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Genome defense likely evolved to prevent the spread of transposable elements and 

invading viruses. Effective genome defense mechanisms have limited colonization of the 

Neurospora crassa genome by transposable elements. A novel DNA transposon named 

Sly1-1 was discovered in the genome of the most widely used lab “wildtype” strain FGSC 

2489 (OR74A). Meiotic silencing by unpaired DNA (MSUD), also simply called “meiotic 

silencing”, prevents the expression of regions of the genome that are unpaired during 

karyogamy. This mechanism is posttranscriptional and involves the production of small 

RNA, so called “masiRNAs” by proteins homologous to those involved in RNAi silencing 

pathways in animals, fungi and plants. Here, I demonstrate production of small RNAs 

when Sly1-1 was unpaired in a cross between two wild type strains. These small RNAs are 

dependent on SAD-1, an RNA-dependent RNA polymerase necessary for meiotic 

silencing. I present the first case of endogenously produced masiRNA from a novel N. 
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crassa DNA transposable element during the sexual development. By comparing genome 

sequences of two mating partners, I also identified (1) unpaired regions undergoing meiotic 

silencing, some of which contained the repetitive sequences and transposon relics. Small 

RNA produced from such regions shared the same features as masiRNAs; (2) unpaired 

regions immune to meiotic silencing with genes contained protected from meiotic 

silencing via abolishing small RNA production; (3) common regions shared by two mating 

patterns but with small RNAs production during karyogamy. The dissection of these 

regions revealed the role of meiotic silencing on resisting repetitive sequences and on 

compromising the unpaired genes essential in sexual development. 
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CHAPTER ONE  

Introduction 

1.1 Transposable elements 

1.1.1 Classification, structures and function 

A transposable element is a DNA segment capable of moving to new sites within 

its genome. Since Barbara McClintock first discovered transposons in maize during the 

late 1940s, an enormous increase in understanding of transposons occurred in the past 

several decades (McClintock 1953). Advances in molecular analysis of organisms’ 

genomes revealed that transposons are ubiquitous in prokaryotic and eukaryotic 

organisms and can sometimes contribute a main composition of the genomes. For 

example, transposable elements comprise 55% of the opossum genome (Gentles et al. 

2007), 37% of the mouse genome (Waterston et al. 2002), 45% of the human genome 

(Lander et al. 2001), and up to 85% of the maize genome and 90% of the wheat genome 

(Devos et al. 2005). Transposon families also display extreme diversity exemplified in 

the plant kingdom, which possesses up to tens of thousands of different transposon 

families (Bennetzen 2005; Feschotte et al. 2002). Transposons are broadly divided into 
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two classes according to their mechanism of transposition, a scheme for their 

classification is summarized in detail in (Feschotte and Pritham 2007) and (Seberg and 

Petersen 2009) (Fig.1.1): 

Class I (Retrotransposon): 

Class I transposons, or retrotransposons, function by a “copy and paste” 

mechanism. The original copy is first transcribed into RNA, and then copied into a cDNA 

molecule by reverse transcriptase (RT). This cDNA molecule are then converted to a 

double stranded product and inserted at a new target site of the host’s genome. The 

cleavage of target DNA would generate staggered nicks first. They are then fixed after 

the insertion process of transposon to form two repeats in direct orientation at the 

boundaries of transposons, named target site duplication (TSD), which is an important 

feature to classify transposons. Every replication cycle generates a new copy of the 

transposon, which is corresponding to the large size genome of some organisms, such as 

maize, wheat and barley (SanMiguel et al. 1996; Kumar and Bennetzen 1999; Vicient et 

al. 1999; Shirasu et al. 2000; Meyers et al. 2001; Wicker et al. 2001).  

Class I transposons are divided into two sub-classes: long terminal repeat 

elements (LTRs) and non-LTR retrotransposons (or LINEs, polyA retrotransposons, or 

target-primed (TP) retrotransposons). Most LTRs are a few hundred base pairs long and 

the longest described element, Ogre, is over 22kb found in the pea (Pisum sativum L.) 
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genome (Neumann et al. 2003). The general structure of LTRs are made up of direct long 

terminal repeats that bound each flank and can range from few hundreds of basepairs to 

over 5kb in size. It also contains open reading frames (ORFs) for GAG and POL. GAG is 

a structural protein for virus-like particles; Pol encodes an aspartic proteinase (AP), 

reverse transcriptase (RT), RNaseH and DDE integrase (INT) and other viral-like 

proteins (Boeke and Corces 1989). The human genome contains numerous families of 

LTRs, which form ~ 8% of the human genome, but most of them are no longer active and 

are present only in moderate numbers (Eickbush and Furano 2002; Lander et al. 2001).  

Non-LTR retrotransposons lacking long terminal repeats, can be further 

distinguished into long interspersed nuclear elements (LINEs) and short interspersed 

elements (SINEs). LINEs are several kilobases long and contain an ORF that transcribed 

by RNA polymerase II encoding the reverse transcriptase. Some, but not all, bear another 

ORF encoding a ribonuclease H, an apurinic/apyrimidic endonuclease, and/or putative 

nucleic-acid-binding motifs (Malik et al. 1999). For most LINEs, the 5’ end is truncated 

at various positions and the 3’ end contains poly (A) tail, tandem repeat or A-rich region. 

Well-characterized LINEs include the R2 element from Bombyx mori, L1 element from 

human and I factor from Drosophila melanogaster (Christensen et al. 2005; Boissinot et 

al. 2000; Seleme et al. 1999). L1 element is found in all mammals (Weiner 1980), the 

only one still active in the human genome and composes 17% of the human genome 
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(Doucet et al. 2010). SINEs are short DNA sequences, usually 80bp~500bp long and 

most contain an internal RNA Pol III promoter. SINEs have no ability to encode reverse 

transcriptase so that they have to borrow it from LINEs for retrotransposition. Alu 

elements are the best-known SINEs and found in most primate genomes. Roughly 

one-third of the human genome (Lander et al. 2001), 30% of the rat genome (Gibbs et al. 

2004), 27% of the mouse genome (Mouse Genome Sequencing et al. 2002) are composed 

of non-LTR retroelement..  

Two additional types of transposons in Class I are named DIRS-like (based on 

DIRS-1, characterized in Dictyostelium) and Penelope-like elements (PLEs). DIRS-like 

elements are found primarily in algae, animals and fungi (Goodwin and Poulter 2004). 

Unlike LTRs or LINEs that generated 4-6bp TSD upon integration, DIRS-like elements 

resemble either split direct repeats or inverted repeats instead, which indicated their 

different integration mechanism (Cappello et al. 1985). DIRS-like elements are classified 

as Class I transposons since they encode reverse transcriptase (Cappello et al. 1985). 

PLEs-like elements are detected in Drosophila virilis first (Evgen'ev et al. 1997), and 

then found in many other species, including unicellular animals, plants and fungi 

(Evgen'ev and Arkhipova 2005). PLEs-like element contained single ORF consists of two 

principal domains: one is reverse transcriptase similar to telomerase and the other one is 

endonuclease similar to GIY-YIG intro-encoded endonucleases (Evgen'ev and Arkhipova 
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2005; Arkhipova 2006). Some members contain a functional intron and have LTR-like 

sequences that can be in a direct or an inverse orientation (Wicker et al. 2007).  

Class II: 

Class II transposable elements, or DNA transposons, function by a “cut and paste” 

mechanism, where the TE locus is excised from the DNA and inserted into a new 

location. Transposition requires an enzyme, called transposase, which can be encoded by 

a gene within the Class II transposon itself. Both ends of the TE locus are flanked by 

terminal inverted repeats (TIRs), which are short related or identical sequences present in 

reverse orientation. Transposases recognizes TIRs and initiate the excision. DNA 

transposons can be found in nearly all eukaryotes and are usually present in low to 

moderate frequency. Upon integration into a new location, Class II transposons also 

create TSDs. The target sequence varies in length and sequence preference that is a 

hallmark for each DNA transposase family. DNA transposons are classified into two 

subclasses according to the number of DNA strands cut during transposition: (1) those 

transposons who apply classic “cut and paste” mechanism cut double-strand DNA (2) 

Helitrons and Mavericks only cut one strand of DNA during their insertion. Subclass I 

transposons are divided into superfamilies according to their internal sequences, TIRS 

and/or TSDs. Some of these superfamilies include Tc1/Mariner, hAT, Mutator, Merlin, 

Transib, P element, piggyBac, PIF/Harbinger, CACTA and Crypton. Nearly all of 
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subclass I transposons encode a transposase that contains a characteristic motif of three 

acidic residues - two of which are aspartic acids and one is either glutamic or a third 

aspartic acid - a [D,D,E/D] motif (Yuan and Wessler 2011). Others like P element, 

piggyBac, CACTA, Transib encode the transposase that contains a DDE-like motif or 

other catalytic domains with similar functions. The DDE motif coordinates divalent metal 

ions to catalyze transposition of transposons (Peterson and Reznikoff 2003).  

Subclass II DNA transposons including Helitron and Mavericks, transpose by 

replication involving the displacement of only one strand of DNA. Specifically, Helitron 

encodes Y2-transposase that contains conserved tyrosine and histidine motifs, replicates 

with an “rolling-circle” mechanism that doesn’t generate direct repeats on insertion 

(Curcio and Derbyshire 2003). Helitrons were mainly found in plants (best characterized 

in maize) and also detected in animals and fungi (Lal et al. 2003; Kapitonov and Jurka 

2001; Zhou et al. 2006; Hood 2005). Mavericks are long transposable elements, usually 

10 – 20 kb long (Feschotte and Pritham 2005). They neither contain ORFs encoding 

reverse transposase like in retroelements nor contain ORFs silimar to DNA transposons, 

but they can encode a retroviral-like integrase and display long TIRs, which indicate their 

distinct transposition mechanism. They contain 5-9 genes (in addition to the integrase 

gene) encoding proteins with homology to replication and packaging proteins of some 

bacteriophages and diverse eukaryotic double-stranded DNA viruses (Pritham et al. 
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2007). Mavericks were detected in animals and fungi, but not in plants (Pritham et al. 

2007). 

 Transposons are also classified as autonomous and non-autonomous. Autonomous 

transposons encode enzymes (reverse transcriptase (class I) or transposase (class II)) to 

perform transposition on their own. Non-autonomous transposons have to rely on the 

presence of autonomous transposons to move due to their absence or inactivation of 

ORFs encoding enzyme for transposition. The Ac/Ds transposable elements in maize are 

one of the first characterized systems of autonomous and non-autonomous elements. Ac 

elements are autonomous whereas Ds elements require transposase encoded by Ac in 

order to transpose (Fedoroff et al. 1983).  

 Over the last quarter century, many ideas concerning the function of transposons 

have been put forth. Most people initially considered transposons as parasitic entities, 

“selfish” or “junk” DNA, because their only function is to make more copies in the host 

genome, which has no obvious benefit to the host and even cause deleterious effects. First, 

transposon insertions can cause sequence inversions, duplications or deletion events and 

are therefore a potential source of genetic diseases for the host (Fedoroff et al. 1983). For 

example, in the human genome, insertions of L1 elements into Factor VIII (sex-link 

gene), RPS6KA3 gene and CHM gene can cause Haemohpilia, Coffin-Lowry syndrome 

and choroideremia, respectively (Callinan and Batzer 2006). Secondly, transposon 
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insertions can regulate the expression pattern of genes nearby. For example, the 

transposons carrying an enhancer can activate genes, which would lead to pathology such 

as activation of a proto-oncogene causing a cell to become cancerous (Lee et al.). Thirdly, 

the deleterious TE activity can also be brought about by the ectopic recombination of 

non-homologous regions of a chromosome. Such rearrangements during meiosis can 

produce inviable gametes, and it has been recently shown in Drosophila that selection 

against such events is the major force driving TE population dynamics (Delprat et al. 

2009; Weiner 1980).  

 However, there are several ways in which the activity of transposons can positively 

impact a genome. For example, the bacterial transposable elements, encode additional 

functions such as antibiotic resistance and virulence factors, their dissemination among 

species (carried by plasmids and viruses) has contributed to the shared bacterial gene 

pool (Curcio and Derbyshire 2003; Melchert et al. 2002). In Drosophila, the insertion of 

an Accord retrotransposon into the upstream of the gene Cyp6g1 transcription start site 

has correlated with the development of resistance to DDT and organophosphate 

insecticides (Chung et al. 2007). Also, multiple autonomous and nonautonomous 

telomere-specific retrotransposons have diverged from the common ancestor that was 

recruited to perform the cellular function of telomere maintenance in Drosophila 

(Villasante et al. 2007). It is shown that transposons play an important role in driving and 
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shaping genome evolution (Kazazian 2004). For example, in the human genome, 25% of 

promoter regions contain transposon-derived sequences (Jordan et al. 2003) and 533 

among 13,799 genes associated with transposons insertion (Nekrutenko and Li 2001).  

Next-generation sequencing technology has become more and more widely adopted 

in laboratories to decipher DNA/RNA sequences of any organism. This led to a flood of 

sequence information, which needs to be analyzed. In early time, repetitive sequences are 

considered as “junk” sequences to be filtered out (Janicki et al. 2011). However, more 

and more tools are available today to analyze repeated sequences, especially for 

transposable elements. Computational analysis of transponsons usually involves 

transposon sequence discovery, retrieval, comparison, alignment, and phylogenetic 

analysis. Lerat and Mateusz have summarized the detailed pipeline for analyzing 

transposons and list all available programs for different purposes of transposons analysis, 

such as detection, classification, annotation and visulation (Lerat 2010; Janicki et al. 

2011). For example, REPEATMASKER is useful for screening genome sequences to 

detect interspersed repeats and low complexity DNA sequences and provide their detailed 

annotation (Smit A 2006). TSDFINDER, SINEDR have been designed to detect 

non-LTR retrotransposons (Szak et al. 2002; Tu et al. 2004). Several programs have been 

propsed for detecting new LTR retrosposons in genomes, such as LTR_FINDER, 

LTRHRVEST, RETROTECTOR, etc, (Xu and Wang 2007; Ellinghaus et al. 2008; 
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Sperber et al. 2007; Jurka et al. 2005). RepBase is the most commonly used public 

database of eukaryotic repetitive DNA, which includes prototypic sequences of repeats 

and basic information described in annotations (Jurka et al. 2005). Other published 

database of transposons include MIPS-REdat, Gypsy database (GyDB), dbRIP, 

HOPPSIGEN and TEfam, etc, (Spannagl et al. 2007; Llorens et al. 2011; Wang et al. 

2006; Khelifi et al. 2005; Tu and Coates 2004). Some of them are genome specific and 

corresponds to specific genome projects. The existence of a variety of computational 

tools and web servers for transposon analysis serves different research needs, no single 

program could be sufficiently exhaustive to detect all repeats (Surya Saha 2008; Bergman 

and Quesneville 2007). Using several different programs and carrying out a cross 

comparison of their results has the best chance of finding the reliable results (Lerat 2010).   

 

1.1.2 Transposable elements in filamentous fungi 

The role of transposons on mutation is well established, while it is still 

controversial for their relevance on evolution and especially their potential benefit for 

their hosts.  This is often due to difficulties in establishing experimental test systems in 

more complex organisms, such as plants and animals (Kempken and Kuck 1998). Some 

of these difficulties may be circumvented by the use of filamentous fungi as experimental 
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organisms. The first transposons detected in fungi were Tyl and 𝛿 element in the yeast 

Saccharomyces cerevisiae, with the first hints of their presence in filamentous fungi 

coming from conventional genetic studies with unstable spore mutants of Ascobolus 

immerses (Decaris B 1978; Cameron et al. 1979). It was until 1989 that the first 

transposons in a filamentous fungus was reported — Tad, a LINE-like retrotransposon 

from Neurospora crassa (Kinsey and Helber 1989). The first filamentous fungal DNA 

transposon, Fot1, was described from the plant pathogen Fusarium oxysporum (Daboussi 

et al. 1992). Our understanding of the biology of transposons in filamentous fungi has 

grown considerably in the past decade, especially for species of agricultural, 

biotechnological and medical interest (Oliver.RP 1992; Kistler and Miao 1992). So far, 

the scientific community has cloned and characterized a large number of transposons 

from filamentous fungi such as LTR retrotransposons, LINE-like elements, SINE-like 

elements, Tc1/Mariner-like elements, Fot1-like transposons and elements from hAT 

family etc, all of which reflected the whole spectrum of eukaryotic transposons 

(Muszewska et al. 2011; Cambareri et al. 1994; Rasmussen et al. 1993; Glayzer et al. 

1995; Amutan et al. 1996).  

Like all other eukaryotes, fungi have Class I and II transposons. Class I consists 

of LTR transposons and non-LTR transposons. LTR transposons that were found in 

fungal genomes include five superfamiles, which are Copia, Gypsy, Bel-Pao, Retrovirus 
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and ERV. Gypsy-superfamily elements are most commonly found. The rice pathogen, M. 

grisea (M. oryzae) contains several sub-families of Gypsy elements (Dean et al. 2005). 

However, in this superfamly, only Maggy in M. grisea showed activity (Farman et al. 

1996).  Some Copia-superfamily elements have been characterized, including Mars2, 

Mars3 in A. immerses (Goyon et al. 1996), and Tcen in N.crassa (Cambareri et al. 1998) 

and nht2 in Nectria haematococa (Shiflett et al. 2002). A recent study on LTR 

retrotransposons in fungi identified a total of over 66000 elements in 58 published fungal 

genomes, all of which belong to the Copia or Gypsy superfamilies with Gypsy being the 

most abundant (Muszewska et al. 2011). Non-LTR transposons in fungi include four 

orders, which are DIRS (Dictyostelium transposable element), PLE (Penelope-like 

elements), LINE and SINE with 12 superfamilies all together: DIRS, Ngaro, VIPER, 

Penelope, R2, RTE, Jockey, L1, I, tRNA, 7SL, and 5S. Tad element from LINE in N. 

crassa and MGL from in M. grisea are still active (Sewell and Kinsey 1996; Nishimura et 

al. 2000). Gamma radiation treatment can trigger the transposition of the SINE-like 

element, Foxy, in F. oxysporum (Mes et al. 2000). A recent study identified more than 

100 novel non-LTR retrotransposons in 57 fungal genomes (Novikova et al. 2009).  

Class II elements detected in fungi include 13 superfamilies: Tc1/Mariner, hAT, 

Muator, Merlin, Transib, P, PiggyBac, PIF/Harbinger, CACTA, Crypton, Helitron, 

Maverick, Sola. Class II DNA transposons are most frequently represented by multiple 
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Mariner families of Pogo and Tcl/Mariner clades. The Tcl/Mariner superfamily is the 

most widespread in nature (Plasterk et al. 1999) and at least 14 elements are detected in 

different filamentous fungi species (Daboussi and Capy 2003). It can be divided into 

different families, Tcl, mariner, Antl, and pogo. Fot1 in F. oxysporum was the first 

discovered pogo-like element in fungi and also the most studied element (Daboussi et al. 

1992; Migheli et al. 1999). The Fot1/Pogo family has less frequency in plants and 

animals, appears to be very prevalent in fungi (Kempken and Kuck 1998). The hAT 

superfamily includes at least 14 detected elements, of which four are active in fungi. Only 

one element from the Mutator family has been discovered in fungi so far — Hop 

element, which was found to be active in F. oxysporum and is similar to Mutator-like 

elements found in maize (Chalvet et al. 2003). Two MITE-like elements also have been 

detected in fungi: mimp1, mimp2 in F. oxysporum (Hua-Van et al. 2000; Yeadon and 

Catcheside 1995). Mimp elements share the similar TIRs and “TA” TSD as the 

autonomous Tcl-like element impala whose tranposase are used by mimp for 

transposition in F. oxysporum (Dufresne et al. 2007). Helitron elements were detected in 

the Aspergillus nidulans genome recently, named Helitron-N1_AN (Cultrone et al. 2007; 

Galagan et al. 2005). Their homologs are abundant in Neosartorya fischeri, which 

contains a relatively high transposon content (William C. Nierman 2007). 

Mavericks/Polintons were recently found in the soybean rust Phakopsora pachyrhizi and 
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the arbuscular mycorrhizal fungus Glomus intraradices (Rhizophagus 

irregularis)(Kapitonov and Jurka 2006).  

There are several specific advantages to be gained from studying the transposons 

of filamentous fungi (Kempken and Kuck 1998): (1) Fungi have relatively small genomes, 

compared with animals and plants, which is suitable for genome analysis. Discovery of 

regulation of transposition in filamentous fungi will shed light on understanding more 

complicated mechanism in plants and animals. (2) Fungi have developed various 

silencing mechanism against repeated sequences. This supplies us a useful model system 

to understand how a foreign transposable element can survive in fungi via the 

introduction of a foreign transposable element in to these species. (3) Filamentous fungi 

have a coenocytic organization in which a large number of nuclei exist in a single 

cytoplasmic compartment. Cells can survive in a coenocytic organism as a heterokaryon 

though essential genes are inactivated by transposition event. (4) The availability of 

abundant mitotic and meiotic mutants in Aspergillus and Neurospora provides the means 

to understand the detailed aspects of transposition mechanism of class II elements, such 

as the timing and mode of excision.  
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1.1.3 Transposable elements in Neurospora crassa 

Neurospora has had a central role as a model organism, contributing to the 

fundamental understanding of genome defense systems, DNA methylation, mitochondrial 

protein import, circadian rhythms, post-transcriptional gene silencing and DNA repair. 

Neurospora species show one of three different life cycles called heterothallic, 

homothallic and pseudohomothallic, of which heterothallic Neurospora is most 

thoroughly studied (Ni et al. 2011) .Since 2003, the sequence and assembly of the whole 

genome of N. crassa has promoted the investigation of structure of Neurospora genome 

(Galagan et al. 2003). Latest annotation showed N. crassa genome is ~43Mb and contains 

a total of 9758 protein-coding genes (Broad Institute, 

http://www.broadinstitute.org/annotation/genome/neurospora/GenomeStats.html). 

Notably, by comparing genome of N. crassa with genomes of other filamentous fungi it 

was found that the proportion of genes in multigene families is significantly smaller and 

with very paralogs showing high similarity (Galagan et al. 2003). Additionally, repeated 

sequences longer than 200 bp are very rare, only consisting smaller than 10% of the 

genome, and most of them (81%) are RIPed, which is a genome defense mechanism will 

be discussed later. So far, there are eight discovered transposable elements in N. crassa, 

including Dab-1, Pogo and Tgl1, Tgl2 (Gypsy superfamily), Tad (LINE-like superfamily), 

http://www.broadinstitute.org/annotation/genome/neurospora/GenomeStats.html
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Tcen (Copia superfamily), Guest and Punt (Tcl/mariner superfamily) (Table 1.1). 

However, only Tad elements are foungd active and others are degenerated by repeat 

induced point mutation (RIP).  

Dab-1 (dead-and-buried) is a degenerate retrotransposon in the Gypsy superfamily. It 

was first found on the cosmid G14:3A from the Orbach/Sachs pMOcosX Neurospora 

genomic library, made from the DNA of strain ST74-OR23-IVA (Orbach 1994). It has an 

ORF encoding the reverse transcriptase, RNase H and endonuclease products of the Pol 

genes. It lacks LTRs probably due to severe action of RIP (Bibbins et al. 1998).  

Pogo was first found at the telomere of the right end of linkage group V in the 

standard OR23-IV-A strain of N. crassa (Schechtman 1990). It consists of two 318 bp 

long direct repeats flanking an ORF and a 3-bp duplication located at its borders. Their 

direct repeats differ from each other at 34 positions, 33 of which show G:C to A:T 

transitions, a typical feature of RIP mutation. At least eight weakly linked or unlinked 

locations contain homologous sequences of Pogo but subject to RIP.  

Tcen, Tgl1 and Tgl2 were found together on the linkage group VII (Cambareri et al. 

1998). Tgl1 is a gypsy-like transposon that appears to be interrupted by two degenerated 

remnants of Tad elements. Tcen is found adjacent to Tgl1. It is a 530 bp copia-like 

retrotransposon, which is the only known transposon associated with centromere regions 

in filamentous fungi. Tgl2 is another gypsy-like transposon, showing the similarity to the 
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Ty3 transposon of Saccharomyces cerevisiae, located at the downstream near Tcen. All of 

these elements are degenerated by RIP.   

Punt was detected in a 5S rRNA pseudogene (Margolin et al. 1998). It belongs to the 

Fot1 class of fungal transposable elements with most copies are degenerated by RIP, 

except one without modification of RIP but harbor a large central deletion that 

presumably rendered it defective for transposition.   

Guest was reported as the first discovered DNA transposon for Neurospora species 

(Ramussen et al. 2004; Yeadon and Catcheside 1995). It was initially detected in the St. 

Lawrence 74 A strain of N. crassa with 98-bp terminal inverted repeats and inserted in 

the intergenic region between his-3 and cog in linkage group I (Yeadon and Catcheside 

1995). It belongs to Tcl/mariner superfamily and widely distributed throughout the N. 

crassa genome as multiple inactive iterations (Ramussen et al. 2004).  

Tad is the only detected active transposons so far in Neurospora, which is a 7kb 

LINE-like retrotransposon found in a wild strain isolated in Adiopodoume, Ivory Coast 

(Kinsey and Helber 1989). It was selected on the basis of its ability to generate 

spontaneous forward mutation in the am gene and as such represents an intact and active 

transposon. It is capable to transpose between nuclei in a heterokaryon via an RNA 

intermediate. However, the active Tad element is rare, as demonstrated by its absence 

from over 400 strains isolated from all over the world but all, except N. sublineolata, 
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contained the degenerate copies of Tad mutagenized by RIP (Sewell and Kinsey 1996). 

Kinsey et al. have shown that Tad elements derived from Adiopodoume are sensitive to 

RIP, though they are active and abundant in Adiopodoume strains (Kinsey et al. 1994). 

Cindy Anderson’s group examined the survival ability of Tad in the sexual development 

and found the active Tad elements were rapidly eliminated due to RIP action (Anderson 

et al. 2001). Tad is only active in Adiopodoume due either to the existence of an 

extensive asexual phase of the life cycle of Neurospora Adiopodoume or to a recent 

reintroduction by horizontal transfer (Nolan et al. 2005). Remnants of Tad or inactive 

Tad have been found in a variety of Neurospora strains indicated Tad is an old 

transposon that has been inactivated by RIP (Kinsey et al. 1994). 

 

1.2 Genome defense mechanisms in Neurospora crassa 

1.2.1 Life cycle of Neurospora crassa 

Neurospora is a heterothallic species, which means it possesses two mating types, 

MATA and MATa. Under normal conditions, N. crassa is haploid and grows 

vegetatively as a multinucleate mass of interconnected hyphal cells called mycelia. 

Asexual reproductive development produces aerial hyphae from which conidiophores 

form chains of terminal asexual spores called conidia (Clutterbuck 2010). Condia can 
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germinate and repeats the asexual cycle if they land on a suitable substrate. Under 

nitrogen starved conditions, the female reproductive structures, called trichogyne, are 

induced to grow towards the conida male cells of opposite mating type. Afterwards, two 

haploid nuclei fuse to form a diploid zygote in a fruiting body called perithecium. Each 

zygote undergoes meiosis twice and one subsequent mitotic division, resulting in 

formation of eight ascospores, linearly ordered within an ascus. The mature ascospores 

are ejected from the perithecium, and then germinate and enter into vegetative growth 

phase, thus completing the sexual cycle. Either mating type can serve as the male or 

female in a Neurospora cross.  

 

1.2.2 Known genome defense mechanisms in Neurospora crassa 

Similar to other coenocytic organisms, in which nuclei share the same cytoplasm, 

N. crassa genome risks more on systemic invasion by viruses or transposons (Tamuli 

2010). In general, any sequence of ~1kb or larger present with multiple copies could be a 

retrotransposon capable of damaging the integrity of the genome (Pratt et al. 2004).  

Presumably in efforts to protect its genome, Neurospora has acquired a collection of 

various genome defense mechanisms, which has resulted in a genome depauperate of 

transposons. There are three known defense mechanisms that N. crassa uses to defend 
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itself: Quelling, repeat induced point mutation (RIP) and meiotic silencing by unpaired 

DNA (MSUD).  

During vegetative growth, repeated sequences are detected and inactivated by an 

RNA interference involved silencing mechanism, named quelling (Cogoni and Macino 

2000; Cogoni 2001; Romano and Macino 1992), which produce small interfering RNAs 

to degrade the transcripts of repeated element and block their propagation (Catalanotto et 

al. 2002). Several essential genes are involved in quelling pathway, including qde-1, 

qde-2 and qde-3, dcl-1/dcl-2 and qip, coding for an RNA-dependent RNA polymerase 

(RDRP), argonaute-like protein, a RecQ-like helicase, Dicer enzymes and an exonuclease, 

respectively (Catalanotto et al. 2000, 2002; Cogoni and Macino 1999b, 1999a; 

Catalanotto et al. 2004; Maiti et al. 2007). During the sexual development, specifically 

before the karyogamy (following the mating, but prior to meiosis), the repeated 

sequences will suffer the RIP action, which transits the GC into AT with a striking 

preference for CpA/TpG dinucleotides in the duplicated sequences (Selker 1990). 

Remaining, non-mutated cytosine bases are then methylated by DIM-2, a DNA 

methyltransferase responsible for all known cytosine methylation in Neurospora 

(Kouzminova and Selker 2001). If cells containing repeated DNA elements overcome 

quelling and RIP and enter into karyogamy, the sequences are subjected to meiotic 

trans-sensing, a process evaluates the identity of the homologous chromosomal regions. 



 21 

The “sensing” of unequal sequences on the homologous regions activates a 

post-transcriptional gene silencing mechanism termed meiotic silencing by unpaired 

DNA (MSUD), which is discussed in detail in next section.  

 

1.2.3 Meiotic silencing by unpaired DNA in Neurospora crassa   

N. crassa utilizes an important genome protection mechanism called meiotic 

silencing by unpaired DNA (MSUD), which functions on silencing unpaired genes and 

all their copies in the whole genome during the sexual development. MSUD is similar to 

quelling but only occurs during meiosis (Aramayo and Metzenberg 1996; Shiu et al. 2001; 

Shiu and Metzenberg 2002). It was initially discovered through a crossing experiment 

between ascospores maturation gene (asm-1) deletion mutant and a wild type (asm-1
Δ
 x 

asm-1
+
) (Shiu et al. 2001). It was observed that the normal allele of asm-1

Δ
 failed to 

function during meiosis resulting in white and inviable ascospores. The same 

phenomenon was observed in a heterozygous cross between wild type and a strain with 

two copies of asm-1
+
, one at the native locus, the other one at the ectopic locus (asm-1

+
 x 

asm-1
+
, asm-1

+ect
). However, in the homozygous crosses, where the asm-1 was paired 

either at the native or at ectopic locus, the normal black spores were produced. Recently, 

it was found that some other genes, such as beta-tubulin (Bml), actin, histones H3, H4-1 
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(hH3hH4-1) and plasma membrane ATPase(pma-1), whose expression is required during 

meiosis, could be silenced if they were unpaired during the first meiotic phase (Shiu et al. 

2001).  

 Previous studies have shown that several essential components are involved in the 

MSUD pathway. Crossing between a wild type and suppressor of ascus dominance–1 

mutant (Sad-1
Δ
) failed to induce MSUD, which resulted in the expression of genes with 

ectopic copies (Shiu et al. 2001). When a protein homology search tool was used, it was 

found SAD-1 is homologous with many RNA-directed RNA polymerases (RDRP). These 

enzymes play an important role in RNA interference pathways for catalyzing the 

replication of RNA. SAD-2 was discovered as another important component in MSUD 

pathway, co-localizing and functioning with SAD-1 (Shiu et al. 2006). SAD-3 is a 

putative helicase, forming a complex with SAD-1 and SAD-2 around the perinuclear 

region (Hammond et al.).   SMS-2 (suppressor of meiotic silencing) was found to act 

like an Argonaute protein to load the small RNA for mRNA degradation of unpaired 

DNA (Lee et al. 2003). Additionally, SMS-3/DCL-1 (Dicer-like-1) is involved in MSUD 

to process double-stranded RNA into siRNA duplexes. QIP acts as an exonuclease which 

is important for the production of single-stranded siRNA (Xiao et al.). Recently, SAD-4 

and SAD-5 were found located at nuclear periphery and inside of nucleus, respectively, 

both of which are involved in small RNA production in meiotic silencing (Hammond et 
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al. 2013b). Moreover, a putative SNF-2 family protein, SAD-6 was found to be required 

in MSUD pathway, presumably functioning on facilitating key steps in the repair of 

double-strand breaks by homologous recombination (Samarajeewa et al. 2014). These 

findings indicate that MSUD silences the unpaired region via an RNA interference 

pathway. 

 Accordingly, a potential silencing model of MSUD was proposed (Fig. 1.2): First, 

aberrant RNA is transcribed from unpaired DNA during meiosis with the involvement of 

SAD-5 and SAD-6. After being exported to the nuclear periphery, single stranded 

aberrant RNA is converted into double stranded RNA by SAD-1 assisted with SAD-2, 

SAD-3 and SAD-4, and then processed into short siRNA duplexes by SMS-3. Afterwards, 

one strand of siRNA duplexes combine with RISC complex (SMS-2 contained), and then 

target homologous transcripts for degradation so as to silence the unpaired DNA and their 

copies at other loci. The passenger strand of siRNA-duplex is then degraded by QIP.  

 

1.3 Control of transposable elements in Neurospora crassa 

1.3.1 Action of quelling on transposons 

 Quelling was discovered by transforming two exogenous genes required for 

biosynthesis of carotenoids (al-1, al-3) into an orange wild-type strain of N. crassa, 
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which resulted in silencing of the endogenous al-l or al-3 genes indicated by the albino 

(white) /pale yellow phenotype in some of the transformants and reduced al mRNA 

levels (Cogoni and Macino 1997; Cogoni et al. 1996; Romano and Macino 1992). Their 

results demonstrated that quelling is a post-transcriptional gene silencing mechanism that 

silences both the transgene and homologous endogenous gene during the asexual 

development. Several essential components are involved in quelling pathway: a 

RNA-dependent RNA polymerase, QDE-1 (Fire et al. 1998); an Argonaute protein, 

QDE-2 (Catalanotto et al. 2000); a RecQ DNA helicase, QDE-3 (Cogoni and Macino 

1999b); two partially redundant Dicer proteins, DCL-1 and DCL-2 (Catalanotto et al. 

2004); a exonuclease, QIP (Maiti et al. 2007). Sequence analysis showed that all of these 

components have homologues found in plants, fungi and animals involved in RNA 

interference pathway (Mourrain et al. 2000; Smardon et al. 2000; Dalmay et al. 2000). 

Quelling regulates the expression of multiple copies of genes via 25-bp long small RNAs, 

which required the production of aberrant RNA from repeated sequences (Catalanotto et 

al. 2002). Quelling is spontaneously and progressively reversible when the copy numbers 

of exogenous sequences decrease, indicating that the efficiency and stability of quelling 

is correlated with copy number of transgenes or tandem repeats (Cogoni and Macino 

1997; Cogoni et al. 1996; Romano and Macino 1992). 
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 Quelling is thought to play an important role for fighting against transposons during 

vegetative growth. Nolan et al. showed that qde-2, dcl-1 and dcl-2 genes involved in 

quelling pathway are essential to effectively suppress the transposition the LINE-like 

transposon, Tad, in the strain N. Adiopodoume but malfunction in quelling defective 

mutants (Nolan et al. 2005). Chicas et al. showed that quelling can be triggered to silence 

the incompletely silenced RIPed relics of transposons during vegetative development 

(Chicas et al. 2004). Cecere et al. showed that quelling targets the rDNA repeats locus 

and functions in rDNA copy number control (Cecere and Cogoni 2009). However, no 

evidence showed that quelling affect the methylation of H3K9 and needed for the 

maintenance of the heterochromatic state of RIPed transposon relics and centromeric 

regions. This is very different from other model organism that RNAi is highly related to 

transcriptional gene silencing by guiding heterochromatin assembly and maintenance. 

Thus, the role of quelling is limited but important during vegetative growth on protecting 

the genome integrity. 

 

1.3.2 RIP vs. Transposons 

 Repeat-induced point mutation (RIP) is a process that detects and mutates duplicated 

sequences that > ~400bp (~1kb for unlinked duplications) and share > ~80% nucleotide 
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identity in the genome by causing multiple C to T transitions in the premeiotic 

ascogenous cells. RIP occurs preferentially in CpA dinucleotides in Neurospora 

(Cambareri et al. 1989; Grayburn and Selker 1989). The resulting mutations in the 

genome are permanent. Only one essential gene, rid, is detected that involved in RIP 

process, which encodes a putative DNA methyltransferase (DMT) or a DMT-like enzyme. 

The rid gene is highly conserved across the Neurospora genus (Freitag et al. 2002) and 

its homologues are detected in other filamentous fungi (Malagnac et al. 1997). DNA 

methylation appears to be associated with RIP. However, mutants defective in rid do not 

have any obvious defects in DNA methylation in vegetative hyphae or in fertility, growth, 

or development.  

 It has been shown that nearly all of detected transposons in Neurospora have been 

subjected to RIP mutations, including the active retroelement Tad and other degenerated 

elements such as Punt, Tcen, Tgl and Dab-1. Moreover, >81% of repetitive sequences in 

the N. crassa genome was predicted to be RIPed (Galagan and Selker 2004). Taken 

together, RIP plays an important role on protecting genome integrity during sexual 

development.  
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1.3.3 Meiotic silencing vs. Transposons 

 Meiotic silencing is a posttranscriptional defense mechanism that silences unpaired 

genomic segments during karyogamy. Meiotic silencing is similar to quelling: (1) both 

share similar set of essential components in the pathway, including RNA-dependent RNA 

polymerase, Dicer-like protein, Argonaute protein and exonuclease; (2) both produce 

25-bp long, not strand specific small RNAs with preference of 5’ uridine; (3) both 

function during post transcription. However, unlike quelling and RIP, there is no direct 

evidence to show meiotic silencing is effective in preventing the spread of repeated 

elements. This is likely due to the rare presence of active transposable elements in N. 

crassa genome and the surveillance of quelling and RIP on genome. But from a genome 

protection perspective it makes sense that meiotic silencing is able to protect integrity of 

genome from transposable element infection. I can imagine that during the meiosis, 

sexual development from a cross between two haploid parents, one of which was infected 

by transposable elements in the previous vegetative development. These transposable 

elements will undergo trans-sensing and be identified and tagged as unpaired DNA or 

chromatin because of its heterogeneity with homologous regions at the allelic locations. 

Then, these tagged regions will trigger the meiotic silencing to degrade any transcripts 

from these tagged regions and their other homologous regions until after the first mitosis. 
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Moreover, I consider meiotic silencing as the backup emergency plan to eliminate the 

transposable elements escaped from the surveillance of quelling and RIP. Because any 

formation of unpaired DNA caused by ectopic insertion will trigger meiotic silencing no 

matter how important the genes contained in the insertion loci (Shiu et al. 2001). 

 

In this dissertation, I talk about the detection of a novel DNA transposon in a filamentous 

fungal, Neurospora crassa and discussed its interaction with meiotic silencing by 

unpaired DNA with an RNA inference pathway involved during the sexual development. 
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Figure 1.1. The classification of transposons and the schematic diagram of transposon 

structure under different superfamilies. Figure is refered to Seberg and Petersen 2009. 
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Figure 1.2 Current model for Meiotic Silencing by Unpaired DNA. During meiosis, 

unpaired DNA is detected and transcribed into aberrant RNAs, which trigger the meiotic 

silencing. Aberrant RNAs are exported to nuclear periphery and converted to dsRNAs by 

SAD-1, SAD-2 and SAD-3. DCL-1 processes dsRNAs into ds-siRNA duplex. One strand 

of duplex are then loaded onto SMS-2 based RISC to accomplish gene silencing. The 

other strand of duplex is degraded by QIP. SAD-4 and SAD-5 are involved in meiotic 

silencing with functions unknown. SAD-6 locate in nuclear and presumably functions on 

detected unpaired DNA.
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Class I 

LTR retrotransposon 

Superfami

ly 

Element Size (bp) LTR 

(bp) 

TSD 

(bp) 

# of copy Activity EMBL 

Accession # 

Reference 

Gypsy Dab-1 6100
a
 ? ? ? degenerated Y14976 (Bibbins et al. 1998) 

 Pogo 1600 318 3 5-10
b
 degenerated ? (Schechtman 1990) 

 Tgl1 ? ? ? ? degenerated AF079510 (Cambareri et al. 1998) 

 Tgl2 ? ? ? ? degenerated AF079510 (Cambareri et al. 1998) 

Copia Tcen ? 

 

? 5 ? degenerated AF079510 (Cambareri et al. 1998; 

Centola and Carbon 1994) 

Non-LTR retrotransposon 

LINE-like Tad1-1 6922 - 14-17 ~40 active L25662, 

L25663 

(Kinsey and Helber 1989; 

Cambareri et al. 1994) 

 dTad 3475 - ? ? degenerated AF079510 (Cambareri et al. 1998) 

 dTad2 1404 - 14 ? degenerated AF079510 (Cambareri et al. 1998) 

 dTad3 ? - ? ? degenerated AF079510 (Cambareri et al. 1998) 

 dTad4 ? - ? ? degenerated AF079510 (Cambareri et al. 1998) 



 

 

3
3
 

 

 

Table 1.1 The summary of transposons detected in Neurospora crassa. (a) size of sequenced fragment; (b) deleted or modified 

copies (c) imperfect TIR (?) unknown or not specified (LTR) long terminal repeat; (TIR) terminal inverted repeats; (TSD) 

target site duplication. 

 

Class II 

Superfamily Element Size (bp) TIR (bp) TSD (bp) # of copy Activity EMBL 

Accession # 

Reference 

Fot1/Pogo dPunt 1122 45
c
 3 1 degenerated AF181822 (Margolin et al. 1998) 

 Punt
RIP1 

 1873 45
c
 3 1 degenerated ? (Margolin et al. 1998) 

 Punt
RIP2 

 281 ? ? 1 degenerated ? (Margolin et al. 1998) 

 Punt
RIP3 

 280 ? ? 1 degenerated ? (Margolin et al. 1998) 

 Punt
RIP5 

 ? ? ? 1 degenerated ? (Margolin et al. 1998) 

 Punt-Al
 
 280 ? ? 1 degenerated ? (Margolin et al. 1998) 

Tc1/mariner Guest 100-2400 30-40 2 47 (48
c
) degenerated AY197334, 

AY197335, 

AY374119 

(Yeadon and 

Catcheside 1995; 

Ramussen et al. 2004) 
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CHAPTER TWO  

Discovery of a Novel DNA Transposon in Neurospora 

crassa 

2.1 Introduction 

Transposons constitute a major source of genetic variation in nature and have been 

described in a wide variety of organisms. Transposons are classified by their transposition 

mechanism: Class I transposons apply “copy and paste” mechanism via RNA 

intermediates; Class II transposons or DNA transposons apply “cut and paste” mechanism 

via DNA intermediates. Eight transposons have been described in Neurospora crassa, 

including Dab-1, Pogo and Tgl1, Tgl2 from gypsy superfamily, Tad from LINE-like 

superfamily, Tcen from copia superfamily, Guest and Punt from Tcl/Mariner superfamily 

(Bibbins et al. 1998; Schechtman 1990; Cambareri et al. 1998; Kinsey and Helber 1989; 

Yeadon and Catcheside 1995; Ramussen et al. 2004; Margolin et al. 1998). All of detected 

transposons except Tad elements are inactivated and degenerated by RIP. However, active 

Tad only present in one wild isolated strain of N.crassa and remain susceptibility to RIP 

(Anderson et al. 2001). Forty-eight copies of Guest are detected in the Neurospora genome 

and all of them are inactive due to RIP insertion/deletion mutations. The Punt element is a 

DNA transposon that was first detected at the 5S rRNA pseudogene in N. crassa (Margolin 

et al. 1998). Multiple copies of Punt are present in the Neurospora genome and are likely 

inactive as they have been subjected to RIP mutations. One copy of Punt called dPunt in 
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the N. crassa OR74A genome appears to have escaped the RIP mutation but is still 

defective due to a large deletion of central region.  

By comparing the genomes of several lab strains, multiple loci in the reference 

genome FGSC 2489 were identified to be missing among individuals in this population and 

pedigree. One of the largest of these detected insertion/deletions is a transposable element I 

named Sly1-1. In addition, multiply copies of Sly1-1 present in the other locus of 

Nerusopora genome and two of them have been degenerated by RIP. Here I present 

evidence that Sly1-1 is a presumably active DNA transposon that recently being introduced 

into genome of FGSC 2489. 

 

2.2 Materials and methods 

Strains and tissues   

Neurospora strains used in this study are listed in Table 2.1. All strains were 

obtained from the Fungal Genetics Stock Center (FGSC, University of Missouri, Kansas 

City, Missouri, USA). Mycelia of strains used for DNA extraction were collected after 

growth in liquid Vogel’s medium N (Vogel 1956) at 25°C for three days. All of the 

collected tissues were stored at -80°C until further use.  

 

DNA extraction and Southern blots 

Mycelia from strains were grown in liquid culture, filtered on Whatman paper, and 

air dried in a Buchner funnel by vacuum suction and weighed. Approximately 1 mg of 
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mycelium of each strain was ground by mortar and pestle in a liquid nitrogen bath and 

homogenized with 600 L cell lysis buffer (Qiagen, Valencia, CA) and 3 l Proteinase K 

(Qiagen, Valencia, CA) at 60°C for 1-2 hours. After cooling to room temperature, 200 L 

protein precipitation solution (Qiagen, Valencia, CA) was added to each sample and the 

solution kept on ice for 10 min. Samples were centrifuged at 13,000Xg for 15 min and 500 

L clear supernatant was transferred to a new tube followed by adding 500 L isopropanol 

for DNA precipitation. Samples were centrifuged at 13,000Xg for 10 min and a compacted 

DNA pellet formed, which was washed with 1 ml cold 70% ethanol, followed by air-drying 

and resuspension in sterile water. 

The restriction enzymes AflIII, Ncol, DraIII and Styl were used separately to digest 

~20 g of genomic DNA from various strains. Digested products were separated in 0.8% 

agarose gels, followed by blotting onto nylon membranes (GE Water & Process 

Technologies, CT, US). One fragment amplified from PCR was used as templates to 

synthesize a 
32

P-labeled DNA probe, Probe D (Table 2.2). Probe D was hybridized to blots 

with AflIII-, Ncol- Styl- and DraIII-digested DNA. Prehybridization and hybridization was 

performed in PerfectHyb
tm

 Plus hybridization buffer (Sigma, Deisenhofen, Germany) at 

65°C overnight. Membranes were washed one time at 65°C in four solutions (2X SSC (0.3 

M NaCl, 30 mM sodium citrate, pH 7.0) and 0.1% SDS, 1X SSC (0.15 M NaCl, 15 mM 

sodium citrate, pH 7.0) and 0.1% SDS, 0.5 X SSC (75 mM NaCl, 7.5 mM sodium citrate, 

pH 7.0) and 10% SDS, 0.1X SSC (7.5 mM NaCl, 1.5 mM sodium citrate, pH 7.0) and 0.1% 

SDS for 15 min, respectively, in order to minimize unspecific background. The membranes 
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were exposed to a phosphoimager screen and scanned after 24 hr on a Typhoon 941 

phosphorimager. Results were analyzed by Image Quant TL (version 7.0) software. 

 

FGSC 8820 genome sequencing and analysis 

The genomic sequencing library of strain FGSC 8820 was constructed by using 

Nextera Illumina DNA preparation kit with dual indexing primers and sequenced in the 

Genomic Core at the Institute of Integrative Genome Biology, University of California, 

Riverside on an Illumina HiSeq2000 genome analyzer. The sequence coverage was 

approximately 80X and the reads are deposited in the SRA database under project 

accession SRP021049. 

 

Transposon bioinformatics analysis 

The superfamily classification of Sly1-1 was performed by searching the preditcted 

protein sequence against a curated library of DNA transposase domains (Yuan and Wessler 

2011).  Dr. Jason Stajich identified it as likely member of the CMC superfamily (CACTA 

– Mirage – Chapev and Transib) and I repeated the analysis. A multiple alignment by using 

MUSCLE (http://www.ebi.ac.uk/Tools/muscle/index.html) was constructed of these 

homologs and the Ch. globosum and Co. immitis copies, trimmed with TrimAl, and a 

phylogenetic tree constructed with RAxML (Stamatakis 2006) using a BLOSUM62 model 

with empirical frequencies. Internal node support in the tree was estimated from 100 

bootstrap replicates. Dr. Yaowu Yuan help to identify the specific D-D-E residues by 

predicting secondary structure of the protein using PSIPRED of the DDE domain (Buchan 

http://www.ebi.ac.uk/Tools/muscle/index.html
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et al. 2013; Jones 1999) and identify the residues falling within the correct range of 

expected folds (Yuan and Wessler 2011).  

 

TIR and TSD analysis methods 

Terminal inverted repeat 1 and 2 (TIR1 and TIR2) were identified by self-aligning 

putative regions of Sly1-1 including 3 kb flanking DNA upstream and downstream 

sequences, using NCBI-blast2seq on the NCBI server 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?). In strains with Sly1-1 absent, it is clear that some 

reads aligned to the upstream of TIR1 and downstream of TIR2 are fractured to form a 

“fault”. These were considered the edge of the insertion site between TIRs and TSDs. And 

the duplicated sequences adjacent to TIR are considered as TSD. In the strains where 

Sly1-1 is present, there is continuous read coverage across the locus including the putative 

insertion site edges of the TE. Sequences of TSDs were determined according to these 

continuous reads by detecting their common sequences adjacent to the TIRs.  

 

Annotation of regions that had undergone RIP 

Testing for copies of Sly1-1 that have undergone Repeat Induced Point mutation (RIP) 

was done by RIPCAL (Hane and Oliver 2008) based on a multiple alignment of all 

homologs of the TE sequence. In addition, whole genome RIP analysis was performed with 

the script RIP_index_calculation.pl (https://github.com/hyphaltip/fungaltools) by 

computing RIP indices in sliding windows across all chromosomes. The RIP index for 

https://github.com/hyphaltip/fungaltools
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each locus was evaluated visually as a track in the Stajich lab Genome Browser 

((http://gb2.fungalgenomes.org/gb2/neurospora_crassa). 

 

2.3 Results 

By comparing the genome sequences between FGSC 2489 and FGSC 8820, I found a 

large region absent in the FGSC 8820 genome. It is an approximately 10kb region that 

locates on linkage group (LG) VI (309012 - 320545 nt) and contains two hypothetical 

genes, NCU09968 and NCU09969. I noticed that the read coverage of genomic 

re-sequencing of the FGSC 2489 strain was higher than the flanking regions, which 

suggests that multiple copies of this region are present in the reference genome (Fig. 2.1). 

Inspection, first by PCR and later by analysis of available genomic sequencing and 

Southern blots of N. crassa strains, indicated that this region was present in the genome of 

only a few laboratory wildtype strains, and none of resequenced natural strains 

(McCluskey et al. 2011). This difference was initially noticed in the track of alignment of 

ChIP-sequencing reads from strain NMF229 (Smith et al. 2011) to the reference genome 

FGSC2489 in the Stajich lab Genome browser 

(http://gb2.fungalgenomes.org/gb2/neurospora_crassa) (Fig.2.1). I named this putative 

transposon Sly1-1 and this new DNA transposon family Sly for Silently. 

The first identified Sly locus on LG VI contains a complete copy of Sly and was 

named Sly1-1. The region is 11,534 bp long and includes an intact transposase 

domain-containing gene, NCU09969, I named sly1-1, and a gene of unknown function, 

http://gb2.fungalgenomes.org/gb2/neurospora_crassa
http://gb2.fungalgenomes.org/gb2/neurospora_crassa
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NCU09968 (Fig. 2.1), which has similarity to Chaetomium globosum CHGG_09452. 

Phylogenetic analysis of NCU09969 identifies it as member of the CMC 

(CACTA-Mirage-Chapaev) superfamily of DNA transposons (Fig. 2.2), based on 

conservation of DDE motifs found in the transposase domain and other conserved residues 

(Fig. 2.3) (Yuan and Wessler 2011). The arrangement of genes within Sly1-1 is conserved 

in other species. Homologs of both ORFs were found as adjacent and divergently 

transcribed genes in Ch. globosum (CHGG_09451 and CHGG_09452) and in 

Coccidioides immitis CIMG_13536 encodes a Sly transposase.  

Terminal Inverted Repeats (TIR) and Target Site Duplications (TSD) are hallmarks 

of DNA transposons (Potter et al. 1980). I identified two TIRs (TIR1 and TIR2) and 

TSDs (Fig. 2.1, Fig. 2.6B) at the boundary of Sly1-1 by comparing Sly1-1 to non-Sly1-1 

containing strains (FGSC8820; FGSC7022; FGSC1363; FGSC106; D48, FGSC8088; 

D106, FGSC8866; NMF229). The comparison between strains with no Sly1-1 and FGSC 

2489 helped to define the precise boundary of the transposon and the locations of the TIRs 

and TSDs. For reference strain FGSC 2489, the sequences of two TSD located at the 

boundaries are not exactly the same (Table 2.3), likely due to RIP as the third nucleotide of 

TSD1, cytosine, is replaced by thymine. 

To survey the presence of Sly1-1 in N. crassa laboratory strains I carried out Southern 

Blots, which revealed that Sly1-1 is not common and is present at low copy number (Fig. 

2.4). Only strains in the FGSC 2489 lineage (Gavric and Griffiths 2004; Newmeyer et al. 

1987), including FGSC 352 (Emerson 5279a) and strains derived from crosses with FGSC 

2489, such as the collection of single-gene deletion strains (Colot et al. 2006), contain at 
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least two copies of Sly1-1 (Fig. 2.4). Pedigree analysis showed that the cross between 

Abbott 12a and Lindegren 1A generated FGSC 352 and the cross between Lindegren 25a 

and Abbot 4A generated Emerson 5256A (Newmeyer 1987). The cross between these 

two derived strains then gave birth to FGSC 2489 (Newmeyer 1987). Dr. Smith 

conducted Southern blots to show that Sly1-1 present two copies in FGSC 2489 and only 

one copy in FGSC 352, which is consistent with our results, but not in other parental or 

grandparental strains of FGSC 2489 (unknown in Abbott 12a). This suggested that the Sly 

element invaded the genome of FGSC 352, has been passed down to offspring, and may 

have transposed in the genome to amplify in copy number. Our survey of all available 

re-sequencing data of N. crassa strains (McCluskey et al. 2011), including the Mauriceville 

strain (Pomraning 2012), N. tetrasperma (Ellison et al. 2011), N. discreta (a homothallic 

Neurospora species) (Gioti et al. 2013) and Sordaria macrospora (Nowrousian et al. 2010), 

suggests that Sly1-1 is largely absent from the tested strains. The absence of Sly1-1 in other 

strains suggests that it only arrived recently in N. crassa and in one lineage.  

I used BLAST to search the FGSC 2489 genome with the Sly1-1 sequence to identify 

the additional copy suggested by the second band in the Southern blots. A partial copy, 

which I named Sly1-2, is present in assembly 12 (AABX03000000) within centromeric 

DNA on LG II (1,151460 – 1,155,073 nt). In FGSC 2489 I found no evidence for RIP in the 

two Sly copies. The second copy, Sly1-2, may represent evidence of recent transposition. 

However, confidence in the assembly of the genome in this region is not high as repetitive 

regions are a hallmark of centromeric DNA and difficult to assemble (Professor Michael 

Freitag, personal communication). As probes for both ends of Sly1-1 in the Southern blot 
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conducted by Dr. Smith showed evidence for two copies it is likely Sly1-2 is intact, just not 

assembled correctly. The original and transposed positions of Sly1-1 are similar in that 

both show cytosine DNA methylation in the Sly1-1 flanks, detected by high-throughput 

sequencing of immunopurified methylated DNA (Me-DIP; (Smith et al. 2011)). Both 

regions also show absence of the centromere-specific H3, CenH3 and histone H3 lysine 9 

trimethylation (H3K9me3) but presence of H3K4me2 (Smith et al. 2011). The 

identification of two, nearly identical stretches of DNA in the N. crassa genome that have 

not been RIPed is unexpected as previous work had identified only few regions with 

predicted genes that showed high similarity (Galagan et al. 2003). 

Searching the FGSC 2489 reference genome with TIR1 and TIR2 of Sly1-1 showed 

that Sly1-2 contained Sly1-1 TIR1 but lacked TIR2 (Fig. 2.6A). I also detected two 

additional loci that contained nearly identical TIR pairs, located on LG V and LG I; these 

were named Sly1-3 and Sly1-4, respectively (Fig. 2.6A, Table 2.2). Sly1-1 to Sly1-4 are 

absent in the genome of FGSC 8820. Sly1-2 is only about 3614 bp long, 100% identical to 

Sly1-1, has the same TSD as Sly1-1 adjacent to the sequence of TIR1 and contains a 

putative gene, NCU16528. The 3’ end of Sly1-2 is not completely assembled and stretches 

across two contigs. It is possible that Sly1-2 is larger in size and that TIR2 is located in an 

unsequenced region. The unequal read coverage observed for the two gene loci in Sly1-1 

(Fig. 2.1) may be because the total reads aligned are titrated between two chromosome 

locations for NCU09968 (e.g. Sly1-1 and Sly1-2) while only one NCU09969 sequence is in 

the reference assembly at Sly1-1 which results in higher computed read coverage.  Sly1-3 

and Sly1-4 are very similar to each other: BLASTN showed query coverage ~95% with 
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identity ~85% (E value < 0.001), both are ~12 kb long, contain no identified open reading 

frames, and have nearly the same TSDs adjacent to TIRs. RIPCAL (Hane and Oliver 2008) 

indicates that Sly1-3 and Sly1-4 have undergone RIP. This situation is consistent with the 

observation that alignments of Sly1-3 and Sly1-4 to Sly1-1 cover 94% and 91% of the 

sequences, but only have 67% and 72% identity, respectively. Therefore, Sly1-3 and Sly1-4 

failed to be detected in Southern blot because of their low similarity of sequences shared 

with the probe used in Southern blot.  

BLASTX searches with Sly1-2 identify significant similarity to NCU09968 (query 

coverage = 61%; E value = 0 and identity = 99%).  The translated search of Sly1-3 and 

Sly1-4 also reveal similarity to both NCU09968 (Sly1-3: query coverage = 29%; E value < 

0.001; identity = 54%; Sly1-4: query coverage = 30%; E value < 0.001; identity = 60%) and 

NCU09969 (Sly1-3: query coverage = 27%; E value < 0.001; identity = 53%; Sly1-4: query 

coverage = 28%; E value < 0.001; identity = 54%), respectively.  Summarizing all of these 

results, I conclude that Sly1-1 is a recently active transposable element, with at least two 

inactivated copies that underwent RIP (Sly1-3 and Sly1-4), but a partial copy which is 

identical in sequence and thus not mutated by RIP, Sly1-2, that may be active. Detection of 

similar but mutated copies of genes, NCU09968 and sly1-1, in Sly1-3 and Sly1-4 suggests 

that the entire Sly1-1 locus transposed and not just the transposase, sly1-1. 
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2.4 Discussion 

In this project, I detected a 10kb long DNA transposon, named Sly1-1, which 

located on LG VI. Sly1-1 has intact TIRs and TSDs at the both boundaries and contains 

two genes, one of which encodes transposase and the other one with function unknown. 

Sly1-1 has no RIP mutation and DNA methylation suggesting that it is not suppressed and 

potentially active. Phylogenetic analysis grouped Sly1-1 into CMC superfamily according 

to its possession of conserved motifs in transposase, but it is not an especially close 

relative to any. CMC superfamily named for the CACTA, Mirage and Chapaev members 

which all share four highly conserved motifs, DDE, C(2)C, [M/L]H, and H(2-4)H. The 

transposase of Sly1-1 contains DDE, C(2)C and H(3)H motif but lacks [M/L]H. 

Moreover, CACTA, Mirage and Chapaev all have the conserved terminal nucleotides 

“CMC”(M=A or C) in TIR, but it is absent in Sly1-1. Transib superfamily displays the 

very similar features as CMC superfamily, which contains those three conserved motifs, 

but is distinguished by the length of TSD from the CMC superfamily. Sly1-1 shared 

several similar features as Transib that not seen in the CMC superfamily members. The 

residue one amino acid downstream of the first D is “G” for both Transib and Sly1-1. 

Moreover, the TSD length of Sly1-1 is 5bp as same as Transib and different from 

CACTA (2-3bp), Mirage (2bp) and Chapaev (3-4bp). All of these suggested that Sly1-1 is 

likely to originate from CMC superfamily but close to Transib, but has evolved 

distinctively or that the history may be more complicated than I can determine without 

additional instances of the family in many other species.  
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Further analysis revealed that three copies of Sly1-1 were found located at LGII, 

LGV and LGI and named Sly1-2, Sly1-3 and Sly1-4, respectively. All of these elements 

together formed a novel DNA transposon family named Sly. Sly1-3 and Sly1-4 showed 

evidence of mutagenesis by RIP but Sly1-2 didn’t. Sly1-2 located at centrometic region of 

LG II, which perhaps results in potential misassembly of contigs from genome 

sequencing. It is likely that Sly1-2 is the intact second copy of Sly1-1 indicated in 

Southern experiment. Some further refinement on centromeric DNA assembly of LGII 

would verify this assumption. 

Multiple alignments among the four Sly iterations demonstrated sequence alterations 

characteristic of inactivation by severe RIP mutation on Sly1-3 and Sly1-4. However, the 

sequences of the TIRs from the four copies are nearly identical with fewer C to T and G 

to A changes compared to internal sequences. This is very similar to the TIRs of Guest, 

another DNA transposon detected in N. crassa but which is inactive. 47 Guest copies in 

the genome of FGSC 2489 were identified and all have retained nearly identical TIRs 

except for one copy that is missing one of the TIRs, though the remaining one has a 

similar sequence. The observed sequence deletions in the Guest copies are usually 

internal and rarely result in the deletion of an entire end of the transposable element 

(Ramussen et al. 2004). This pattern is also observed for the Sly family. Sly1-3, Sly1-4 

and Sly1-1 have the same length TIRs, however the total length tends to decrease, from 

12298 bp to 11763 bp to 11534 bp. The small changes in length also indicated the recent 

introduction of Sly family in N. crassa genome.   
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Based on the results of Southern blot and pedigree analysis, I interpreted that Sly 

element was inherited from FGSC 352 to FGSC 2489 and even has transposed and 

produced a new copy, Sly1-1. This indicated that Sly element has overcome the multiple 

mechanism of surveillance and genome defense in N. crassa, and successfully duplicated. 

It is likely that the original one is Sly1-2 since it is the only one has the nearly identical 

sequences to Sly1-1 in the genome of FGSC 2489. Neurospora is very efficient at 

inactivating duplicated sequences including transposons such as Tad as has been 

previously investigated (Kinsey 1989; Anderson et al. 2001). It is therefore interesting to 

know how Sly can be inherited and transpose. The mutations caused by the RIP genome 

defense mechanism are accumulated through each round of meiosis of a cross between 

two strains. The time it takes for RIP mutations accumulate is long enough that an active 

element could have created some copies. RIP de-activated Tad thoroughly at around the 

15th generation in the ORSa strain after crossing with Adiopodoumeé so that remains are 

degenerated Tad copies in the genome (Anderson et al. 2001). Moreover, N. crassa 

FGSC 2489 has experienced transposition creating 48 copies of Guest before it was 

finally inactivated it via RIP (Ramussen et al. 2004). Therefore, it is possible that the 

active Sly element indeed induced RIP during sexual development but the mutation was 

not fatal enough to deactivate Sly, which resulted in the proliferation of Sly element. An 

alternative explanation is that RIP only targets the duplicated sequences that share > 

approximately 80% nucleotide identity. If FGSC 352 contained Sly1-3 and/or Sly1-4, 

Sly1-1 only shares 67% and 72% nucleotide identity with them, respectively (Table 2.3), 

which possibly does not trigger the RIP process during sexual development. But how 
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does N. crassa deal with the problem of Sly elements? There may have been two 

competing processes occurring in the genome: propagation of Sly through transposition 

and inactivation of Sly by RIP. Considering the presence of presumably active Sly1-1 and 

Sly1-2 in the Neursopora genomes examined, it appears that Sly has temporarily 

prevailed in its kinetic battle with RIP, but sacrificed two dead bodies in the genome. In 

the long run, RIP is expected to suppress the Sly elements. A future set of experiments 

tracking RIP in serially crossed progeny of FGSC 2489 could better answer this question. 
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Fig. 2.1 Organization of the Sly1-1 locus.  
A schematic showing position and sequences of terminal inverted repeats (TIR) and 

target duplication sites (TSD) of Sly1-1, resequencing data from the reference strain 

FGSC 2489 (mat A) and strain FGSC8820 (mat a), the partner in the sexual cross, 

ChIP-seq of NMF229 showing further presence or absence polymorphism of the locus, 

and RIP and DNA GC% plots indicating no A-T nucleotide skew that would be observed 

in a RIPed locus. The FGSC 2489 resequencing data indicate increased coverage in 

Sly1-1 relative to the flanking genomic region suggesting multiple copies of the element. 

Clear and identical boundaries can be observed where Sly1-1 is missing in the H3K4me2 

ChIP-seq of strain NMF229 and genome sequence of FGSC 8820. 
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Fig.2.2 Phylogenetics tree for transposase in Sly1-1. 

(A) A maximum likelihood phylogenetic tree of CMC family transposases homologous 

to sly1-1. Copies originate from animals and fungi with the species names indicated in 

the name. 
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Fig.2.3 Motifs identified in transposase of Sly1-1. 

Identification of the DDE motif based on expected motif patterns for the CMC family and 

the location of the acidic residues adjacent to the predicted protein folds. 
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Fig 2.4 Southern blot showed the copy number of Sly1-1 in different strains 

Four restriction enzymes, AflIII, DraIII, Ncol and Styl, were used to digest genomic 

DNAs. Positions of probes were illustrated in (A) and four fragments of digested DNAs 

were hybridized with probe D as indicated. (B) Southern blots to detect copy number in 

the strains used in crosses for small RNA Northern blots. 
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Fig. 2.5 Mapping the presence of Sly1-1 in the pedigree of FGSC 2489 and related 

strains. 

A cross of Lindegren 1A and Abbott 12a strains yielded Emerson 5297a. One copy of 

Sly1-1 is present in Emerson 5297a shown by Southern analysis; it remains unknown if 

Sly1-1 was introduced from Abbott 12a. Lindegren 25a and Abbott 4A produced 

Emerson 5256A and neither of them carries Sly1-1. FGSC 2489 derived via backcrosses 

from a cross between Emerson 5297a and Emerson 5256a. Two copies of Sly1-1, instead 

of just one in Emerson 5297a, are present in the genome of FGSC 2489, as shown in the 

Southern analysis, indicating that Sly1-1 is potentially active and transposed at least once.   
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Fig 2.6 Sly1-1 and its three copies 

(A) Schematic diagram to show the structures of Sly1-1 and its three copies. 5’ end to 3’ 

end follows the order of elements. Sly1-1 and Sly1-2 located on Watson strand of linkage 

group VI and II, respectively; Sly1-3 and Sly1-4 located on Crick strand of linkage group 

V and I, respectively. The 5 bases sequences adjacent to TIRs are TSDs. Arrow 

represents the order of TIR and genes. “N” on Sly1-2 represents the unassembled region. 

Sly1-3 and Sly1-4 are RIPed but not Sly1-1 and Sly1-2. (B) Alignment between TIR1 and 

TIR2, asterisks represent the same nucleotides. 
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Table 2.1. Wild type and mutant strains used in this study. 

FGSC 

# 

Description Origin Other names Mating type 

2489 74-OR23-1VA  lab crosses JCM19069 matA 

8820 Progeny of P3433 Leogane, Haiti D60 mata 

352 Emerson 5297a lab crosses ATCC#18419 mata 

8740 sad-1
Δ
::hyg Metzenberg Lab RLM 96-01 mata 

8737 sad-1
uv 

Metzenberg Lab RLM 93-12 mata 

 
 

Table 2.2. primer used in Southern blot 

 Forward Reverse 

Probe D AAACTTCGACTGCAGTGTTCC GAAATTGATTGATTGAGACTAGTGG 
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Table 2.3. Genome location, characteristics and sequence identity of Sly copies in the FGSC 2489 genome  
 
 

 

 

 

 

 

 

 

 

 

Sly Copy LG Start End Strand 
Length of 

region 
(bp) 

TSD1 TSD2 TIR1 Length TIR2 Length 

Sly1-1 VI 309012 320545 + 11534 TACCA TATCA 110 113 

Sly1-2 II 1151460 
115507

3 
+ 3614 TACCA ττ 110 ττ 

Sly1-3 V 1020794 
103309

1 
- 12298 TACCA TATTA 110 113 

Sly1-4 I 3791908 
380367

3 
- 11763 TACCA TAGCT 110 113 

Sly Copy 

% of similarity to Sly1 

Gene(s) contained Small RNAs produced BLASTX hits GC % Query 
coverage 

Identity 

Sly1-1 
ττ ττ 

NCU09968, 
NCU09969 

Yes ττ 51.6 

Sly1-2 31% 100% NCU16528 Yes NCU09968 48.3 

Sly1-3 
94% 67% None No NCU09968 NCU09969 29.4 

Sly1-4 
91% 72% None No NCU09968 NCU09969 29.8 



 

 77 

Reference 

Anderson, C., Q. Tang, and J.A. Kinsey, 2001 Elimination of active tad elements during 

the sexual phase of the Neurospora crassa life cycle. Fungal Genet Biol 33 

(1):49-57. 

Bibbins, M., N.J. Cummings, and I.F. Connerton, 1998 DAB1: a degenerate 

retrotransposon-like element from Neurospora crassa. Mol Gen Genet 258 

(4):431-436. 

Buchan, D.W., F. Minneci, T.C. Nugent, K. Bryson, and D.T. Jones, 2013 Scalable web 

services for the PSIPRED Protein Analysis Workbench. Nucleic Acids Res 41 

(Web Server issue):W349-357. 

Cambareri, E.B., R. Aisner, and J. Carbon, 1998 Structure of the chromosome VII 

centromere region in Neurospora crassa: degenerate transposons and simple 

repeats. Mol Cell Biol 18 (9):5465-5477. 

Colot, H.V., G. Park, G.E. Turner, C. Ringelberg, C.M. Crew et al., 2006 A 

high-throughput gene knockout procedure for Neurospora reveals functions for 

multiple transcription factors. Proc Natl Acad Sci U S A 103 (27):10352-10357. 

Ellison, C.E., J.E. Stajich, D.J. Jacobson, D.O. Natvig, A. Lapidus et al., 2011 Massive 

changes in genome architecture accompany the transition to self-fertility in the 

filamentous fungus Neurospora tetrasperma. Genetics 189 (1):55-69. 

Galagan, J.E., S.E. Calvo, K.A. Borkovich, E.U. Selker, N.D. Read et al., 2003 The 

genome sequence of the filamentous fungus Neurospora crassa. Nature 422 

(6934):859-868. 

Gavric, O., and A. Griffiths, 2004 Another inconsistency in the pedigree of the Oak 

Ridge wild types of Neurospora crassa. Fungal Genet. Newsl. 51:9-12. 

Gioti, A., J.E. Stajich, and H. Johannesson, 2013 Neurospora and the dead-end 

hypothesis: genomic consequences of selfing in the model genus. Evolution 67 

(12):3600-3616. 



 

 78 

Hane, J.K., and R.P. Oliver, 2008 RIPCAL: a tool for alignment-based analysis of 

repeat-induced point mutations in fungal genomic sequences. BMC 

Bioinformatics 9:478. 

Jones, D.T., 1999 Protein secondary structure prediction based on position-specific 

scoring matrices. J Mol Biol 292 (2):195-202. 

Kinsey, J.A., 1989 Restricted distribution of the Tad transposon in strains of Neurospora. 

Curr Genet 15 (4):271-275. 

Kinsey, J.A., and J. Helber, 1989 Isolation of a transposable element from Neurospora 

crassa. Proc Natl Acad Sci U S A 86 (6):1929-1933. 

Margolin, B.S., P.W. Garrett-Engele, J.N. Stevens, D.Y. Fritz, C. Garrett-Engele et al., 

1998 A methylated Neurospora 5S rRNA pseudogene contains a transposable 

element inactivated by repeat-induced point mutation. Genetics 149 

(4):1787-1797. 

McCluskey, K., A.E. Wiest, I.V. Grigoriev, A. Lipzen, J. Martin et al., 2011 Rediscovery 

by Whole Genome Sequencing: Classical Mutations and Genome Polymorphisms 

in Neurospora crassa. G3 (Bethesda) 1 (4):303-316. 

Newmeyer, D., D.D. Perkins and E.G. Barry, 1987 An annotated pedigree of Neurospora 

crassa laboratory wild types, showing the probable origin of the nucleolus satellite 

and showing that certain stocks are not authentic. Fungal Genetics Newsletter 

34:46-51. 

Newmeyer, D.D., D.D. Perkins, and E.G. Barry, 1987 An annotated pedigree of 

Neurospora crassa laboratory wild types, showing the probable origin of the 

nucleolus satellite and showing that certain stocks are not authentic. Fungal 

Genetics Newsletter 34:46-51. 

Nowrousian, M., J.E. Stajich, M. Chu, I. Engh, E. Espagne et al., 2010 De novo assembly 

of a 40 Mb eukaryotic genome from short sequence reads: Sordaria macrospora, 

a model organism for fungal morphogenesis. PLoS Genet 6 (4):e1000891. 



 

 79 

Pomraning, K.R., 2012 Characterization of Neurospora crassa and Fusarium 

graminearum mutants defective in repeat-induced point mutation (RIP), pp. 169 

in Deptartment of Molecular and Cellular Biology. Oregon State University. 

Potter, S., M. Truett, M. Phillips, and A. Maher, 1980 Eucaryotic transposable genetic 

elements with inverted terminal repeats. Cell 20 (3):639-647. 

Ramussen, J.P., A.H. Taylor, L.J. Ma, S. Purcell, F. Kempken et al., 2004 Guest, a 

transposable element belonging to the Tc1/mariner superfamily is an ancient 

invader of Neurospora genomes. Fungal Genet Biol 41 (1):52-61. 

Schechtman, M.G., 1990 Characterization of telomere DNA from Neurospora crassa. 

Gene 88 (2):159-165. 

Smith, K.M., P.A. Phatale, C.M. Sullivan, K.R. Pomraning, and M. Freitag, 2011 

Heterochromatin is required for normal distribution of Neurospora crassa CenH3. 

Mol Cell Biol 31 (12):2528-2542. 

Stamatakis, A., 2006 RAxML-VI-HPC: maximum likelihood-based phylogenetic 

analyses with thousands of taxa and mixed models. Bioinformatics 22 

(21):2688-2690. 

Vogel, H.J., 1956 A convenient growth medium for Neurospora (Medium N). Microbial 

Genet:42-43. 

Yeadon, P.J., and D.E. Catcheside, 1995 Guest: a 98 bp inverted repeat transposable 

element in Neurospora crassa. Mol Gen Genet 247 (1):105-109. 

Yuan, Y.W., and S.R. Wessler, 2011 The catalytic domain of all eukaryotic cut-and-paste 

transposase superfamilies. Proc Natl Acad Sci U S A 108 (19):7884-7889. 

 

 

 

 

 



 

 80 

CHAPTER THREE 

SmallRNA Mediated Meiotic Silencing by Unpaired 

DNA in Neurospora crassa 

3.1 Introdution 

Genome protection is of paramount importance during sexual reproduction when 

DNA is replicated for packaging into gametes because, at this time, it is susceptible to 

invasion by viruses and transposons (Calvi and Gelbart 1994; Collins et al. 1987; 

Prudhomme et al. 2005; Shapiro 2005; Pelisson et al. 2002). To protect host genome from 

attack by foreign elements, genome defense mechanisms have evolved to use gene 

silencing or targeted mutations to combat non-self elements (Goodier and Kazazian 2008; 

Lau 2010; Aravin et al. 2003). The fungus Neurospora crassa has at least three genome 

defense mechanisms that have limited the colonization of its genome by selfish elements 

(Galagan et al. 2003) including the irreversible “Repeat Induced Point mutation” (RIP) 

(Selker and Garrett 1988; Cambareri et al. 1989) and two reversible post-transcriptional 

mechanisms, the RNAi-like “quelling” (Romano and Macino 1992; Cogoni et al. 1994) 

and meiotic silencing by unpaired DNA (Shiu et al. 2001; Shiu and Metzenberg 2002; 

Aramayo and Metzenberg 1996). RIP is a pre-meiotic hypermutation process that targets 

duplicated segments of DNA by converting C:G to T:A in both copies of the duplicated 

regions (Selker and Garrett 1988; Cambareri et al. 1989). Quelling is a posttranscriptional, 
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small RNA-based gene-silencing pathway that has so far been only studied in detail in the 

asexual stages of the life cycle (Fulci and Macino 2007).  

I am interested in the third genome defense system, first considered a form of 

“transvection” (Aramayo and Metzenberg 1996) and later called “meiotic silencing by 

unpaired DNA” (MSUD) (Shiu and Metzenberg 2002; Shiu et al. 2001) or simply “meiotic 

silencing” (Kelly and Aramayo 2007), occurs after karyogamy and targets transcripts that 

originate from regions with dissimilar DNA sequence and therefore are unpaired. The 

system also affects RNA that is produced from additional paired alleles (Aramayo and 

Metzenberg 1996; Shiu et al. 2001).  

Genetic crosses of strains with unpaired regions show transient silencing of transcripts 

from genes in these region (Alexander et al. 2008; Shiu et al. 2001; Shiu et al. 2006), and 

this silencing is limited to stages from early karyogamy until ascospore, as tracked by 

expression of histone H1-GFP fusion genes (Jacobson et al. 2008). It is hypothesized that 

RNAs produced from unpaired regions are detected as “aberrant” and subject to RNA 

interference (RNAi)-mediated silencing (Lee et al. 2004). Many mutants defective in 

meiotic silencing are homologous to genes in RNAi pathways in plants, fungi and animals. 

These genes include sad-1, a putative RNA-dependent RNA polymerase (Shiu and 

Metzenberg 2002; Shiu et al. 2001), dcl-1/sms-3, a Dicer-type exonuclease (Alexander et 

al. 2008), and sms-2, an Argonaute homolog (Lee et al. 2003). Recent work in support of 

the hypothesis that RNAi is involved in meiotic silencing used an engineered deletion at 

the rsp locus to show that small RNAs are produced from this unpaired region during 

meiosis (Hammond et al. 2013a). Thus, an RNAi involved meiotic silencing model was 
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proposed: during meiosis, an unpaired DNA is transcribed into single-stranded aberrant 

RNA, which then converted into double-stranded RNA (dsRNA) by SAD-1. DCL-1 

processes these long dsRNA into short dsRNA duplex, one strand of which is loaded onto 

SMS-2 to induce the degradation of transcripts of unpaired DNA and its homologs 

(Alexander et al. 2008; Lee et al. 2003; Shiu et al. 2001). However, there are still many 

questions remained to be answered: the role of meiotic silencing that truly against 

transposons is not directly evidenced; the mechanism of how unpaired regions are detected 

remains unknown and small RNAs have not been reported from matings between 

wild-type strains with naturally unpaired regions. In this chapter, I showed the evidence 

that small RNA produced from novel detected active transposon, Sly1-1 and sad-1 is 

required for small RNA production.  

 

3.2 Materials and methods 

Strains and growth conditions 

Neurospora strains used in this study are listed in Table 3.1. All strains were 

obtained from the Fungal Genetics Stock Center (FGSC, University of Missouri, Kansas 

City, Missouri, USA). Vegetative tissues of FGSC 2489 for RNA extraction was 

collected after growth on solid Vogel’s medium N in the dark at 30° C for three days, 

followed by growth in the light at room temperature for two days. For tissue collection 

during sexual development, FGSC 2489 was first grown on synthetic crossing medium 

(SCM) (Westergaard 1947) covered with cellophane (Midsci, St.Louis, MO) in 245 x 245 
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x 25mm bioassay dishes (Thermo Scientific, Denmark). After 10 days of growth, at room 

temperature in light/dark conditions I looked for protoperithecia under a dissecting 

microscope, and harvested tissues enriched for protoperithecia (PP) by scraping from the 

cellophane, followed by flash-freezing in liquid nitrogen. Additional plates of 

protoperithecia were crossed with either the wild type FGSC 8820 or sad-1


 strains. 

Regions enriched with perithecia were cut by sterile razor blades after 2 days, 4 days and 

6 days post fertilization (2d, 4d, 6d PF). Tissues from these regions were scraped from 

cellophane and flash-frozen in liquid nitrogen. All of the collected tissues were stored at 

-80° C until further use.  

 

RNA extraction and small RNA northern blots 

Tissues were ground by mortar and pestle in a liquid nitrogen bath and transferred to a 

Falcon tube. Ground tissues were homogenized with at least 1ml Trizol reagent (Ambion, 

Carlsbad, CA) per 50-100 mg of tissue and vortexed thoroughly. To each 1 ml Trizol, 200 

l chloroform was added, vortexed for 15 – 30 s, and incubated at room temperature for 5 

minutes.  Samples were centrifuged at 13,000Xg for 15 min at 4° C, the aqueous phase 

was transferred to a clean tube and 500 l isopropanol for each 1 ml Trizol was added. 

Precipitated RNA formed a compacted pellet after centrifuging at 13,000Xg for 20 min at 

4° C and the supernatant was removed. The pellet was washed with 80% ethanol, vortexed, 

centrifuged at 7,500Xg for 5 min, and allowed to air dry for 10 min. Total RNA solution 

was obtained after dissolving the pellet in DEPC-treated water. Polyethylene glycol (PEG) 

8000 and NaCl were added into total RNA with final concentration 5% PEG and 0.5M 
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NaCl to differentially precipitated high-molecular-weight (HMW) RNAs followed by 

sitting on ice for 2 hr. Low-molecular-weight (LMW) RNAs were recovered from the 

supernatant by ethanol precipitation, resolved by DEPC-treated water and quantified in a 

NanoDrop 2000c spectrophotometer (Thermo Scientific, Waltham, WA). Approximately 

10 g of isolated LMW RNAs were separated on a 15% denaturing polyacrylamide-urea 

gel in with a miRNA marker was used as molecular mass standard (New England Biolabs, 

Ipswich, MA). RNA was transferred to a Hybond-NX membrane (Amersham Biosciences, 

Freiburg, Germany) in 0.5X TBE using Trans-Blot Electrophoretic Transfer Cell apparatus 

(Bio-Rad, Hercules, CA) at 14V overnight. Constitutively expressed 18S ribosomal RNA 

was used as a control to test for equal loading of RNA by staining membranes with 

ethidium bromide for visualization. Carbodiimide-mediated crosslinking for 2 hr at 60° C 

was used to crosslink RNA to Hybond-NX membranes followed by baking at 80° C for 1 

hr (Pall et al. 2007).  

Twelve primer pairs were used to amplify the NCU09969 locus  (Table 3.2). The 

PCR products were ~500 bp and arranged end to end. Each of the amplicons were verified 

by sequencing and mixed together as templates to make 
32

P-labeled DNA probes. 

Prehybridization and hybridization was performed in PerfectHyb
tm

 Plus hybridization 

buffer (Sigma, Saint Louis, MO), at 42° C overnight. To remove unspecific background, 

the membrane was washed twice in 2X SSC (0.3M NaCl, 30mM sodium citrate, pH 7.0) 

and 0.1% SDS at 40° C for 15 min, and once in 0.5X SSC (75 mM NaCl, 7.5mM sodium 

citrate, pH 7.0) and 0.1 % SDS at 40° C for 15 min. Finally, the membranes were exposed 
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to a phosphoimager screen and scanned after 24 hr on a Typhoon 941 phosphoimager. 

Results were analyzed by Image Quant TL (version 7.0) software. 

 

RealTime quantitative PCR (RT-qPCR) 

Equal amounts (~ 2 g) of DNase I (Invitrogen, Carlsbad, CA) treated total RNAs 

were reverse transcribed with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, 

CA) using random hexamers. The 10 l qRT-PCR reaction system was used, including 

~50 ng cDNA, 10 l iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), 150 nM 

primers. The Neurospora β -tubulin gene was used as an internal control for 

qRT-PCR. Each reaction was in triplicate and performed in a Bio-Rad CFX 96 

Real-Time PCR machine. Primer sequences are listed in Table S4. Data analysis was 

performed using CFX Manager Software v3.1 to calculate the fold change using 

delta-delta Ct values. A sample from vegetative growth was used as control sample to 

calculate the relative RNA levels. 

 

Small RNA sequencing 

Total RNAs from samples of three time points (PP, 2d PF, 4d PF) were extracted with 

an miRNeasy Mini kit (Qiagen, Valencia, CA). Small RNA sequencing library are 

constructed by following the standard protocols of Illumina TruSeq Small RNA Sample 

Prep kit in the University of Utah Sequencing Core. Size from 145 to 160 bp small RNA 

with adaptors (118bp) were isolated and sequenced on an Illumina Genome Analyzer IIx. 
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Sequence reads from three time points (PP, 2d PF, 4d PF) are deposited in the SRA 

database under project accession number SRP021051.  

 

Small RNA sequence analysis 

Illumina sequence reads in FASTQ format were processed to remove low quality and 

artifactual reads, trim Illumina adapter sequences with the fastx_toolkit. 

(http://hannonlab.cshl.edu/fastx_toolkit/).  Reads longer than 17 nt and smaller than 30 nt 

were mapped to the reference genome assembly (N. crassa version 12 – accession 

AABX03000000) by Bowtie (Langmead and Salzberg 2012), allowing for no mismatches. 

SAM and BAM files were manipulated with SAMtools (Li et al. 2009) and Picard 

(http://broadinstitute.github.io/picard). Identification of reads aligning to unpaired regions 

was performed using BEDtools v2.17.0 (Quinlan and Hall 2010) and custom scripts 

written in Perl (v5.10.1) (http://github.com/stajichlab/neurospora_MSUD). I  created an 

annotation file of noncoding RNAs by aligning the known sequences for the rRNA 

(accession FJ360521.1), snoRNAs(Liu et al. 2009) milRNA and disiRNA (Tables S2 and 

S3 from (Lee et al. 2010)) to Nc12 assembly with BLAT. The tRNAs were annotated with 

tRNAScan-SE (Lowe and Eddy 1997). Small RNAs that aligned to the mitochondrial 

genome were classified as mitochondrial RNA; other small RNAs that aligned to genome 

regions without any gene or repetitive element annotation were grouped into the Other 

category.  The genome representation as a Circos plot (Figure 1) was generated with 

Circos version 0.66 (Krzywinski et al. 2009); the configuration scripts are available at 

http://github.com/stajichlab/neurospora_MSUD. Figures displaying the distribution of 

http://hannonlab.cshl.edu/fastx_toolkit/
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smallRNA classes, read length, 5’ base preference, and strand specificity were made in R 

(http://r-project.org) and post-processed with Adobe Illustrator. 

Data visualization 

BAM files for aligned reads were loaded into the Generic Genome Browser (Stein et al. 

2002) hosted by the Stajich lab at http://gb2.fungalgenomes.org for visualization.   

 

3.3 Results 

Detection of small RNA during the sexual cycle 

Previous chapter discussed the discovery of a novel transposon, Sly1-1 in the reference 

strain FGSC 2489, which inspired me to study the interaction between meiotic silencing 

and Sly1-1 during sexual development. I can imagine that the cross between FGSC 2489 

(Mat A) and FGSC 8820 (Mat a), a progeny from crosses of wild collected strains, would 

cause Sly1-1 form unpaired DNA during meiosis since the absence of Sly1-1 in FGSC 8820, 

which would presumably trigger the meiotic silencing. Therefore, to identify whether 

small RNAs produced from Sly1-1 during meiotic silencing, I crossed the two laboratory 

wild type strains, FGSC 2489 and FGSC 8820 and then, isolated pools of small RNA from 

tissues at three different times: prior to fertilization (protoperithecial, PP), two days post 

fertilization (2d PF) and four days post fertilization (4d PF), constructed small RNA 

libraries and sequenced them on an Illumina HiSeq2000 at the Genomics Core facility at 

the University of Utah to generate 50-nt single end reads. After trimming adaptor 

sequences and eliminating spurious RNAs or degradation products, I obtained abundant 

http://gb2.fungalgenomes.org/
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short read sequences from the samples (PP, 22,538,276; 2d PF, 21,562,565; 4d PF, 

22,731,295). These reads were mapped to the N. crassa reference genome assembly 12 

(AABX00000000.3) to identify genomic origins of small RNAs. Analysis of read coverage 

indicated that some genomic regions were highly enriched in small RNA production, 

including subtelomeric, centromeric, and many rRNA and tRNA regions (Fig. 3.1). 

Analysis of small RNA’s features showed that these identified small RNAs had a strong 

preference for 5’ uridine and their size peaked at 20 nt in all three time points (Fig. 3.2).  

I next classified reads based on their match to genomic features into eight pools of 

small RNAs, namely rRNA, tRNA, snoRNA, microRNA-like (milRNA; (Lee et al. 2010), 

Dicer-independent small interfering RNA (disiRNA; (Lee et al. 2010), masiRNA, 

mitochondrial RNA and other RNAs (Fig. 3.3). Most 20-nt long RNAs were identified as 

ribosomal DNA loci (Fig. 3.4). I noted that the abundance of reads mapping to tRNAs 

decreased dramatically from 41.5% in PP to 16.9% in 2d PF and then increased slightly to 

23.5% in 4d PF. It has been shown that the microRNA-like milRNA-4 is derived from the 

precursor of tRNA in vegetative tissue (Yang et al. 2013), suggesting that other unknown 

milRNA genes may account for the high percentage of tRNA in the PP sample. The 

masiRNA class had a relative large variance of abundance in three time points, ranging 

from low frequencies of 0.1% at PP and 0.2% at 2d PF to ten fold higher frequency of 1.9% 

at 4d PF. This class of small RNAs, with size peaking at 25 nt, was primarily derived from 

31 loci unique to FGSC 2489 (detailed information for these 31 loci will be discussed in 

chapter 4). This class also showed preference for a 5’ uridine and no obvious strand 

specificity for small RNA production (Fig. 3.5, Table 4.3).  
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Meiotic silencing machinery is required for the production of Sly1-1 small RNAs  

To characterize transcription and small RNAs produced from Sly1-1 as a consequence 

of meiotic silencing, I first determined when the two genes (NCU09968, NCU09969) 

within Sly1-1 were expressed. Analysis of published transcriptome data (Wang et al. 2012) 

detected no transcripts for both genes during vegetative growth. However, during the 

sexual cycle, gene expression was detected at 0 h, 2 h, 24 h, 48 h, 72 h, 96 h, 120 h, and 

144 h after crossing FGSC 2489 with FGSC 4200, another strain lacking Sly1-1 verified 

by Southern blot. The RPKM (reads per kilobase per million mapped) values for sly1-1 

from RNA-seq ranged from 6 to 10, indicating that it is expressed during sexual 

development, if not at a high level. NCU09968 has a slightly higher expression with 

RPKM ranging from 20 to 30. Notably, differential expression analysis by using LOX 

(Level Of eXpression) showed that both genes with highest expression on 2d PF, and 

then decreased at 4d PF and 6d PF (P-value < 0.01; Fig. 3.6).  

I also examined the small RNAs produced from Sly1-1 during later stages of sexual 

development. Abundant small RNAs were produced from Sly1-1 at 4d PF, compared with 

samples collected at protoperithecial (PP) stages or 2d PF (Fig. 3.7). Similar to the 

masiRNAs described above, the small RNAs from Sly1-1 are 24 – 26 nt long, with 

peaking at 25 nt, have preference of 5’ uridine and no strand specificity of production 

(Fig. 3.8AB). The size and expression pattern of Sly1-1 derived small RNAs were also 

confirmed by small RNA northern blots (Fig. 3.9). Samples from PP, 2d PF, 4d PF, and 
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6d PF were examined and small RNAs were detected at 4d and 6d PF, indicating that the 

production of small RNAs was sustained.  

Previous work showed that sad-1 is essential for meiotic silencing and is specifically 

expressed during sexual development (Shiu et al., 2001, 2006). SAD-1 is homologous to 

the RNA-dependent RNA polymerase, QDE-1. As noted above, QDE-1 is involved in 

quelling (Romano and Macino 1992; Cogoni and Macino 1997; Fulci and Macino 2007), 

whereas SAD-1 operates during meiosis, where it is thought to convert single-stranded 

aberrant RNA transcribed from unpaired regions into dsRNA, producing the substrate 

that is cleaved by DCL-1 to generate small interfering RNA. To test if the small RNA 

production observed from this unpaired region was dependent on SAD-1, I crossed the 

dominant mutant allele Sad-1


 in a genetic background lacking Sly1-1 (FGSC 8740), to 

FGSC 2489. RNA collected at 2d, 4d and 6d PF was tested by northern analyses. No small 

RNA from the Sly1-1 locus was detected under these conditions (Fig. 3.9). This result 

suggested a relationship between synthesis of dsRNA and small RNA production and 

indicates that no redundant components complement SAD-1 in the meiotic silencing 

pathway. 

I also tested if the production of aberrant RNAs was dependent on SAD-1. I employed 

the method developed to detect aberrant RNA of qiRNA (Lee et al. 2009) and examined 

transcript levels from the intergenic regions outside of the sly1-1 gene (NCU09969) to test 

for aberrant RNA production. Quantitative PCR showed that transcripts originating from 

downstream regions of the sly1-1 locus were highly induced from 2d PF to 6d PF (Fig. 

3.10). This observation suggested that aberrant RNAs are required to initiate and maintain 
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the production of small RNAs. In the cross between Sad-1


 and FGSC 2489, transcripts 

accumulated at a high level at 2d PF, but decreased dramatically at 4d PF and 6d PF (Fig. 

3.10). This drop in transcript levels indicated that the lack of SAD-1 did not block the 

production of aberrant RNAs initially, but may have stalled the dsRNA production, which 

resulted in the suppression of the production of small RNAs. 

 

3.4 Discussion 

In this chapter, I crossed two wild type strains of N. crassa, one containing the Sly1-1 

locus and one lacking it, to explore the role of meiotic silencing and transposons. I detected 

the small RNA production from the unpaired Sly1-1 specific during and after karyogamy. 

This provided evidence that small RNAs are a product of the meiotic silencing pathway 

and also supports a role for meiotic silencing to function as a defense against transposons. 

Hammond et al. also identified small RNA specifically generated from the manipulated 

unpaired round spores gene during meiosis and named these masiRNA. The small RNAs I 

detected from Sly1-1 shared the same features as theirs. First, the small RNAs of Sly1-1 are 

24 – 26 nt in length, with 25 nt being the dominant species (Fig. 3.8). This is also the same 

size of small RNAs generated in vitro by N. crassa DCL-1, which has been shown to be 

required for meiotic silencing (Catalanotto et al. 2004; Macrae et al. 2006; Alexander et al. 

2008), suggesting that they are DCL-1 products. Second, the small RNAs have a bias for 5’ 

U (Fig. 3.8), which is expected for small RNAs processed by Argonaute-like proteins (Mi 

et al. 2008). Schwarz et al. showed that functional small RNAs with preference for A/U at 
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the 5’ end are prone to incorporate into the RNA-induced silencing complex (RISC) and be 

preserved within the cell (Schwarz et al. 2003). Third, the ratios of small RNAs from 

different strands are nearly the same (Fig. 3.8; Table 4.3), indicating that the formation of 

dsRNA is required. However, if I take the direction of transcription of the two genes within 

the Sly1-1 into account, I found the ratio of antisense small RNA (i.e., complementary to 

the sense mRNA) are 74% and 60% for gene NCU09968 and NCU09969, respectively. 

This result matches the previous observation in Hammond et al for a production bias of 

reads antisense to the transcripts from unpaired region. It is possible that nonfunctional 

sense small RNAs that were not loaded onto RISC are preferentially degraded. Thus, I 

consider these small RNAs are Sly1-1 specific masiRNAs. Comparing their characteristics 

with those identified from quelling, they also share the similarities. For example, both 

quelling small RNAs and Sly1-1 masiRNAs have the same length and require the 

production of dsRNA (Catalanotto et al. 2002). Previous work showed that both DCL-1 

and DCL-2 are involved in quelling pathway whereas meiotic silencing only required 

DCL-1 (Catalanotto et al. 2004; Alexander et al. 2008). Thus, the same length of small 

RNA produced from two distinct pathway is likely due to the sharing of same cleavage 

enzyme, DCL-1, to process the dsRNA into small RNA in both pathways. The peak 

production of small RNAs from Sly1-1 specifically during 4d PF is also consistent with the 

evidence that meiotic silencing occurs after karyogamy, usually around four days after 

fertilization (4d PF) (Shiu et al. 2001).  

Chapter two showed that Sly1-1 was a new copy of the Sly element that appeared in 

the progeny of a cross between FGSC 352 and Emerson 5256. There is no DNA 
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methylation or evidence for RIP mutations to have occurred to Sly1-1 and no small RNA 

production from Sly1-1 in the vegetative growth or before karyogamy. All of these 

demonstrated that the Sly element is likely to overcome the surveillance of quelling and 

RIP and successfully proliferate during the sexual development. As mentioned in chapter 

two, in the cross between FGSC 352 and Emerson 5269, active Sly elements escaped the 

RIP mutation likely due to either their low nucleotide identity shared with other RIPed 

copies or limitation of RIP efficiency. However, if an active Sly element form the 

unpaired DNA and recognized by meiotic silencing, how could it be still active and able 

to produced a new copy? One possible explanation is that meiotic silencing indeed 

suppressed Sly, but Sly has completed the transposition before karyogamy and generated 

a new copy already. This is supported by the highest expression of two genes contained 

in Sly1-1 at 2d PF but then a decrease at 4d PF and 6d PF (Fig. 3.6). Previous work has 

shown that premeiotic DNA replication is known to occur in the crozier or in the ascus 

initial prior to karyogamy (Raju 1980), which is a presumed time point for Sly 

proliferation. An alternative explanation is that meiotic silencing has limited on silencing 

efficiency. In the experiments that first discovered meiotic silencing, the occurrence of 

meiotic silencing was tested by silencing the asm-1 gene whose deletion mutation results 

in unmelanized and inviable ascospores. However, black ascospores can be still observed 

even two unpaired asm-1 copies presented in the cross, indicating it is possible for some 

transcripts to escape the silencing mechanism. Thus, Sly elements in some cells may 

escape meiotic silencing or may not be completely silenced and are able to transpose. 

Indeed, in the cross between FGSC 2489 and FGSC 4200, the expression of NCU09969 
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was very low during sexual development rather than totally disappeared. A control 

experiment should be performed to answer this question, in which a cross where the 

transposon Sly1-1 is paired in both mating strains so that the expression sly1-1 can be 

examined. At the present time, a mating type a strain isogenic to FGSC 2489 does not 

exist making this specific experiment not possible, but construction of such a strain is 

possible and could be used to better test the hypothesis that TE expression will peak 

earlier than karyogamy. 

In my experiment I found SAD-1 is required for small RNA production which 

supports previously proposed roles for the protein. Sad-1 encodes a putative 

RNA-dependent RNA polymerase (RDRP) enzyme that has been hypothesized to be 

involved in the production of anti-sense RNA using transcripts of unpaired regions as 

templates, leading to the formation of dsRNAs, which is the substrate processed by 

DCL-1 for small RNA production (Alexander et al. 2008; Shiu and Metzenberg 2002). 

By using qPCR with probes from intron and intragenic region, I detected the transcripts, 

the putative aberrant RNA, in all three of the time points during the sexual development 

in the cross between wild type strains. However, the transcript level dramatically 

decreased during 4d PF and 6d PF in the cross between wild type and Sad-1 deletion 

mutant. Wang et al. recently demonstrated that sad-1 had nearly no expression before 

karyogamy but expressed 14-fold higher at 96h (4d PF) to 130-fold higher at 144h (6d PF) 

after fertilization (Wang et al. 2014). Thus, it is possible that aberrant RNAs from Sly1-1 

accumulated first and then trigger the MSUD after karyogamy in which Sad-1 converts 

accumulated single stranded aberrant RNAs into double stranded RNAs to produce the 
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small RNA. To maintain the small RNA production, aberrant RNAs should be 

re-produced which were observed at 4d PF and 6d PF in the cross between wild type 

strains. However, in the absence of Sad-1, accumulated aberrant RNAs cannot be 

converted into dsRNA so as to be degraded after karyogamy.  

Ascospore visible markers and progeny viability were the phenotypic traits used to 

confirm the occurrence of MSUD. However, there is no abnormal phenotype displayed 

when strains lacks NCU09968 or NCU09969 based on the fact that most strains do not 

have a copy. Future work using a scorable marker of protein expression such as GFP or 

RFP is needed to show the Sly1-1 is indeed suppressed by MSUD.  

The production of small RNAs from the unpaired Sly1-1 locus sheds light on the 

potential role of meiotic silencing to defend the genome against transposon invasions, 

something the Neurospora genome has been extremely successful at doing. 
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Figure 3.1 Circular genome visualization and data visualization with Circos.  

From outside in (A) Seven linkage groups of N. crassa; (B) rRNA (blue bar) and tRNA 

locus (orange bar); (C) Coverage of reads from FGSC 8820 genome sequencing aligned 

to the genome; (D) Global profile of RIP shown by the Composite RIP Index (CRI); 

positive and negative CRI values imply that DNA has been subjected to RIP or not, 

presented by red and green on the plot, respectively; (E)-(G) small RNA sequence 

profiles from 3 time points in sexual development: protoperithecia of FGSC 2489, 2 days 

and 4 days post fertilization from a cross between FGSC 2489 and FGSC 8820; (H) 

Repeat density based on a library of repeats from RepBase and a curated collection 

derived from multiple Neurospora species (Gioti et al, 2013). 
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Fig 3.2 Small RNA size distribution and 5ô base preference for all small RNAs sequenced and mapped to the genome 
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Figure 3.3 The relative abundance of different classes of noncoding RNAs that are represented in the sequenced small 

RNAs 
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Figure 3.4 Small RNA size distribution and originating genomic locus indicate that tRNAs are abundant at sizes > 25 and 

most 20 nt small RNAs originate from the rDNA loci. 
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Figure 3.5 Size and 5ô base nucleotide frequency of all masiRNA at 4d PF.  
The pronounced 25 nt peak for all reads during the 4 days post fertilization timepoint for 

small RNAs which originate from regions which are unpaired in the cross between FGSC 

2489 and FGSC 8820. The 5’ most base of the read is shown by color in the barchart. 
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Figure 3.6 Relative expression across sexual development of two genes within Sly1-1 

(data from (Wang et al. 2014)) 

Line with round points represents the expression of NCU09968; Line with triangle points 

represents the expression of NCU09969. Pink area represents the period from 2d PF to 6d 

PF. Peaks of expression for two genes within Sly1-1 occurred during 2d PF, and then 

expression decreased at 4d PF and 6d PF.  
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Figure 3.7 Illustration and analysis of small RNAs from Sly1-1 
Schematic diagram to show the structure of Sly1-1; small RNA sequence profiles from 3 sexual developmental time points; 

FGSC 2489 and FGSC 8820 genomic sequencing. Small RNA production precisely matched the boundaries of Sly1-1 
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Figure 3.8 Features of small RNAs from Sly1-1 at three time points 
(A) Length distribution and 5’ base nucleotide frequency of small RNAs produced from 

Sly1-1 at three time points. Most of small RNA at 4d PF are 25 nt long and have a 

preference of uridine at 5’ base. (B) Strand preference of small RNA from Sly1-1 at three 

time points. Few small RNAs produced at PP and 2d PF; abundant small RNAs produced 

at 4 d PF and have no strand preference. 
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Figure 3.9 Northern blot of small RNA at different time points and in different 

crosses 

Small RNA Northern blot of MSUD inducing cross (FGSC 2489 x FGSC 8820) and 

mutants in the pathway. Strong signals of small RNA with 25 nt long displayed at 4d PF 

and 6d PF in wild type cross but not in mutant cross. Probes used in Northern blot 

covered the whole gene of NCU09969 and listed in Table 3.2. 
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Figure 3.10 RT-qPCR to show aberrant RNA production 

RT-qPCR to show the aberrant RNA production from sly1-1 at different time points in 

two crosses. (A) Schematic diagram of sly1-1 and the positions of two probes located at 

intergenic region (P1) and intron (P2), respectively. (B) Results of qPCR. Samples from 

left to right are tissue of vegetative growth, protoperithecia of FGSC 2489, perithecia 

after 2 days, 4 days and 6 days post fertilization in the cross between FGSC 2489 and 

FGSC 8820, perithecia after 2 days, 4 days and 6 days post fertilization in the cross 

between FGSC 2489 and Sad-1

n = 3; error bars represent standard deviation. 
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Table 3.1 Wild type and mutant strains used in this study. 

 
FGSC # Description Origin Other names Mating type 

2489 74-OR23-1VA  lab crosses JCM19069 matA 

8820 Progeny of P3433 Leogane, Haiti D60 mata 

8740 sad-1
Δ
::hyg Metzenberg Lab RLM 96-01 mata 

 

Table 3.2 Primers used to amplify the NCU09969 locus in 500 bp intervals.  

These amplicons were used as the probe for the small RNA Northern blot. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Forward Reverse 

1 ATGGGGAAGCAGGGAGAT AAGCGATATGCCGGACTG 

2 GACGATGTGTTAGGCGCT CTGGCGGCCTTCTTTAAC 

3 TACAGCAAAGAAGACAGAGAATCG CTTTAGCATGGACAGACTCGTC 

4 CGCATATTGGTCGTGTGC TTGGTCCCATTCGTATTCG 

5 GCACGCGAAGGACGTCT TCCATGATCTGTAGATGGTAACG 

6 AATGCAACGATTTATGGCATC AAATCTTAGTGCCCATCAATAAAG 

7 CAAAACATGACCGTCGCC TGATGATGTCGGGACATCG 

8 GCATTTGTCGCATTCTCGA CATGTGGTCGTCATGTAGTCG 

9 GACCAAGCTGTTGCGACAT GGTCGGTCGATGTGCTTAAT 

10 TCAAACACCTCAATGTCCATTT ATGTTGTGGTCGGATGTCG 

11 AAACTTCGACTGCAGTGTTCC GAAATTGATTGATTGAGACTAGTGG 

12 TTTGTCTCTCGTCTCTCATT GCTTCTGGTTGCGCTTCTAC 
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CHAPTER FOUR 

Dissection of Properties of Unpaired DNA Undergoing 

or Immune to Meiotic Silencing 

4.1 Introduction 

The genome of Neurospora crassa consists of ~43 Mb of DNA, of which only <10% 

is repetitive (Duran 1989; Metzenberg et al. 1985; Munoz-Rivas et al. 1986). This is 

explained by its possession of stringent genome defense mechanisms to resist the 

onslaught of exogenous invasive elements like virus and transposons. So far, known 

genome defense mechanisms includes quelling, repeat induced point mutation (RIP) and 

meiotic silencing by unpaired DNA (MSUD or “meiotic silencing”). The study on 

meiotic silencing developed dramatically in last decade. Some essential components 

involved in its pathway have been discovered, including SAD-1, SAD-2, SAD-3, SAD-4, 

SAD-5, SAD-6, DCL-1/SMS-3, SMS-2 and QIP with their function elaborated in last 

several chapters (Shiu et al. 2001; Shiu and Metzenberg 2002; Shiu et al. 2006; 

Hammond et al. ; Hammond et al. 2013b; Samarajeewa et al. 2014; Alexander et al. 2008; 

Lee et al. 2003; Maiti et al. 2007). It is also known that meiotic silencing occurs after 

karyogamy with two related but distinct steps involved: “trans-sensing” and 

RNAi-mediated silencing (Shiu et al. 2001; Kelly and Aramayo 2007). The meiotic 

“trans-sensing” mechanism first evaluated the identity of the regions located at equivalent 

locations on homologous chromosomes. Once the unpaired regions or significant 



 

 116 

sequence differences are detected, meiotic silencing will be triggered to silence such 

regions via an RNA interfering pathway. The mechanism of meiotic “trans-sensing” is 

poorly understood. The key questions are how genome “sensing” the unpaired loop and 

exactly what constitutes “unpaired” regions. Some aspects have been elucidated for the 

property of “trans-sensing” summarized as follows: (1) DNA methylation in N.crassa 

appears to affect meiotic trans-sensing, but not meiotic silencing; (2) longer unpaired 

loop will be silenced more efficiently than smaller one with same length of DNA 

homologous to a set of paired reporter genes; (2) unpaired loop contained more DNA 

homologous to a set of paired reporter genes will be silenced more efficiently than one 

with same length unpaired loop but carry less homologous DNA; (3) the occurrence of 

meiotic silencing is restricted within the unpaired region and does not affect adjacent 

regions; (4) unpaired DNA does not need to present the canonical promoter of the gene to 

be silenced; (5) meiotic silencing does not affect the ability of a promoter to direct 

transcription at a later developmental time. (Pratt et al. 2004; Kutil et al. 2003; Lee et al. 

2003; Lee et al. 2004) Moreover, some of the naturally unpaired regions are immune to 

meiotic silencing. For example, the mating type locus contained two idiomorphic, 

unrelated sequences, mata and matA but they function normally during sexual 

development without any disturbance of meiotic silencing (Shiu and Glass 2000; Shiu et 

al. 2001).  

In this study, by analyzing genome sequencing data of FGSC 2489 and FGSC 8820 

and small RNA sequencing data from three time points in sexual development, I detected 

the regions undergoing meiotic silencing or immune to meiotic silencing and common 
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regions shared by two strains but with abundant small RNAs production after karyogamy. 

The dissection of these regions revealed the role of meiotic silencing on resisting 

repetitive elements and on compromising the unpaired genes required in sexual 

development.  

 

4.2 Materials and methods 

Strains and growth conditions 

 The strains used in this study are listed in Table 4.1 and Table 4.2. The media used in 

cross and cross conditions have been mentioned Chapter 3.  

 

Fertility and ascospores scoring  

Six days after fertilization, formation of perithecia were detected, as indicated by 

black fruiting bodies, were examined in every petri dish under a dissecting microscope. 

By day 16, ascospores were shot on to the dish lid and could be collected. A 2 cm x 2 cm 

area on the lid was outlined above the area were perithecia enriched to count the number 

of produced ascospores. The mean and standard deviation of the ascospore count was 

calculated from three replications by R functions and a student’s t-test was performed to 

compare the frequency of shot ascospores in a wild type cross vs mutant crosses. This 

allowed me to test whether any differences exist between the number of ascospores 

produced from mutant and wild type crosses. Ascospores were harvested by washing the 

lids with 1ml water. ~100 ascospores from each cross were examined under an electronic 
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microscope to examine the morphology. Photographs of perithecia and ascospores were 

taken with an OLYPUS C-755 camera in combination with an OLYMPUS SZX9 

dissection microscope or OLYMPUS BX41 microscope.  

 

Data analysis 

Small RNA sequencing, FGSC 8820 genome sequencing, and subsequent processing 

of reads (adaptor trimming, alignment to reference genome) is presented in chapters 2 and 

3. BEDtools v2.17.0 (Quinlan and Hall 2010) (http://bedtools.readthedocs.org/) was used 

to classify regions with detailed command line used and annotation uploaded on 

https://github.com/stajichlab/YizhouWangDissertation/Chapter4. Annotation file of genes 

and FASTA file of reference genome (OR74A version 10) were downloaded from 

Neurospora geome database at the Broad Institute 

(http://www.broadinstitute.org/annotation/genome/neurospora/MultiHome.html). A script 

written by Professor Jason Stajich, for RIP_index_calculation.pl was deployed for 

classifying the regions as RIP mutations (https://github.com/hyphaltip/fungaltools). Plots 

displaying the read length, 5’ base preference were made in R (http://r-project.org) and 

post-processed with Adobe Illustrator (Adobe Software Systems, San Jose, CA). Searching 

DNA sequences in the Neurospora genome was performed at NCBI using BLASTN with 

default parameters.  

 

https://github.com/stajichlab/YizhouWangDissertation/Chapter4
https://github.com/hyphaltip/fungaltools
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4.3 Results 

Unpaired regions undergoing meiotic silencing  

Comparison between genomes of FGSC 2489 and FGSC 8820 was performed to 

identify regions unique to FGSC 2489. Such regions were assumed to form unpaired loops 

during meiosis and trigger the meiotic silencing. Unpaired regions larger than ~700 bp are 

needed to efficiently trigger meiotic silencing (Lee et al. 2004). To identify candidate loci 

targeted by meiotic silencing, I applied the following filters: (1) the region is unique to 

strain FGSC 2489; (2) the size of unpaired region is larger than 700 bp; (3) small RNAs are 

only enriched at 4d PF; (4) the ratio of small RNA production to the size of the unpaired 

region is greater than 1. There were total 31 regions that met all criteria including Sly1-1 

and Sly1-2 (Table 4.3). These regions ranged in size from 1 kb to 15 kb with 19 smaller 

than 5 kb, nine between 5 kb and 10 kb, and four longer than 10 kb. Twenty-four of these 

contain predicted genes, all of which encode “hypothetical proteins”. Another seven 

regions are located at the intergenic areas. By querying the DNA sequences of these 

thirty-one unique regions in NCBI Neurospora database 

(http://www.ncbi.nlm.nih.gov/blast/), I found 14 regions carried various types of 

duplicated sequences. For example, two of these in intergenic regions bear the (LG) VIIL 

telomere sequences, Guest remnants and (LG) IIR telomere repeats, respectively. Other 

regions with genes bear the centromere and telomere repeats, ribosomal DNA repeats, 

remnants from Tad, Guest and Punt elements (Table 4.4). Owing to the identification of 

Sly1-1 in an unpaired region, I first hypothesized that additional intact transposable 

elements were likely present in these regions. Indeed, some of them contained the inverted 
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or direct repeats, but none of them showed other hallmarks of transposons such as target 

site duplications or ORFs homologous to transcriptase. RIP Index calculation was used to 

calculate the composite value (CRI) of RIP mutation for all of these regions. Previous work 

has shown that a positive CRI value calculated for a certain region represent that such 

region has experienced RIP and the higher the CRI value, the more severer the RIP 

mutation for the region (Lewis et al. 2009). Results showed that only one region from 

intergenic regions suffered moderate RIP mutation (CRI = 0.166) (Fig. 4.1). The small 

RNAs derived from these thirty-one unique regions share the similar features as masiRNA 

described in Chapter 3: they are 24~26 bp long with a peak frequency at 25 bp; they show 

no specific strand bias and prefer uridine at 5’ base (Fig. 3.5, Table 4.3). All small RNAs 

from a region were restricted to the unpaired regions and do not originate or terminate in 

adjacent paired region, which suggested the neighbors of unpaired regions are not involved 

in meiotic silencing. This is consistent with previous studies which demonstrated that the 

meiotic silencing of an unpaired marker gene didn’t affect expression of the adjacent asm-1 

gene (Kutil et al. 2003).  

 

Unpaired regions immuned to or escaped meiotic silencing 

The mating type genes, matA and mata, are highly dissimilar in sequence, yet their 

expression are maintained throughout the sexual development (Shiu and Glass 2000; 

Wang et al. 2014). This was explained by their immunity to meiotic silencing. To identify 

other loci that potentially immune to meiotic silencing, I applied the criteria as followed: 

(1) the region is unique to FGSC 2489; (2) the size of unpaired region is bigger than 
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700bp; (3) no small RNA produced during PP, 2d PF and 4d PF. Totally, 609 regions 

were detected, of which 91 regions have genes and 518 regions have no genes with 

Sly1-3 and Sly1-4 included (Table 4.5; Table 4.7). These regions ranged in size from 1kb 

to 41kb with 389 regions smaller than 5kb, 118 regions between 5kb and 10kb, and 108 

regions longer than 10kb. Those 91 regions contained 129 genes, 28 of which are 

annotated and others are predicted genes encoding “hypothetical protein”. The levels of 

genes present in FGSC 2489 but absent in FGSC 8820 are different. Thus, I classified all 

contained genes into four groups according to their missing level in FGSC 8820, which is 

calculated by the whole length of the gene divided by the length of part unique to FGSC 

2489: (1) “completely missing (CM)” - 100% ~ 90% missing in FGSC 8820; (2) “largely 

missing (LM)” – 90% ~ 70% missing in FGSC 8820 (3) “moderately missing (MM)” – 

70% ~ 40% missing in FGSC 8820 (4) “slightly missing (SM)” – 40% ~ 20% missing in 

FGSC 8820 (5) “no missing” - <20% missing in FGSC 8820. Accordingly, 39 genes are 

completely missing in FGSC 8820, 16 are largely missing, 24 are moderately missing, 14 

are slightly missing and others are no missing (Table 4.6). Several annotated missing 

genes showed involvement in sexual development such as three mating type genes, 

matA-1, matA-2 and matA-3, heterokaryon incompatibility-6 (het-6), serine/threonine 

protein kinase-44, etc (Table 4.6). The disruption in either matA-1 or mata-1 could lead 

to abolishment of fertilization. Mutation of matA-2 or matA-3 was only slightly reduced 

in fertility. Only disruption of both genes leads to the significant decrease of production 

of ascospores, but does not totally eliminate it (Ferreira et al. 1998). To assess the 

importance of other predicted genes in sexual development, I selected 18 candidate genes 
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and crossed their deletion mutant and FGSC 8820, respectively. In every cross, FGSC 

8820 and the mutant would be isogenic except for the locus where the missing gene is 

present in FGSC 2489. I hypothesized these candidate genes could be essential in sexual 

development as all have high expression level during sexual development (Wang et al. 

2014) (Table 4.2). Thus, if tested genes are essential in sexual development, I would 

expect to observe the abnormal phenotypes from the crosses. I checked several key stages 

during the sexual development, including the formation of perithecia, fertility of 

ascospores, number of ascospores produced and shape of ascospores. However, all 

crosses were fertile and exhibited the morphologically normal phenotypes of perithecia 

and ascospores as in wild-type cross (FGSC2489 x FGSC 8820).  

For those 519 regions without genes, I noticed their GC content are very low, around 

20% ~ 40%. RIP_index_calculate was used to calculate the composite score (CRI) for all 

these regions. Results showed that 97.6% regions obtained a positive score of CRI, which 

suggested those regions undergoing RIP mutation (Fig 4.1).  

 

Common regions with small RNA production at 4d PF 

Even homologous regions paired but their ectopic copy forming unpaired loop would 

also trigger meiotic silencing as “trans-silencing” (Kelly and Aramayo 2007). To detect 

whether some regions undergoes trans-silencing, I made several criteria to filter: (1) 

regions are common to FGSC 2489 and FGSC 8820; (2) have abundant small RNA 

production at 4d PF; (3) regions are bigger than 700bp; (4) the ratio of small RNA 

production to the size of the unpaired region is greater than 1. Accordingly, 75 regions are 
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found that satisfied the criteria (Table 4.8). Sixty-two regions are smaller than 5kb, ten 

regions between 5kb and 10kb and three regions bigger than 10kb. Querying the DNA 

sequences of all these regions in NCBI Neurospora database, I found nine of them 

contained the duplicated sequences, five of which shared similar sequences with detected 

unpaired regions undergoing meiotic silencing (Table 4.9; Table 4.10). The size of shared 

sequences ranged from 107 bp to 562 bp. The longest one bears (LG) IIIR telomere 

sequence located within (LG) V (776000 – 781999 nt) and (LG) VI (202225 to 212225 nt), 

respectively. Other shared annotated sequences contained centromere-proximal flanking 

sequences, remnant of a Tad element and (LG) VIIL telomere sequences. Notably, a shared 

~200 bp fragment with unknown function present in six different common regions, 

respectively. I examined every region and surprisingly found the small RNAs generated 

from these common regions all shared the similar features as masiRNA (Fig 4.2). Nineteen 

regions have a ratio of small RNA production to the size of common region bigger than ten.  

 

4.4 Discussion 

In this chapter, I identified three types of regions related to meiotic silencing: (1) 

regions unique to FGSC2489 undergoing meiotic silencing; (2) regions unique to 

FGSC2489 immune to meiotic silencing; (3) common regions with abundant small RNA 

production at 4d PF. For the first group, I found thirty-one regions, including Sly1-1. 

Seven of them are from intergenic regions and two contained duplicated sequences. It 

shows that only unpaired regions containing DNA homologous to the transcript of a set 
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of paired reporter gene can efficiently trigger the meiotic silencing (Lee et al. 2004). The 

size of unpaired DNA without homologous to the transcript of reporter gene tested in 

their experiment around 2 kb failed to trigger the meiotic silencing. On the contrary, the 

size of unpaired intergenic regions in this study are all within 2kb and the detection of 

small RNA production from such regions suggested that unpaired intergenic regions 

could trigger the meiotic silencing somehow. The containing of repeated DNA in these 

regions is likely to be the signal to induce the meiotic silencing. It is possible the 

efficiency of meiotic silencing is too low to be detected as a phenotype if unpaired 

regions do not contain transcripts homologous to a reporter gene. Indeed, the small RNA 

production in unpaired regions with genes is higher than the intergenic regions (P-value < 

0.01). Moreover, some of the unpaired regions undergoing meiotic silencing contained 

centromeric repeats, ribosomal DNA repeats, telometric repeats and relics of transposable 

elements (three remnants of Tad element, two of Guest and two of Punt) with all together 

represent the repetitive DNAs in N. crassa genome. Combining the discovery of Sly1-1, 

all of these revealed the importance of meiotic silencing on fighting against repetitive 

sequences and invasive elements in sexual development.  

In the second group, I detected 610 unique regions of FGSC 2489 without small 

RNA production. Some of these regions carried genes with different missing level in 

FGSC 8820. Mating type locus are detected in these regions provides a clue to conclude 

that genes that required in sexual development would be protected from meiotic silencing 

by abolishing small RNA production. However, I didn’t observe any abnormal phenotype 

from the cross between the FGSC 8820 and the mutant of selected gene that has high 
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expression during sexual development. This is expected because FGSC 8820, as a wild 

type strain, doesn’t appear to have any obvious defective traits compared with FGSC 

2489 either in vegetative growth or sexual development in spite of apparent lack of 

several genes. One explanation is that tested genes are not as important as matA-1 or 

mata-1 and their function could be redundant with other genes in the same pathway so 

that the defect would not manifest in a phenotype. Alternatively, the unpaired regions are 

not actually missing in FGSC 8820 but contain functional alleles with different sequences 

unique to FGSC8820. Thus, the reads of FGSC 8820 genome sequencing from these 

regions would fail to align to the homologous region in FGSC 2489. If such region is 

protected from meiotic silencing, even though I crossed it with a mutant strain to test the 

role of the gene deletion, It is possible the allele is still functional in an unpairsed state so 

there is no abnormal phenotype.  

Another important finding is that meiotic silencing ignored nearly all of the 

intergenic regions unique to FGSC 2489 and all of these regions experienced RIP 

mutation. It is known that several steps in meiotic silencing would consume energy. For 

example, Dicer processing dsRNA into small RNA required the ATP (Catalanotto et al. 

2004). Thus, from the viewpoint of energy saving, meiotic silencing ignores the unpaired 

regions that have been suppressed to avoid wasting energy. This is likely the reason why 

no small RNA are detected from the two copies of Sly1-3 and Sly1-4 even though they 

are transposon containing loci. 

For the common regions shared between FGSC 2489 and FGSC 8820 with small 

RNA production at 4d PF, 75 regions in total were detected. All of the small RNAs 
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generated from these regions shared the same features as masiRNAs. One explanation is 

that the sequences in homologous regions are not 100% identical with each other. 

Significant sequence deviation between homologous alleles, as opposed to deletions or 

insertions, can trigger meiotic silencing (Aramayo and Selker 2013). As little as 6% 

sequence divergence could trigger low detectable silencing, yet a slight decrease to 3% 

divergence prevented significant silencing (Pratt et al.2004). Indeed, in some of common 

regions, I observed the reads is not evenly distributed along the genome, which caused 

gaps formed between each area with high reads coverage. If so, such small RNAs from 

these unequal regions should be considered as masiRNA. However, for the common 

region with evenly distributed reads, the detection of small RNAs with similar features to 

masiRNA is unknown. Most likely, related RNAi mechanisms function on these regions 

where further work is needed characterize their role. 
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Figure 4.1 CRI & GC content plot for regions undergoing meiotic silencing and 

regions without genes and escaped meiotic silencing. 

Regions without genes and escaped meiotic silencing are from intergenic regions and 

most of them (97.6%) obtained the positive CRI value and low GC content, which 

suggested the RIP mutation occurred in these regions; regions undergoing meiotic 

silencing obtained negative value or very small positive value of CRI and high GC 

content which indicated RIP mutation hasn’t occurred to these regions. 
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Figure 4.2 Size and 5ô base nucleotide frequency of all masiRNA at 4d PF  
The pronounced 25 nt peak for all reads during the 4 days post fertilization timepoint for 

small RNAs which originate from common regions which are shared by FGSC 2489 and 

FGSC 8820. The 5’ most base of the read is shown by color in the barchart. 
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Table 4.1 wild type strains used in this study 

FGSC # Description Origin Other names Mating type 

2489 74-OR23-1VA  lab crosses JCM19069 matA 

8820 Progeny of P3433 Leogane, Haiti D60 mata 

 

Table 4.2 mutant strains used and their missing level FGSC 8820 and their 

expression from 0h to 144h after fertilization 

* KO: Knock Out     M: Missing   LM: Largely Missing   MM: Moderately missing 

 

 

 

 

 

FGSC 
# 

Genotype Allel
es* 

LG Mating 
type 

Missin
g level* 

RPKM 

0h 2h 24h 48h 72h 96h 120h 144h 

21016 NCU09244 KO  I matA M 16  10 31 15 22 19 12 9 

17461 NCU01381 KO V matA M 216  156 132 84 103 70 71 44 

12442 NCU03533 KO II matA M 12 11 15 10 11 5 6 5 

13767 NCU05836 KO VII matA M 14  31 24 11 17 21 14 13 

18222 NCU07448 KO I matA M 13  5 14 7 14 22 14 14 

15108 NCU09245 KO I matA M 16  9 29 9 17 9 5 4 

15141 NCU09356 KO II matA M 175  153 220 98 162 137 71 57 

17738 NCU04722 KO VI matA M 5  3 2 3 5 11 16 15 

17592 NCU04905 KO IV matA LM 138  180 141 212 84 62 56 54 

18073 NCU05639 KO VI matA LM 1796  1798 694 403 1120 527 405 164 

21015 NCU09243 KO I matA MM 234  250 218 322 233 256 302 297 

12338 NCU09760 KO II matA MM 54  49 32 33 31 30 23 17 

18076 NCU05712 KO III matA MM 5  10 27 12 9 4 3 1 

13721 NCU05957 KO VI matA MM 9  10 9 8 9 8 13 13 

14763 NCU05080 KO VI matA MM 14  13 6 9 164 848 1491 1717 

14181 NCU05832 KO VII matA MM 149  261 233 131 73 48 38 29 

15343 NCU09357 KO II matA MM 50  41 69 36 52 63 33 25 

11638 NCU05916 KO VI matA MM 16  21 25 28 22 21 16 15 
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Table 4.3 Positions of 31 unique loci in FGSC 2489 compared to FGSC 8820 with small RNAs enrichment at 4 days post 

fertilization. 

 

 

 
 

L
G 

Position Total # 
reads 

% of reads (+) % of reads (-) Gene contained within region 

1 I 217700..219599 2691 52.0 48.0 None 

2 I 256600..260699 6391 46.7 53.3 NCU08101 

3 I 296100..304899 16295 33.0 67.0 NCU08107, NCU08109 

4 I 331140..332259 2007 41.1 58.9 None 

5 I 1863000..1863999 3232 18.2 81.8 None 

6 I 8658600..8668399 22789 45.2 54.8 NCU02929, NCU02928 

7 I 8875900..8879399 18662 65.8 34.3 NCU11560, NCU02862 

8 II 314100..315999 2098 40.3 59.7 None 

9 II 486900..490999 9070 64.0 36.1 NCU03494 

10 II 1151700..1155099 8972 72.2 27.8 NCU11899 

11 II 4158000..4172999 38274 41.7 58.3 NCU09338, NCU09339, NCU09342 

12 III 287000..295999 20197 39.2 60.9 NCU09187, NCU09188 

13 III 423100..425399 3543 36.2 63.8 None 

14 III 4993300..4995699 7748 45.4 54.6 NCU08538 

15 IV 334800..338899 7599 40.4 59.6 NCU07633 

16 IV 722000..736999 31117 67.3 32.7 NCU04916, NCU04917, NCU04918, NCU04919 

17 IV 836500..840899 10919 34.1 65.9 NCU04948 

18 IV 3016000..3019999 10265 62.3 37.7 NCU06293 

19 IV 5151600..5157799 10545 56.4 43.6 NCU08813, NCU08812 

20 IV 5848000..5854999 9050 55.6 44.4 NCU05179, NCU05178 
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 LG Position Total # 
reads 

% of reads (+) % of reads (-) Gene contained within region 

21 IV 5865000..5872999 17826 36.2 63.8 NCU05175, NCU05176, NCU05177 

22 IV 5878000..5885999 13683 54.9 45.1 NCU05173, NCU05172 

23 V 776000..781999 11361 59.0 41.0 NCU08884, NCU08883 

24 V 2868800..2871699 15488 70.3 29.7 NCU01087 

25 V 6281000..6292999 19330 63.6 36.5 NCU07192, NCU07191 

26 V 6411400..6413599 5500 53.2 46.8 NCU07152, NCU07151 

27 V 6430900..6434499 9119 45.9 54.1 NCU07144 

28 VI 309300..320599 43560 58.7 41.3 NCU09968, NCU09969 

29 VI 2677400..2685899 8808 49.7 50.4 None 

30 VI 3649220..3650759 2066 54.1 45.9 None 

31 VII 219600..223999 40409 54.0 46.0 NCU05845 



 

 

Table 4.4 repeats contained in unpaired region that MSUD occurred 

 

ID LG Location Element E-value Ident Length Sequences 

5 I 1863000..1863999 
ORSa 

centromere-proximal 
flanking sequence 

0 87% 979 ____ 

6 I 8658600..8668399 

Guest remnant 3.00E-11 85% 62 CCCCTGCTCAAAACCCCTGTCTGTAGGTACCAAGCTAACGAACTTACCAGGACTGATGTGTA 

rDNA repeats 2.00E-12 90% 58 GTGCAAAAAATAGCGAGAGAAAAAACATACAGCACCTGGGATTCGCTGGTCGTCACCG 

Punt element 2.00E-06 94% 35 AACATACAGCACCTGGGATTCGCTGGTCGTCACCG 

1
0 

II 1151700..1155099 

Tad1-1 LINE-like 
element 

3.00E-49 74% 313 

TTTTATTCGAATAAAAGGAGATTTATAATATTATAGTAATTTAGGAGTTAAATAGAAATTTAAATA
GGAATATTTATCGTCCTAAAAGCGGAAGGTATTTCGGGGTTAATTTTCTTTGGAGAAGGGAAGG
GCGGTAATATATGCAAATAAAAAATAGAATTTAAAGGACCTAAACTTTTAAATTAGAAAAGATTG
GACTATAATTATATTTAAAAAATTTAAAAGATTTAACGACCGTCTATTCTATTTACTCTCTTATCTT
TATATAAGGAACGCTAGAATATTAGTAGGGGTTACTACTCTTTAAATTTAT 

centromere VII 
region repeat DNA 

1.9 100% 19 GACTATAATTATATTTAAA 

1
1 

II 4158000..4172999 
centromere VII 

region repeat DNA 

1.00E-47 88% 154 
ATTTATTAGACTGGGCACAACCCAGTCCCTACTCTATACCCTGCCCAGACCGCACCATATCTAG
CCTTCCAGACTTTGCCAGTCTCCCTCTTTCTCCTCTATAGCACTCAATCAATCGTATCCAACCG
CTTGATTTCGTTGGTAATCTCA 

3.00E-42 86% 149 
GACTGGGCACAACCCAGTCCCTACTCTATACCCTGCCCAGACCGCACCATATCTAGCCTTCCA
GACTTTGCCAGTCTCCCTCTTTCTCCTCTATAGCACTCAATCAATCGTATCCAACCGCTTGATTT
CGTTGGTAATCTCACAA 

1
4 

III 4993300..4995699 
Tel-VIIL telomere 

sequence 

6.00E-39 90% 125 
GAGGTCGCAAAGTCCGGTTACCTGTCGAAGAGCGGCAAAAACGAAATCCAAAGTGTACAAAAC
CGCTATTGGTTCCGTCAAAAGGGGGATGTCCTCTCCTACTACCTGGATCCCAAGGATCACTA 

0.55 89% 28 AGGTAGGTACCTAGGTACCTCTACTTTG 

1.9 86% 29 GATGATGATGACGATGAGGACGAGGAGGA 

1
9 

IV 5151600..5157799 

rDNA repeats 7.00E-63 94% 161 
GGGAAAAAGAAGGGATAAAGGAATaaaaaataaaaaaaGACATACAACACCAGGGATTCGCTGG 

TCGTCACCGACCCAACTACTAGTCTGGCCCTCACTGGCTTATCTATGGGAGAGCGGACGGG 

ATCCCGAGTTTTCCAGTGGGTATGGTCGTATGTGAT 

transposon Punt 
and 5S rRNA 
pseudogene 

1.00E-2
8 

97% 76 
CTAGTCTGGCCCTCACTGGCTTATCTATGGGAGAGCGGACGGGATCCCGAGTT
TTCCAGTGGGTATGGTCGTATGT 

4.00E-1
5 

100
% 

46 ACATACAACACCAGGGATTCGCTGGTCGTCACCGACCCAACTACTA 

1
3
2
 



 

 

 

ID LG Location Element E-value Ident Length Sequences 

20 IV 5848000..5854999 
chromosome IIIL 
telomere repeat 

1.9 92% 24 TATTTATATTTATATCTCTATTTA 

1.9 92% 24 TATTTATATTTATATCTCTATTTA 

21 IV 5865000..5872999 
rDNA repeats 0.001 80% 51 TCGATTTTTAAAATTTCCTATACTAATAAATTTTATAGGAATTGAAAAGTC 

Punt remnant 0.67 83% 40 TAAATAAATATAATCTTTAAAATTGAGTAAAATTCTTAGA 

23 V 776000..781999 

Tel-IIIR telomere 
sequence 

4.00E-85 81% 328 

TGTTAGGAACGTAGGCGAAAGGTAGGCTGAAGTGACTACGGTCGTAGCTATACGTAGGGGAC
GGTAAATTAGGGGTTAATTTAAAGATATATTAATAGCTACTAATTATAATAAACTACACTCCGTT
GGGCCTCTTTTATACCTATATAAACTCTATTTATCCGCTAACGAGTATTATAAAGCCTTATACTA
GTTTAGCGCCTCAGCGCAATAACGGATTATCCTTCCTGCGAGCCCGACTTAATATAGGCGTTAT
TATTAATAATCCTATACGTTAGTTAATAAAGGGGAGTAATAACTACTAAAGTACTTCGGTATACG
AATTCTT 

3.00E-48 73% 327 

CGGTTAATGAAGTAGTTCTTCATTTTCATTCTTGCTTGTGACCTTTGTTCGATTCCTGTTCGTGA
CTAACTTTTTGAAGCTATTCCGGAAGACCTTGAAGTTCAAATACTGCCCTCACTTTAAAATACTA
CTATTAAGGTCACTAGAGTATAGAAGGTTATACCCTATATTAAGCCCTATACTTTTGACTTCTAG
GGGCTTGGAAGACAATTAATGTCTGAAAAAACAGTTACTGTTTTCTAAACATTGATTGTCTGTCA
GACAACGCTTGTTGCGACTCAGGGTTTCCCGCTTCGGT 

Tad1-1 LINE-like 
element 

4.00E-60 77% 337 

CCTTATTGGCATGGGGTCCTTCTCCAGTTTCTCTGGAGAGGAAACCCGTGCGGCGTTAAGCGC
CGCCGGATGAAAACCTCCAGCTTCATCTCGGTCGTGGTCTATCCACGCCACTTCTACTTTGTTT
GCTGTCATAGCGGTTCTCAACTACTGCTATAGCGAATTGATTTCGTCTCCCCTCGTACTACGTC
ATCCCGACACTAGAACAATAGGAACAGGAATAAGAACGCCGCCTTCCTTCGCCGCTTCTTCAT
CTCAACCCCGCCGCTCCTTCCTCCGCCTTCTCTCCGCCTCTCCGTCCCATCTCCCCGTCTGCA
TCCCC 

centromere VII 
region repeat 

DNA 

3.00E-11 78% 94 
CCTTATTGGCATGGGGTCCTTCTCCAGTTTCTCTGGAGAGGAAACCCGTGCGGCGTTAAGCGC
CGCCGGATGAAAACCTCCAGCTTCATCTCGG 

7.00E-06 70% 121 
TTAAGCGCCGCCGGATGAAAACCTCCAGCTTCATCTCGGTCGTGGTCTATCCACGCCACTTCT
ACTTTGTTTGCTGTCATAGCGGTTCTCAACTACTGCTATAGCGAATTGATTTCGTCTC 

27 V 6430900..6434499 
VR telomere 

region 
0.00E+00 100% 1779 

repeat sequences contained: 

CTTGTTGTATTTTCTTGTTTCCTGATGCATG 

AGG(3ô/5ôinsertion target seqeunce) 

TAAGGCTGCGTTTGTTCTCGTACAGTTGCCGTATAAACCGCCTCATACGGCCATTTCTGTACGA
TAACCGTACAAAATAGCGATCATTTGGTCGGTTGCCGTACAGAAATACAATCTGCGACCCCCT
CATGTCAGCCTCGTTCAGCCTTAGCCGGGTTAGGGTTATATGTAGCCAAAAAACCGTACAGAT
TTAGCATCGCCGTACAAAATCACCAAAATGCAGACCAACCCCTGAGAACCGTAGCATGCCGTA
TGCTTATAGTCTGTACTCTGCAATGCCCTGTACTTTAGGGATTTTAACGCAGTTGGTTAACGCT
T(5ô LTR (Pogo)) 

CTTGTCGTATTTTTCTGTTGCCTGATGCATGAGGTAAAGAT 

TTAGGCTGCGTTTGTTCTCGTACAGTTGCCGTATAAACCGCCTCATACGGCCATTTCTATATAA
TAACCGTACAAAATAGCGATTATTTAGTCGGTTGCCGTATAGAAATACAATTTACGACCCCCTC
ATATCAGCCTCGTTTAGCCTTAGCCGGATTAGGGTTATATATAGCTAGAAAACCGTATAGATTT
AACATCGCTGTATAAAATTACTAAAATACAAACCAGCCCCTAAGAACCGTAGCATACCGTATAC
TTACAGTCTACACTCTGCAATACCCTATACTTTAGGGATTTTAACGCAGTTGGTCAGCGCTT(3ôL
TR(Pogo)) 

1
3
3
 



 

 

 

 

ID 
L
G 

Location Element E-value Ident Length Sequences 

28 VI 309300..320599 
chromosome IVL 
telomere repeat 

2.00E-12 79% 89 
GGTATTTCAAAAGGAGAGTATACGAAACCAACTACTCCAACGTCGAAAAGGTGTTGTTAATGAAGAT
GAACTTCCAGGAGACGATACGC 

1.00E-08 71% 122 
AAGTCAGGCTGTGTGCATTTCCCATCTGCTATACTGGTGATATGCCACAGCAAGCTGAGAATTCAGG
ATTCAAAGGTCCACGCGGCACTAAATTCTGTCGATGTTGTTTTACCTTTTCTGGT 

0.55 78% 45 AAGGGTCCGGTCATTTTTCCATGCGACTGGATCTACTACCGTTGT 

29 VI 1949300..1957799 

Tel-VIIL telomere 
sequence 

3.00E-43 75% 276 

CGTCGTAGACAAAATAATGGAGACCTTTGACATCATAATTTGGGTATGCCCCCACTACGCATCCAAG
CGTCTTTGTAACACCTTTGGTCTTAAGTTCTAGGCATTTTCTGAATGAAAGCATACAGATAGGACTCC
AGCCGCTATCTTTTTCGAAGTATTAAATCCCTTTTACAATCATGCAGAAACATTTTCTTTAATCTTAAC
GAGCGGTAGTGGACCGGCTTACCTAGCCTGCTGGTCTCACTTATGTTGTCACGGACGAG 

2.00E-06 88% 43 TATACAGTCCGATGTTGGTTTGTTTGTTAGCTTAGTATATTAG 

0.16 90% 29 AACAAACCAACCAGTACTGCACTGTATAC 

0.55 85% 33 GTATACAGTCCGATGTTGGTTTGTTTGTTAGCT 

transposon Guest 
remnant 

1.9 92% 24 ATGTTGGTTTGTTTGTTAGCTTAG 

30 VI 3649220..3650759 
chromosome IIR 
telomere repeat 

1.9 77% 48 TAAACGCTAGAATAATAGTAATAATAGGTATAAAAGTAGTAGTAG 

31 VII 4031300..4035699 

Tad1-1 LINE-like 
element 

5.00E-40 74% 274 

TCCTATTCCTATTCCTGTTCTTATTATTCTAATATTGGGATAAGTAAGCGTTAGAAGAAACGAGATCTA
TTTGCTATAGCGGTAGGTAAGAACCGCTATAGTACCTCTAGGAAATAATGGAAGTAGGAGCGGCGTA
GTTAGCCTATGACTGAGATGGAGTTGGAGATTTTTATTTGGCGGGGCTTAACGCCGTACGGTTTTCC
CCTCCGGAGAACCTAGAGAAAAACCTTATGCTAATAGGGCGCTATAGACATAGCTATGGAATAAGGC
TAT 

centromere VII 
region repeat DNA 

7.00E-19 68% 389 

GGAAGTAAAGAGAGAGATAGGATGGGGAAGCGGGGAGAAAGCCAGGAAAGGAGTGGTAGGAATG
GAAATGAAGAAGCAGCAAAGGGAGGCAGTATTCCTATTCCTATTCCTATTCCTGTTCTTATTATTCTA
ATATTGGGATAAGTAAGCGTTAGAAGAAACGAGATCTATTTGCTATAGCGGTAGGTAAGAACCGCTA
TAGTACCTCTAGGAAATAATGGAAGTAGGAGCGGCGTAGTTAGCCTATGACTGAGATGGAGTTGGA
GATTTTTATTTGGCGGGGCTTAACGCCGTACGGTTTTCCCCTCCGGAGAACCTAGAGAAAAACCTTA
TGCTAATAGGGCGCTATAGACATAGCTATGGAATAAGGCTATCATTA 

OR23-IVA 
centromere-proxim

al flanking 
sequence 

9.00E-05 69% 131 
GGGAGAAGGATTTGACGGGGGGTGATGTAGTCTGGTGGTTTAAGTACCTGGGTCAAGGTTTCCTAT
CTGTTTACTTTTACCGGGCCTTGTGACCATTCAGTCATCCTTTCTGCACGAG 

0.045 90% 30 GTCATCCTTTCTGCACGAGCGAAGCTCACT 

1
3
4
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Table 4.5 unpaired regions with genes immune to meiotic silencing 

 

 

 

 

 

 

LG Location LG Location 
I 391018..397265 III 383080..384354 
I 62893..88808 III 414180..417381 
I 182062..185370 III 426555..444818 
I 213293..215185 III 451556..452864 
I 288528..293884 III 467863..469543 
I 384024..385472 III 502122..503574 
I 398506..402212 III 512262..514041 
I 586252..589100 III 526311..528246 
I 1856921..1862218 III 532403..533549 
I 5324338..5337969 III 537840..540579 
I 6318116..6329486 III 599982..601077 
I 7084681..7085746 III 802640..816141 
I 8498175..8501553 III 1537480..1539611 
I 8717045..8720172 III 4532523..4536713 
I 8762235..8765317 III 4801077..4803170 
I 8859940..8865606 III 4969897..4971027 
I 9425224..9436576 III 5017854..5018947 
II 13136..16231 IV 97724..98753 
II 332592..339859 IV 102687..104744 
II 589102..590673 IV 686531..690110 
II 3001182..3006153 IV 742132..744918 
II 3537593..3538700 IV 971920..1013059 
II 3551845..3553434 IV 1600421..1605638 
II 3713560..3717448 IV 4165318..4166609 
II 3721398..3723152 IV 4626408..4637290 
II 4227691..4236027 IV 5074350..5077226 
II 4320317..4322390 IV 5208129..5211216 
III 268689..270260 IV 5249281..5252026 
III 300626..311305 IV 5701259..5702429 
III 327886..329575 IV 5913776..5936999 
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LG Location 
IV 5950840..5988839 
V 442389..443569 
V 891913..900034 
V 1454297..1456822 
V 3837375..3846412 
V 5611050..5612548 
V 6029422..6030838 
V 6084719..6085849 
V 6223001..6226109 
VI 3799722..3802834 
VI 159342..160846 
VI 544063..549017 
VI 1237577..1238654 
VI 1523055..1527421 
VI 2101534..2103815 
VI 3319800..3321203 
VI 3481258..3485200 
VI 3804682..3807236 
VI 3824648..3828191 
VI 4039857..4044757 
VI 4054900..4056189 
VII 257618..268209 
VII 160736..167851 
VII 275990..278204 
VII 307339..308512 
VII 465776..469047 
VII 578424..580251 
VII 583639..584872 
VII 1450848..1457953 
VII 3365069..3366525 
VII 4143594..4147366 
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Table 4.6 genes within unpaired regions without small RNAs production at 4d PF 

 

 

 

Gene Annotation Missing 
level 

 Gene Annotation Missing 
level 

NCU07499 TOS1 CM  NCU05915 hypothetical protein CM 
NCU01960 mating-type protein A-3 CM  NCU05081 hypothetical protein CM 
NCU01959 mating-type protein A-2 CM   NCU07501 hypothetical protein LM 
NCU01958 mating-type protein A-1 CM  NCU11054 hypothetical protein LM 
NCU03533 heterokaryon incompatibility-6 CM  NCU08696 hypothetical protein LM 
NCU07519 PIF1 CM  NCU10629 hypothetical protein LM 
NCU06583 serine/threonine protein 

kinase-44 
CM  NCU05666 hypothetical protein LM 

NCU05836 glycosylhydrolase 47-4 CM  NCU05671 hypothetical protein LM 
NCU08666 HAD superfamily hydrolase LM  NCU05672 hypothetical protein LM 
NCU09357 stage V sporulation protein K MM  NCU05688 hypothetical protein LM 
NCU05693 interferon-induced GTP-binding 

protein Mx2 
MM  NCU05742 hypothetical protein LM 

NCU05916 alpha-1,3-mannosyltransferase 
CMT1 

MM  NCU04905 hypothetical protein LM 

NCU00810 glycosylhydrolase family 2-3 SM  NCU09939 hypothetical protein LM 
NCU02913 DNA repair protein rad5 SM  NCU09667 hypothetical protein LM 
NCU03468 MFS efflux transporter SM  NCU10091 hypothetical protein LM 
NCU08473 alpha-1,3-glucanase SM  NCU05639 hypothetical protein LM 
NCU05680 alpha-1,2-mannosyltransferase 

Kre5 
SM  NCU05074 hypothetical protein LM 

NCU11356 phenazine biosynthesis 
PhzC/PhzF protein 

SM  NCU09243 hypothetical protein MM 

NCU06549 pyridoxine-2 SM  NCU08085 hypothetical protein MM 
NCU08075 hypothetical protein CM  NCU08105 hypothetical protein MM 
NCU07448 hypothetical protein CM  NCU08106 hypothetical protein MM 
NCU10702 hypothetical protein CM  NCU07502 hypothetical protein MM 
NCU02989 hypothetical protein CM  NCU09105 hypothetical protein MM 
NCU02869 hypothetical protein CM  NCU02897 hypothetical protein MM 
NCU02868 hypothetical protein CM  NCU08697 hypothetical protein MM 
NCU09245 hypothetical protein CM  NCU09760 hypothetical protein MM 
NCU09244 hypothetical protein CM  NCU09178 hypothetical protein MM 
NCU03534 hypothetical protein CM  NCU09190 hypothetical protein MM 
NCU01593 hypothetical protein CM  NCU05674 hypothetical protein MM 
NCU08470 hypothetical protein CM  NCU05712 hypothetical protein MM 
NCU09356 hypothetical protein CM  NCU06474 hypothetical protein MM 
NCU05670 hypothetical protein CM  NCU08799 hypothetical protein MM 
NCU06582 hypothetical protein CM  NCU01380 hypothetical protein MM 
NCU04922 hypothetical protein CM  NCU07214 hypothetical protein MM 
NCU04974 hypothetical protein CM  NCU05957 hypothetical protein MM 
NCU06548 hypothetical protein CM  NCU05080 hypothetical protein MM 
NCU06581 hypothetical protein CM  NCU05022 hypothetical protein MM 
NCU07250 hypothetical protein CM  NCU05832 hypothetical protein MM 
NCU08837 hypothetical protein CM  NCU02990 hypothetical protein SM 
NCU10070 hypothetical protein CM  NCU01592 hypothetical protein SM 
NCU01381 hypothetical protein CM  NCU05669 hypothetical protein SM 
NCU01382 hypothetical protein CM  NCU05687 hypothetical protein SM 
NCU09950 hypothetical protein CM  NCU05694 hypothetical protein SM 
NCU07215 hypothetical protein CM  NCU08546 hypothetical protein SM 
NCU05083 hypothetical protein CM  NCU10037 hypothetical protein SM 
NCU07105 hypothetical protein CM     
NCU04722 hypothetical protein CM     
NCU05557 hypothetical protein CM     
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Table 4.7 unpaired regions without genes immune to meiotic silencing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LG Location LG Location 
I 4187246..4195148 I 3642908..3644475 
I 906832..920435 I 3651356..3653809 
I 3791879..3803673 I 3660703..3663904 
I 4062484..4073194 I 3680417..3682187 
I 5760369..5771745 I 3689515..3694530 
I 6419011..6424009 I 3698116..3700224 
I 8249017..8266882 I 3773010..3781793 
I 9163659..9175124 I 3783475..3787371 
I 9287161..9313051 I 3827743..3829912 
I 9697768..9700750 I 3853368..3854512 
I 21595..29938 I 3869254..3873744 
I 200848..202326 I 3876833..3891782 
I 206759..208363 I 3909122..3910174 
I 266740..274078 I 3918220..3931860 
I 275992..283567 I 3933327..3934607 
I 674549..685095 I 3936048..3937990 
I 814368..815966 I 3950140..3951539 
I 875580..877802 I 3966201..3969342 
I 887291..897929 I 3974706..3981227 
I 903170..905279 I 4015502..4016757 
I 1184545..1186295 I 4051256..4053644 
I 1219279..1221102 I 4056255..4058146 
I 1228268..1229431 I 4076694..4082847 
I 1337791..1349530 I 4169944..4179428 
I 1945163..1947228 I 4181746..4183798 
I 2273340..2274554 I 4212906..4214417 
I 2284882..2287113 I 4316261..4322852 
I 2294060..2295134 I 4327481..4331474 
I 2297596..2321483 I 4341446..4343166 
I 2327653..2329020 I 4345132..4347181 
I 2331282..2333683 I 4350213..4353145 
I 2335745..2341799 I 4531645..4533086 
I 2381705..2402986 I 4536506..4537567 
I 3063344..3064379 I 4542356..4543988 
I 3478760..3485675 I 4923700..4925112 
I 3553376..3559402 I 5009012..5010487 
I 3597523..3602445 I 5263286..5264701 
I 3605979..3608036 I 5319129..5322157 
I 3616603..3630034 I 5394888..5402118 
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LG Location LG Location 
I 4187246..4195148 I 3642908..3644475 
I 906832..920435 I 3651356..3653809 
I 3791879..3803673 I 3660703..3663904 
I 4062484..4073194 I 3680417..3682187 
I 5760369..5771745 I 3689515..3694530 
I 6419011..6424009 I 3698116..3700224 
I 8249017..8266882 I 3773010..3781793 
I 9163659..9175124 I 3783475..3787371 
I 9287161..9313051 I 3827743..3829912 
I 9697768..9700750 I 3853368..3854512 
I 21595..29938 I 3869254..3873744 
I 200848..202326 I 3876833..3891782 
I 206759..208363 I 3909122..3910174 
I 266740..274078 I 3918220..3931860 
I 275992..283567 I 3933327..3934607 
I 674549..685095 I 3936048..3937990 
I 814368..815966 I 3950140..3951539 
I 875580..877802 I 3966201..3969342 
I 887291..897929 I 3974706..3981227 
I 903170..905279 I 4015502..4016757 
I 1184545..1186295 I 4051256..4053644 
I 1219279..1221102 I 4056255..4058146 
I 1228268..1229431 I 4076694..4082847 
I 1337791..1349530 I 4169944..4179428 
I 1945163..1947228 I 4181746..4183798 
I 2273340..2274554 I 4212906..4214417 
I 2284882..2287113 I 4316261..4322852 
I 2294060..2295134 I 4327481..4331474 
I 2297596..2321483 I 4341446..4343166 
I 2327653..2329020 I 4345132..4347181 
I 2331282..2333683 I 4350213..4353145 
I 2335745..2341799 I 4531645..4533086 
I 2381705..2402986 I 4536506..4537567 
I 3063344..3064379 I 4542356..4543988 
I 3478760..3485675 I 4923700..4925112 
I 3553376..3559402 I 5009012..5010487 
I 3597523..3602445 I 5263286..5264701 
I 3605979..3608036 I 5319129..5322157 
I 3616603..3630034 I 5394888..5402118 
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LG Location LG Location 
II 2153211..2156538 III 7197..8227 
II 2158209..2160393 III 61962..67791 
II 2162967..2164993 III 71834..72933 
II 2850126..2853118 III 133174..145096 
II 2902752..2921196 III 180942..189101 
II 3245687..3247900 III 279471..280986 
II 3367079..3379369 III 313008..323872 
II 3380940..3387575 III 340429..341736 
II 3493462..3495468 III 347485..365837 
II 3499672..3502030 III 368987..372857 
II 3605120..3606391 III 378815..381253 
II 3610147..3619398 III 474302..481693 
II 3624096..3628963 III 485447..486758 
II 3651444..3653404 III 564555..565773 
II 3658248..3663284 III 715809..742316 
II 3678564..3684910 III 743732..746406 
II 3700566..3705522 III 759276..774430 
II 3871227..3872486 III 795728..796906 
II 3891018..3892124 III 819064..835931 
II 3894129..3902568 III 884204..888985 
II 3909373..3912976 III 894108..896116 
II 3918259..3922313 III 906226..907892 
II 3932787..3934330 III 940398..941410 
II 4099753..4118017 III 1253257..1254289 
II 4139209..4145111 III 1261994..1263389 
II 4154182..4155859 III 1264586..1269060 
II 4207532..4209109 III 1340073..1343484 
II 4252919..4257213 III 1387062..1390055 
II 4316270..4317348 III 1706168..1714809 
II 4351418..4352485 III 1716833..1719396 
II 4354619..4357744 III 1720573..1723168 
II 4471637..4476360 III 1737320..1739147 
II 4477532..4478537 III 2188791..2190050 
III 1044845..1059204 III 2197677..2199046 
III 783824..794548 III 2200637..2209981 
III 2223053..2228964 III 2288528..2296411 
III 2881129..2885080 III 2432685..2434660 
III 4828733..4849921 III 2761851..2763304 
III 0..5168 III 2823086..2830667 
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LG Location LG Location 
III 2888193..2889270 IV 1147405..1148705 
III 2969760..2973089 IV 1151798..1156429 
III 3519144..3520668 IV 1161978..1173448 
III 4074583..4075742 IV 1273121..1274905 
III 4078172..4088569 IV 1443939..1452263 
III 4089670..4090755 IV 1462197..1463947 
III 4257687..4260248 IV 1466664..1468204 
III 4262364..4279829 IV 1471362..1472490 
III 4559270..4560714 IV 1484087..1485567 
III 4585093..4586771 IV 1697418..1699500 
III 4851023..4856691 IV 1881063..1882227 
III 5067247..5075629 IV 1883344..1902864 
III 5082381..5084042 IV 1906398..1907429 
III 5209348..5210390 IV 1908567..1930443 
III 5211588..5212861 IV 2022276..2024752 
IV 5239818..5243707 IV 2029034..2050879 
IV 122458..141017 IV 2346092..2351463 
IV 911604..919799 IV 2362217..2368500 
IV 2359042..2361183 IV 2376080..2378575 
IV 0..1223 IV 2616864..2618304 
IV 39922..42624 IV 2661178..2662227 
IV 120394..121437 IV 2721472..2722541 
IV 364902..366229 IV 2728381..2735796 
IV 371404..373318 IV 2997556..2999464 
IV 446051..447421 IV 3056907..3058204 
IV 451627..452726 IV 3060898..3063173 
IV 587000..588126 IV 3064202..3073331 
IV 829622..830959 IV 3074471..3077357 
IV 883237..885805 IV 3078691..3080061 
IV 895472..904670 IV 3743836..3769805 
IV 905703..908955 IV 4047702..4050870 
IV 921563..922875 IV 4059923..4061271 
IV 924026..925740 IV 4251780..4263352 
IV 926758..965747 IV 4270276..4289115 
IV 1014101..1048364 IV 4299438..4301643 
IV 1050756..1064590 IV 4452091..4453279 
IV 1067090..1073710 IV 4481603..4484180 
IV 1075856..1084996 IV 4643745..4644764 
IV 1125468..1138944 IV 4647767..4648829 
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LG Location LG Location 
IV 4650432..4651567 V 1167028..1175649 
IV 5020167..5022063 V 1182512..1191479 
IV 5030675..5035087 V 1199924..1201221 
IV 5219127..5229785 V 1204630..1218138 
IV 5237273..5238607 V 1554607..1555876 
IV 5312827..5331510 V 1689868..1693067 
IV 5872473..5875582 V 1700194..1701496 
IV 5989904..5996506 V 1754188..1762216 
V 254491..266520 V 1765949..1767237 
V 1301030..1311596 V 1990394..1992326 
V 2620977..2622604 V 2204767..2206368 
V 4053980..4065059 V 2280538..2281576 
V 4445090..4461996 V 2594780..2603373 
V 5891165..5902126 V 2605524..2607565 
V 0..6296 V 2610074..2611271 
V 9356..17401 V 2615137..2619197 
V 85525..86602 V 3433123..3436717 
V 185458..186849 V 3907212..3931950 
V 586004..601780 V 4034152..4052476 
V 603442..605124 V 4160630..4168655 
V 609316..610329 V 4235244..4249237 
V 906013..907153 V 4441576..4442621 
V 919539..923877 V 4464116..4471060 
V 930708..932096 V 4506973..4519841 
V 934912..946830 V 4784936..4788267 
V 948142..963983 V 4790231..4798837 
V 1000272..1001859 V 5228422..5234357 
V 1012587..1013602 V 5406716..5420690 
V 1021594..1043111 V 5666558..5696518 
V 1044344..1046500 V 5709898..5711034 
V 1051536..1056135 V 5903131..5916756 
V 1057169..1070133 V 5987394..6021357 
V 1072657..1085547 V 6062358..6063370 
V 1087184..1107963 V 6067477..6070717 
V 1108997..1112724 V 6078093..6079412 
V 1114087..1131847 V 6109072..6110310 
V 1133009..1152913 V 6141979..6149751 
V 1156653..1159401 V 6164512..6165873 
V 1162783..1164233 V 6178498..6183144 
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LG Location LG Location 
V 6184169..6190649 VI 3518342..3525568 
V 6389212..6391889 VI 3528491..3536466 
VI 4184045..4210448 VI 3664759..3665930 
VI 3407324..3412717 VI 3816049..3817174 
VI 95714..99413 VI 4017141..4018905 
VI 105258..120302 VI 4022762..4024018 
VI 269113..274757 VI 4050583..4051700 
VI 371581..372612 VI 4067407..4070553 
VI 383325..385274 VI 4163153..4170336 
VI 387513..389492 VI 4172173..4174537 
VI 599453..600538 VI 4175633..4177967 
VI 1071816..1075872 VI 4179219..4182974 
VI 1077423..1084324 VI 4211847..4213584 
VI 1756273..1760449 VI 4214668..4218384 
VI 1770168..1771306 VII 4062261..4069788 
VI 1804608..1813203 VII 0..10540 
VI 1888203..1909310 VII 17621..19583 
VI 2247713..2250546 VII 41413..42491 
VI 2644374..2651604 VII 48374..51354 
VI 2698215..2699237 VII 179532..181053 
VI 2728523..2729971 VII 364348..365366 
VI 2777460..2779801 VII 555461..556581 
VI 2791653..2801327 VII 558237..559833 
VI 2809405..2820549 VII 561168..566133 
VI 2827580..2835304 VII 568018..569683 
VI 2836308..2844882 VII 571472..572500 
VI 2849772..2858240 VII 815799..826181 
VI 2860814..2865243 VII 827206..835630 
VI 2885005..2888365 VII 840902..848553 
VI 2889955..2891062 VII 884985..886598 
VI 2902046..2914713 VII 1323598..1325370 
VI 2949664..2952495 VII 1448259..1449310 
VI 2978019..2983744 VII 1676592..1678873 
VI 3004338..3009441 VII 1722351..1730560 
VI 3016362..3019545 VII 1748768..1760172 
VI 3023427..3026421 VII 1789061..1791855 
VI 3337811..3339018 VII 1851637..1854529 
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LG Location LG Location 
VII 1926644..1927809 Supercontig 10 44562..78140 
VII 1935192..1938897 Supercontig 10 82878..86472 
VII 1946727..1953447 Supercontig 10 88099..89627 
VII 1972905..1976063 Supercontig 10 94386..101756 
VII 1991042..2015196 Supercontig 10 105427..109189 
VII 2029341..2030788 Supercontig 10 112398..124370 
VII 2054495..2063107 Supercontig 11 407..1701 
VII 2084201..2089995 Supercontig 11 5169..13820 
VII 2113925..2117304 Supercontig 11 19965..27936 
VII 2420873..2430562 Supercontig 13 0..8293 
VII 2811154..2813142 Supercontig 14 4579..6148 
VII 2914029..2931143 Supercontig 17 3146..5444 
VII 2974759..2976161 

 VII 2979082..2980522 
 VII 3118411..3120882 
 VII 3122856..3126596 
 VII 3130531..3131753 
 VII 3176201..3181438 
 VII 3191823..3196344 
 VII 3207693..3215350 
 VII 3233409..3241756 
 VII 3437127..3444368 
 VII 3631554..3632587 
 VII 3635290..3636310 
 VII 3643171..3645045 
 VII 3729550..3752729 
 VII 3830648..3832175 
 VII 3905264..3913158 
 VII 3924076..3927522 
 VII 3962589..3969858 
 VII 3973463..3975177 
 VII 3978660..3981192 
 Supercontig 10 0..1050 
 Supercontig 10 6676..10267 
 Supercontig 10 11522..20063 
 Supercontig 10 22251..23315 

 Supercontig 10 24604..29159 
 Supercontig 10 31837..32908 
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Table 4.8 Common regions with small RNA production at 4d PF 

LG Location Reads Count 
 

LG Location Reads Count 
I 589150..592550 21824 

 
V 79700..81399 6566 

I 4571075..4573925 10650 
 

V 156450..160025 20897 
I 6962025..6963825 6493 

 
V 417125..421500 25377 

I 188825..191700 22597 
 

V 560250..563350 13535 
I 371825..375525 23492 

 
V 5776450..5778850 6126 

I 792875..797725 54870 
 

V 6064450..6067200 25182 
I 4574950..4578275 12742 

 
V 6166475..6169000 9036 

I 7263675..7266875 7202 
 

V 6213900..6215699 9666 
I 7383000..7387999 11254 

 
V 6220100..6223000 14326 

I 7775975..7778875 7014 
 

V 6226500..6229175 5967 
I 8104050..8106825 9469 

 
V 6425500..6428999 47097 

II 147200..154775 120039 
 

VI 1702500..1705499 26003 
II 1489825..1494575 72541 

 
VI 1701000..1705999 27716 

II 1538300..1548150 117340 
 

VI 444550..462200 160939 
II 3472650..3476700 45253 

 
VI 3734875..3739075 9846 

II 168675..171350 33969 
 

VI 202225..212225 193626 
II 568900..570399 8943 

 
VI 429625..433325 59734 

III 4638200..4653900 192635 
 

VI 467725..471325 20657 
III 156600..160275 34065 

 
VI 841725..843375 6992 

III 165350..168525 8480 
 

VI 1315375..1319200 20098 
III 237525..239975 11400 

 
VI 1581350..1583550 8507 

III 1336625..1340000 39309 
 

VI 1696500..1699999 18916 
III 4473100..4476350 28966 

 
VI 1696175..1701525 20602 

IV 490200..496799 139586 
 

VI 3493775..3496600 6759 
IV 718000..720999 61039 

 
VI 3924300..3928925 14149 

IV 1733800..1737075 14618 
 

VI 4051700..4054899 10797 
IV 4210200..4212999 10273 

 
VII 1290875..1294825 12290 

IV 224875..228025 33776 
 

VII 3330000..3345999 52825 
IV 313725..317750 39849 

 
VII 2900700..2904750 27427 

IV 580700..587000 136835 
 

VII 3310175..3312850 14056 
IV 656600..659199 33205 

 
VII 3366600..3369275 12020 

IV 1499300..1503400 65859 
 

VII 3558525..3561300 26219 
IV 4134300..4136099 6948 

 
VII 3578025..3584550 59781 

IV 5038200..5044575 148810 
 

VII 3598925..3601400 8472 
IV 5124250..5127625 14412 

 
VII 4003000..4006650 16008 

V 241100..248175 63048 
 

VII 4011375..4013925 17633 
V 342825..347575 68313 

 
VII 4096100..4098300 8611 

V 568575..573725 25407 
    Red: list in table below with repeats; 
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Table 4.9 repeats contained in the common regions with small RNA production at 4d PF 

 
LG Location Element E-value Ident Length Sequences 

I 371825..375525 

centromere-proximal flanking 
sequence 

4.00E-17 70% 149 

TGAACGCAAGACCGCCCCTGTTAGGAGCAATTCTCCGCCGCCAGCTTATGCG
GCTGATGACGGTCGGAACTTCTCTGCCATTGAGGAATGAGCTCGCTCGAGGA
AATGTGTCTGACGGAGAACCATCTGGGGATAGAAAGCAAAGGTGTTGATGGTC
GGCAGTGGTCTCATGGTA 

OR23-IVA centromere-proximal 
flanking sequence and AR2 
gene 

1.00E-10 68% 144 

TGAACGCAAGACCGCCCCTGTTAGGAGCAATTCTCCGCCGCCAGCTTATGCG
GCTGATGACGGTCGGAACTTCTCTGCCATTGAGGAATGAGCTCGCTCGAGGA
AATGTGTCTGACGGAGAACCATCTGGGGATAGAAAGCAAAGGTGTTGATGGTC
GGCAGTGGTCTCATGGTA 

II 1489825..1494575 
OR74A Tel-VIIL telomere 
sequence 

7.00E-27 70% 286 

TACAGTCCAGCACTGGTGTGCTTGTTAGCTCGGTACGCTACCTAGGTATTGTA
CCGTAGTACTCTATATACTACGTAGACGAAATCTATCCCGAGTAGTCCCAAACC
TCGTATGAAGAAATTAAAATGGCTAGTACGAATACAAAAAGGCATTCGCAGGAT
TTGATACAGCATTTTGTATATCAGCAATAGCGTATCCAAGGTAAGATTAGGCAT
CCGTTAGCTATGAAAATGCCTAAGAAAGTTGACACGAGGTCTCGAACTAATAAA
CAAACCAGTACTGGACTGTAC 

0.002 91% 33 GTACAGTCCAGCACTGGTGTGCTTGTTAGCTCG 

II 
1538300..1548150 

Tad1-1 LINE-like element ORF1 
and ORF2 

8.00E-109 82% 390 

GCTCCGCCGCTGGAACCAGAAGCGATCCGGACCGGGTTCATAGCGCCACTAC
CAGGAAAGGAGGGGGTACGACCATGGCGAGCATCCCTCACGATCATCTCGCG
GTAACCCTTCCGCTGGAAGTCGGCAGCGCCATGGTGCGGGGCGCGGGGAAG
ATTGCTGAGGATGGTGGGCAGACCGTCCTGCTCCAGACGCGCATGTATGCGA
TCGATGAAACGGTTGGCAGTACGAACGAAGGACTCCAATCTCTGGTTGAATCC
GGCCGGGCCACCCGACAACACAGCAACGGCTGCCGCCTAGACAGCGTTGCG
GGCGTCGCAAAGGCCGGCGGGGACGTCCAACATATACTTGTTGACGGTGAGG
GAGCAGGTCGCGTTCTGGGAGTCAGCAGCTAGA 

5.00E-99 87% 304 

AGCAGCTAGAGCGGCGCTCTGGGTCCTGTTCCTATTAGCCTTATTATTCTAGT
GTTGGGATGACGCAGCGGTGGGAGAGACGAGATCAGTTCGCTGTGGCGGTG
GGTGAGAACCGTCATAGCTGTAAGCAAAGTAGGAGCGGCGTGGAGATCGACG
GCCGAGAAGAAGCTGGGGGTTTTCATCCGGCGGCGTTTAACGCCGCACGGTT
TTCCCCTCCAGAGAACTGGAGAAGGACCCCATGCCAATAGGACACTATAGTTA
CATAGTACAGGGTAAAAGATTATTATTATTATTATT 

centromere VII region repeat 

6.00E-41 74% 268 

GTTCCTATTAGCCTTATTATTCTAGTGTTGGGATGACGCAGCGGTGGGAGAGA
CGAGATCAGTTCGCTGTGGCGGTGGGTGAGAACCGTCATAGCTGTAAGCAAA
GTAGGAGCGGCGTGGAGATCGACGGCCGAGAAGAAGCTGGGGGTTTTCATCC
GGCGGCGTTTAACGCCGCACGGTTTTCCCCTCCAGAGAACTGGAGAAGGACC
CCATGCCAATAGGACACTATAGTTACATAGTACAGGGTAAAAGATTATTATTATT
ATTAT 

4.00E-11 71% 149 
CTGGAACCAGAAGCGATCCGGACCGGGTTCATAGCGCCACTACCAGGAAAGG
AGGGGGTACGACCATGGCGAGCATCCCTCACGATCATCTCGCGGTAACCCTT
CCGCTGGAAGTCGGCAGCGCCATGGTGCGGGGCGCGGGGAAGAT 

6.00E-09 71% 130 
AGCGGTGGGAGAGACGAGATCAGTTCGCTGTGGCGGTGGGTGAGAACCGTC
ATAGCTGTAAGCAAAGTAGGAGCGGCGTGGAGATCGACGGCCGAGAAGAAGC
TGGGGGTTTTCATCCGGCGGCGTTTAA 

III 1336625..1340125 centromere VII region repeat 
4.00E-17 84% 83 

ACCATCGAGATCAAGCGGTTGGATACGATTGATTGAGTGCTATGGAGGAGAAA
GAGGGAGACTAGCAAAGTCTGGAAGG 

5.00E-16 81% 95 
TAATGTGAGACCATCGAGATCAAGCGGTTGGATACGATTGATTGAGTGCTATG
GAGGAGAAAGAGGGAGACTAGCAAAGTCTGGAAGG 
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LG Location Element E-value Ident Length Sequences 

III 4473100..4476350 

Neurospora crassa OR74A 
Tel-VIIL telomere sequence 

6.00E-09 88% 50 TATACCCAAGGTATATTGTCAACGGTCTCAACTATTTTGTCTAGGACGAG 

Neurospora crassa ORSa 
centromere-proximal flanking 
sequence 

2.00E-08 69% 191 

TGCTTTCATCCTTGTGATCAGTCATCCTTTCTCTACGAGCGAAGCTCACTTTT
GCAGTTGCGTACTTTTGCAGTTGCGTACGAGGTTCGGAGGCCCGAAGTTAC
GGTTGCCGAGTTTGATGCTTACCGTTTGCTAGGCGAGGTGAATAATGTTTTT
TGGGGTTCCTTATCGGGGATGAGCAATGGGATGGCGGTTGGTTCTTGCCTT
GTT 

OR23-IVA centromere-proximal 
flanking sequence and AR2 
gene 

2.00E-78 87% 246 

AACGTGTCGATGGCTCCATTGCAATGAACCCAGATTTTTATTGACCGATACC
AGAACCAGATGTACCCGATGACAACCCATCCAATAATGGTTGGAATGACTGT
CTGGGTTGGGAAATTGGCGTTGTTAGCCTTAAGGGCTATTGGGATAGTGAT
GTTCATCCTACGATATTTATTAGTATATGAGAAAGGAGTTGGAGAGATGGGA
AAGTAGAGAGTTGAATAGTAAGCGAGAAATATACTTGGA 

1.00E-29 74% 217 

GAAAAGAATTTGAGGGGGGATGCAGTGGTTTAAGTACCTTGGGAGGGCTTG
GATTTGGTTTCCTGTCCATTTGCTTTCATCCTTGTGATCAGTCATCCTTTCTC
TACGAGCGAAGCTCACTTTTGCAGTTGCGTACTTTTGCAGTTGCGTACGAG
GTTCGGAGGCCCGAAGTTACGGTTGCCGAGTTTGATGCTTACCGTTTGCTA
GGCGAGGTGAATA 

9.00E-13 75% 111 
TCATCCTTTCTCTACGAGCGAAGCTCACTTTTGCAGTTGCGTACTTTTGCAG
TTGCGTACGAGGTTCGGAGGCCCGAAGTTACGGTTGCCGAGTTTGATGCTT
ACCGTTTGCTAGGCGAGGTGAATA 

1.00E-05 84% 49 TATAATATAATGATCAAAGTTTGGTTGAATGTTGGGAGAGAAGGATTTGAG 

1.00E-05 86% 44 GTCATCCTTTCTCTACGAGCGAAGCTCACTTTTGCAGTTGCGTA 

0.02 79% 56 TGCTTTCATCCTTGTGATCAGTCATCCTTTCTCTACGAGCGAAGCTCACTT 

V 342825..347575 Tel-VIIL telomere sequence 7.00E-21 93% 70 
CCCGCGGGAAAGTAGTGATCCTTGGGATCCTGGTAGTAGGAGAGTACATCC
CCCTTTAGACGGAACCAAT 

VI 202225..212225 

Tel-IIIR telomere sequence 
2.00E-61 76% 314 

GGTTAATGAAGTAGTTCTTTATTTCCATTCTTGCTCGTGACTTGTGTTCGATT
CCTATTCGTGACCAACTTTTTGAGGCTATTCCGGAAGAAAATGCCAGCCTTA
GCCTTCACCTTAAAAGGCTACTATTAAGGCTACTAAAGTATAGAAGGTTATA
CCCTATACTAAGCCCTATACTTTTGACTTCTAGGGGCTTGGAAGACAATTAA
TGTTTGGAAGACAATCAATGTCTGGAAAACAGTTACTGTTTTTTAAATATTGA
TTGTCTGTTAGACAACGCTTGTTGTGACTCAGGGTTTCCCGCTTCGGT 

2.00E-04 76% 67 
ACAATTAATGTTTGGAAGACAATCAATGTCTGGAAAACAGTTACTGTTTTTTA
AATATTGATTGTCT 

Tad1-1 LINE-like element ORF1 
and ORF2 

2.00E-35 71% 313 

CCAGCGCCACCACCGCCAGAGCCGGAGACCACGCAAGCAGGAGTGGCAG
CGCCGCTACCACCAGGGCCGGACACAACACGCGCGGGAGTCATCGCACCA
CCGCTGGAACCAGAAGCAATACGAACCAGGTTCATCGCACCGCCACCAACA
GGACCGGAGGCGTGCGGCCGTGGAGGACGTCCTTCACGCGCAGCACACG
ATATCCCTTCTGCTGATAAAGGGCACCGCCGTAGCTCGGGGCGCGAGGAA
GACTGGTGAGGTTGTTCGGGAGGTTGTCATGCGCTAAGCGACCGGGCATG
CGCTCCTTGAAATAATTGGCGGCGCGAGCGAAGG 

VI 444550..462200 
OR23-IVA centromere-proximal 
flanking sequence and AR2 
gene 

7.00E-48 81% 208 

TTGCTTATATCTCTACTAAACGAAGAGATAAAAGAAAACGAACTCAAGATTCA
TAATCAGCGCACTTGAGACTATCAAAATAATAGTCTTCTCTATAGGATAATTG
AATTTCTTCATCTTCGTCTCTTATTTCGATGGTCCGTTTTACCAAAAAGTCGT
GTGTGTGTGCATTCACACACATCCGCCAAGACTGCACAGGTGTTTGAGTGT
GGGAA 

1.00E-25 91% 86 
TCGATGGTCCGTTTTACCAAAAAGTCGTGTGTGTGTGCATTCACACACATCC
GCCAAGACTGCACAGGTGTTTGAGTGTGGGAATG 

VI 3924300..3928925 
OR74A Tel-VIIL telomere 
sequence 

7.00E-04 84% 44 TCGTCATCATCATCACTATCCTCCTCCTCCTCCTCCTCCTCCTC 

7.00E-04 85% 41 TCATCATCATCACTATCCTCCTCCTCCTCCTCCTCCTCCTC 
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Table 4.10 shared sequences between common regions and unique region where meiotic silencing occured 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a,b
: similar sequences (identity > 90%) contained in the regions with same letter. 

 

LG(M) Location(M) LG(C) Location(C) Element E-value Ident length 

I 1863000-1863999 I 371825-375525 ORSa centromere-proximal flanking sequence 8.00E-22 70% 149 

III 4993300-4995699 

III 156600-160275 intergenic region
a
 2.00E-46 80% 193 

V 342825-347575 OR74A Tel-VIIL telomere sequence 9.00E-39 91% 107 

VI 841725-843375 intergenic region
a
 5.00E-48 81% 194 

VII 2900700-2904750 intergenic region
a
 5.00E-35 76% 194 

IV 5151600-5157799 
II 3472650-3476700 intergenic region

b
 9.00E-50 87% 163 

IV 490200-496799 intergenic region
b
 2.00E-20 72% 163 

V 6430900-6434499 VI 444550-462200 exon and 3'UTR of NCU04702 1.00E-45 78% 194 

V 776000-781999 

II 1538300-1548150 Tad1-1 LINE-like 3.00E-18 72% 129 

VI 467725-471325 intergenic region 1.00E-42 79% 187 

VI 202225-212225 
Neurospora crassa OR74A Tel-IIIR telomere 

sequence 
4.00E-174 82% 562 

IV 5038200-5044575 intergenic region 1.00E-34 85% 126 

VII 4003000-4006650 intergenic region 4.00E-104 89% 281 

VI 3649220-3650759 

III 156600-160275 intergenic region
a
 1.00E-28 74% 208 

VI 841725-843375 intergenic region
a
 6.00E-32 75% 207 

VII 2900700-2904750 intergenic region
a
 1.00E-15 69% 202 
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CHAPTER FIVE  

Conclusion and Future Work 

In chapter two, I provided the surprising finding of a novel and intact transposable 

element, Sly1-1, in the laboratory strain of N. crassa. Based on southern blots and the 

pedigree of some laboratory strains it appears that Sly elements only appeared recently in 

the N. crassa lineage and has actively transposed since the creation of FGSC 2489. At least 

two large copies of the Sly1-1 transposase, sly1-1, can be found in the reference genome 

assembly of FGSC2489 as well as multiple remnants with partially intact TIRs. 

Examination of additional wild strains from ongoing resequencing efforts will map the 

history and frequency of this new selfish genetic element. Furthermore it is surprising that 

such a locus with multiple copies has not yet been detected and disabled by RIP.  

Chapter three demonstrates that meiotic silencing does target to the novel detected 

DNA transposon, Sly1-1, in N. crassa. I discovered the first case of “natural” production of 

small RNA involved in meiotic silencing, produced as a consequence of segments that 

remain unaligned or unsynapsed during meiosis. The results thus support hypotheses that 

predicted involvement of small RNAs in the meiotic silencing of unpaired regions and 

demonstrate these are dependent on SAD-1 and aberrant RNA production and are 

produced most efficiently around the 4 to 6 day post-fertilization window just after 

karyogamy has occurring. 
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Chapter four discussed the properties and events occurred to different types of regions 

with or without genes contained, unique or not unique to FGSC 2489. Some unpaired 

regions undergoing the meiotic silencing without RIP mutation bear the duplicated 

sequences, which revealed the important role of meiotic silencing on fighting against the 

repetitive DNA sequences in N.crassa. Mating type genes were found in the unpaired 

regions immune to meiotic silencing suggesting that essential genes are protected from the 

meiotic silencing via abolishing the small RNA production. Unpaired regions without 

genes were mutated by RIP and didn’t suffer the meiotic silencing indicating that meiotic 

silencing ignores the degenerated regions for energy saving.  

Future work based on my studies could better elucidate the mechanism of meiotic 

silencing and its interaction with repetitive and unpaired DNA sequences: 

(1) Study on Sly1-1 activity. It was shown the first detected active DNA transposon. It 

would be important to know why it can survive under such stringent control of various 

genome defense mechanisms in N. crassa.   

(2) Investigate other mutants of essential components in meiotic silencing pathway to test 

whether they are necessary for small RNA production. The results would suggest their role 

on serving upstream or downstream of small RNA production.  

(3) De novo assembly and perhaps improved sequencing of the genome of FGSC 8820 to 

confirm the boundaries and lack of (a) unique regions in FGSC 8820 undergoing meiotic 

silencing. Such regions likely contain repetitive sequences unique to FGSC 8820, perhaps 

intact transposable elements like Sly1-1. Comparing these regions with regions unique to 

FGSC 2489 would provide more examples of regions targeted for meiotic silencing. 
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Additionally, the function of genes contained in such regions may explain the reason why 

meiotic silencing specifically targets these regions; (b) genes in unpaired regions immune 

to meiotic silencing in FGSC 8820. Results would extend the list of genes that immune to 

meiotic silencing which enable us to further understand their immunity. In addition, 

annotated genes within such regions would suggest whether their function would 

complement the function for genes unique to FGSC 2489; (3) sequences in detected 

common regions shared by FGSC 2489 and FGSC 8820. Results could display the 

divergence of sequences in common region between the FGSC 8820 and FGSC 2489 so as 

to explain whether abundant small RNA production at 4d PF is from meiotic silencing.  

(4) Apply strand-specific RNA-seq to examine the expression and aberrant RNA 

production of genes undergoing meiotic silencing at PP, 2d PF and 4d PF for crosses of 

FGSC 2489 x FGSC 8820 and FGSC 2489 x FGSC 8740 (sad-1 deletion mutant). Results 

could provide the direct evidence that meiotic silencing indeed regulates the expression of 

unpaired genes. Moreover, study on production of anti-sense transcripts could display the 

distinction between the mRNA and aberrant RNA, and also answer the question whether 

SAD-1 is required for aberrant RNA production. 

(5) Create an isogenic FGSC 2489 mat a strain by transforming mat a into the 2489 

background to replace the mat A. This will support experiments to examine the expression 

of the two genes in Sly1-1 and small RNA when Sly1-1 is paired. This is the best control 

experiment to test if the paired region containing the transposon is active in the absence of 

suppression by meiotic silencing.  
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(6) Check the expression of NCU09969 at multiple sexual development time points in the 

cross between FGSC 352 and Emerson 5256A to see what happened in the progenitor 

strain. I am curious to know how Sly element escape the RIP and meiotic silencing to 

generate another copy so that understand how DNA transposon survive under stringent 

control of various genome defense mechanisms. 

 

Together these future experiments would inform the role of a TEs that has managed to 

elude detection by RIP or other genome defenses but is subject to MSUD. By exploring 

whether it still has the ability to transpose and whether it is expressed during sexual 

development, especially when still paired. Furthermore, the origin and of this TE, when 

and how it came into the Neurospora lineages would be interested to better study. 

 


