The remaining sRNA reads were mapped to the reference genome using Butter 0.3.2, 

a variant of Bowtie optimized for small RNA included in the ShortStack package(Axtell 2013). This program 

uses iterative read assignment, and reads with multiple possible alignments were mapped to a single best 

location. The program was run using the parameters: --mismatches 1 --bam2wig combined. 

After mapping, sRNA reads were overlapped to features listed in TE and gene annotation datasets. 

 

Differential genes expression analysis  

Differentially expressed gene (DEG) analyses were performed using the EdgeR Bioconductor 

package(Robinson et al. 2010) and a dispersion parameter of 0.1. Based on gene counts, we considered 

a p-value < 0.01 and log2 (foldchange) > 3 as cutoffs for statistical significance. A heat map plot combined 

with hierarchical clustering was constructed with all DEG. Clusters of co-expressed genes were trimmed 

using the define_clusters_by_cutting_tree.pl tool of the TRINITY package (Grabherr et al. 2011) using 55 

as the cutoff value. Gene ontology (GO) enrichment analysis of DEGs was performed using GOATOOLS 

software(Tang et al.). A false discovery rate (FDR) adjusted, Fisher’s exact test p-value of 0.05 was used 

to identify significantly enriched ontologies. 

 

 

 

http://www.sandberg.cmb.ki.se/media/data/rnaseq/rpkmforgenes.py
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Whole genome alignment  

The draft genome assembly of P. ostreatus PC9 was aligned to the reference PC15 v2.0 genome to 

determine the overall nucleotide sequence identity and determine the unique regions of both genomes. 

PC9_V1.0 (35.6 Mb) is assembled in 572 scaffolds accounting for a total of 476 gaps covering 9.72 % of 

the assembly length. Unmasked assemblies were obtained from the MycoCosm browser 

(www.genome.jgi.doe.gov) and aligned using the NUCmer script from the MUMmer package 3.0(Kurtz et 

al. 2004). NUCmer was selected to align highly conserved genome assemblies and delta-filter parameter 

applied to assign the optimal placement avoiding alignments to each repeat location.  

 

General manipulation of sequencing data 

Conversion between data formats and manipulation of BS-seq, RNAseq, and sRNAseq datasets was 

carried out with BEDTools (Quinlan and Hall 2010), SAMtools (Li et al. 2009), and custom Python scripts. 

All of the results generated after mapping to genomic features (methylation levels, RNAseq counts, and 

sRNAseq counts) have been used for subsequent analysis.  

 

 

 

 

 

 

 

 

 

 

  

http://www.genome.jgi.doe.gov/
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Results 
 

DNA methylation and sRNA profiles during P. ostreatus’ life cycle 

Whole-genome bisulfite sequencing (BS-seq) was carried out in six representative samples of the P. 

ostreatus life cycle to investigate the profile of 5-cytosine DNA methylation.  Sequencing of BS-seq libraries 

yielded an average of 60 ± 10 million total reads per sample. Reads were aligned to the PC15 v2.0 

reference genome, obtaining coverages ranging from 77 to 162X (Supplementary Table S1 A).  Cytosine 

methylation was clearly predominant in the CpG context in all samples (5.0 ± 1.8% in CpG vs. 0.5 ± 0.1% 

in CHG and 0.7 ± 0.1% in CHH, Fig. 4A and Supplementary Table S1 B), and hereafter, we focus only on 

such context. The global methylation levels ranged from 2.4 to 6.7% of the total cytosines. P. ostreatus 

showed the lowest methylation levels in the monokaryotic stage, although the two strains tested showed 

differences between them (2.4% in PC15 vs. 4.4% in PC9 respectively). Interestingly, we found that the 

reconstructed N001-HyB dikaryotic strain (obtained by mating PC15 and PC9 protoclones) exhibited 

methylation levels substantially lower than the “natural” N001 dikaryotic strain (4.56 vs. 6.70%).  

Also, N001-HyB displayed global methylation levels similar to the dominant PC9 profile, and this rate was 

even higher in N001 mycelium (M_N001), primordium (P_N001) and fruitbody (F_N001) samples, which 

displayed nearly identical levels (Fig. 4A). The distribution of 5-methylcytosines (5mC) was analyzed in 

two different genomic contexts: genes and transposable elements. The results uncovered impressive 

differences between these two features. Genes showed patterns of hypomethylation, with average 

methylation levels ranging from 2 to 5%. By contrast, TEs were heavily methylated, with levels ranging 

from 20 to 60% (Fig. 4B). We also observed sharp 5mC increments in the adjacent regions to both initial 

and terminal TE insertion sites, reaching the maximum methylation levels along the whole transposon 

body. By contrast, this trend was absent in protein-coding genes.  

Regarding the difference between samples, the methylation levels of N001 were the highest and showed 

no variation during fruitbody development, neither within genes nor in TEs. Interestingly, methylation of 

N001-HyB across gene bodies and TEs was consistently lower than that of N001, and methylation levels 

of TEs showed a clear PC15-like profile (dominance of PC15 nuclei, low methylation). The genome-wide 

production of small RNAs was investigated in the same six samples by sRNA sequencing. We detected 

very important differences in the amount of sRNA reads per strain. After quality filtering, removal of rRNA 

and tRNA reads and size filtering, PC9 strain accounted for the highest number of sRNA reads (14.2 

million) and PC15 for the lowest (1.5 million).  
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The dikaryotic strains N001-HyB and N001 displayed intermediate values, independently of the 

developmental stage (Supplementary Table S2). Most of the small RNAs originated from non-annotated 

genomic features, likely corresponding to heterochromatin regions (Fig. 4C). The amount of repeat-

associated small interfering RNA (rasiRNA) varied between the six samples, ranging from 1.9% to 18.0 % 

of the total mapped reads, whereas the percentage of sRNAs mapping to genes ranged from 11.9 to 

38.2%. The population of small RNAs was further characterized by analyzing the length distribution. A 

sharp peak was found at 21-22 nt in all strains and samples except PC15 (Fig. 4D and Supplementary 

Figure S1), which showed a mild descending profile from 17 to 30 nt.  

 

 

 

 

Figure 4. Global DNA methylation and small RNAs profiles within the six samples.  (A) Average 

methylation levels of the CG, CHG and CHH contexts. (B) Metaplots showing DNA methylation across 

adjacent regions, genes and transposons body. (C) Distribution of sRNA total reads in transposons (TEs), 

genes (Genes) and heterochromatin regions (Others). (D) Line chart displaying the relative abundance of 

total sRNAs mapped reads ranging from 17 to 30-nt in length. 
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Genome-wide transcriptional profiles during P. ostreatus development 

In addition to 5-cytosine DNA methylation and small RNA profiles, we performed mRNA-seq on the same 

six samples to analyze gene expression changes during P. ostreatus development. An average of 

25.3±2.12 million of uniquely aligned reads per sample (Supplementary Table S4) was used to calculate 

the transcriptional levels of all non-TE genes (genes overlapping with TEs were excluded) and perform 

differential expression analyses. We performed all-by-all sample comparisons and found that 3,596 out of 

the 11,828 genes were differentially expressed in the conditions analyzed (DGE, Table 1).  

The biggest differences were found between the two monokaryotic strains PC9 and PC15 (1,393 DEGs), 

and the smallest between primordia (P_N001) and fruitbody (F_N001) samples of N001 (57 DEGs). To 

analyze the expression trends of DEGs under the six conditions, we performed a hierarchical clustering of 

the 3,596 genes.  Two main clades were obtained in the sample dimension (horizontal axis, Fig. 5A): one 

formed by the PC15 and N001-HyB strains and the other by the PC9 and three N001 growing stages. In 

the gene dimension, we identified a total of eleven clusters of co-expression, consisting of variable 

numbers of genes (vertical axis, Fig. 5A). Three of the eleven clusters were further analyzed due to their 

relevance for the study of fruitbody development (Cluster 1 and Cluster 2) and the role of dominance in 

the expression profiles of the dikaryotic stage. Specifically, the expression of genes belonging to Cluster 1 

(283 genes) increased in the N001 strain exclusively at primordium and fruitbody stages (Fig. 5A). Genes 

of Cluster 2 (113 genes) were highly expressed at all developmental stages of N001 (mycelium in fruiting 

induction, primordium, and fruitbody). Notably, the genes of this cluster had lower expression levels in the 

fruiting-impaired N001-HyB strain. As an opposite trend, the expression of genes in Cluster 11 (240 genes) 

was upregulated in PC15 and N001-HyB, whereas their expression decreased significantly in PC9 and 

N001, regardless of the growing stage.  

  

Table 1. Differentially expressed genes in six strains at different growing stages of P. ostreatus. 

 F_N001 N001-HyB M_N001 PC15 PC9 P_N001 

F_N001 0 1190 754 1380 1320 57 

N001-HyB 1190 0 752 753 1054 915 

M_N001 754 752 0 1322 992 375 

PC15 1380 753 1322 0 1393 1243 

PC9 1320 1054 992 1393 0 1054 

P_N001 57 915 375 1243 1054 0 
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To better understand the link between transcription and DNA methylation in the different stages of P. 

ostreatus development, we represented the average methylation and expression levels of genes belonging 

to Clusters 1, 2, and 11 (Fig. 5B).  Genes belonging to Cluster 1 and Cluster 2 showed a complete lack of 

methylation. Notably, genes included in Cluster 11 showed high methylation levels in PC9 and N001 (up 

to 60% average methylation level for N001 at mycelium, primordium, and fruitbody stages). Moreover, this 

hypermethylation pattern coincided with a low expression in the two strains. Further analysis of the genes 

in this cluster showed that 32% of the genes belonging to Cluster 11 were present inside the TE-rich  

regions defined by Castanera et al (Castanera et al. 2016). In contrast, this percentage decreased to 8 

and 22% in Clusters 1 and 2, respectively (Supplementary Figure S2). Next, we retrieved the functional 

annotation of all DEG genes and performed Gene Ontology (GO) enrichment, focusing on genes of clusters 

1, 2 and 11. This approach revealed molecular functions (MF), biological processes (BP) and cellular 

components (CC) significantly over-represented in the mentioned clusters (Supplementary Dataset Tables 

S4). Specifically, the most enriched functions of Cluster 1 (fruitbody induced genes) were monooxygenase 

activity (MF), lipid biosynthetic process (BP), and septin complex (CC). In Cluster 2 (genes upregulated 

under fruiting induction conditions and in the fruitbody), the most enriched functions were hydrolase activity 

(MF), carbohydrate metabolic process (BP), and lysosome (CC). Interestingly, other significantly enriched 

biological processes were fruiting body development and multicellular organism development (Table 2). 

Only one molecular function (1-aminocyclopropane-1-carboxylate oxidase activity) was found to be 

enriched in Cluster 11. 

 

 

 

 

 

 

 

 

 

 

 

 



   Chapter III         

Epigenetic and transcriptomic profiles throughout the life cycle of Pleurotus ostreatus 

113 

 

Table 2. Biological processes enriched in co-expression clusters upregulated in during fruitbody 

development. 

 GO GO description GO / cluster GO /genome p-value* 

C
lu

s
te

r 
1
 

GO:0008610 lipid biosynthetic process 3/283 5/11828 0.001 

GO:0006334 nucleosome assembly 5/283 22/11828 0.001 

GO:0055114 oxidation-reduction process 18/283 349/11828 0.009 

GO:0007049 cell cycle 3/283 11/11828 0.009 

GO:0006108 malate metabolic process 2/283 6/11828 0.027 

GO:0006032 chitin catabolic process 2/283 8/11828 0.027 

GO:0006839 mitochondrial transport 1/283 1/11828 0.027 

GO:0000087 mitotic M phase 1/283 1/11828 0.027 

GO:0009186 
deoxyribonucleoside diphosphate 

metabolic process 
1/283 2/11828 0.045 

C
lu

s
te

r 
2
 

GO:0005975 carbohydrate metabolic process 8/113 199/11828 0.016 

GO:0006032 chitin catabolic process 2/113 8/11828 0.019 

GO:0030582 fruiting body development 1/113 1/11828 0.027 

GO:0019836 
hemolysis by symbiont of host 

erythrocytes 
1/113 1/11828 0.027 

GO:0006468 protein phosphorylation 7/113 287/11828 0.033 

GO:0006665 sphingolipid metabolic process 1/113 2/11828 0.033 

GO:0007275 multicellular organism development 1/113 2/11828 0.033 

GO:0007040 lysosome organization 1/113 2/11828 0.033 

GO:0009168 
purine ribonucleoside monophosphate 

biosynthetic process 
1/113 4/11828 0.040 

GO:0006508 proteolysis 6/113 272/11828 0.041 

 
*FDR-corrected p value 

 

These data also provided of evidence of the different transcriptional profiles between the natural N001 

(M_N001) and the regenerated N001-HyB, harboring the same genetic complement (PC9 and PC15 

nuclei). Looking closer, we found that a total of 752 genes were differentially transcribed between these 

two strains. In particular, the comparison displayed that 522 genes were upregulated in the N001-Hyb and 

230 in M_N001 strain (Supplementary Figure S3). To explore the functional annotation of these genes, we 

performed GO enrichment analysis between these two dikaryotic strains. Not surprisingly, the subset of 

enriched functions revealed that biological process (BP) involved in fruitbody development was exclusively 

represented in M_N001 strain (Supplementary Dataset Tables S5).  
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Figure 5. Hierarchical clustering of differentially expressed genes. (A) Heatmap plot illustrating 

differentially expressed genes (3,596 genes). Eleven main clusters are shown indicating the expression 

profile among samples (x-axis) and genes (y-axis). Gene expression levels from lower (violet) to higher  

(yellow) are indicated. Clusters 1, 2, and 11 are labeled for subsequent analysis. (B) Expression (left  

panels) and methylation (right panels) profiles of genes included in Clusters 1, 2 and 11.  

 

 

Different nucleus-specific methylation profiles operate in the P. ostreatus dikaryotic stage 

In the previous sections we have shown how the dikaryotic mycelium of the natural N001 strain 

(represented here by M_N001 sample) and the ad hoc generated (N001-HyB) sample displayed different 

methylation profiles under identical conditions, although they share the same genetic complement.  

Thus, we considered the possibility of an equal contribution of each monokaryotic nucleus to the dikaryons.  

To test this hypothesis, we mapped BS-seq data to a new set of pseudo-genomes consisting of the 

nucleus-specific regions concatenated with the common regions sharing a similarity lower than 90% (one 

unique pseudo-genome for PC15 and another for PC9). To build this reference sequences set, we 

performed a whole genome alignment between PC15 and PC9 using the NUCmer software. The direct 

pairwise comparison revealed an average of 97.2 % similarity in the aligned regions, which spanned 87.3 % 

of PC15 assembly and 83.2% of PC9. Afterward, we determined the nucleus-specific methylation levels of 

M_N001 and N001-HyB using BS-Seeker2 and the unique reference genomes. We observed similar 

mappability rates between the M_N001 and N001-HyB strains when aligned to each reference genome.  
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Interestingly, when we looked at the global DNA methylation, we found that each nucleus contributed 

differentially in the two dikaryotic strains (Table 3). In fact, while genomic regions deriving from the PC9 

nucleus exhibited comparable methylation levels in both the natural and ad hoc dikaryons (coefficient of 

variation of 13.6%), differences in regions associated with the PC15 nucleus were higher (CV of 37.7%). 

Specifically, methylation of the PC15 nuclei in N001-HyB was considerably lower than in M_N001 (19.22 

vs. 35.12%), where the methylation levels of both nuclei in M_N001 were similar. 

 

Table 3. Summary of BS-seq mapping to PC15 and PC9 unique pseudo-genomes. 

Dikaryon HyB M_N001 

Reference genome PC15-unique PC9-unique PC15-unique PC9-unique 

Total raw reads 63,410,889 63,410,889 54,031,681 54,031,681 

Mapped reads 4,181,804 2,108,525 3,259,529 1,937,413 

Mappability (%) 6.6 3.3 6.0 3.6 

Coverage (X) 83.9 72.8 74.3 72.2 

mCG (%) 19.22 32.92 35.12 39.93 

 

 

Given the nucleus-specific methylation profiles found in N001-HyB and M_N001, we sought to identify 

genomic regions showing significant differential methylation between these two strains. Using Metilene 

software, we detected a total of 439 differentially methylated regions (DMR), mainly extending for < 500 

bp length size (Supplementary Figure S4 A). Among the resulting DMR, 426 were significantly 

hypermethylated in M_N001, whereas only 13 were found in N001-HyB (Supplementary Figure S4 B). 

 

DNA methylation, small RNA production and transcriptome landscape in P. ostreatus  

The overall distribution and levels of DNA methylation, mRNA and sRNAs production was analyzed along 

the twelve P. ostreatus chromosomes using the dikaryotic N001 strain (sample M_N001) as a reference. 

We noticed that DNA methylation and sRNAs production were tightly associated with TE-rich clusters 

spread in the genome, where the transcriptional activity displayed dramatic depletion (Fig. 6A and 6B). 

Moreover, we found that the levels of methylation and sRNA production varied between chromosomes. As 

an example, the mitochondrial genome (chromosome 12) was almost entirely targeted by methylation, 

whereas within the nuclear chromosomes the distribution of 5mc and sRNA varied regionally. In light of 

these data, we sought to analyze the correlation of methylation levels with mRNA and sRNA expression in  
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the whole genome. For this purpose, the genome was divided into 200 bp windows.   

Windows were split into three groups according to their methylation levels (Group I: 0-20 %, Group II: 20-

60% and Group III: > 60%), and plotted with their corresponding sRNA and mRNA transcriptional levels. 

As shown in Figure 6C, DNA methylation exhibited an inverse association with mRNA expression. 

Although the strongest repression was found in windows with more than 60% average methylation, the 

sharpest decrease in expression was found to occur when methylation exceeded 20%. Regarding DNA 

methylation and sRNAs expression, the two epigenetic marks were positively correlated (Fig. 6D). 

Moreover, we noticed that 95% of the production of sRNAs derived exclusively from 3.3% of the whole 

genome. 

 

Repeat-associated DNA methylation, expression, and smallRNA profiles 

A clearly opposite trend was observed in transcription and methylation levels between genes (high 

transcription with low methylation) and transposable elements (low transcription with high methylation) 

(Fig. 7A and 7B). Within the different TE orders, TIR, LTR, and DIRS were the most heavily methylated 

and showed the lowest expression.  Helitron and LINE elements showed slightly lower methylation and 

higher expression values. This general trend was maintained in all samples and strains, although PC15 

showed important differences in TE methylation and their associated transcriptional levels. Specifically, 

PC15 showed the lowest 5mC rate in all TE orders, which at the same time showed the highest expression 

ratios. We performed a deeper analysis accounting for the 80 TE families present in P. ostreatus and found 

that PC15 TE families were consistently hypomethylated compared to the other strains (Fig. 7C). 

Hierarchical clustering of TE methylation and expression grouped the six samples into the same two groups 

(Fig. 7C, Supplementary Figure S5) A): i) PC15 with N001-HyB and ii) PC9 with the three N001 growing 

stages.  

The most invasive TE families (Gypsy_1, Gypsy_2, Gypsy_3, Gypsy_4 and Gypsy_5) were strongly 

methylated (27 to 57% on average) and transcriptionally repressed. Nevertheless, other less abundant 

families, such as TIR_1, showed higher methylation levels (34 to 63%) and a complete repression. Next, 

we analyzed the production of sRNAs by genes, TE orders, and families in the context of the previously 

described methylation and transcriptional levels. 
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Figure 6. Global association of CpG methylation, mRNA and sRNAs expression in the M_N001 

strain. Circular genome and data visualization with Circos plot were performed using a multi-mapping 

strategy for BS-seq, mRNA-seq and sRNA-seq reads (A). From inside to out: mRNA expression (yellow 

bars), small RNA production (purple bars) and DNA methylation (light blue bars). The outer track report 

transposable elements (dark violet bands). The presence of TE-rich clusters is indicated by blue asterisks. 

(B) Integrative genomics viewer (IGV) browser visualization of a 260kb region in scaffold 2 (location: 

210,736–472,880 bp). Plotted from top to bottom are: transposable elements annotation, DNA methylation, 

sRNAs and mRNA transcription (logarithmic scale), and gene annotation. Boxplots showing the correlation 

of DNA methylation with mRNA (C) and sRNAs (D) transcription. Each boxplot represents the genome 

windows (200 bp) grouped for their methylation levels (0–20%, 20–60%, and 60–100%) and plotted for the 

corresponding term. 
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The amount of sRNAs per element (i.e., gene or TE) was higher in TEs than in genes (Fig. 7D), although 

it varied greatly depending on the strain and TE order. Similarly to that found in methylation levels, PC15 

showed a much lower production of sRNAs than the other strains, with the only exception in LTR/Copia 

elements. sRNAs were abundantly produced by TIR transposons, reaching average levels up to ~7,000 

RPM/copy in the PC9 strain. LTRs in the Gypsy superfamily and Helitrons also showed high sRNAs 

production, especially in PC9 and N001-HyB strains, and the remaining orders showed low amounts of 

mapped sRNAs. Considering the absolute numbers of sRNAs mapping to TEs (rasiRNAs), Gypsy and 

Copia retroelements and TIR elements were the main sources, although we observed great differences 

between families (Supplementary Figure S5 B).  

We tested whether the production of rasiRNAs by the TE family was related to i) size (copy number) or ii) 

age (divergence between TE copies and family consensus). Despite detecting differences between strains, 

we found that the TE families containing more than ten copies tend to show the highest rasiRNAs 

expression (Supplementary Figure S6 A). This effect was especially relevant in proficient sRNAs-producing  

samples, such as PC9, where rasiRNA abundance (RPM/copy) was positively correlated with family copy 

number (Pearson correlation coefficient = 0.47, p-value = 1.853-5) (Fig. 8A). To explore the relationship 

between rasiRNAs production and family age, we correlated rasiRNAs data to the average divergence 

rate, which increases linearly with family age (Supplementary Fig S6 B). Using PC9 as a reference, we 

found that the average family divergence and rasiRNAs expression were negatively correlated (Pearson 

correlation coefficient= -0.28, p-value = 0.01407) (Fig. 8B).  
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Figure 7. DNA methylation, transcriptome and sRNAs expression over annotated genomic features. 

Histograms showing average methylation levels (A), mRNA transcription (B) and sRNA production (C) 

overlapping with genes and TE orders belonging to Class I and Class II. In (C), the y-axis is reported at 

different scale respectively linear in the lower part and logarithmic in the upper part. Percentage values 

below each order term indicate the relative occupancy in the total P. ostreatus TEs landscape. (D) 

Hierarchical clustering reporting DNA methylation levels within 80 TE families. Blue and yellow colors 

indicated high and low values respectively, expressed as mCG (%). An absence of TE families is displayed 

with white rectangles.  
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Figure 8. Association of transposons size and age with rasiRNA production.  

Line charts showing the correlation of sRNAs production with copy number (A) and divergence rate (B) in 

80 TE families in the PC9 strain. The coefficient of determinations is reported on the top right of each 

graph. 

 

Role of epigenetic modifications on TE-mediated gene silencing 

As discussed above, transposable elements represent the primary target of cytosine methylation in P. 

ostreatus. Results of our previous investigations demonstrated that TE insertions lead to a significant 

reduction of the expression levels of surrounding genes within 1 kb (Castanera et al. 2016). Also, we found 

that this TE-mediated gene silencing effect was stronger when genes were located inside any of the 40 TE 

clusters described in P. ostreatus. We explored the possibility that this phenomenon had an epigenetic 

explanation. In particular, we tested the hypothesis that methylation could spread outside TE boundaries 

reaching the surrounding genes and blocking their transcription. Therefore, we compared the methylation  

and expression levels of genes surrounded by transposons (Fig. 9) (within a window of 1 kb, either 

upstream or downstream, Group I, labeled as +TE) and genes not surrounded by TEs (Group II, labeled 

as Ctl). Additionally, to uncover the impact of TE clusters on this phenomenon, we split the first group of 

genes in two contexts: i) genes located inside a TE cluster (cluster) and ii) genes located outside TE 

clusters (isolated). As shown in Figures 9A and 9B using N001_HyB and M_N001 strains as a model, 

genes carrying a TE insertion displayed higher methylation levels than the control groups (p < 0.05).  
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In the case of genes in TE cluster (Fig. 9B), we found a bimodal distribution of methylation, with 

approximately half of the genes showing high 5mC levels (up to 40% in N001-HyB and 70% in M_N001). 

Regarding transcriptional profiles (Fig. 9C and 9D), genes surrounded by TEs showed lower expression 

than controls (p < 0.05), especially genes present inside a TE cluster (Fig. 9D). This phenomenon was 

present in the six strains, although with different intensities (Supplementary Figure S7 A-D and 

Supplementary Dataset Tables S6). Specifically, TE-mediated gene silencing was much stronger in the 

PC9 monokaryon than in PC15 monokaryon. Regarding the N001 dikaryotic strain, the three growing 

stages showed similar methylation and transcriptional profiles, being close to the PC9 profile. By contrast, 

N001-HyB exhibited intermediate methylation and a transcriptional state somewhere between the PC9 and 

PC15 parental strains. Furthermore, we analyzed the distribution of sRNA in genes grouped into the 

contexts described above. Notably, no significant differences, regarding sRNAs productions, were found 

among genes surrounded by a TE and the group control (Supplementary Figure S7 E and F).  

 

 

 

Figure 9. Influence of TE-associated methylation on nearby gene transcription. Violin plots showing 

methylation (A and B) and transcription (C and D) levels of genes in N001-HyB and M_N001 dikaryotic  

strains. Genes are classified as surrounded (+TE) or not surrounded (Ctl) by a transposon within a 1 kb- 

window (either upstream or downstream). Isolated (A and C) and Cluster (B and D) contexts indicate genes 

located outside and inside TE-rich clusters, respectively. White dot inside each plot represents the median. 

Below each violin plot, n represents the number of genes, and p represents the p-value of the Mann-

Whitney-Wilcoxon test. 
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Next, we studied the distribution of methylation across the gene body and regions adjacent to the TSS 

(transcription start site) and TTS (transcription termination site). The aim was to understand if the 

methylation extension was spreading from the TE to the whole gene body or only to the promoter sequence 

in both contexts (TE cluster or isolated TE). We found that the methylation levels mildly decreased from 

the adjacent regions to the gene body. Nevertheless, gene body methylation of genes in both contexts was 

much higher than the control, reaching average values around 18% for genes isolated and with TE 

insertions and up to 30% for genes with TE insertions present in a TE cluster (Fig. 10A). Further analyses 

on the relationship between transcription and gene body methylation found that genes carrying TE 

insertions (at 1kb upstream or downstream) displayed only two activity states: i) methylated and silenced, 

or ii) unmethylated and transcriptionally active. As represented in Figures 10B and 10C, the vast majority 

of genes surrounded by a TE held the former activity state (methylated and silenced), whereas only a few 

copies displayed the latter (unmethylated and transcriptionally active), similarly to almost all genes included 

in the control group not enclosed by TE insertions (Fig. 10D). 
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Figure 10. Association between methylation and transcription in the M_N001 strain. 

(A) Metagene plot showing the average methylation levels across the genes body and adjacent region: i) 

surrounded by TEs at 1 kb upstream and downstream localized inside a TE-rich cluster (Cluster); ii) 

surrounded by TEs at 1 kb upstream and downstream localized outside a TE-rich cluster (Isolated); and 

iii) isolated and not surrounded by TEs (Control). Each of these groups is represented in light green, light 

blue and dark blue, respectively. Scatterplot distribution at different scale reporting the relationship 

between methylation levels and expression of genes classified in the cluster (B), isolated (C), and control 

(D) groups. 
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Discussion   
 

Epigenetic factors contribute to P. ostreatus genome regulation   

Previous findings have illustrated the presence and importance of epigenetic modifications in fungi (for 

review, see (Smith et al. 2012). Most of the on fungal epigenetics comes from DNA methylation and RNAi 

studies performed in ascomycete fungi. However, few studies have report evidence of the presence of 

such mechanisms in basidiomycetes (Zemach et al. 2010; Foulongne-Oriol et al. 2013). Castanera et al. 

(Castanera et al. 2016) reported that Dim-2 DMTase, which is known to play an essential role in cytosine 

methylation in N. crassa, (Kouzminova and Selker 2001)  was transcriptionally active in the genome of  

P. ostreatus. Our results confirm the presence of 5-cytosine methylation in P. ostreatus, predominantly in 

the CpG context and ranging from 2 to 6% in the six samples analyzed at different growing stages. These 

methylation levels are comparable to those described for other fungi so far (Zemach and Zilberman 2010; 

Jeon et al. 2015), except the highly methylated genome of Tuber melanosporum (Montanini et al. 2014), 

which displays up to 44% of cytosine methylation (Montanini et al. 2014). Previous studies in plants 

(Rabinowicz et al. 2003; Saze et al. 2012) and fungi (Zemach and Zilberman 2010) have demonstrated 

that the activity of transposons can be efficiently shut down by chromatin modifications linked to 5-cytosine 

methylation, as a defense mechanism aimed at controlling their expansion. In higher fungi, this trend has 

been reported in T. melanosporum, evidencing that methylation principally targets transposable elements 

(Montanini et al. 2014). Consistent with this observation, we found that P. ostreatus transposons are highly 

methylated whereas gene-coding regions are hypomethylated, independently of the strain and 

developmental stage (Fig. 4B).  It is worth noting that the highest methylation levels are maintained across 

the whole transposon body, while they sharply decrease beyond the transposon borders.  

A plausible explanation for this locally-restricted methylation might be the “mosaic methylation” described 

in invertebrates and plants. As reviewed by Suzuki et al (Suzuki and Bird 2008), this strategy attempts to 

delimit potential detrimental changes induced by methylation and prevent spurious transcriptional silencing 

across the genome. In addition to 5-cytosine methylation, we describe the epigenetic profiles associated 

with the production of small RNAs. In particular, we show that endogenous sRNAs produced by P. 

ostreatus are enriched in the 21–22 nt fraction (Fig. 4D) which could reflect the presence of transcriptional 

and post-transcriptional silencing mechanisms such as described in other eukaryotes (Slotkin and 

Martienssen 2007; Schwach et al. 2009).  
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In the basidiomycete Cryptococcus neoformans, experimental analyses showed the presence of 21–23 nt 

endogenous sRNAs involved in the control of mobile elements (Wang et al. 2010a).  

 Also, the plant-pathogen Puccinia striiformis produces 20–22 nt sRNA likely involved in post-

transcriptional gene silencing (Mueth et al. 2015). P. ostreatus contains a highly conserved, 

transcriptionally active  RNAi machinery composed of Argonaute, Dicer and RNA-dependent RNA 

polymerase proteins (Borgognone et al. 2017) (18 proteins sharing 93 to 100% similarity between PC9 

and PC15 strains). Despite this, the PC15 strain shows a deficient production of sRNAs that is partially 

reverted in the dikaryotic stage. This apparent inefficacy of PC15 suggests that other non-canonical RNAi 

components active only in PC9 might be involved in the biogenesis of sRNAs in P. ostreatus.  

 

Transposable elements are targeted by DNA methylation and RNAi machinery 

TEs play a major role in genome stability and evolution (Kumekawa et al. 2001) but are also a source of 

mutation that can result in deleterious or lethal effects to the host. Thus, epigenetic mechanism encoded 

by the host genome have been developed to silence their expression at the transcriptional and post-

transcriptional levels (Slotkin and Martienssen 2007). Here, we found that DNA methylation and sRNA 

production were correlated with the presence of silent TEs, suggesting a role in their activity suppression. 

This association was even more striking in TE-rich regions. Specifically,  TE clusters were shown to be 

transcriptionally silenced and highly methylated, similarly to that described in the basidiomycete Laccaria 

bicolor (Zemach and Zilberman 2010). In this sense, the accumulation of silent transposon knobs could 

correspond to heterochromatic regions matching to centromeric and pericentromeric zones, as described 

in plants (Gao et al. 2015). Regarding DNA methylation, both Class I and Class II transposons displayed 

higher methylation compared to genes. This observation supports the hypothesis that transcriptional 

silencing mediated by DNA methylation is primarily responsible for TE inactivation in P. ostreatus. Similarly 

to the ascomycete T. melanosporum (Montanini et al. 2014), we found that both LTR- retrotransposons 

and Class II transposons were abundantly methylated. It is interesting to note that the most methylated 

orders, TIR and LTR/Gyspy, also accounted for the larger portion of 22 nt rasiRNAs (Fig. 7D), especially 

TIR transposons belonging to the Mariner superfamily, the only cut-and-paste elements described in P. 

ostreatus. An example of this association has been reported in wheat, where most of the 21–22 nt sRNAs 

perfectly targeted within TIR regions of MITE elements, indicating that they are subjected to post-

transcriptional control (Cantu et al. 2010).  
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An explanation for such an impressive amount of rasiRNA might reside in the hairpin RNA structure that 

elements from the TIR1 family can adopt due to the presence of Terminal Inverted Repeats 

(Supplementary Figure S8), a conformation that promotes the presence of dsRNA and triggers RNAi 

machinery. In  Caenorhabditis elegans, it has been proposed that such conformations lead to rasiRNA 

production from Mariners (Slotkin and Martienssen 2007). Previous studies have described that Class I 

transposons predominate in basidiomycetes genomes whereas Class II transposons show limited 

expansion. This is especially relevant in the agaricomycotina subphylum (Castanera et al. 2017), to which 

P. ostreatus belongs, and might be a consequence of the efficient replicative mechanism of Class I 

elements. According to our results, the under-representation of Class II transposons in the P. ostreatus 

genome might also be related to a stronger post-transcriptional inactivation in comparison to Class I 

elements. Thus, the lack of efficient post-transcriptional silencing of Class II TEs might account for the 

recently described Helitron transpositions in a subclone of PC15 strain (Borgognone et al. 2017).  

In the case of LTR/Gypsy, families belonging to this superfamily account for the highest number of TE 

copies. Based on our results, the production of rasiRNAs positively correlates with family size and 

negatively correlates with mean family divergence (Fig. 8A). Thus, the production of sRNA molecules might 

reflect an attempt to limit the expansion of the youngest, most invasive TE families of the genome. This 

observation is reminiscent of co-suppression studies carried out in the basidiomycete Cryptococcus 

neoformans. In this species, mitotic-induced silencing (MIT), a quelling-like asexual mechanism operating 

in trans, lead to RNAi-mediated silencing of homologous sequences and repeated elements during 

vegetative growth (Wang et al. 2012). Also, a similar mechanism was shown to induce post-transcriptional 

inactivation of repetitive transgenes and transposons mediated by 21–23-nt sRNAs during the sexual 

reproduction (sex-induced silencing, SIS) (Wang et al. 2010a). Interestingly, the production of sRNAs in 

this fungal model increased according to the transgenes copy number with both mechanisms. Our finding 

suggests that P. ostreatus inactivates transposons at the transcriptional and post-transcriptional level, by 

epigenetic modifications associated with DNA methylation and 21–22 nt sRNAs production. The tight 

association between these two epigenetic marks and the presence of an active RNAi protein complex in 

the genome suggests that the selective suppression of TE activity could be mediated by RNA-directed 

DNA methylation. In this scenario, we speculate that sRNAs might be involved in the methylation of 

repetitive regions spread in the genome, such as transposons, guiding their silencing at the transcriptional 

level similarly to reported in plants (Qi et al. 2006), where non-canonical RdDM has been described to be 

mediated by 21–22 nt long sRNAs (Zhao et al. 2016). 
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Methylated-TEs induce transcriptional silencing of nearby genes 

We have shown that epigenetic modifications in P. ostreatus act by downregulating transcriptional activity, 

particularly in repeated elements. Our data suggest that TE-associated transcriptional silencing of nearby 

genes occurs due to the extension of DNA methylation from TEs to the surrounding genes, which contain 

significantly higher methylation levels compared to controls. This is consistent with the results described 

in Magnaporthe oryzae, where genes with upstream, downstream or gene body methylation show lower 

expression than controls (Jeon et al. 2015). In our model, we observed that methylation of genes 

surrounded by TE insertions decreases from regions adjacent to the TSS and TTS, reaching the lowest 

levels in the gene body. This observation fits with the hypothesis of methylation being extended from the 

closest TE, repressing the transcriptional activity of neighbor genes as documented in plants (Arnaud et 

al. 2000) and animals(Jähner et al. 1985). Another intriguing point is to understand how much methylation 

is needed to impact the transcriptional activity. In light of our findings, we propose that low to intermediate  

methylation levels (< 20%) can prompt transcriptional silencing, although the strongest repression is found 

when methylation exceeds 60% (Fig. 6C and 10B). Another striking observation is that genes carrying 

upstream/downstream TE insertions have equal or even lower sRNA levels than control genes 

(Supplementary Figures 7E and F). This indicates that TE insertions do not produce post-transcriptional 

silencing of nearby genes, and suggests that TE-mediated gene silencing is exclusively promoted by DNA 

methylation.  

P. ostreatus fruiting stage is associated with methylation-independent transcriptional reprogramming. The 

expression analyses carried out during P. ostreatus development yielded some insights into the 

transcriptional changes underlying fruitbody induction and development. The transition from vegetative 

mycelium to primordium stage is a complex process that requires the aggregation of cells into compact 

hyphal knots which later experience tissue differentiation. In  P. ostreatus, fruiting is triggered (among other 

environmental conditions) by lowering temperature and introducing light-dark cycles (Arjona et al. 2009) . 

In our study, these conditions lead to fruiting induction in N001, accompanied by the activation of a set of 

genes which were expressed at lower levels in monokaryons and also in N001-HyB (a strain unable to 

fruit), suggesting their putative role in the fruiting stage. According to the number of DEG genes, at most 

10% of the P. ostreatus genes are potentially involved in the early induction (M_N001), while few genes 

are involved in changes from primordial to mature fruit bodies, similarly to that found in the basidiomycete 

Coprinopsis cinerea (Muraguchi et al. 2015).  
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Within this relatively small gene pool, the impressive overexpression of the pleurotolysin B (GO:0030582, > 

200 fold increase in M_N001, P_N001 and F_N001 vs. any of the monokaryotic stages and N001_HyB), 

suggests its important role in the whole fruiting process. This observation is reinforced by the up-regulation 

of components involved in the interaction of pleurotolysin B with lipid rafts and cholesterol-rich domains in 

cell membranes, found in enriched GO terms of Cluster 2 (GO:0004348 = glucosylceramidase activity,  

GO:0047012 = sterol-4-alpha-carboxylate3-dehydrogenase activity and GO:0004767 = sphingomyelin 

phosphodiesterase activity) (Sepčić et al. 2004). In this sense, previous experimental work has shown that 

the expression of these hemolytic proteins is activated during the formation of primordia and young fruit 

bodies in P. ostreatus and Agrocybe aegerita (Berne et al. 2002; Vidic et al. 2005). Within the cluster of 

genes expressed during fruiting induction (Cluster 2), we also found enriched functions related to 

multicellular development that have been described as being involved in cell differentiation in the primitive 

metazoan belonging to Giardia genera (Wang et al. 2010b), although the most enriched biological function 

was related to carbohydrate metabolism. This overexpression probably reflects the fact that carbohydrates 

are retrieved from mycelium and abortive primordia before being degraded and provide nutrients to the 

growing fruiting bodies (Wösten and Wessels 2006). The expression profiles of different P. ostreatus 

growing stages suggest that glycoside hydrolase, polysaccharide lyase, and carbohydrate-binding 

activities are involved in this process, due to their presence in the co-expression cluster (Cluster 2), which 

shows a strong expression increase only in the N001 samples. Glycoside hydrolases were also found to 

be enriched in Cluster 1 (genes upregulated during fruit body development), along with other proteins, 

such as oxidative enzymes, hydrophobins involved in the aggregation of aerial hyphae, and lectins 

previously described to be involved in this process in basidiomycetes (Wösten and Wessels 2006; 

Muraguchi et al. 2015). This indicates that the core genes involved in the fruiting process are conserved 

across the Basidiomycota phylum. Interestingly, despite the differences in transcription of fruiting-

associated genes, methylation levels were invariably low along the six samples, indicating that fruiting 

body formation is not subjected to epigenetic regulation.  
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Table S1 A. Summary of sequencing and mapping data for bisulfite-treated genomic DNA. 
 

 

 

 

 

 

 

 
Table S1 B. Methylation levels of CG, CHG and CHH sites in the bisulfite-treated whole genome. Only 

cytosines with reads coverage > = 5 were considered for methylation levels estimation. 

  

Strain CG (%) CHG (%) CHH (%) 

PC15 2.41      0.38     0.44 

PC9 4.47      0.57     0.75 

N001-HyB 4.56      0.68     0.88 

M_N001 6.70      0.54     0.71 

P_N001 6.71      0.54     0.72 

F_N001 6.71      0.54     0.72 

    

        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain 
Number of 
raw reads 

Number of 
mapped reads 

# mapped in 
genes 

# mapped 
in TEs 

Mapability (%) Coverage (X) 

PC15 74,147,810 52,795,065 34,025,302 2,221,508 71 162 

PC9 71,619,635 36,666,135 25,592,661 866,729 51 116 

N001-HyB 63,410,889 26,538,399 16,816,139 1,421,868 42 78 

M_N001 54,031,681 25,576,193 16,854,486 1,120,511 47 77 

P_N001 61,630,234 29,172,521 19,228,014 1,277,932 47 88 

F_N001 56,845,420 26,903,465 17,733,758 1,178,927 47 81 
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Table S2. Summary of sRNA sequencing data 
 
 

Strain 
Number of filtered 

reads (*) 
Number of 

mapped reads 
# mapped in 

genes 
# mapped in 

TEs 
Mapability (%) 

PC15 1,525,384 1,373,886 201,833 26,492 90 

PC9 14,240,465 7,744,229 2,960,910 1,397,980 54 

N001-HyB 6,250,120 5,040,559 767,405 683,771 81 

M_N001 5,720,475 4,359,240 583,304 161,379 76 

P_N001 5,526,035 3,820,398 454,219 127,045 69 

F_N001 7,583,500 5,752,373 847,192 407,569 76 

 

(*) smallRNA reads after FastQC filtering, size selection (17-30 nt) and rRNA/tRNA removing. 
 

 

 

 

 

 
 
Table S3. Summary of mRNA sequencing data 
 
 

Strain 
Number of raw 

reads 
Number of 

mapped reads 
# mapped in 

genes 
# mapped 

in TEs 
Mapability (%) 

PC15 28,133,367 25,845,344  20,826,249 388,919 92 

PC9 24,889,639 23,461,512 20,501,132 49,360 94 

N001-HyB 28,230,991 26,934,362 22,992,547 89,643 95 

M_N001 29,802,305 28,452,470 24,837,917 52,834 95 

P_N001 25,863,101 24,807,071 21,603,617 34,551 96 

F_N001 24,186,757 22,834,511 19,946,654 27,507 94 
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Dataset Tables S4. GO enrichment terms (MF: molecular function, BP: biological process, CC: cellular 

component) in co-expression Clusters 1, 2 and 11. 

 
Cluster 1 
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 Cluster 2 
 

 
 

 
Cluster 11 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

GO NS Name ratio_in_study ratio_in_pop p_value fdr

GO:0004553 MF hydrolase activity, hydrolyzing O-glycosyl compounds 6/113 125/12330 0,001 0.0165

GO:0008236 MF serine-type peptidase activity 3/113 26/12330 0.00167 0.01837

GO:0008843 MF endochitinase activity 2/113 12/12330 0.00517 0.0246675

GO:0004568 MF chitinase activity 2/113 12/12330 0.00517 0.0246675

GO:0004674 MF protein serine/threonine kinase activity 6/113 177/12330 0.00573 0.0246675

GO:0004672 MF protein kinase activity 7/113 236/12330 0.00598 0.0246675

GO:0003993 MF acid phosphatase activity 2/113 14/12330 0.00705 0.02585

GO:0046936 MF deoxyadenosine deaminase activity 1/113 2/12330 0.0182 0.03336667

GO:0004348 MF glucosylceramidase activity 1/113 2/12330 0.0182 0.03336667

GO:0005199 MF structural constituent of cell wall 2/113 26/12330 0.0234 0.038016

GO:0000140 MF acylglycerone-phosphate reductase activity 1/113 3/12330 0.0272 0.038016

GO:0004000 MF adenosine deaminase activity 1/113 3/12330 0.0272 0.038016

GO:0047012 MF sterol-4-alpha-carboxylate 3-dehydrogenase (decarboxylating) activity 1/113 3/12330 0.0272 0.038016

GO:0004289 MF obsolete subtilase activity 2/113 29/12330 0.0288 0.038016

GO:0030246 MF carbohydrate binding 2/113 29/12330 0.0288 0.038016

GO:0005507 MF copper ion binding 2/113 32/12330 0.0345 0.03982

GO:0019239 MF deaminase activity 1/113 4/12330 0.0362 0.03982

GO:0016811 MF hydrolase activity, acting on carbon-nitrogen bonds, in linear amides 1/113 4/12330 0.0362 0.03982

GO:0004767 MF sphingomyelin phosphodiesterase activity 1/113 4/12330 0.0362 0.03982

GO:0004254 MF obsolete acylaminoacyl-peptidase activity 1/113 5/12330 0,045 0,045

GO:0008549 MF obsolete dynamin GTPase activity 1/113 5/12330 0,045 0,045

GO:0005975 BP carbohydrate metabolic process 8/113 199/12330 0.000481 0.015873

GO:0006032 BP chitin catabolic process 2/113 8/12330 0.00225 0.0185625

GO:0030582 BP fruiting body development 1/113 1/12330 0.00916 0.02748

GO:0019836 BP hemolysis by symbiont of host erythrocytes 1/113 1/12330 0.00916 0.02748

GO:0006468 BP protein phosphorylation 7/113 287/12330 0.0164 0.03336667

GO:0006665 BP sphingolipid metabolic process 1/113 2/12330 0.0182 0.03336667

GO:0007275 BP multicellular organism development 1/113 2/12330 0.0182 0.03336667

GO:0007040 BP lysosome organization 1/113 2/12330 0.0182 0.03336667

GO:0009168 BP purine ribonucleoside monophosphate biosynthetic process 1/113 4/12330 0.0362 0.03982

GO:0006508 BP proteolysis 6/113 272/12330 0.0389 0.04140968

GO:0005764 CC lysosome 1/113 2/12330 0.0182 0.03336667

GO:0005618 CC cell wall 2/113 28/12330 0.0269 0.038016

GO NS Name ratio_in_study ratio_in_pop p_value fdr

GO:0009815 MF 1-aminocyclopropane-1-carboxylate oxidase activity 1/240 1/12330 0.0195 0,026
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Dataset Tables S5. GO enrichment terms (MF: molecular function, BP: biological process,   

CC: cellular component) between N001-HyB and M_N001 DEGs. 

N001-HyB 

 
 
M_N001 
 

 
 

GO NS Name ratio_in_study ratio_in_pop p_value

GO:0004099 MF chitin deacetylase activity 4/522 4/11828 3.18e-06

GO:0004553 MF hydrolase activity, hydrolyzing O-glycosyl compounds 15/522 125/11828 0.000254

GO:0016810 MF hydrolase activity, acting on carbon-nitrogen bonds 6/522 32/11828 0.00198

GO:0030248 MF cellulose binding 6/522 33/11828 0.00234

GO:0004497 MF monooxygenase activity 16/522 170/11828 0.00292

GO:0004034 MF aldose 1-epimerase activity 2/522 3/11828 0.00522

GO:0004671 MF protein C-terminal S-isoprenylcysteine carboxyl O-methyltransferase activity 4/522 18/11828 0.00605

GO:0020037 MF heme binding 17/522 212/11828 0.0141

GO:0004053 MF arginase activity 2/522 5/11828 0.0164

GO:0050236 MF pyridoxine:NADP 4-dehydrogenase activity 2/522 5/11828 0.0164

GO:0008171 MF O-methyltransferase activity 4/522 25/11828 0.0198

GO:0005199 MF structural constituent of cell wall 4/522 26/11828 0.0226

GO:0016813 MF hydrolase activity, acting on carbon-nitrogen  bonds, in linear amidines 2/522 6/11828 0.0224

GO:0005506 MF iron ion binding 15/522 195/11828 0.0284

GO:0004659 MF prenyltransferase activity 2/522 7/11828 0.0326

GO:0016853 MF isomerase activity 2/522 8/11828 0.0423

GO:0009815 MF 1-aminocyclopropane-1-carboxylate oxidase activity 1/522 1/11828 0.0423

GO:0004508 MF steroid 17-alpha-monooxygenase activity 1/522 1/11828 0.0423

GO:0004132 MF dCMP deaminase activity 1/522 1/11828 0.0423

GO:0008200 MF ion channel inhibitor activity 1/522 1/11828 0.0423

GO:0008925 MF maltose O-acetyltransferase activity 1/522 1/11828 0.0423

GO:0004587 MF ornithine-oxo-acid transaminase activity 1/522 1/11828 0.0423

GO:0008119 MF thiopurine S-methyltransferase activity 1/522 1/11828 0.0423

GO:0018820 MF cyanamide hydratase activity 1/522 1/11828 0.0423

GO:0016564 MF obsolete transcription repressor activity 3/522 19/11828 0.0441

GO:0005975 BP carbohydrate metabolic process 24/522 199/11828 3.62e-06

GO:0006481 BP C-terminal protein methylation 4/522 18/11828 0.00605

GO:0006527 BP arginine catabolic process 2/522 5/11828 0.0164

GO:0009405 BP pathogenesis 1/522 1/11828 0.0423

GO:0006808 BP regulation of nitrogen utilization 3/522 19/11828 0.0441

GO:0005576 CC extracellular region 11/522 57/11828 2.21e-05

GO:0005618 CC cell wall 4/522 28/11828 0.00676

GO NS Name ratio_in_study ratio_in_pop p_value

GO:0005215 MF transporter activity 12/230 179/11828 0.000133

GO:0050162 MF oxalate oxidase activity 2/230 3/11828 0.00103

GO:0016787 MF hydrolase activity 9/230 140/11828 0.00124

GO:0008236 MF serine-type peptidase activity 4/230 26/11828 0.00128

GO:0005199 MF structural constituent of cell wall 4/230 26/11828 0.00128

GO:0003993 MF acid phosphatase activity 3/230 14/11828 0.00212

GO:0004767 MF sphingomyelin phosphodiesterase activity 2/230 4/11828 0.00203

GO:0016712 MF oxidoreductase activity 5/230 61/11828 0.00551

GO:0004601 MF peroxidase activity 3/230 24/11828 0.00971

GO:0020037 MF heme binding 9/230 212/11828 0.00128

GO:0004126 MF cytidine deaminase activity 1/230 1/11828 0.0187

GO:0004185 MF serine-type carboxypeptidase activity 2/230 13/11828 0.0236

GO:0004029 MF aldehyde dehydrogenase (NAD) activity 2/230 13/11828 0.0236

GO:0005506 MF iron ion binding 8/230 195/11828 0.0299

GO:0004187 MF obsolete carboxypeptidase D activity 1/230 2/11828 0.0377

GO:0005315 MF inorganic phosphate transmembrane transporter activity 1/230 2/11828 0.0377

GO:0046936 MF deoxyadenosine deaminase activity 1/230 2/11828 0.0377

GO:0030599 MF pectinesterase activity 1/230 2/11828 0.0377

GO:0018667 MF cyclohexanone monooxygenase activity 1/230 2/11828 0.0377

GO:0030414 MF peptidase inhibitor activity 1/230 2/11828 0.0377

GO:0008704 MF 5-carboxymethyl-2-hydroxymuconate delta-isomerase activity 1/230 2/11828 0.0377

GO:0004497 MF monooxygenase activity 7/230 170/11828 0.0402

GO:0016788 MF hydrolase activity, acting on ester bonds 2/230 19/11828 0.0481

GO:0006118 BP obsolete electron transport 14/230 349/11828 0.00716

GO:0006979 BP response to oxidative stress 3/230 23/11828 0.00861

GO:0006810 BP transport 12/230 302/11828 0.0144

GO:0046087 BP cytidine metabolic process 1/230 1/11828 0.0187

GO:0030582 BP fruiting body development 1/230 1/11828 0.0187

GO:0019836 BP hemolysis by symbiont of host erythrocytes 1/230 1/11828 0.0187

GO:0006508 BP proteolysis 11/230 272/11828 0.0188

GO:0042545 BP cell wall modification 1/230 2/11828 0.0377

GO:0006685 BP sphingomyelin catabolic process 1/230 2/11828 0.0377

GO:0006308 BP DNA catabolic process 1/230 2/11828 0.0377

GO:0005618 CC cell wall 5/230 28/11828 0.00015

GO:0016021 CC integral component of membrane 12/230 343/11828 0.0384
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Dataset Tables S6. Tables reporting mean, median, number of elements and p-value based on Mann-

Whitney_Wolcoxon test for each sample. The condition reported are : methylation isolated (A) and in 

cluster (B) genes, transcription in isolated (C) and cluster (D) genes and sRNA production in isolated (E) 

and cluster (F) genes 

 
A) Methylation –Isolated 

     

Strain Condition Mean Median n  p-value 

PC15 
Ctl 0.01688866 0.00244186 9394 

2.2E-16 
 +TE 0.09262156 0.00290398 221 

PC9 
Ctl 0.02499081 0.00252874 9103 

4.928E-06 
 +TE 0.1290807 0.00283111 184 

N001-HyB 
Ctl 0.0230203 0.00278788 9391 

2.2E-16 
 +TE 0.1047934 0.00379121 221 

M_N001 
Ctl 0.03737641 0.00246988 9392 

2.904E-12 
 +TE 0.2112049 0.00312883 221 

P_N001 
Ctl 0.03731911 0.00246951 9390 

6.6E-13 
 +TE 0.2128581 0.00297297 221 

F_N001 
Ctl 0.03729391 0.00246269 9392 

2.2E-16 
 +TE 0.2119739 0.00316832 221 

 
 

B) Methylation – Cluster 
     

Strain Condition Mean Median n  p-value 

PC15 
Ctl 0.02768087 0.00252255 1830 

2.2E-16 
 +TE 0.1546556 0.147158 212 

PC9 
Ctl 0.04871959 0.0025731 1707 

2.2E-16 
 +TE 0.3348772 0.153902 177 

N001-HyB 
Ctl 0.04802117 0.00284803 1830 

2.2E-16 
 +TE 0.2487055 0.2701695 212 

M_N001 
Ctl 0.08051796 0.002573315 1830 

2.2E-16 
 +TE 0.3904125 0.5283175 212 

P_N001 
Ctl 0.08007999 0.0026087 1830 

2.2E-16 
 +TE 0.389367 0.526142 212 

F_N001 
Ctl 0.08044475 0.00256757 1829 

2.2E-16 
 +TE 0.3916647 0.530193 212 
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C) Transcription (mRNA) – Isolated 
    

Strain Condition Mean Median n  p-value 

PC15 
Ctl 1.195509 1.330335 9486 

4.417E-09 
 +TE 0.6893838 0.9684209 228 

PC9 
Ctl 1.004587 1.244582 9486 

2.2E-16 
 +TE -0.05139848 0.1749202 228 

N001-HyB 
Ctl 1.106869 1.240322 9486 

2.2E-16 
 +TE 0.4051247 0.6565275 228 

M_N001 
Ctl 0.9833254 1.157396 9486 

2.2E-16 
 +TE 0.00353734 0.4018002 228 

P_N001 
Ctl 1.019068 1.18716 9486 

2.2E-16 
 +TE 0.01889263 0.4039031 228 

F_N001 
Ctl 1.001162 1.149971 9486 

2.2E-16 
 +TE 0.05009396 0.448767 228 

 
 
 
 
 
 

D) Transcription (mRNA) – Cluster 
    

Strain Condition Mean Median n  p-value 

PC15 
Ctl 1.040034 1.27149 1896 

2.2E-16 
 +TE 0.1807578 0.4250232 218 

PC9 
Ctl 0.7216242 1.079737 1896 

2.2E-16 
 +TE -0.6113786 -1.302342 218 

N001-HyB 
Ctl 0.8760176 1.132283 1896 

2.2E-16 
 +TE -0.2989868 -0.2281 218 

M_N001 
Ctl 0.7157091 1.051546 1896 

2.2E-16 
 +TE -0.6905013 -1.319322 218 

P_N001 
Ctl 0.7388166 1.045159 1896 

2.2E-16 
 +TE -0.6651709 -1.466822 218 

F_N001 
Ctl 0.7289426 1.024272 1896 

2.2E-16 
 +TE -0.6202223 -1.274247 218 
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E) sRNAs production – Isolated 
    

Strain Condition Mean Median n  p-value 

PC15 
Ctl 0.1648865 0.4655984 9486 

0.0002911 
 +TE -0.164538 0.1660525 228 

PC9 
Ctl 0.1174258 0.2275446 9486 

2.52E-02 
 +TE -0.2074446 -0.03910185 228 

N001-HyB 
Ctl 0.004515428 0.1457354 9486 

9.93E-02 
 +TE -0.2212737 -0.09498019 228 

M_N001 
Ctl -0.0370574 0.0633292 9486 

6.67E-03 
 +TE -0.3198576 -0.1560243 228 

P_N001 
Ctl -0.08358385 0.02407964 9486 

0.04312 
 +TE -0.2007154 -0.09949168 228 

F_N001 
Ctl 0.01338652 0.08880531 9486 

0.3078 
 +TE -0.04735829 0.02244809 228 

 
 
 
 
 
 
 

F) sRNAs production – Cluster 
    

Strain Condition Mean Median n  p-value 

PC15 
Ctl 0.05881305 0.3411549 1896 

4.873E-09 
 +TE -0.6655343 -0.1320246 218 

PC9 
Ctl 0.04156783 0.1929968 1896 

0.000825 
 +TE -0.09034279 -0.1052573 218 

N001-HyB 
Ctl -0.0511671 0.1457354 1896 

3.11e-05 
 +TE -0.3392949 -0.2181211 218 

M_N001 
Ctl -0.1140535 0.0633292 1896 

0.02023 
 +TE -0.3650636 -0.3290165 218 

P_N001 
Ctl -0.06786137 0.02407964 1896 

0.02122 
 +TE -0.1955818 -0.09949168 218 

F_N001 
Ctl 0.03281722 0.1463546 1896 

0.6506 
 +TE 0.1880618 0.08880531 218 
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Figure S1. Histogram chart displaying the length distribution of sRNA total reads in PC15 (A), PC9 (B), 

N001-HyB (C), M_N001 (D), P_N001 (E) and F_N001 (F), Labels on the top of bars indicate the frequency 

(%) of each sRNAs class.  
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Figure S2. Venn diagrams summarizing the number of genes enclosed in TE clusters which overlap with 

genes in cluster 1 (A), cluster 2 (B) and cluster 11 (C). 
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Figure S3. Volcano plot illustrating differentially expressed genes between N001-HyB and M_N001 

strains. False discovery rate (log10) is reported in y-axis and the difference in expression in plotted in x-

axis using +/- 3 fold change as threshold of differential expression. 
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Figure S4. Distribution plot showing differentially methylated regions (DMR) between N001-HyB and 

M_N001 strains (A) and distribution of total DMR length (B). 
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Figure S5. Heatmaps showing mRNA transcription (A) and sRNA production (B) in 80 transposon families. 

High (blue) and low (yellow) transcriptional levels are expressed in Log (RPKM+0.01) for mRNA and Log 

(RPM+0.01) for sRNA. 
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Figure S6. Non-hierarchical clustering of sRNA expression in 80 TE families classified for decreasing copy 

number (A) and divergence (B) values. The table next to each heatmap reports ordered TE families with 

respective copy number (n) and divergence (%) values. sRNA expression is reported as Log (RPM+0.01).  
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Figure S7. Violin plots representing the impact of TE-mediated gene silencing in all six samples. Genes 

are classified into two scenarios: localized outside (Isolated) and inside (Cluster) a TE cluster. Each term 

reports two sets of genes: enclosed by TEs at 1kb upstream and/or downstream (+TE) and not enclosed 

by a TE as control condition (Ctl). For each scenario are reported methylation (A and B), mRNA 

transcription (C and D) and sRNAs production (E and F). 
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Figure S8. Putative RNA folding of a TIR1 element predicted with RNAfold software. 
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Final Remarks and General discussion 
 
Transposable elements play a major role in shaping eukaryotic genomes, influencing the gene regulation 

or even contributing to the genome stability. The dynamics of transposon evolution in the host genome 

depends on several factors. On one hand, the success of a TE is principally linked to its ability to increase 

in copy number and be inherited by the progeny, without interfering with genome viability. On the other 

hand, genomes have to deal with the mutagenic potential of transposons, although their presence also 

contribute to the stability and maintenance of certain chromosomic regions, such as centromeres and 

telomeres. Distinct selective forces participate in shaping the transposon landscape in genomes evolution, 

repressing the most invasive and mutagenic mobile elements. Hence, most eukaryotic genomes have 

evolved host-encoded epigenetic mechanisms to limit their proliferation. These genome defense strategies 

can be regulated at different levels and, in a coordinate or independent way, contribute to several cellular 

processes, ranging from gene regulation to transposon silencing.  

In this context, several studies have been performed in filamentous fungi, providing a better understanding 

of the role of epigenetic modifications on transposon control. Nevertheless, several aspects have not yet 

been deciphered in basidiomycetes. The sequencing and genome-wide characterization of the model 

basidiomycete Pleurotus ostreatus uncovered that an important fraction of its genome is occupied by active 

transposable elements belonging to both Class I and Class II. 

In this thesis, we describe the inheritance patterns of helitron transposons in a meiotically-obtained 

progeny as well as their transposition potential at both somatic and meiotic contexts.  

As second objective, it was undertaken the study of P. ostreatus epigenetic and transcriptomic profiles at 

different developmental stages. Both objectives yielded new insights into the role of DNA methylation and 

small RNA production in genome silencing as well as the selective activation of genes involved in the 

fruitbody development.  
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Differential epigenetic and transcriptional profiles of HELPO1 and HELPO2 helitrons in P. 

ostreatus strains 

Helitrons are a group of DNA transposon discovered the past few decades “in silico”, in many eukaryotes 

by bioinformatics approaches. Several efforts have been made to describe their “rolling circle” transposition 

mechanism and ability to capture gene fragments. However, the experimental evidence of their 

mobilization was not documented until very recent in a mammal lineage (Grabundzija et al. 2016). The 

presence of these elements has also been deeply described in the basidiomycete P. ostreatus (Castanera 

et al. 2014), shedding light on the distribution and structural characterization of the two helitron families 

that populate the genome of this fungus. Both families contain putative autonomous (carry all the proteins 

necessary for their transposition) and non-autonomous (defective) copies. In the transposon landscape of 

P. ostreatus, helitrons (especially HELPO1 family) represent the most abundant and transcriptionally active 

group of DNA transposons. The high similarity between copies (100% among most HELPO2 copies) 

suggested that these elements could have invaded the genome in a very recent past. These facts suggest 

that helitrons elements have potential ability to mobilize and give rise to genome instability. In this light, we 

sought to analyse the inheritance pattern of both helitron families in a meiotically-obtained progeny. The 

distorted segregation observed in HELPO2 helitrons in comparison with the Mendelian proportion obtained 

for HELPO1 elements led us to examine these results under the genome profiles (presence vs. absence 

of helitrons) associated to each parental strain. Therefore, we retrieved and compared monokaryotic and 

dikaryotic subclones differing in culture time (PC9-99, PC9-14, PC15-99, PC15-14 and N001-03, N001-

14) and subculture conditions (high for laboratory work vs. low while deposited in culture collection) during 

10 years. We could observed that HELPO2 helitrons displayed differential distribution in PC15 and N001 

subclones. Previous studies (Tittel-Elmer et al. 2010) postulated that environmental stresses (i.e., de-

dikaryotization process) as well high subculturing rates could promote the increase of helitron 

transposition. In this sense the five-fold increment of the HELPO2 element content observed in the dikaryon 

N001 (highly subcultured) and its counterpart (N001 maintained at low-subculturing conditions) supports 

this hypothesis. However, the PC15 subclone maintained under low-subculturing condition showed higher 

HELPO2 content than its counterpart maintained under highly frequent subculture.  

This apparently contradictory evidence suggest that, independently of the subculturing conditions,  P. 

ostreatus TEs have the potential to transpose and eventually being passed to successive clonal 

generations by subculturing, due to some other reason as it can be the nutrient availability of the mycelium  
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contained in the culture stab, as described by Naas et al. (Naas et al. 1994) for IS elements present in 

bacteria. In contrast, the conserved pattern of HELPO1 elements found in the parental strains, along with 

expected inheritance pattern found in the progeny, might suggest that the transposition of helitrons 

belonging to this family is infrequent in P. ostreatus genome.  

Global epigenetic and transcriptomic profiles in P. ostreatus genome revealed that transposon activity is 

tightly controlled by epigenetic modifications (5-methylcytosine methylation and small interfering RNA), 

which act silencing their expression. In addition, epigenetic and TE transcription variability was uncovered 

within monokaryotic and dikaryotic strains. Although we lack epigenetic information from all subclones, our 

integrated comparisons - focused on helitron elements -provide a closer picture on their epigenetic and 

transcriptional state in monokaryotic and dikaryotic mycelia maintained under different conditions. In all 

strains, HELPO2 elements displayed higher methylation rate when compared to HELPO1 helitrons. In 

regards to the production of small interfering RNA (rasiRNAs), a similar scenario was found, with the 

exception of the PC9 strain. In contrast, HELPO1 elements exhibited higher transcriptional rates compared 

to the nearly total silencing of HELPO2 elements (Table 1). 

 

Table 1.  Epigenetic and transcriptomic patterns in P. ostreatus monokaryotic and dikaryotic strains 

 

 

*degenerated non-autonomous copies 

 

These observations provide an interesting perspective to the fact that N001 strains with the same genetic 

complement but differently originated (protoclones have been maintained separated in the culture 

collection before mating in N001-HyB or harboured in the same cytoplasm in N001 during several years) 

and subcultured display different epigenetic profiles related to helitron elements.  

 

Helitron Family PC15 PC9* N001-HyB N001 

mCG (%) 

(BS-seq) 

HELPO1 11.95 38,00 16.24 32.68 

HELPO2 21.27 41.73 26.34 40.42 

 

RPM/copy 

(sRNA-seq) 

HELPO1 3.78 34,52 10.89 3.49 

HELPO2 5.67 14.58 59.25 24.02 

 

RPKM/copy 

(mRNA-seq) 

HELPO1 4.42 12.53 4.12 3.13 

HELPO2 0.28 0.48 0.40 0.81 
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This evidence likely points to a different contribution and independent evolution of the haploid genomes 

(PC15 and PC9), which have cohabited for several years in the same cytoplasm (N001) and maintained 

separately in low subculturing condition before mating (N001-HyB).  

Since HELPO2 helitrons display the ability to transpose somatically in the PC15 subclone, it was expected 

a higher transcriptional activity (likely derived from the expression of the helicase protein necessary for the 

mobilization) linked to a lower epigenetic control compared to HELPO1 helitrons. Nevertheless, our 

findings demonstrated the opposite trend, as HELPO1 elements showed higher transcriptional rates and 

lower values of DNA methylation and rasiRNA production. Although we cannot provide direct explanation, 

two possible scenarios can be hypothesized according to these observations: 

i. Epigenetic modifications directed to HELPO2 elements could have occurred as a consequence of 

their activity. It seems likely that the recent mobilization of HELPO2 helitrons at random genome 

position could have triggered the silencing of these elements through the activation of the 

epigenetic machinery in P. ostreatus. In fact, in Chapter III it is shown how the most invasive 

families (high copy number and low divergence between copies) tend to have higher methylation 

and rasiRNA production.  

ii. HELPO2 helitrons are constitutively silenced by epigenetic modification. Under this view, we 

speculate that their mobilization could have been promoted by the transcriptionally active helicase 

encoded by HELPO1 autonomous copies, which could identify the 5’ terminus and 3’ hairpin 

structure located at 3’ end of helitron sequences for subsequent mobilization. In this sense, the 

conservation of the 3′-end region within helitron sequences from highly divergent species (i.e., 

fungi and plants) suggests that such structure plays an important role in transposition (Feschotte 

and Wessler 2001). 

Therefore, although HELPO1 and HELPO2 elements are different families, their 5’ and 3’ ends show 

nucleotide conservation (71 and 67% of similarity in 5’ and 3’- 30 bp terminal ends, respectively), which 

might be enough to establish the interaction with the active HELPO1 transposase required for mobilization. 

Although we are not able to date events of mobilization and insertion, the epigenetic profile of helitrons 

reflect the molecular feedback required to silence potentially deleterious mobile elements and establish a 

genome-specific dynamic equilibrium between TE activity and genome ‘defense’ strategies.  
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Nucleus-specific methylation is compensated in the long-term dikaryotic stage 

 
The sample-specific profiles presented in this study provide a framework for the understanding of 

epigenetic and transcriptomic differentiation observed during the P. ostreatus life cycle. The experimental 

design presented in Chapter III allowed us to compare the epigenetic profiles of short-term (N001-HyB) vs. 

long-term (N001) cultured dikaryons. In fact, striking differences were found between these two strains, 

which share the same genetic complement but show clearly different methylation profiles. In particular, 

N001 displays heterotic TE methylation levels higher than the parental strains PC15 and PC9, whereas 

N001-HyB shows mid-parent level values. Our findings suggest that this difference can be explained by 

the different contribution of each nucleus to the overall methylation levels in the dikaryon, as in N001-HyB 

the PC9 nucleus is more methylated than PC15, whereas in N001 both nuclei show similar levels. The 

N001 strain has been sub-cultured for more than 20 years as a dikaryon, whereas N001-HyB is the result 

of a very recent mating (less than ten sub-cultures) between the compatible protoclones of PC15 and PC9, 

which were stored as isolated strains in a Culture Collection longer than 15 years. The two nuclei present 

in dikaryons experience co-evolution in the long-term (Anderson and Kohn 2007). In this context, the 

dikaryotic stage is thought to be favored over the monokaryotic, as deleterious mutations in one nucleus 

can be compensated with the healthy allele of the other, or even reverted by compensatory mutations such 

as described for Schizophyllum commune(Clark and Anderson 2004). Our results indicate that in addition 

to permanent modifications (such as mutations), epigenetic profiles are also compensated in long-lasting 

dikaryons. This compensation led to a higher methylation in the N001 strain, which can account for their 

better defense against transposable elements than their single monokaryotic counterparts. Nevertheless, 

this phenomenon is not observed in recently formed dikaryons such as N001-HyB, where methylation 

profiles of independent nuclei resemble that of their original monokaryotic parentals. To our knowledge, no 

similar study has reported this event in fungi. Nevertheless, in plant hybrids, a siRNA-mediated mechanism 

called trans-chromosomal methylation (TCM) is responsible for equilibrating the methylation levels of 

alleles, leading to an increase of methylation in the “low parent allele” and resulting in overall higher 

methylation levels in the F1 hybrids(Greaves et al. 2012). The N001 profile mimics this phenomenon, 

where the increase in methylation of PC15 alleles would lead to the balanced nucleus-specific methylation 

that we have described. The intermediate values found in N001-HyB suggest that this phenomenon could 

be the result of a slow process requiring progressive co-adaptation of the two nuclei in the same cytoplasm, 

something that seems reasonable as nuclei in dikaryons remain un-fused during most of their lives. The  
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case showed in Cluster 11 of Figure 3 (Chapter III) is an interesting example of how long-term 

compensation can impact the methylation levels of many genes. This group of genes is present in TE-rich 

clusters showing opposite methylation profiles in PC15 and PC9, which leads to the presence of epialleles 

in the early formed dikaryon N001-HyB. In this case, the hypomethylated profile of PC15 is dominant in 

the latter strain, but shifts to a hypermethylated and transcriptionally silent PC9-like profile in the long-term 

dikaryon N001. This observation suggests that the two nuclei that coexist in the recently formed dikaryon 

retain some degree of independence prior to establishing crosstalk interactions.  Further epigenetic 

differences between monokaryons were found when we profiled the small RNA landscape in P. ostreatus. 

The comparison between monokaryons reveals that sRNAs were highly abundant in PC9, whereas their 

production seems depleted in the PC15 strain. Besides this, all dikaryotic samples showed intermediate 

values when compared to the parental profiles, which suggests that sRNA biogenesis in both N001-HyB 

and N001 is sustained by the machinery of the PC9 nuclei. This can be considered as a partial 

compensation of the sRNA production deficiency of PC15. In fact, it is likely that the less efficient epigenetic 

machinery of PC15 interferes with the control of transposon proliferation, as reflected by their overall higher 

TE expression compared to PC9. Based on our findings, we propose that the TE dynamics can rewire the 

epigenetic landscape of the fungal genome, promoting gene silencing at their surroundings and generating 

epialleles in the dikaryotic stage. The methylation profile of these epialleles is subjected to compensation 

after long-term culture, leading to balanced methylation levels in each nucleus. 

 

RNA interference pathway in P. ostreatus genome 
 
The study of epigenetic phenomena in filamentous fungi has uncovered the defensive role of RNAi 

mechanism pathways and its canonical pathway, in the host defense against exogenous nucleic acid and 

transposons (Chang et al. 2012). The action of RNAi against viruses was first documented in the fungus 

that causes chestnut blight Cryphonectria parasitica, in which the integrated multiprotein complex (dicer-

like gene, dcl2, argonaute-like gene, agl2) is required for the antiviral defense response (Segers et al. 

2007; Sun et al. 2009).Also, RNA-mediate silencing involved in the control of transposon activity and 

genome integrity has been especially studied in the ascomycete Neurospora crassa (Nolan et al. 2005) 

and in the basiomycete Cryptococcus neoformans (Janbon et al. 2010), during vegetative and sexual 

stages. The role of RNAi pathways, as an essential defense mechanism within the genome, has been 

evolutionary conserved through the entire eukaryotic domain.  
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However, some eukaryotic organisms lack an active RNAi pathway or possess non-canonical RNAi 

components, whose functions has been not fully understood (Nicolás et al. 2013).Our findings show that 

proteins associated to the RNAi complex previously described in fungi are transcriptionally active in the 

genomes of both parental monokyons (PC15 and PC9). Furthermore we found that this process is 

mediated by 21-22 nt sRNAs in the genome of P. ostreatus. These results report a strain-specific sRNA 

production evidencing a deficient-sRNAs profile in correspondence to PC15 strain.  

Comparative transcriptomic analysis focused on the RNAi complex, reveal that, although at different 

level,proteins involved in this mechanism (Argonaute, Dicer and RNA-dependent RNA polymerase) are 

actively transcribed in all samples (Table 2). In this scenario, we propose that the apparent inefficacy of 

sRNAs production in PC15 strain might not rely on the transcriptional inactivity of its RNAi complex.  

 

Table 2.Transcriptional profile of RNAi proteins in monokaryotic and dikaryotic strains of P. ostreatus 

 
 
 

These observations suggest that other non-canonical components required for the biogenesis of sRNAs 

in P. ostreatus might be exclusively active in the genome of PC9 (also reverted in the dikaryotic stage) but 

not in PC15, leading to an inefficient control of transposon activity. In this context, it can be emphasized 

that 21–22-nt sRNA ̶ produced by post-transcriptional gene silencing components ̶ are strictly associated 

to the transcriptional silencing of Helitron and Copia elements in plants (Garcia et al. 2012). An alternative 

possibility is that random mutations along the amino acid  sequence of specific domains could have 

contribute to generate instability, resulting in a loss of function of proteins involved in the RNAi complex.  

 

PC15 PC9 N001-HyB M_N001 P_N001 F_N001

25449 17,42 5,58 16,38 14,78 16,26 13,61 RNA-dependent RNA polymerase

1053861 10,41 24,47 17,44 23,17 15,17 11,17 RNA-dependent RNA polymerase

1076136 17,36 0,71 0,48 0,10 0,28 0,33 RNA-dependent RNA polymerase

1041769 9,83 8,57 8,54 13,25 10,59 8,18 RNA-dependent RNA polymerase

154946 27,59 6,29 32,14 40,49 19,95 10,39 RNA-dependent RNA polymerase

1033048 20,05 1,80 4,37 7,01 6,35 5,00

1064031 21,09 3,79 6,11 7,27 10,82 15,65

1093523 18,02 7,52 11,12 16,10 9,60 6,65

1060211 31,83 35,37 50,70 168,35 122,65 73,49

1110274 115,72 56,57 68,67 49,45 44,58 76,39

173501 17,98 26,35 101,45 411,22 169,42 123,65

44554 21,06 15,08 25,58 24,60 13,51 8,55

1039826 26,28 21,69 24,38 23,02 23,57 11,08

33722 8,50 8,85 8,55 6,77 5,45 4,60

11210 2,17 1,30 2,77 1,53 3,40 6,04

160303 5,96 1,19 2,83 3,00 2,61 3,63

RecQ Helicase

RecQ Helicase

RecQ Helicase

DICER

Argonaute

Argonaute

DnaQ-like exonuclease 

Argonaute

Argonaute

RPKM
ID Description

DICER

DICER
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In this scenario, such changes could lead to incorrect protein folding, influencing the correct functionality. 

We screened the nucleotide sequence of proteins listed in Table 2, comparing in the PC15 transcriptomic  

profile to its reference genome. This analysis revealed the presence of SNPs located at the 3’ region of 

the exon 6 along the sequence of a a RNA-directed RNA polymerase QDE-1 required for post-

transcriptional gene silencing and RNA interference (ID: 25449), which could be implied in the impaired 

activity of iRNA machinery in the PC15 genome. This change induced the substitution of an Asparagine 

(Asn) residue to Aspartic acid (Asp) (Fig. 1). Despite the conservative nature of this codon base change, 

such substitution can potentially induce complete loss of activity (Pakula and Sauer 1989; Castro-Chavez 

2010).  

 

 

Figure 1. Genomics viewer browser visualization of a RNA-directed RNA polymerase located in scaffold 

3 of PC15 genome (A). SNPs in exon 6 along the amino acid sequence are reported in B. Amino acid 

substitution of a asparagine residue (Asn) to Aspartic acid (Asp) induced by SNPs is shown in C.  

 

This destabilizing substitution, might induce changes in the protein conformation and binding to other 

proteins in the specific pathway. Although further studied are needed to provide an exhaustive picture of 

RNAi pathways and mechanisms beyond sRNA production, these findings highlight the requirement of a 

functional epigenetic mechanism to fully control the mobility of transposons in the genome of P. ostreatus. 
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Helitrons that belong to the HELPO2 family are under-represented in the meiotically-derived progeny 

of P. ostreatus; this likely reflects the activation of a specific genome defense mechanism against the 

recent amplification of HELPO2 elements. 

 

The biased inheritance of HELPO2 elements with respect to the expected Mendelian segregation 

reflects the selective meiotic elimination of HELPO2 elements through a mechanism of allelic gene 

conversion. 

 

Experimental approaches display that HELPO2 elements are active in the genome of P. ostreatus 

and mobilize in somatic cells by replicative or semi-replicative transposition.  

 

P. ostreatus possesses highly conserved and transcriptionally active RNAi machinery, although other 

non-canonical RNAi components might be involved in the biogenesis of small RNAs. 

 

The genome of P. ostreatus contains epigenetic hallmarks that are associated with strain-specific 

DNA methylation and small RNA production, which are primarily involved in the transcriptional 

silencing of transposable elements. 

 

The production of repeat-associated small interfering RNAs (rasiRNAs) positively correlates with the 

transposon copy number and negatively correlates with the transposon divergence rate, as it is an 

attempt to limit the expansion of younger and more invasive elements within the genome of P. 

ostreatus.  

 

Transposon-associated methylation but not small RNA production is directly involved in the 

transcriptional silencing of surrounding genes as a consequence of the extension of the methylated 

transposon state.  
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The genome of P. ostreatus activates a set of genes that are involved in the triggering of primordia 

formation and fruitbody development, similarly to other basidiomycetes. In this context, transcriptional 

but not methylation reprogramming triggers the fruitbody development. 

 

The haploid nuclei that form the dikaryotic strain can undergo differential epigenetic modification 

when isolated before mating, and they can equilibrate their methylation levels after coexisting in 

the same cytoplasm for a long time. 
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