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Summary

SUMMARY

Transposable Elements (TEs) are mobile DNA elements that can propagate extensively within the

host  genome that  they  colonize.  TEs  are  divided  in  two  major  classes;  Class  I,  represented  by

elements that propagate through an RNA-intermediate later retrotranscribed to cDNA and for this

reason also known as retrotransposons, and Class II TEs, corresponding to transposons that mobilize

via a DNA-intermediate. Uncontrolled transposition of both Classes of TEs represents a threat for

the invaded organism, where these mobile elements can directly disrupt genes, impair their functions,

induce detrimental  genomic rearrangements and expand dramatically  the genome size,  conferring

extra  energetic  costs  to  the  cell  during  DNA replication.  For  these  reasons,  cells  have  evolved

different  strategies  to  control  transposon  activity,  ranging  from  transcriptional  silencing  to  post-

transcriptional and post-translational repression.

Schizosaccharomyces pombe, also known as fission yeast, presents 13 copies of a retrotransposon

named  tf2  and their repression is primarily maintained through the recruitment of specific DNA-

binding proteins, which in turn induce local histone deacetylations and clustering of the dispersed tf2

elements in nuclear foci called Tf bodies, preventing further transposon mobilizations. In addition,

the  exosome  machinery  is  involved  in  degradation  of  the  tf2  RNA.  H3K9  methylation,  the

heterochromatin hallmark, usually absent at tf2 elements, is instead deposited in an RNAi-dependent

manner when the exosome machinery is impaired, suggesting that fission yeast retains an alternative

mechanism to silence tf2 elements via the RNAi-mediated heterochromatin formation.

In this study, we simulated a foreign transposon invasion in S. pombe by the horizontal transfer of a

retrotransposon (called tj1) from Schizosaccharomyces japonicus. Our results indicate that S. pombe

retains  the  molecular  tools  to  identify  the  exogenous  element  and  that  this  recognition  would

eventually lead to the heterochromatinization of the retrotransposon,  through an RNAi-dependent

mechanism. We suggest that bidirectional transcription of tj1 is important for the recognition of this

element as a non-self DNA sequence and that transposition close to constitutive heterochromatin

leads to an epigenetic stable silencing of the element. Furthermore, for the first time in wild-type

fission yeast, we identify a sRNA-dependent mechanism responsible for the trans silencing of multiple

homologous elements, corresponding to various tj1 copies, dispersed within the genome. Finally, yet

importantly, we show spreading of heterochromatin from the nucleation point (tj1) to the flanking

genes,  resulting  in  a  negative  fitness  outcome.  This  finding  suggests  that  the  repression  of  the

transposable element, in order to avoid further potentially lethal mobilizations, remains a priority in

silencing cells.
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Introduction

1. INTRODUCTION

1.1 DNA organization in eukaryotic cells
In  1990,  when  the  Human  Genome  Project  (HGP)  was  just  at  the  beginning,  pediatrician  and

geneticist Jérôme Lejeune stated that “we have got 2 meters of so to speak magnetic tape in which

everything is coded” (Louisiana Legislature, House Committee on the Administration  of Criminal

Justice,  June 7, 1990).  After 30 years,  we can claim that that preliminary estimation was accurate

(Piovesan et al. 2019; Clayton J, Dennis C. 2016), and therefore, the intriguing question is: how can 2

meters of DNA fit into a human cell nucleus, which size is typically ~10µm (Sun, Shen, and Yokota

2000)? The answer is in the chromatin, the material that makes up chromosomes and that consists of

DNA and proteins.

1.1.1 Chromatin
The  term  chromatin  was  introduced  in  1879  by  Walter  Flemming,

cytologist, referring to an easily stainable substance observed into nucleus

of mitotic cells  (Flemming, W. 1879). What Flemming identified were

actually chromosomes, a term suggested a few years later by  Wilhelm

Waldeyer, anatomist (Waldeyer, H.W. 1888). 

The basic structural and functional unit of chromatin is the nucleosome,

consisting of  four  proteins  called histones  (H2A,  H2B,  H3 and H4),

organized in an octamer of two copies of each histone, around which 146

bp of DNA is wrapped in 1.67 left-handed superhelical turns (Kornberg

1974;  Luger  et  al.  1997). Under  low  salt  conditions,  consecutive

nucleosomes establish  the characteristic organization of nucleosomes as

“beads on a string” (10nm fiber), where each histone octamer is a bead

and  the  linker  DNA  is  the  string  (A.  L.  Olins  and  Olins  1974;

Woodcock, Safer, and Stanchfield 1976) (Figures 1.1 and 1.2).  In vitro,

the 10nm fiber can aggregate further, forming the 30nm fiber where the

chromatin is coiled into a fiber with a diameter of 30nm (A. L. Olins and

Olins  1974;  Allan  et  al.  1981) (Figure  1.2).  In  the  nucleus,  however,

consecutive nucleosomal units are dynamically spaced one to another,

resulting  in  a  globular  compact  structure,  less  organized  than  what

observed in vitro under low salt conditions (reviewed in Baldi et al. 2020) (Figure 1.2). 

A  less  conserved  histone,  H1  (absent  in  fission  yeast  Schizosaccharomyces  pombe),  binds  the

nucleosomal unit at the entry and exit site of the DNA to protect the linker DNA and to confer

higher order organization to chromatin. 
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Figure 1.1: Electron 
micrograph of the "beads on 
a string".

From D. E. Olins and Olins 
2003, black arrows indicate 
nucleosomes. Size marker: 
30nm. 
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Despite some computational and biophysical evidences suggesting that the N- and C-termini of H3

and H4 may assume secondary structures in vivo (Banères, Martin, and Parello 1997; X. Wang et al.

2000; du Preez and Patterton 2013) and play a role in compacting the nucleosome (du Preez and

Patterton 2013; W. Iwasaki et al. 2013; Bendandi et al. 2020), it is generally accepted that histones

have less structured N-tails protruding from the nucleosome body (Luger et al. 1997; McGinty and

Tan 2015) (Figure 1.3). 

Histones  are  subjected  to  many  post-translational

modifications (PTMs) and most of them have been

found at the histone tails (reviewed in  (Kouzarides

2007)),  although  recent  works  proved  that  also

histone cores are post-translationally modified  (Ng

et al. 2002; F. Xu, Zhang, and Grunstein 2005; Q.

Li et al. 2008; Fenley et al. 2010). Histone writers,

erasers and readers are the protein machinery that

respectively  add,  erase  and  read  these  PTMs.  In

this  dynamic  process  chromatin  changes  its

properties  and  structure  becoming,  for  example,

more or less accessible. In fact, chromatin comes in

two  different  forms,  euchromatin  and

heterochromatin. While the first is less structured,

highly  transcribed  and  gene-rich,  the  second  is

more compact, silent and gene-poor. The discovery
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Figure 1.3: Nucleosome Structure.

From McGinty and Tan 2015, the structure of a 
nucleosome core particle is shown. Histone octamer and
DNA are depicted in cartoon and sticks representation 
respectively. PDB ID 1KX5.

Figure 1.2: Folding of the 10 nm fiber under low and physiological salt conditions.

From Baldi et al. 2020, under low salt condition the 10 nm fiber folds into regular structures, such as the 30
nm fiber (right). On the other hand, at physiological conditions the 10 nm fiber forms less organized 
globular structures (left).   
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of heterochromatin is attributed to Emil Heitz, botanist and geneticist, back in 1928, when he noticed

that certain regions of mitotic chromosomes are more intensively stained and remain compact during

the  whole  cell  cycle,  meanwhile  other  regions  tend  to  be  less  stainable  and  disappear  during

telophase. Heitz defined the compact and the less stainable chromosome regions as heterochromatin

and euchromatin, respectively (Heitz, E. 1928). Conserved histone PTMs are found in both hetero-

and euchromatin, among them H3-mLys9, hypoacetylation and DNA-hypermethylation are common

features of heterochromatin regions, while H3-mLys4, hyperacetylation and DNA-hypomethylation

are  normally  found  at  euchromatin  (Kouzarides  2007;  Musselman  et  al.  2012).  Importantly,  S.

pombe doesn’t  have  DNA methyltransferase  enzymes  and  therefore  DNA methylations  are  not

found in fission yeast. Another important feature of heterochromatin is the so called Position-Effect

Variegation  (PEV),  observed  by  Muller  in  1930,  in  which  a  normally  expressed  gene  within  an

euchromatin  environment,  when  positioned  in  proximity  to  heterochromatin  (by  chromosome

rearrangement or transposition), acquires heterochromatin characteristics, becoming transcriptionally

silent or less active  (Muller 1930) (for PEV in  S. pombe see  Robin C. Allshire et al. 1994; R. C.

Allshire  et  al.  1995;  Locke and Martienssen 2009).  The main function of  heterochromatin is  to

preserve  genome  stability,  ensuring  proper  chromosome  segregation  during  cell  division,  and

preventing transcription and recombination of repetitive elements (including transposable elements,

TEs), chromosome fusion, and circularization (Robin C. Allshire and Madhani 2018). 

1.2 Heterochromatin in S. pombe
Heterochromatin  can  be  further  divided  in  two  categories,

constitutive  and  facultative.  The  first  is  present  at  fixed

chromosome regions and remains throughout the entire cell

cycle.  On the contrary,  facultative heterochromatin is  found

only  in  specific  phases  of  the  cell  cycle,  representing  a

reversible  silent  chromatin  state.  In  S.  pombe constitutive

heterochromatin  is  present  in  four  regions:  centromeres,

telomeres,  mating-type  loci  (MAT loci)  and  rDNA regions

(Locke and Martienssen 2009) (Figure 1.4). Heterochromatin

at  centromeres  and telomeres  ensures  proper  chromosome

segregation  during  cell  division  and  avoids  chromosome

rearrangement  (Bisht  et  al.  2008;  Ellermeier  et  al.  2010;

Nambiar and Smith 2018;  Okita  et  al.  2019).  At the MAT

locus, heterochromatin regulates mating-type switching (Egel et al. 1984; Yamada-Inagawa, Klar, and

Dalgaard  2007).  Although  the  role  of  heterochromatin  at  the  rDNA region  hasn’t  been  clearly

elucidated  yet,  it  may  mirror  the  function  that  it  has  in  the  budding  yeast  S.  Cerevisiae,  where

heterochromatin  prevents  recombination  between  rDNA  repeats  (Grunstein  and  Gasser  2013).
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Figure 1.4: Constitutive heterochromatin
regions in S. pombe.

From Allshire and Ekwall 2015, 
constitutive heterochromatin in the three 
chromosomes of S. pombe is represented.
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Recent  studies  have  revealed  a  role  for  rDNA  repeats  in  telomerase  defective  cells,  where

chromosomal  rearrangement  is  prevented  by  translocation  of  rDNA repeats  to  all  chromosome

termini, where they recruit the machinery for heterochromatin formation and preserve chromosome

linearity (D. Jain et al. 2010; Begnis et al. 2018). 

1.2.1 Heterochromatin at centromeres
S. pombe has become a central model organism

for  studying  heterochromatin,  especially  at

centromeres.  In  fact,  fission  yeast  presents  a

centromere organization that is similar to that of

higher  organisms,  including  mammals.

Moreover,  S.  pombe has  many  of  the

heterochromatin  proteins  conserved  in

mammals, like Swi6 and Chp2, homologous to

HP1  (Heterochromatin-Protein  1)  and  retains

the  RNA  interference  (RNAi)  pathway

components.

In fission yeast, centromeres consist of a central core,  cnt, flanked by innermost repeats (imr) and

outermost repeats (otr) (Robin C. Allshire and Ekwall 2015) (Figure 1.5). The central core represents

the region where the kinetochore complex assembles during cell division and where in the mid to late

G2 phase,  canonical  histone  H3 is  replaced  by the H3 histone-like protein  CENP-A (known as

Cnp1), ensuring the correct kinetochore assembling (Takahashi, Chen, and Yanagida 2000; Roy et al.

2013). In a recent model, the replacement of H3 with Cnp1 at centromeres is enhanced by RNA-

polymerase  II  (RNAPII,  or  RPII),  which  associates  with  the  centromere  central  core  in  G2,

simultaneously with H3 eviction (Shukla et al. 2018). Introduction of naked centromeric DNA guides

the  formation  of  functional  centromeres,  via  CENP-A  recruitment  and  kinetochore  assembly,

suggesting that CENP-A specifically recognizes centromeric DNA  (Baum, Ngan, and Clarke 1994;

Okada et al. 2007).

Even if all the three centromeres of S. pombe have a similar organization, they differ one to another

for the number of otr. The centromere of chromosome I (cenI) has two, cenII has three and cenIII

has  ~13, making the length of centromeres 40, 65, and 110kb, respectively. Otr are subdivided in

repetitive  elements  called  dg  (abbreviation  for  dogentai,  japanese  word  for  kinetochore)  and  dh

(named so because discovered after dg).

Heterochromatin at centromeres, often referred to as pericentromeric heterochromatin, is found over

the otr. Canonical heterochromatin marks are found here, like di- and tri-methylation of lysine 9 in

H3 (H3K9me2 and H3K9me3)  (Rea et al. 2000; Nakayama et al. 2001; Noma, Allis, and Grewal

2001), H3 deacetylation (especially at K14) (Kouzarides 2007) and HP1 homologs (Swi6 and Chp2)

5

Figure 1.5: S. pombe centromere.

From Allshire and Ekwall 2015, schematic representation of
centromere of fission yeast. Cnt represents a chromosome 
specific central sequence, flanked by innermost repeats 
(imr) and outermost repeats (otr). Otr are subdivided in 
repetitive elements called dg and dh. Orientation and 
number of otr change in the three chromosomes, with cenI 
having two, cenII three and cenIII ~13. Double arrow-heads 
represent t-RNA clusters, found in the imr and downstream 
the outermost repeats.
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(Fischer  et  al.  2009).  Moreover,  genes  inserted  within  pericentromeric  heterochromatin  become

silenced or less active, according to the PEV phenomenon previously mentioned (Robin C. Allshire

et al. 1994; R. C. Allshire et al. 1995).

Crucial  for  the  establishment  and  maintenance  of  pericentromeric  heterochromatin  is  the  RNA

interference (RNAi) pathway  (Volpe et  al.  2002;  Verdel  et al.  2004).  RNAi was first  observed in

plants, where the attempt to achieve overexpression of an endogenous gene by introducing a second

copy of it, showed the opposite effect, resulting in co-suppression of both endogenous and exogenous

genes  (Napoli, Lemieux, and Jorgensen 1990). With the name of  quelling, the same phenomenon

was observed in the filamentous fungus Neurospora crassa (Romano and Macino 1992). Finally, in

1998, Fire and colleagues introduced the term RNA interference (RNAi) when they observed that

exogenous dsRNA was the responsible for the gene silencing in  Caenorhabditis elegans  (Fire et al.

1998).  Following  studies  showed  that  short  RNAs  of  ~22  nucleotides,  therefore  called  small

interfering RNAs (siRNAs, or simply sRNAs), are produced by a member of the ribonucleases III

family, Dicer. These siRNAs  serve  as  guide  sequences  that  direct  the  nuclease  complex  RNA-

Induced Silencing Complex (RISC), containing Argonaute (a piwi/sting/argonaute/zwille/eIF2C family

member), to the target mRNA for its post-transcriptional gene silencing (PTGS) (Tabara et al. 1999;

Hamilton and Baulcombe 1999;  Bernstein et  al.  2001;  Martinez et  al.  2002).  RNAi as  a  PTGS

mechanism has been proven to be a very powerful biological tool against virus infections in plants,

fungi and invertebrates (Ding et al. 2004) and lately also in mammals, including humans (Y. Li et al.

2016; Ding et al. 2018). In 2018, the first therapeutic medical approach based on RNAi was globally

introduced to  treat  a  neurological  disease  called hereditary  TTR-mediated amyloidosis  (hATTR)

(Hoy 2018). In this treatment, a double strand small interfering RNA is used (under the commercial

name of Patisiran) to guide the RISC complex to degrade the endogenous mRNA of the mutated

gene responsible for the disease (Coelho et al. 2013).
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In  S.  pombe,  the  RNAi  represents  the  central  pathway  for  heterochromatin  establishment  and

maintenance at  pericentromeric repeats  (Figure 1.6).  To establish heterochromatin,  generation of

priRNAs (primal small RNAs), a distinct class of siRNAs, is necessary  (Halic and Moazed 2010).

Degradation  products  of  bidirectional  pericentromeric  transcripts  form  the  priRNA  precursors.

These slightly longer siRNAs are then bound by the Argonaute protein (Ago1) and processed to

mature priRNAs by the trimming activity of the 3’-5’ exonuclease Triman protein (Tri1) (Marasovic et

al. 2013). Ago1 loaded with single strand siRNA is bound to the chromodomain containing protein

Chp1 and the GW (glycine tryptophan) domain containing protein Tas3 to form the RITS (RNA-

Induced Transcriptional  Silencing) complex  (Verdel et al.  2004).  By base pairing interaction,  the

siRNA loaded on Ago1 guides the RITS complex to the complementary nascent pericentromeric

antisense non-coding RNA, transcribed at low levels by RNA polymerase II (RPII) (Kato et al. 2005;

Djupedal et al.  2005; Bühler,  Verdel,  and Moazed 2006).  Once on chromatin RITS recruits the

RDRC complex (RNA-Directed RNA polymerase Complex) and the CLRC complex (Clr4-Rik1-

Cul4 complex) (Motamedi et al. 2004; Jia, Kobayashi, and Grewal 2005; K. Zhang et al. 2008). The

7

Figure 1.6: RNAi pathway and heterochromatin establishment at pericentromeric repeats in S. pombe.

From Martienssen and Moazed 2015, schematic representation of the concerted mechanisms responsible for 
heterochromatin establishment and maintenance at pericentromeric repeats. Heterochromatin preserves 
Transcriptional Gene Silencing (TGS). The slicing and dicing activities of Ago1 and Dicer respectively, together 
with exosome degradation, ensure Co-Transcriptional Gene Silencing (CTGS) of nascent non-coding RNA.
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first contains the RNA-dependent RNA polymerase Rdp1 (together with the RNA helicase Hrr1 and

the non-canonical  poly-(A) polymerase Cid12) leading to the conversion of the target  non-coding

RNA into dsRNA, cleaved by Dicer into new double stranded siRNA precursors (Colmenares et al.

2007). siRNA duplex precursors are loaded onto Ago1 in the ARC complex (Argonaute Chaperone

complex, also containing Arb1 and Arb2). There, the slicer activity of Ago1 leads to the loss of one of

the two RNA strands (passenger strand) and following trimming by Triman results in a mature single

stranded siRNA loaded onto the RITS complex to start the siRNA amplification loop again (Buker et

al. 2007; Marasovic et al. 2013; R. Jain et al. 2016). As mentioned above, on chromatin RITS recruits

also the CLRC complex, containing the Clr4 subunit. This recruitment is mediated by Stc1, a LIM

domain protein that physically links Ago1 to Rik1  (Bayne et al.  2010; He et al.  2013).  Clr4 is a

methyltransferase specific for Lysine-9 of H3 (despite recent works suggesting that Clr4 may target

also  non-histone  substrates  (K.  Zhang et  al.  2011;  Kusevic  et  al.  2017)),  homologous  to  human

Su(var)3–9 protein family, and the sole methyltransferase known in S. pombe (Lejeune and Allshire

2011).  Clr4  is  responsible  for  H3K9  di-  and  tri-methylations,  the  canonical  marks  for

heterochromatin. Clr4 is not only a chromatin writer, but also a reader. In fact, it contains an N-

terminal chromodomain that specifically binds H3K9 methylated tails (K. Zhang et al. 2008; Akoury

et al. 2019). Also the Chp1 subunit of RITS complex contains a chromodomain which contributes to

directing  the  complex  to  heterochromatin  (Partridge  et  al.  2002;  Zocco et  al.  2016).  These  two

mechanisms of protein complex recruitment represent a self-reinforcing loop for heterochromatin

establishment  and  maintenance.  A  recent  work  showed  that  in  addition  to  its  methyltransferase

activity,  CLRC may also  ubiquitylate  H3K14,  promoting H3K9 methylation,  suggesting  a  further

positive  feedback  loop  to  recruit  CLRC  on  heterochromatin  (Oya  et  al.  2019).  Two  other

chromodomain containing proteins are subsequently recruited to methylated H3K9, Swi6 and Chp2

(Ekwall et al. 1995; Nakayama et al. 2001; Canzio et al. 2013) conferring a further compact state to

the heterochromatin. Moreover, Swi6 promotes RDRC complex recruitment through a RNAi factor

intermediate, Ers1, reinforcing the RNAi pathway (Hayashi et al. 2012; Rougemaille et al. 2012). Swi6

also  retains  nascent  heterochromatin  RNA,  then  dissociates  from heterochromatin  and  mediates

RNA degradation  by  the  exosome  machinery,  preventing  accumulation  of  non-coding  RNA on

chromatin, deleterious for the heterochromatin state (Keller et al. 2012a; Brönner et al. 2017). Chp2,

on the other hand, interacts with the histone deacetylase complex SHREC (Snf2/Hdac-containing

repressor  complex),  which  contains  the  Clr3  histone  deacetylase  (HDAC),  promoting  H3K14

deacetylation and contributing to transcriptional silencing of pericentromeric repeats (Motamedi et al.

2008; Fischer et al. 2009). The initial generation of Dicer-independent priRNAs by the concerted

action of Ago1 and Triman is proposed to contribute to generate the low level of H3K9 methylation

necessary to nucleate heterochromatin at pericentromeric repeats and intriguingly at bidirectionally

transcribed elements, like exogenous transposons (Halic and Moazed 2010; Marasovic et al 2013). 
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The sequencing of the whole genome of Schizosaccharomyces japonicus, another member of the

fission  yeast  clade,  showed  that  this  organism  presents  a  completely  different  centromere

organization,  compared  to  S.  pombe (Rhind  et  al.  2011).  While  the  latter  doesn’t  possess

transposable elements at centromeres (Figure 1.5), the former presents numerous copies of a TE

called  Tj(1-10),  located  at  the centromeric  (and telomeric)  heterochromatin  (Rhind et  al.  2011).

Interestingly, S.japonicus retains the RNAi-machinery and the sequencing of siRNAs showed that the

majority of these RNAs (94%) maps to Tj elements, underlying the central role of TEs in regulating

heterochromatin formation in this organism (Rhind et al. 2011).

1.2.2 Heterochromatin at mating-type locus
In S. pombe the mating-type locus (MAT) consists of three distinct components, mat1, mat2-P and

mat3-M (Figure 1.7). Only mat1 is transcribed, while mat2-P and mat3-M are silenced. The mating

type of the cell depends on the information encoded by the mat1 component, where either P or M is

present. Cells can switch type from M to P (and the other way around), swapping the component at

mat1. In the wild, fission yeast  populations are homotallic  (called h90),  meaning that  half  of  the

population is P and half  is M, with cells  continuously switching between the two types  (Yamada-

Inagawa  et  al.  2007).  Cells  with  opposite  mating-type,  under  stress  conditions  (like  nitrogen

starvation), can mate, generating a diploid cell and subsequently four haploid spores, more resistant to

stress conditions. Laboratory strains are usually heterotallic, meaning that consist in only one of the

two mating-types, either P (h+) or M (h-) and are kept in specific growing conditions to avoid mating-

type switching, unless wanted.

The MAT locus is localized in the right arm of chromosome II and spans ~30kb. mat1 is ~15kb away

from mat2-P, which is ~11kb away from mat3-M. The interval between mat1 and mat2-P is called the

L-region, while that between mat2-P and mat3-M is the K-region  (Grewal and Klar 1997). Located

within the K-region is  the  cenH sequence,  ~4.3kb long and  ~96% homologous to the dg and dh

repeats found on the outermost regions of centromeres  (Grewal and Klar 1997) (Figure 1.7). The

homology  between  cenH  and  pericentromeric  regions  suggests  a  common  mechanism  of

heterochromatin  formation  guided  by  RNAi.  However,  RNAi  is  necessary  only  for de  novo

establishment  of  heterochromatin,  while  its  subsequent  maintenance  and  inheritance  is  RNAi

independent (Hall et al. 2002). In parallel to RNAi dependent heterochromatin establishment, there

is an RNA-independent nucleation and maintenance pathway involving the DNA binding proteins

Atf1 and Pcr1 of the ATF/CREB transcription factor family (Jia et al. 2004). These two proteins bind

a  specific  DNA sequence  close  to  mat3-M,  recruit  Clr4,  Swi6  and  Clr3,  and limit  RPII  access,

silencing the MAT locus independently to RNAi (Jia et al. 2004; Yamada et al. 2005).
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1.2.3 Heterochromatin at telomeres
Telomeres represent the ends of linear chromosomes in eukaryotic cells and posses species-specific

tandem repeats.  In  fission  yeast  telomere  repeats  span  for  ~300  bp  and  present  the  consensus

sequence  TTAC(A)(C)G2-8 (Sugawara  1988).  Adjacent  to  telomeres,  there  are  the  subtelomere

regions, spanning for  ~100kb. Subtelomeres contain sequences that differ to telomere repeats and

share  similarities  with  other  subtelomeres.  Heterochromatin  is  present  within  the  first  50kb  of

subtelomeres,  where  the  tlh (RecQ-type  helicase) gene  locus  is.  Recent  studies  discovered  the

presence of 4 different  tlh  genes (tlh1-4), each located in a different subtelomere of chrI and chrII

(Kaji et al. 2020).

Similar  to  heterochromatin  formation at  the MAT locus,  RNAi plays  a  role  in  heterochromatin

establishment at subtelomere regions as well, where cenH-like sequences are found  (Hansen et al.

2006). These sequences are able to nucleate heterochromatin formation at an ectopic locus (Hansen

et al. 2006), like the cenH element from the MAT locus (Hall et al. 2002). However, RNAi mutants

don’t  show  heterochromatin  defects  or  H3K9-methylation  loss  at  subtelomeres,  suggesting  the

existence of an RNAi-independent redundant pathway for heterochromatin formation (Kanoh et al.

2005). ~300bp of telomere repeats, together with Taz1 (a shelterin complex subunit), were identified

as sufficient elements for recruiting Swi6 through Clr4 at subtelomeres, independently of the RNAi

machinery and cenH-like sequences  (Kanoh et al. 2005). The shelterin complex of fission yeast is

similar to that of mammals and protects telomere ends, distinguishing them from “simple” DNA

double strand breaks which would activate the cellular DNA damage response, leading to cell cycle

arrest, chromosome end-to-end fusions and general genome instability, detrimental for cell viability

(Bisht et al. 2008; Xue et al. 2017). Moreover, Taz1 and a second subunit of the shelterin complex,

Ccq1, are involved in the recruitment of SHREC at telomeres, inducing further silencing through

HDAC Clr3 and nucleosome re-positioning (thanks to the SHREC subunit Mit1, a SNF2 family of

chromatin remodeling factor) to assemble higher order chromatin structures (Sugiyama et al. 2007).

1.2.4 Facultative heterochromatin
In addition to the large constitutive heterochromatin regions, in  S. pombe heterochromatin is also

present  at  the so-called facultative  heterochromatin regions.  These silent  heterochromatin islands
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Figure 1.7: Mating-type locus in fission yeast (adapted version 
from Hoffman et al. 2015).
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correspond to genes silenced during vegetative growth and expressed during environmental  stress

growth conditions and/or meiosis induction (Zofall et al. 2012; Shah et al. 2014). Although H3K9me

is found at these facultative loci, post-transcriptional silencing seems to be the main way for their

silencing.  Meiotic  genes  present  a  consensus  sequence  called  DSR  (Determinant  of  Selective

Removal) (Harigaya et al. 2006) which is specifically recognized by an RNA-binding protein, Mmi1,

leading to their degradation through a mechanism involving the zinc finger protein Red1, the poly(A)

polymerase  Pla1,  and  ultimately  the  exosome  machinery  (Yamanaka  et  al.  2010;  Sugiyama  and

Sugioka-Sugiyama  2011).  Red1,  together  with  Mtr4-like  protein  1,  form  a  core  module,  called

MTREC (Mtl1-Red1 core) (N. N. Lee et al. 2013). PTGS at facultative heterochromatin is coupled to

H3K9me deposition thanks to Clr4 recruitment by Red1  (Zofall et al. 2012; Tashiro et al. 2013).

Canonical RNAi members, such as Dcr1, Ago1 and chromodomain containing proteins Chp1 and

Swi6 are  also  found at  facultative  heterochromatin  (Woolcock  et  al.  2011;  Tashiro et  al.  2013).

However, deletions of Ago1 and Dcr1 don’t show important loss of H3k9me, indicating that RNAi

plays a secondary role in heterochromatin formation at facultative heterochromatin loci (Tashiro et al.

2013). A recent work showed that HDAC Clr3 is recruited to a facultative heterochromatin gene,

pho1 (a gene involved in phosphate uptake and derepressed only under phosphate starvation), in a

H3K9me-independent  manner.  According  to  this  study,  Clr3  is  recruited  through the  concerted

action of non-coding RNA and Set1/Set2 histone methyltransferases, conferring a further silencing

state to the facultative heterochromatin loci (Watts et al. 2018).

Another type of facultative heterochromatin is found at HOODs (Heterochromatin Domains) where

H3K9me is RNAi-dependent,  differently to heterochromatin islands, where Clr4 is  recruited also

through Red1 (Zofall et al. 2012; Tashiro et al. 2013; Marasovic et al. 2013; Yamanaka et al. 2013).

HOODs  are  established  at  diverse  loci,  including  sexual  differentiation  genes,  genes  encoding

transmembrane  proteins,  and  retrotransposons  that  are  also  targeted  by  the  exosome  RNA

degradation machinery (Marasovic et al. 2013; Yamanaka et al. 2013). Mutation of Rrp6, the catalytic

subunit of the RNA exosome, and adverse growing conditions, result in the generation of siRNA

clusters  which  trigger  H3K9 methylation at  normally  exosome-targetted genes,  through canonical

RNAi machinery (Marasovic et al. 2013; Yamanaka et al. 2013). Interestingly, Clr4, RNAi and Rrp6

single  mutants,  don’t  show significant  derepression of  retrotransposons  and sexual  differentiation

genes, suggesting that RNAi and exosome machinery act redundantly to silence these loci (Yamanaka

et al. 2013). In a proposed model, HOODs are silenced by the exosome machinery and the RNAi.

In  this  process,  Red1,  Pla1  and  Pab2  (poly(A)-binding protein)  interact  with  both  the  exosome

machinery and RNAi pathway, promoting gene silencing (Yamanaka et al. 2013).
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1.3 Transposable Elements (TEs)

1.3.1 TEs, a general overview
Transposable elements (TEs), also called “jumping genes” or simply “transposons”, are defined as

DNA sequences that are able to move (transpose) from one location to another within the same

genome, or to another. TEs were discovered more than 70 years ago by Barbara McClintock while

studying  Zea  mays  (maize)  (McClintock  1950).  Initially  received  with  skepticism  from scientific

community,  only  ~35 years  later  TEs identification was eventually  recognized  with  many awards,

including a Nobel prize in Physiology or Medicine in 1983. Also referred to as selfish elements and

“junk DNA”  (Ohno 1972), TEs and elements deriving from them, represent a large percentage of

prokaryotic and eukaryotic genomes. TEs constitute ~46% of human genome, 12% in C. elegans, over

80%  in  some  plants  and  ~1.1%  in  S.  pombe (SanMiguel  et  al.  1996;  C.  elegans  Sequencing

Consortium 1998; Lander et al. 2001; Bowen et al. 2003). However, the conception of transposable

elements  as  pure  genomic  parasites  has  changed  with  time.  Nowadays  it  is  known  that  many

organisms have co-evolved with their TEs in a process called domestication. For example, in jawed

vertebrates, recombination of V(D)J is guided by the Recombination Activity Gene (RAG) proteins 1

and 2. Studies on RAG have discovered mechanistic and structural analogies to several transposons,

indicating  that  the  DNA cleavage  activity  of  RAG1  and  RAG2 represents  an  adaptation  of  the

endonuclease activity of progenitor TEs (Y. Zhang et al. 2019a). In Drosophila, a telomerase gene is

not  present,  nevertheless  Drosophila  telomeres  resemble  other  eukaryotic  repetitive  telomere

organization thanks to the presence of  arrays of  TEs.  Their  expression and nearby transposition

extend  telomere  length,  generally  conferring  the  same  telomeric  repetitive  aspect  like  other

eukaryotes  using  telomerase  (Mason et  al.  2008).  TEs  co-evolved  also  together  with  prokaryotic

organisms. An interesting example is the bacterial CRISPR–Cas systems, recognized as an adaptive

immune  defense  against  exogenous  organisms.  In  this  process,  foreign  DNA  is  processed  and

integrated  in  the  Clustered  Regularly  Interspaced  Short  Palindromic  Repeats  (CRISPR).  There,

called “spacer”, it is transcribed together with other spacers in long precursors that are processed by

Cas casette members. Finally mature RNAs guide Cas proteins to foreign nucleic acids to eliminate

them (Rath et al. 2015). Recent studies provide indications that the integrase member of Cas proteins,

necessary to integrate spacers in CRISPR repeats, may derive from a TE family called “casposons” 

(Krupovic et al. 2017). 

On the  other  end,  transposable  elements  are  also  responsible  for  at  least  100  heritable  human

diseases  (Payer  and Burns 2019) and their  uncontrolled propagation can be detrimental  for  cell

viability. For this reason, organisms have evolved strategies to silence them or reduce their negative

effects (see sections 1.3.4 and 1.3.5).
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1.3.2 Transposon classification
Transposable elements are generally divided in two large classes  (Wicker et al. 2007) according to

their  propagation  mechanism;  Class  I  is  represented  by  TEs  that  transpose  through  an  RNA-

intermediate that is later reverse-transcribed and integrated. For this reason, Class I TEs are also

called retrotransposons. Retrotransposons can be subdivided into classes based on the presence or

absence of LTRs (Long Terminal Repeats) at TE right and left borders. A further sub-classification is

made according to their autonomy or not to synthesize all proteins necessary for transposition. Class

II  transposable  elements  propagate  through  a  DNA-intermediate  and  consequently  are  also

denominated  DNA transposons  (Wicker  et  al.  2007).  Generally  retrotransposons  are  replicative,

meaning that they can increase their genome number at each propagation cycle, meanwhile DNA

transposons are usually not-replicative,  moving through a “cut and paste” mechanism that doesn’t

increase their number. In humans, TEs represent more than 40% of the genome and both Classes of

transposons are found (Figure 1.8) (Lander et al. 2001). Most human TEs represent fossil elements

because  they  are  not  able  to  move

anymore, but some can still propagate.

The only active  elements  identified in

humans  are  the  non-LTR  TEs

autonomous  LINE1,  or  L1  (of  the

Long  INterspersed  Elements  TE

group) and non-autonomous Alu genes

of  SINEs  group  (Short  INterspersed

Elements). As the group name suggests,

Alu  elements  are  relatively  small

(~3oobp) and over 1 million copies are

dispersed  throughout  the  human

genome  (Lander  et  al.  2001).  Despite

its  lower  number  in  the  genome,  L1

represents  around  15-18%  of  human

genome, due to its bigger size (~6kbp) (Lander et al. 2001). In S. pombe only two autonomous LTR-

retrotransposons families are present, Tf1 and Tf2 (Transposon of fission yeast 1 and 2) (Figure 1.8)

(Bowen  et  al.  2003).  In  wild  fission  yeast  both  Tf1  and  Tf2  coexist,  while  in  commonly  used

laboratory Leupold strain, only the Tf2 full-sequence is found. However, evidence of the previous

presence of Tf1 in the laboratory strain is left in the form of numerous solo TF1 LTRs (Bowen et al.

2003). 
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Figure 1.8: Relative amount of retrotransposons and DNA 
transposons in different eukaryotic organisms.

From Feschotte and Pritham 2007, representation of percentages of 
total genomes corresponding to retrotransposons (light blu) and DNA 
transposons (red). Species abbreviations: Sc: Saccharomyces 
cerevisiae; Sp: Schizosaccharomyces pombe; Hs: Homo sapiens; Mm:
Mus musculus; Os: Oryza sativa; Ce: Caenorhabditis elegans; Dm: 
Drosophila melanogaster; Ag: Anopheles gambiae, malaria mosquito;
Aa: Aedes aegypti, yellow fever mosquito; Eh: Entamoeba histolytica; 
Ei: Entamoeba invadens; Tv: Trichomonas vaginalis.
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As mentioned, Class I transposons move through an RNA-intermediate that is retrotranscribed to

cDNA. In Figure 1.9A a general  scheme of  two autonomous LTR-retrotransposon superfamilies

(Ty1/copia  and Ty3/gypsy)  is  represented.  Between the  two LTRs there  are  two Open Reading

Frames (ORFs), gag and pol. The first encodes a structural protein that builds up a virus like particle

(VLP). The pol ORF, where pol stands for poliprotein, encodes the catalytic subunits necessary for

reverse transcription and integration: protease (PR), integrase (IN) and reverse-transcriptase (RT) with

an RNase H domain (RH). A canonical retrotransposon cell  cycle consists of transcription of the

element, cytosol export of the mRNA and translation into Gag and Pol. Pol is cleaved by its PR into

PR, IN and RT subunits that together with the mRNA are packed into the VLP formed by Gag

polymerization. At this point the mRNA inside the VLP is retro-transcribed to form double stranded

cDNA which enters back into the nucleus associated to IN subunits. Once in the nucleus, INs guide

the cDNA to the host genome to promote a new insertion (Figure 1.9B). Important for successful
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Figure 1.9: Ty1/copia and Ty3/gypsy retrotransposons scheme and retrotransposon cell 
cycle.

(A) Representation of Ty1/copia and Ty3/gypsy TE superfamilies. In copia-like elements, IN 
subunit is found between PR and RT, while in gypsy-like transposons IN is the last subunit of 
pol ORF. Boxes with black triangles define LTRs. Pimer-binding sites (PBS) and polypurine 
tracks (PPT) are represented after 5’ LTRs and before 3’ LTRs respectively. PR, protease; IN, 
integrase; RT, reverse-transcriptase; RH, ribonuclease H (RNase H). (B) From Kovalchuk 
2005 , retrotransposon cell cycle, from nuclear transcription to integration of a new 
transposon copy in the host genome. 
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transposition is the ratio between Gag and Pol, with the first more abundant than Pol in order to

assemble functional VLPs. To do so, different strategies are used by retrotransposons. The most

common mechanism consists of ribosomal frameshifting and resembles that of many retroviruses,

including HIV (Jacks et al. 1988). In this process pol is usually frameshifted +1 or -1 with respect to

gag and overlaps the gag 3’ end. Standard translation results in predominantly Gag synthesis, however,

a fraction of ribosomes shifts to the ±1 frame at the end of gag producing fused Gag-Pol protein, later

cleaved  in  Gag  and  Pol  subunits.  +1  ribosomal  frameshifting  is  utilized  by  S.cerevisiae

retrotransposons Ty1 and Ty3 (Belcourt and Farabaugh 1990). Another mechanism is present in S.

pombe where Tf1 and Tf2 contain a single  ORF for gag and pol.  Gag-Pol  protein is  afterwards

cleaved into subunits and through an unknown activity, RT and IN are degraded to maintain Gag at

higher levels (Atwood et al.1996). Some other retrotransposons have gag and pol in frame, but utilize

a stop codon readthrough strategy. A “stop” is placed between gag and pol,  therefore, the first  is

produced at higher concentration than the second. Occasionally ribosomes read the “stop” as an

amino acid codon, synthesizing Gag-Pol. In Drosophila melanogaster, copia retrotransposon utilizes

alternative splicing to remove pol from gag-pol mRNA, thereby allowing Gag to be at higher levels

than Pol (Brierley and Flavell 1990).

To understand how retrotransposons retro-transcribe their RNA, it is necessary to have a close-up of

the LTR structure (Figure 1.10A). Each Long Terminal Repeat works as a transcription promoter

and terminator, and is divided in three regions, U3, R and U5. U3 contains the promoter and a

transcript goes from R in the 5’ LTR to R in the 3’ LTR. Once incorporated in a VLP, the transcript

is bound by a retro-transcription primer in correspondence to the PBS sequence. Generally a host t-

RNA functions as primer (Figure 1.10B_1). In other cases, like in fission yeast TEs, the transcript

itself forms a 5’ stem-loop, later cleaved in correspondence to the PBS sequence, in a self-priming

host-independent mechanism (J. H. Lin and Levin 1997). RT reverse-transcribes up to R in the 5’

LTR (2). The single-stranded DNA R region pairs with the 3  terminus in the “first jump”(3)′ . Retro-

transcription proceeds  up  to  R in  5’  LTR copying  it  a  second time (4).  The initial  primer  and

remnant RNA are degraded by RNaseH, except a sequence in corresponding to PPT (5),  which

works as primer for the second strand DNA synthesis up to U5 in 3’ LTR (6). Newly synthesized

DNA switches to R in 5’LTR (“second jump”) and double stranded cDNA synthesis ends (7 and 8).

At this point IN guides transposition of the new retrotransposon copy into the host genome (9).
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1.3.3 Transposable Elements in S. pombe
As  mentioned  above,  the  only  TEs  present  in  S.  pombe are  full-length  autonomous  LTR-

retrotransposons (Figure 1.8), called Tf1 and Tf2, and their associated elements (Table 1.1) (Bowen

et al. 2003). In the Leupold strain, 13 full-length Tf2 copies are found dispersed throughout the three

chromosomes, together with sequences related to both Tf2 and the extinct Tf1, present only in wild

fission yeast  (Levin et al. 1990; Bowen et al. 2003). In total, TEs constitute 1.1% of the  S. pombe

genome (Bowen et al. 2003). Tf1 and Tf2 belong to the Ty3/gypsy family, where RT precedes IN in
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Figure 1.10: LTR close-up and retrotransposon reverse-transcription
mechanism.

(A) Adapted from Zhang et al. 2014 ,LTR-retrotransposon with LTR 
details. (B) Adapted from Zhang et al. 2014, mechanism for 
retrotransposon reverse-transcription (see text for explanations).
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pol (Figure 1.11). Sequence analysis of Tf1 and Tf2 shows that they differ significantly at gag and in a

segment of the LTRs, while pol is virtually identical (Figure 1.11) (Weaver et al. 1993). Differently to

most LTR TEs that use host t-RNAs to prime retro-transcription, Tf1 and Tf2 use a self-priming

system that relies on the first  11 bp of the 5’ mRNA. The transcript forms a complex stem-loop

structure annealing its 5’ end to the PBS sequence. Afterwards, the RNaseH domain of RT cleaves

the mRNA duplex between nucleotide 11 and 12, and RT can start reverse-transcription of the minus

strand cDNA (Figure 1.10B_2) (Levin 1996; Hizi 2008). 

Tf1  and  Tf2  associated  elements  (Table  1.1)  represent  a  footprint  of  former  transpositions.  A

genome-wise analysis of these elements showed that both transposons were preferentially located in

intergenic regions with a strong preference for promoters of RPII transcribed genes  (Bowen et al.

2003). A closer analysis of the TEs indicate a preferential integration window between 100 and 400

bp to the 5’ORF of the next RPII transcribed gene (Bowen et al. 2003). This preferential pattern may

simply reflect the result of selective pressure that favors these

transpositions,  or  can  be  the  consequence  of  an  active

selective mechanism of  Tf1 and Tf2 transposition at  RPII

transcribed  genes.  The  first  studies  of de  novo Tf1

transposition from a plasmid showed 78 new insertions, 77 of

which were in intergenic regions in close proximity of RPII

transcribed genes and only one was in a gene ORF (Behrens

et  all.  2000;  Singleton and Levin  2002).  These  behavioral

similarities  with  the  endogenous  TE  element  positions,

strongly  argue  that  Tf1  and  Tf2  have  a  biochemical

preference for RPII transcribed genes, rather than being the

result  of  selective  pressure  (Bowen et  al.  2003).  With  the
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Figure 1.11: Tf1 and Tf2 diagram and homology between them.

From Bowen et al. 2003, on top, diagram of Tf1 and Tf2. Red arrows represent LTRs, 
green arrow represents the retrotransposon protein coding region. Gag and Pol subunits 
are indicated into white boxes. RT precedes IN, making Tf1 and Tf2 Ty3/gypsy-like 
elements. The block diagram on the middle shows sequence homology between Tf1 and 
Tf2. High and low homology are represented by taller blue rectangles and white 
rectangles respectively. On the bottom, a bp scale.

Table 1.1: Transposon content of fission 
yeast genome (from Bowen et al. 2003).
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advent of deep-sequencing technologies, up to ~1 million de novo Tf1 transpositions were mapped,

confirming again the strong preference for promoters of RPII transcribed genes, with only  ~3% of

transpositions occurring in ORFs (Guo and Levin 2010; Chatterjee et al. 2014). A further analysis of

Tf1 RPII-transcribed target genes, showed that this element preferentially transposes in the proximity

of stress-response genes, suggesting a connection between the transcription factors responsible for the

stress-response and Tf1 site selection (Guo and Levin 2010). Together with the possibility that Tf1

elements may affect expression of neighboring genes  (Leem et al. 2008), this stress-response gene

target selection, suggests the intriguing possibility of a beneficial coexistence between Tf1 and the

host. In this model, Tf1 would modulate the expression of the stress-response gene in the attempt to

overcome the stress conditions that cells are facing. In S. cerevisiae, the retrotransposon Ty5 targets

specifically heterochromatin, thanks to the interaction between its IN and the heterochromatin factor

Sir4  (Xie et al. 2001). However, this interaction needs IN phosphorylation and if cells grow under

nutrient starvation, IN phosphorylation diminishes, disrupting IN-Sir4p interaction. This leads to loss

of  heterochromatin Ty5 targeting,  with  the element  transposing in gene-rich regions instead and,

therefore, actively reshaping the genome  (Dai et al. 2007). In recent works, a connection between

beneficial Tf1 site selection and growth under stress conditions was found (Feng et al. 2013; Esnault

et al.  2019).  When fission yeast  was grown in the presence of heavy metal  (CoCl2),  Tf1 showed

increases in transcription and transposition, indicating an active cellular response to the stress (Esnault

et  al.  2019).  Finally,  cells  containing  Tf1 transpositions  near  genes  involved  in  CoCl2 resistance,

overtake  wt  cells  when  grown  in  the  presence  of  CoCl2,  either  stimulating  expression  of  genes

involved in CoCl2 elimination,  or down-regulating genes involved in CoCl2 uptake  (Esnault  et  al.

2019). However, little is known about the factors that direct Tf1 integration in promoters of RPII

transcribed genes. Sap1 (Switch-activating  protein 1), a DNA binding protein involved in different

cellular processes, including mating-type switching (Arcangioli and Klar 1991), directly promotes Tf1

transposition and its target-specificity (Hickey et al. 2015). Sap1 DNA localization strongly correlates

with de novo Tf1 transpositions (Zaratiegui et al. 2011), and Sap1 mutants show a ~10-fold reduction

in Tf1 mobilization, suggesting that Sap1 guides Tf1 to the target DNA (Hickey et al. 2015).

Despite potential beneficial effects of TEs in hosts facing stress conditions, cells have evolved active

mechanisms to minimize detrimental genome transpositions.

1.3.4 Transposable Elements silencing in S. pombe
Uncontrolled proliferation of TEs, even if directed in gene-poor regions, is harmful for cell viability

and its competition with other organisms. Transpositions can dramatically increase the host genome

size, adding extra work to the DNA replication machinery and decreasing genome stability. In wt

(wild type) fission yeast cells grown in non-stress conditions, endogenous Tf2 elements are silenced.

However, no heterochromatin marks, such as H3K9 methylations and Swi6, are deposited at Tf2

copies  (Cam et  al.  2005).  Furthermore,  neither  RNAi-mutants  nor  Clr4 deleted strains  show an
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increase of Tf2 transcription, indicating a marginal role of heterochromatin in Tf2 silencing (Hansen

et al. 2005). On the other hand, Tf2 expression is highly enriched in Clr6 and Clr3 double mutant,

indicating  that  HDACs  play  a  central  role  in  Tf2  silencing  (Hansen  et  al.  2005).  The  term

“transposon domestication” refers to a process of co-evolution of the TE with its host organism (some

examples in section 1.3.1). Another case of transposon domestication is found in humans, where the

CENP-B protein, involved in correct centromere formation, derives from the transposase of Class II

TE pogo. CENP-B is highly conserved among organisms and  S. pombe possesses three CENP-B

homologous, Abp1 (also called Cbp1),  Cbh1 and Cbh2  (Casola et al.  2008). They play a role in

heterochromatin silencing at pericentromeric repeats promoting Swi6 recruitment  (Nakagawa et al.

2002). Moreover,  CENP-B homologous, especially Abp1, are involved in Tf2 repression through

direct recruitment of HDACs Clr6 and Clr3  (Cam et al. 2008). In addition, CENP-B homologous

and  HDACs  (including  Sirtuins  homologous  Hst2  and  Hst4,  NAD+  dependent)  organize  Tf2

elements in one to three subnuclear foci, called Tf bodies. Although their function is not clear, Tf

bodies may have a direct role in Tf2 silencing, since under stress conditions Tf bodies are dispersed

and exogenous Tf1, once introduced in cell, is also recruited in Tf bodies

(Cam et al. 2008; Lorenz et al. 2012). 

A distinct Tf2 silencing pathway involves  HIRA histone chaperone proteins  (Greenall et al. 2006).

Deletion of  each  of  the four  components  of  HIRA complex,  Hip1,  Hip3,  Slm9 and Hip4,  de-

represses tf2 silencing in all 13 endogenous copies, several solo LTRs from Tf2 and Tf1, and a Tf2

element  integrated  in  an  ectopic  locus  (Greenall  et  al.  2006;  Anderson  et  al.  2009;  2010).

Interestingly,  despite  increased  Tf2  expression,  HIRA  mutants  don’t  show  an  increase  in  Tf2

mobilization, in fact in these mutants Tf bodies are maintained, suggesting a role for Tf bodies in

preventing ectopic mobilization of Tf elements (Murton et al. 2016).

Surprisingly,  Set1  also  has  a  role  in  silencing  Tf2  elements,  despite  H3K4 methylation  being  a

hallmark for transcribed regions, found also at tf2  (Lorenz et al. 2012). In this case, however, Set1

function is independent of H3K4 methylation of Tf2 chromatin, uncovering a diverse role for this

enzyme in shaping chromatin status  (Lorenz et al. 2012). Furthermore, Set1 promotes clustering of

Tf2 elements in Tf bodies like CENP-B homologous and HDACs (Cam et al. 2008; Lorenz et al.

2012). These results suggest that Set1 is recruited to tf2 chromatin by- or together with- CENP-B

homologues to silence Tf2 by HDAC recruitment and Tf body organization (Cam et al. 2008; Lorenz

et al. 2012).

Exosome  mutants  show  RNAi-dependent  heterochromatin  formation  at  HOODs,  including  Tf2

(Marasovic et al. 2013; Yamanaka et al. 2013). These results suggest that the exosome machinery and

the RNAi pathway compete for Tf2-mRNA and if exosome function is impaired, Tf2 silencing is

maintained through RNAi-dependent heterochromatin formation. 
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In conclusion,  tf2 silencing in fission yeast can be seen like a two-level silencing mechanism, one

performed through Tf2 RNA (exosome and RNAi) and one through DNA binding proteins (CENP-

B homologous).

1.3.5 Transposable Elements silencing in other organisms

1.3.5.1 Transposon silencing in plants
In plants, like in many other eukaryotes, transposable elements and associated sequences represent a

high percentage  of  the  genome composition.  In  Arabidopsis  thaliana,  for  example,  ~18% of  the

genome consists  in TEs,  while  in  Zea  mais this  representation reaches  the  ~85%. Despite  being

abundant, most TEs are stably silenced in plants, mainly transcriptionally through DNA and H3K9

methylations. Heterochromatin TEs maintain their silenced state via a RNA-dependent pathway that

leads to DNA methylation, hence called RNA-dirceted DNA methylation (RdDM) (Figure 1.12).

First, RNA polymerase IV (RPIV) is recruited to TEs through H3K9me2 (Law et al. 2013), there it

transcribes  the  transposable  element  in  a  non-coding  RNA.  RDR2  (RNA-dependent  RNA

polymerase 2) converts the single stranded TE RNA into double stranded, which is subsequently

cleaved in 24bp long siRNAs via Dicer-like 3 (DCL3). These siRNAs are loaded onto AGO4 and

AGO6 to target TE non-coding RNA transcribed by a second RNA polymerase recruited via DNA

methylations, called RNA polymerase V (RPV) (Johnson et al. 2014). AGO4/6 interacting with RPV

transcripts recruits DNA methyltransferases DRM1 and DRM2 which, in turn, methylate the TE

DNA  sequence  (Cao  and  Jacobsen  2002).  At  this  step,  H3K9  methyltransferase  KYP

(KRYPTONITE) interacts with methylated DNA and methylates H3K9 of the target TE (Johnson et

al. 2007). The heterochromatin state of silenced TEs is maintained through cell division via MET1,

CMT2 and CMT3, DNA methyltransferase enzymes that restore the DNA methylations present on

the parental DNA. Afterward, de novo methylated DNA recruits KYP and also H3K9 methylations

are reestablished after DNA duplication (Figure 1.12). If an exogenous TE invades a plant genome,

de novo  silencing of the element eventually occurs. If there are sequence-homologies between the

invading TE and silenced endogenous TEs, AGO4/6 loaded with 24bp-long siRNAs from the latter,

can work in  trans to direct  homology-dependent silencing of  the exogenous element  (Fultz et  al.

2015). However,  how  RPV (necessary  to  synthesize  the  non-coding  RNA target  of  AGO4/6)  is

recruited to the invading TE, rather then canonical RPII, is not known. Moreover, plants have also a

RNAi-mediated  mechanism  to  silence  new  TEs  that  don’t  have  sequence  homologies  with

endogenous heterochromatic transposons. The critical point in targeting these elements consists in

how AGO members target nascent TE RNA to induce their silencing. Initially, the exogenous TE is

post-transcriptionally  silenced  through  mRNA  degradation  triggered  by  AGO1  loaded  with  TE

antisense 21-22bp siRNAs. Once bound to nascent RPII-transcribed TE mRNA, AGO1 directly

cleaves it and induce dsRNA generation via RDR6. DCL4 and DCL2 cut these dsRNAs producing
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secondary siRNAs of 21 and 22bp, respectively. AGO1 is loaded again with these siRNAs, feeding

the RNAi mechanism and,  therefore,  the exogenous mRNA decay  (Fultz  et  al.  2015).  Different

possibilities have been proposed to explain how AGO1 is loaded with antisense siRNAs in the first

place. One hypothesis is that endogenous microRNAs, a class of siRNA produced from a short stem-

loop mRNA cleaved by DCL1, are synthesized in the cell and loaded onto AGO1 in a process of

genome surveillance (Creasey et al. 2014). This process, however, can trigger uncontrolled silencing

throughout the genome, and was shown to be regulated in S. pombe by siRNA degradation (Pisacane

and Halic 2017). Another mechanism explaining the initial  generation of AGO1-siRNA complex,

consists of antisense transcription of the invading TE feeding the RNAi pathway. Initial PTGS of non-

homologous TEs, eventually switches to TGS by DNA and H3K9 methylations. Different models

have been proposed to explain this silencing switch. One suggests that although AGO1 mediated

post-transcriptional silencing is the first mechanism defending the host from the invading TE, when a
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Figure 1.12: RdDM and heterochromatin maintenance at TEs in plants.

From Sigman and Slotkin 2016, (A) RNA-directed DNA methylation (RdDM) pathway 
at TEs in plants; RPIV is recruited to TEs chromatin through H3K9 methylated histones. 
There the enzyme synthesizes non-coding RNAs, converted to dsRNAs via RDR2. 
dsRNAs are cleaved in 24bp-long siRNAs by DCL3 and loaded onto AGO4/6. Through 
base-pairing, AGO4/6 target nascent non-coding TE RNA synthesized by RPV, recruited 
in chromatin via pre-existing DNA-methylations. AGO4/6 interact with DNA 
methyltransferases DRM1 and DRM2 which methylate TE DNA. Methyltransferase 
KYP, is recruited to TEs chromatin via DNA methylations, where methylates H3K9. (B) 
Maintenance of heterochromatin at TEs after DNA duplication; DNA methylations are 
restored through MET1, CMT2 and CMT3. KYP interacts with DNA-methylations and 
reestablishes H3K9 methylations.
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certain number of transpositions happen, the dsRNAs produced by RDR6 overwhelm DCL4 and

DCL2, resulting in DCL3 recruitment and switching from 21-22bp siRNAs to 24bp siRNAs (Marí-

Ordóñez et al. 2013). Once 24bp-long siRNAs are produced, they are loaded onto AGO4/6 which

would trigger heterochromatin establishment, similarly to the previously described RdDM pathway

(Marí-Ordóñez et al. 2013). According to this model, plants can sense the transcription of the new

transposon,  switching to  TGS if  the element  is  too active  (i.e.  transcribed).  A second model  for

heterochromatin establishment suggests that the 21-22bp siRNAs, respectively produced by DCL4

and DCL2, can be loaded onto AGO6 instead of AGO1, bypassing the AGO6 requirement of 24bp-

long  siRNAs.  In  this  way,  also  21-22bp  siRNAs  can  trigger  AGO6  mediated  heterochromatin

establishment,  in  a  process  called  RDR6-RdDM, to  distinguish  it  from the  previously  described

RdDM RDR2-mediated mechanism (Nuthikattu et al. 2013; McCue et al. 2015).

1.3.5.2 Transposon silencing in S. cerevisiae
In S.  cerevisiae,  or budding yeast,  only LTR-retrotransposons and associated sequences are present

(Figure 1.8) (Engel et al. 2014). 5 full-length TE families are found, consisting of Ty1-5. All belong to

the copia-like retrotransposons group,  with  the only  exclusion being  Ty3,  from the to gypsy-like

group.  Ty1-4  elements  are  preferentially  integrated  in  proximity  to  RNA-polymerase  III  (RPIII)

transcribed genes, while Ty5 transposons are integrated in heterochromatic regions (Zou et al. 1995;

Kim et al.  1998). Ty1 represents the most abundant and active retrotransposon in budding yeast,

where 31 copies of the element are found and its RNA consists in 5-10% of the total polyA-RNA

(Elder et al. 1981; Carr et al. 2012).

Budding yeast doesn’t have AGO, Dicer and RDP homologues and, therefore, the RNAi pathway is

absent  in  this  organism  (Drinnenberg  et  al.  2009a).  However,  if  budding  yeast  is  genetically

engineered and ago1 and dcr1 from S. castelii are introduced, cells acquire RNAi. Interestingly, the

genetically modified yeast produces siRNAs that target and silence endogenous Ty1 (Drinnenberg et

al. 2009a).

Despite the lack of RNAi, budding yeast has evolved other strategies to silence active Ty elements.

Recently, a post-translational model for Ty1 regulation has been proposed (Salinero et al. 2018). Ty1

has two promoters, the first  is within the 5’ LTR, like other LTR-retrotransposons, the second is

internal,  around  760bp  from  Ty1  transcription  start  site.  Transcription  from  the  regular  LTR

promoter results in the synthesis of Gag and Pol,  while transcription from the internal  promoter

produces a shorter mRNA, called Ty1i RNA, subsequently translated into a truncated version of Gag,

called p22 (Saha et al. 2015). When p22 is incorporated into Ty1 VLPs, it destabilizes these virus-like

structures,  resulting  in  impaired  packaging  of  Ty1  RNA  into  VLPs  and,  consequently,  Ty1

transposition (Pachulska-Wieczorek et al. 2016). A fine regulation of Ty1 transcription from the two

promoters  results  in  differential  Ty  transposition  activity,  via  a  post-translational  auto-tuned

controlling  system.  Transcription  from both  promoters  is  mediated  by  a  positive  transcriptional

22



Introduction

factor,  Mediator  (Salinero  et  al.  2018).  The  relative  Mediator  occupancy  at  the  two  promoters

regulates  the  ratio  between  full-length  Ty1  RNA  and  Ty1i  RNA  and,  therefore,  controls  Ty1

transposition.  From this  perspective,  a  model  is  proposed,  where cells  can detect  environmental

stress, internal changes and increased Ty1 copies and consequently modulate Mediator occupancy at

the two promoters. Stimulation of transposition under stress conditions is an active response observed

also in fission yeast, in an attempt to reshape the genome to survive the stress (Esnault et al. 2019).

On the other hand, uncontrolled transpositions may be detrimental for the host and, therefore, when

too  many  copies  of  the  element  are  present,  Ty1i  RNA transcription  is  activated,  reducing  Ty

mobilization, in a process called “Copy Number Control” (CNC) where increasing Ty1 copies result

in  decreasing  levels  of  transpositions  (Salinero  et  al.  2018).  Another  CNC  mechanis  post-

transcriptionally regulating Ty1 transposition involves antisense transcription of the element (Berretta

et al. 2008). Short antisense RNAs, called Ty1AS, are synthesized from the 5’ end of  gag and their

increased  levels,  correlating  with  Ty1  proliferation,  result  in  association  of  the  Ty1AS  with  the

cytoplasmic  VLPs  (Matsuda and Garfinkel  2009).  Once inside the VLPs,  Ty1AS is  proposed to

inhibit Ty1 mRNA retrotranscription, interfering with the correct processing of Pol into the functional

subunits,  destabilizing  directly  RT or  competing  with  t-RNA  retrotranscription  primers  for  Ty1

mRNA binding, all events resulting in decreased Ty1 transpositions (Matsuda and Garfinkel 2009).

Budding yeast  is  found in three cell  types,  a and  α (haploids)  and  a/  α (diploid).  During mating,

opposite cell type pheromones bind to receptors of haploid cells, triggering a cascade of events ending

with the activation of pheromone regulated genes. Ty1, Ty3 and Ty5 are also regulated in response to

pheromones. Ty5, generally repressed by heterochromatin, is surprisingly activated in haploid cells in

response  to  pheromones  (Ke  et  al.  1997).  Ty3  is  also  upregulated  in  response  to  pheromones

(Bilanchone  et  al.  1993).  Ty1,  on  the  contrary,  is  transcriptionally  and  post-translationally

downregulated during mating (Xu and Boeke 1991). 

Ty1 is also regulated in response to stress conditions. During nitrogen starvation diploid cells form

filaments, allowing them to search for nutrients far away from the colonization site  (Gimeno et al.

1992). During the filamentous growth, Ty1 is upregulated, supporting a model where Ty1 de novo

transpositions represent an active response to the stress, aimed to induce genomic rearrangements

which might confer selective advantages to the cells (Morillon et al. 2000). 

1.3.5.2 Transposon silencing in animals
In order to understand transposon silencing in animals, it is necessary to reintroduce the Argonaute

proteins; these proteins are divided into two subfamilies, Argonaute (AGO) and PIWI (P-element-

induced wimpy testes)  (Peters and Meister 2007). AGO subfamily proteins are ubiquitously present

and are loaded with miRNAs or siRNAs usually generated by Dicer activity. On the other hand,

PIWI proteins are expressed mainly in the gonads and loaded with a specific small RNA population,

called PIWI-interacting RNAs (piRNAs). PIWI proteins with their associated piRNAs form specific
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RISC complexes, known as piRISCs. piRNAs are generated in a Dicer-independent manner, from

intergenic  regions  called  piRNA  clusters.  piRNAs  posses  2’-O-methyl  modification  at  their  3’

terminus and are generally longer (24-31 nt) than miRNAs and siRNAs (Vagin et al. 2006; Siomi et al.

2011).  piRNA clusters contain a large number of different types of transposon related sequences

(Schreiner and Atkinson 2017). Therefore, the resulting piRNAs, once loaded onto PIWI, guide the

piRISC complex to transposon RNA, inducing their transcriptional and post-transcriptional silencing

(Kalmykova et al. 2005; Girard et al.  2006; Saito et al.  2006; Vagin et al.  2006; Brennecke et al.

2007). 

As  mentioned  above,  PIWI  proteins  are  expressed  mainly  in  metazoan  gonads,  where  proper

transposon silencing is necessary to maintain genome stability and ensure proper gametogenesis and

reproduction.

In  Drosophila melanogaster, three PIWI genes are present; ago3, aub (aubergine) and piwi. PIWI

proteins are essential for female and male fertility (H. Lin and Spradling 1997; Harris and Macdonald

2001; C. Li et al. 2009). The first piRNAs in D. melanogaster were found in males gonads, associated

with the Suppressor of Stellate (Su(Ste)) locus on Chromosome Y. Suppressor of Stellate derived

piRNAs post-transcriptionally repress the Ste gene on chromosome X through the concerted action

of Aub and Ago3 (Malone et al. 2015). In males, regulation of Ste protein accumulation is crucial to

ensure proper spermatogenesis  and a  completely  fertile  phenotype  (Meyer et  al.;  Palumbo et  al.

1994). 

Most of the piRNA studies on  Drosophila  have been done on ovaries, where mutations of PIWI

genes result in TE derepression  (Sarot et al. 2004; Savitsky et al. 2006). AGO3 and Aub act post-

transcriptionally  in  the  cytoplasm  cleaving  TE  mRNAs,  whereas  Piwi  protein  silences  TEs  at

transcriptional level (Vagin et al. 2004; Kalmykova et al. 2005; C. Li et al. 2009). In the ovaries, Piwi

is expressed in both germline and surrounding somatic cells and localizes predominantly into the

nucleus (Cox et al. 2000; Brennecke et al. 2007). On the other hand, Aub and Ago3 are principally

found in the germline where they localize mostly in an electron-dense perinuclear structure called

nuage (Brennecke et al. 2007). In D. melanogaster, piRNAs are generated in the cytoplasm via two

mechanisms; the primary pathway and the ping-pong cycle that produces secondary piRNAs (Figure

1.13). Primary piRNAs are generated from long piRNA precursors, harbor a strong preference for

uridine at their 5’ terminus and bind specifically to Aub and Piwi proteins. Furthermore, primary

piRNAs are mainly antisense orientated with respect target to transposons. Secondary piRNAs, on the

other hand, posses a sense bias and most interestingly they are complementary to primary piRNAs

for their first 10nt from the 5’ terminus, with adenosine as the tenth nucleotide. This complementarity

suggested a model where primary piRNAs loaded (mainly) in Aub, recognize and cleave TE mRNA,

producing  short  transcripts  subsequently  processed to sense  secondary  piRNAs and loaded onto

cytoplasmic Ago3. Ago3 is then guided to piRNA precursors where it cleaves its target generating the

original antisense piRNAs, further loaded on Aub, starting the ping pong mechanism of both piRNA
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amplification  and  TE  post-transcriptional  silencing  via  Aub  activity  (Gunawardane  et  al.  2007;

Brennecke et al. 2007). 

As mentioned before, piRNAs are generated in a Dicer-independent manner from piRNA clusters.

In Drosophila, the flamenco (flam) locus represents one of the principal sources of piRNAs (Zanni et

al.  2013;  Goriaux et  al.  2014).  flam extends over  180kb on chromosome X and harbors  a  vast

number of truncated antisense oriented TE sequences. RPII transcribes unidirectionally  flam  and

alternative splicing generates piRNA precursors, subsequently exported to the cytoplasm. Although

the subsequent mechanisms responsible for piRNA precursor processing to produce mature piRNAs

are  not  well  understood,  Zucchini  endonuclease  (Zuc),  located  on  the  mitochondria  surface,

participates in this maturation process (Nishimasu et al. 2012; Ipsaro et al. 2012). Consecutive piRNA

processing occurs within perinuclear granules called Yb bodies, also formed on the mitochondria

surface.  Different  factors  are  involved  in  piRNA  maturation,  among  them  the  DmHen1/Pimet

methyltransferase which 2’-O-methylates the piRNAs in their 3’ terminus (Saito et al. 2007; Horwich

et al. 2007). Finally, mature piRNAs are loaded onto Piwi or Aub to form the piRISC complexes and

to enter the ping-pong cycle, respectively. piRISC complexes are imported into the nucleus where

they direct transcriptional silencing of TEs. Another type of piRNA clusters,  called dual-stranded

25

Figure 1.13: piRNA biogenesis pathways in Drosophila melanogaster.

From Y. W. Iwasaki et al. 2015, primary and ping-pong pathways for piRNA biogenesis in Drosophila. piRNA 
precursors are synthesized from genomic regions known as piRNA clusters, processed to mature piRNAs and loaded 
onto Piwi and Aub. Primary piRNAs are amplified by the ping-pong cycle where piRNAs loaded onto Aub guide the 
enzyme to TE mRNAs directing their cleavage. Ago3 binds the cleavage products (secondary piRNAs) and targets back
the piRNA precursors, generating the original antisense piRNAs, feeding the ping-pong cycle and TE post-
transcriptional silencing. 
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piRNA  clusters,  consist  of  bidirectionally  transcribed  regions  where  transposon  sequences  are

randomly sorted into sense and antisense orientations (Figure 1.13) (Brennecke et al. 2007). 

A representative  dual-stranded piRNA cluster  is  42AB, which  spans  ~240kb in  proximity  to  the

pericentromeric heterochromatin boundary of chromosome 2R. It is not clear yet how antisense bias

is conserved from double-stranded piRNA clusters, an hypothesis is that Aub binds both sense and

antisense piRNAs, but if there is an actively transcribed TE, Aub-antisense is “selected” and amplified

in the ping-pong loop. However this model doesn’t explain antisense bias observed also in piRNAs

generated from 42AB and loaded onto Piwi. In fact, piRNA loaded Piwi forms the piRISC complex

which is imported into the nucleus and, therefore, it is unlikely that Piwi participates in the ping-pong

pathway (Y. W. Iwasaki et al. 2015). In Figure 1.13 also a third class of piRNA source is represented,

consisting of the 3’UTR of protein coding genes,  thus called genic piRNAs  (Robine et al.  2009).

These piRNAs are not involved in transposon silencing, but they regulate expression of endogenous

coding genes (Saito et al. 2009).

In  D. melanogaster, transcription of single stranded and dual-stranded piRNA clusters is regulated

differently,  although  both  cluster-types  are  usually  heterochromatic. flamenco is  unidirectionally

transcribed  via  RPII,  recruited  to  the  cluster  promoter  by  the  transcription  factor  Ci  (Cubitus

interruptus)  (Goriaux et al. 2014). RNA transcripts from  flam  are subsequently differently spliced,

generating a vast variety of TE antisense sequences. Afterwards, priRNA precursors are exported to

the cytoplasm and directed to the Yb bodies where they are processed to mature piRNAs. Unlike

flam, where the transcriptionally active mark H3K4me3 is found, dual-stranded piRNA clusters (such

as 42AB) present only the repressive H3K9me3 mark  (Ozata et al. 2019). Transcription of these

elements is facilitated by the germline-specific H3K9me3-binding protein Rhino, a variant of HP1

(Klattenhoff  et  al.  2009).  Together  with  Deadlock  (Del)  and Cutoff  (Cuff),  Rhino  induces  RPII

transcription, bypassing the need for promoter sequences. Transcription mediated by Del-Cuff-Rhino

is initiated at different sites on both DNA strands and ignores splicing, termination and poly-A signals

(Figure 1.14)  (Mohn et al. 2014; Z. Zhang et al. 2014; Andersen et al. 2017). Thereafter, piRNA

precursors generated from dual-stranded piRNA clusters, are also exported to the cytoplasm for their

maturation.

26



Introduction

As mentioned before, Piwi protein silences transposons transcriptionally. Once loaded with piRNAs,

Piwi  is  imported  into  the  nucleus  where  it  scans  the  genome to  detect  complementary  nascent

transposon  RNAs.  Then,  by  the  Piwi-interacting  mediator  proteins  Asterix  and  Panoramix,  Piwi

promotes  H3K9  methylation  of  the  target  transposon  via  recruitment  of  the  histone-methyl

transferase Eggless, followed by further chromatin compaction through HP1a deposition (S. H. Wang

and Elgin 2011; Rangan et al. 2011; Le Thomas et al. 2013; Ohtani et al. 2013; Yu et al. 2015).

Additionally,  Piwi on chromatin recruits  the Lysine-specific demethylase 1 (Lsd1) which removes

active  histone  3  lysine  4  dimethylation  marks  from  the  target  transposon,  leading  to  efficient

transcriptional silencing of the element (Lepesant et al. 2020). In this genome survey mechanism, Piwi

protein  directs  transcriptional  silencing  of  transposons  independently  of  its  slicing  activity

(Darricarrère et al. 2013). Once H3K9 methylated, the transposon elements are recognized by Rhino,

promoting  the  non-canonical  transcription  described  above;  thus,  heterochromatic  TEs  are  still

transcribed, but unspliced, not properly terminated and from both DNA strands, generating non-

coding TE RNA and piRNA precursors that keep the transposons repressed  (Rangan et al. 2011;

Andersen et al. 2017; Z. Zhang et al. 2014).

Also in mouse three PIWI proteins  are present;  MIWI, MIWI2 and MILI.  These proteins  are

mostly expressed in male gonads, while almost absent in female oocytes (S. Kuramochi-Miyagawa et

al. 2001). Piwi proteins in testis are found at different stages of spermatogenesis and the deletion of

each of them leads to transposon activation and impaired sperm production  (Deng and Lin 2002;

Carmell et al. 2007; Aravin et al. 2007). MIWI2 and MILI are expressed during the initial phase of

spermatogenesis, called the pre-pachytene stage. On the other hand, MIWI, together with MILI, is

expressed in the final part of spermatogenesis, known as pachytene stage. piRNAs produced during

the pre-pachytene stage are called pre-pachytene piRNAs, while piRNAs from the pachytene phase
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Figure 1.14: Non-canonical transcription of heterochromatic dual-stranded piRNA cluster in D. melanogaster.

From Y. W. Iwasaki et al. 2015, Pol II bidirectionally transcribes dual-stranded piRNA clusters in a promoter 
independent manner, thanks to its recruitment via Rhi-Ded-Cuff complex bypassing splicing, poly-A and termination
signals. Rhi is recruited via H3K9me3, deposited through the concerted action of Piwi-piRNA complex and histone-
methyl transferase. Cuff binds 5’ of the nascent piRNA precursor, competing with CBC. With the help of UAP56, 
later the piRNA precursor is exported to the cytoplasm where it is processed to form mature piRNAs.
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are called pachytene piRNAs (Figure 1.15) (S. Kuramochi-Miyagawa et al. 2001; Deng and Lin 2002;

Aravin et al. 2008). Primary piRNA biogenesis in mouse is different to that described for Drosophila,

where piRNAs are mostly produced from precursor transcribed at piRNA clusters. In mouse, mRNA

from TEs are processed to mature sense primary piRNAs, and loaded onto MILI to feed the primary

piRNA generation (Aravin et al. 2008; Gan et al. 2011). MILI, guided by its piRNAs, interacts with

antisense piRNA precursor RNAs generated from piRNA clusters. Subsequently, MILI cleaves the

piRNA precursors producing secondary piRNAs, antisense oriented. Secondary piRNAs are loaded

either onto MILI or MIWI2, MILI-piRNA complexes participate now in the so called homotypic

MILI:MILI ping-pong cycle, where they target and cleave sense TE mRNAs, generating more sense

oriented piRNAs (Figure 1.15) (Aravin et al. 2008). Although initially hypothesized, MIWI2 doesn’t

participate in this mechanism, in fact its activity is dispensable for the ping-pong cycle (De Fazio et al.

2011). On the other hand, MIWI2-piRNA complexes are imported into the nucleus where their

antisense piRNA guides them to nascent TE mRNAs, inducing transposon transcriptional silencing.

MIWI2 directs transposon TGS through induction of DNA methylation and H3K9me3 deposition

(Aravin  et  al.  2008;  Satomi  Kuramochi-Miyagawa  et  al.  2008;  Pezic  et  al.  2014).  Although  not

completely  clear  how  MIWI2  guides  DNA  methylation,  a  study  showed  that  the  DNA

methyltransferase MORC1 can be directly  involved in the silencing of  TEs  (Pastor  et  al.  2014).

Furthermore, it was initially thought that MILI doesn’t participate directly in DNA methylations, but

only indirectly, via the generation of secondary piRNAs then loaded onto MIWI2 and via its role in

guiding MIWI2-piRNA complexes to the nucleus  (De Fazio et al. 2011). However, Manakov and

colleagues  showed that  also  MILI  may  participate  directly  in  the de  novo DNA methylation  of

transposable elements (Manakov et al. 2015). 

During the pachytene phase of mouse spermatogenesis,  piRNAs are loaded onto both MILI and

MIWI. Unlike pre-pachytene piRNAs, the majority of pachytene piRNAs don’t originate from TEs,

but from intergenic regions.  MIWI guided by pachytene piRNAs participates in a broad mRNA

elimination program, via the cooperation with CAF1 deadenylase  (Gou et al. 2014). Nevertheless,

MILI- and MIWI-piRNA complexes are necessary to post transcriptionally silence L1 transposons

during late spermatogenesis stages (Reuter et al. 2011; De Fazio et al. 2011). Altogether, Piwi proteins

in mouse testis  guide transposon repression through initial  post-transcriptional  silencing via MILI

activity and transcriptional silencing through  de novo  DNA methylation via MIWI2, followed by a

post-transcriptional silencing reinforcement performed through MILI and MIWI (Figure 1.15).
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piRNA-dependent silencing of TEs is not the only repressive mechanism observed in mouse (and

human). In mammals, it has been shown that specific DNA binding proteins localize on transposon

DNA during embryonic development and in adult somatic cells, directing TE silencing (Ecco et al.

2016;  Imbeault  et  al.  2017).  A large family  of  transcription factors,  called KRAB-containing zinc

finger  proteins  (KRAB-ZFPs),  are  involved  in  this  process.  KRAB-ZFPs  bind  to  specific  DNA

sequences  through  an  array  of  zinc  fingers  and  recruit  their  cofactor  KAP1 (KRAB-Associated

Protein 1), which constitutes the scaffold for heterochromatin nucleation through the recruitment of

the histone methyltransferase SETDB1, HDACs and DNA methyltransferases, although the exact

mechanism is not known yet (Quenneville et al. 2012; Rowe et al. 2013; Ecco et al. 2016; Imbeault et

al. 2017).

29

Figure 1.15: Prepachytene and pachytene distribution of PIWI 
proteins and piRNAs during mouse spermatogenesis (from Y. W. 
Iwasaki et al. 2015). 

During earlier mouse spermatogenesis stages TEs are silenced post-
transcriptionally through MILI and transcriptionally via MIWI2-
mediated DNA methylation. Later, pachytene piRNAs direct PTGS of 
TE and non-TE genes.
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C. elegans presents both class I and class II transposons (Figure 1.8), with DNA transposons Tc1 and

Tc3 representing the most populated and active elements (C. elegans Sequencing Consortium 1998).

piRNAs have been identified in C. elegans, however their function in transposon silencing seems to

be restricted to Tc3 elements in male and female germline cells (Das et al. 2008). piRNAs in worm

are known as 21U-RNAs due to their 5’-U bias and length. Around 15000 21U-RNAs are produced

in  C.  elegans  from two large clusters  on chromosome IV,  with  each piRNA transcribed from a

specific  mini-gene  (Ruby et  al.  2006).  21U-RNA precursors  are loaded and processed to mature

piRNAs  on  PRG-1,  the  piwi  protein  homologue  in  C.  elegans (Das  et  al.  2008).  21U-PRG-1

complexes scan the transcriptome in order to find non-self RNAs, like transposon mRNAs. When

they  base-pair  with  non-self  RNAs,  PRG-1  proteins  recruit  a  RNA-dependent  RNA-polymerase

(RdRP) which leads to generation of dsRNAs subsequently processed to 22G-RNAs, a subclass of

small interfering RNAs. 22G-RNAs are then loaded onto specific Argonaute proteins,  collectively

known  as  WAGOs.  WAGO-1,  WAGO-2  and  WAGO-3  direct  cytoplasmic  post-transcriptional

silencing of non-self RNAs via their endonuclease activity  (Luteijn et al. 2012), while WAGO-9 is

imported into the nucleus where it  binds nascent non-self  RNA directing transcriptional silencing

through  recruitment  of  histone-methyl  transferases  (HMTs)  and  HP1  chromodomain  protein

homologue  HPL2  (Das  et  al.  2008;  H.-C.  Lee  et  al.  2012;  Ashe  et  al.  2012).  Collectively,  this

epigenetic silencing is also known as RNAe (RNA-induced epigenetic silencing). Furthermore,  C.

elegans  is  capable of distinguishing between non-self  and self  RNAs during PRG-1 transcriptome

surveillance. In a current model, the Argonaute protein CSR-1 binds self 22G-RNAs and base-pairs

with self cytoplasmic RNA, protecting it from cleavage by WAGO proteins. Moreover, CSR-1-22G-

RNA complexes localize into the nucleus, suggesting that CSR-1 recognizes self nascent transcripts

competing with  WAGO-9 to inhibit  self  heterochromatin gene silencing (Figure 1.16)(Seth et  al.

2013).
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Figure 1.16: Self and non-self recognition in piRNA-mediated 
silencing in C. elegans (from Ozata et al. 2019).



Aim of this study

2. AIM OF THIS STUDY

Uncontrolled  propagation of  transposable  elements  can be  detrimental  for  the  host  they  inhabit

where they can lead to gene disruptions, gene mutations and genome rearrangements.  Currently,

more than 100 human genetic diseases are associated with transposon activities, from haemophilia to

neurological disorders and different types of cancer (Payer and Burns 2019). In unicellular organisms,

transposon mobilization might be lethal for the host and, therefore, cells have developed different

strategies  to  suppress  extensive  transposon  activity.  S.  pombe contains  13  copies  of  an  LTR-

retrotransposon  called  tf2  and  their  silent  state  is  tightly  regulated  through  diverse  mechanisms,

involving histone deacetylations,  RNA degradation and clustering in nuclear loci called Tf bodies

(Cam et al. 2008; Lorenz et al. 2012). Canonical heterochromatin marks are normally not found at

tf2  in wild-type cells and the RNAi pathway leads to heterochromatinization of the elements only

when cells are grown under stress conditions or if the exosome machinery is impaired  (Cam et al.

2005; Hansen et al. 2005; Marasovic et al. 2013; Yamanaka et al. 2013).

In this balanced scenario, we wondered what would happen in fission yeast if the organism faces the

invasion of an unknown exogenous transposon. Does S. pombe possess an innate tool to recognize

and block potentially  harmful  invading transposons? If  so,  what  are the features  that  the foreign

transposon has and that the cell utilizes to identify it as a non-self genetic element?

To answer these questions, we horizontally transferred tj1 into the S. pombe genome. Tj1 is an LTR-

retrotransposon from  Schizosaccharomyces japonicus,  previously described as active in S.  pombe

(Guo et al. 2015). 

The aim of the study described in this thesis was the investigation of the capacity of this organism to

recognize  the foreign retrotransposon as  a  non-self  genetic  element  and,  therefore,  the ability  of

fission yeast to block its propagation.
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3. RESULTS

3.1 Introducing tj1, a TE from Schizosaccharomyces japonicus active in S. pombe
In order to simulate a transposon invasion in S. pombe, an exogenous element active in fission yeast

was necessary. Tj1, an LTR-retrotransposon from Schizosaccharomyces japonicus has been identified

as active when introduced in S. pombe (Guo et al. 2015)  and, therefore, it was used in this study. Tj1

is a Ty3/gypsy like element of 5003bp in length with two identical LTRs of 244bp (Figure 3.1) (Rhind

et  al.  2011;  Guo  et  al.  2015).  tj1 contains  a  5’  sequence  complementary  to  its  PBS  sequence,

suggesting that retro-transcription of this element is initiated by a self-priming mechanism, similarly to

tf in S. pombe (J. H. Lin and Levin 1997; Rhind et al. 2011). As mention in section 1.3.2, in order to

transpose efficiently, LTR-retrotransposons synthesize Gag protein at a higher level than Pol-subunits.

To achieve this goal, retroelements use different strategies; in the case of Tj1, a stop codon is placed

between Gag and Pol ORFs and Pol ORF lacks a start codon, ensuring higher amount of Gag over

Pol, with the second produced only occasionally via ribosomal readthrough of the stop codon. In fact,

point mutation of the TGA stop codon to GGA (TGAx-tj1) results in decreased Tj1 transposition

efficiency, possibly because of the impairment of the Gag/Pol ratio  (Guo et al. 2015). Finally, Tj1

preferentially transposes at RPIII transcribed genes, similarly to Ty3 in  S. cerevisiae (Chalker and

Sandmeyer 1992; L. Yieh et al. 2000; Lynn Yieh et al. 2002; Guo et al. 2015).

3.2 Setup of a plasmid system to induce a controlled propagation of Tj1 in S. pombe 

genome
For this study, a system to induce controlled Tj1 transposition was necessary. For this purpose, the

mutated TGAx-tj1 element (Guo et al. 2015)  was cloned in a plasmid, called donor plasmid (Figure

3.2A). TGAx-tj1 alone is unable to transpose unless coupled with tj1 Gag and Pol ORFs, where the

stop  codon between  Gag  and  Pol  is  present  and,  therefore,  higher  amount  of  Gag  over  Pol  is

reestablished, ensuring the correct formation of VLPs (where TGAx-tj1cDNA is incorporated) and

eventually TGAx-tj1 transposition. Tj1 ORFs were cloned in a second plasmid, named expression

plasmid (Figure 3.2B). Due to the lack of LTRs, Tj1 in the expression plasmid is unable to transpose

and its sole function is to permit transposition of TGAx-tj1 from the donor plasmid. Once S. pombe
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Figure 3.1: tj1 structure.

tj1 structure is shown, boxes with black triangles define LTRs. Pimer-binding sites (PBS) 
and polypurine tracks (PPT) are represented after 5’ LTRs and before 3’ LTRs 
respectively. TGA codon between gag and pol ORFs is indicated with dashed line. 
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efficiently recognizes and silences TGAx-tj1, the two plasmids can be removed from cells, in order to

avoid further propagation of TGAx-tj1 and subsequent genome changes.

In addition, aiming to select cells with  de novo transpositions, an antibiotic resistance cassette (neo

and  hph)  was  inserted  between  the  Pol  ORF  and  3’LTR,  in  the  opposite  direction  of  tj1.

Furthermore,  a  36bp  long  artificial  intron  (AI)  was  integrated  into  the  cassette  in  the  same

transcriptional direction as that of tj1, but opposite to that of the antibiotic resistance gene (Figure

3.2C-D), therefore a functional cassette is generated only when tj1 is transcribed, the AI is spliced-out,

the RNA is retro-transcribed and the AI-free cassette Tj1 cDNA is integrated into the  S.  pombe

genome (Figure 3.2E) (Heidmann et al. 1988; Levin 1995; Dang et al. 1999). 
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3.3 Generation of a readout system to identify tj1 silencing cells and combination of 

donor and expression plasmids to induce a controlled Tj1 propagation
To identify  S. pombe  cells actively recognizing and silencing the exogenous  tj1  element, a readout

system was generated in this study (Figure 3.3A). A TGAx-tj1 copy is fused at its 5’ to a sequence

consisting  of  ura4 and  ade6  fused  genes  (coding  for  orotidine  5'-phosphate  decarboxylase and

phosphoribosylaminoimidazole  carboxylase,  respectively).  The  ura4-ade6-TGAx-tj1  polycistronic

sequence is transcribed from the ade6 promoter (ade6P) and its transcription terminates at the Tj1 3’

LTR. ade6P at the 5’ end was preferred to Tj1 LTR in order to reduce the probability of genetic

homologous recombination between transposing Tj1 copies and the readout construct,  leading to

ura4-ade6 elimination. A flexible linker of 15 amino acids (GGGGS)3  is inserted between Ura4 and

Ade6 of the chimeric protein (Chen et al. 2013). At the 3’ of TGAx-tj1, and before the 3’LTR, an

antibiotic  resistance  cassette  (neo or nat) is  inserted  for  selection  during  readout  cloning.

Conventionally, the readout strains with neo and nat cassettes are called 0neo and 0nat , respectively. 

Ade6 takes part in the synthesis of adenine, however, the S. pombe strains used in this study have a

mutated copy of  the endogenous ade6 gene,  called ade6M210. With this  mutation,  Ade6 is  not

functional and interrupts the adenine synthesis pathway, with the accumulation of an intermediate red

compound (phosphoribosylaminoimidazole,  AIR)  (Smirnov et al.  1967).  AIR accumulates only if

cells  are  grown in  an adenine-limiting  medium since  the  adenine  synthesis  pathway  is  repressed

during growth in an adenine-rich medium. Ade6 in the chimeric protein of the readout used in this

study, complements the  ade6M210 mutation and therefore the red compound doesn’t accumulate.

However, if the readout is silenced and Ura4-Ade6 is not synthesized, in an adenine-limiting medium,

cells would appear red. On the other hand, Ura4 normally participates in the biosynthesis of UMP

(uridine  monophosphate),  yet  if  the  growth  medium contains  5-Fluoroorotic  acid  (5FOA),  Ura4

converts it to fluorodeoxyuridine, a cell toxic compound (Grimm et al. 1988). S. pombe strains used

in this study have their endogenous ura4 gene deleted (ura4D18). Nonetheless, if the readout is not

silenced, in presence of 5FOA, cells would die due to the catalytic activity of the chimeric Ura4, while

35

Figure 3.2: Plasmids generated for this study and artificial intron strategy to select cells with 
transpositions.

(A) Donor plasmid with neo cassette, without artificial intron (AI). The stop codon between Gag and Pol is 
mutated to GGA. LEU2 gene, from S.cerevisiae, is fission yeast leu1 ortholog. (B) Expression plasmid 
containing tj1 ORFs under control of nmt81 promoter and nmt1 terminator (nmt1T). his3 gene is from 
S.pombe.(C) wt-tj1 plasmid with AI integrated into the antibiotic resistance cassette (neo or hph). (D) 
Donor plasmid with AI into neo or hph. (E) Scheme of the AI strategy to select cells with transpositions 
(either wt-tj1 or TGAx-tj1); AI disrupts the antibiotic resistance ORF in the plasmids, therefore cells are 
antibiotic-sensitive. However, when tj1 is transcribed, if the AI is spliced-out, the mRNA is 
retrotranscribed and the AI-free cDNA is integrated in the host genome, the cassette becomes functional 
and cells are antibiotic-resistant. (A-D) Plasmid names are indicated in brackets. 
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they would survive if the readout is silenced. The readout construct is integrated replacing the tf2-5

element, to introduce as few changes as possible in the S. pombe genome, in terms of size and locus

function (Figure 3.3A).

To verify the functionality of the readout construct, a series of spot assays were performed, where the

0neo strain was compared to a readout-negative (readout -) control strain (Figure 3.3B). Growth in YES

shows that the readout construct doesn’t affect the overall fitness of 0neo. In low adenine medium YE

and PMG low ade, the control strain appears red, while 0neo shows no pigmentation, indicating that

Ade6 of the chimera efficiently participates in the adenine biosynthesis pathway. Readout  - in PMG

low ade presents a more intense red pigmentation than in YE, due to the lower adenine concentration

in the first medium. The growth of 0neo in EMMC-ura-ade minimal medium indicates the activity of

the Ura4-Ade6 chimera. Moreover, Ura4 activity is confirmed in EMMC+5FOA medium, where 0neo

grows at least 100 times less than the control strain. A limited number of 0neo colonies, however, grows

in EMMC+5FOA, likely a result of the high mutagenic pressure that 5FOA exerts over ura4, leading

to 5FOA-resistant cells into the culture. Altogether, these results show the functionality of the readout

construct generated in this study (Figure 3.3B).

Finally, the 0nat  strain was transformed with p1263 and with the donor plus the expression plasmids

(p1265 and p1081 respectively), to verify the TGAx-tj1 activity mutant and its transposition rescuing

in the presence of the expression plasmid (Figure 3.3C). A spot assay shows that TGAx-tj1 transposes

~10 times less efficiently than wt Tj1 and that the expression plasmid efficiently rescues the TGAx-tj1

activity mutant. Although the transposition efficiency difference between wt Tj1 and TGAx-tj1is less

than expected (Guo et al. 2015), this result confirms that the use of the two plasmids system would

reduce the risk of further TGAx-tj1 transpositions in cells where the element has transposed and the

plasmids are eliminated, avoiding subsequent undesired genomic variation. 
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3.4 Multiple tj1 copies are necessary to induce transposon silencing
In  order  to  study  whether  S.  pombe  is  capable  of  recognizing  and  silencing  the  exogenous  tj1

element,  an experiment to investigate the establishment of transposon silencing was performed. In

this  experiment,  0neo and  0nat strains  were  transformed with  different  plasmid  combinations,  and

afterward, cells with plasmids were kept in exponential growth up to 10 continuous days. ~30.000 cells

were plated in PMG low ade plates at day 1, 3, 5, 7 and 10 of the continuous cultures and the number

of red colonies growing on the plates was counted (Figure 3.4A). As shown in Figure 3.4B, silencing

colonies in low ade plates were present only when cells contained tj1  plasmids, indicating that they

can recognize the retrotransposon if present in more than the single copy at the readout construct.

Although red colonies reflect silencing of the readout rather than direct silencing of exogenous tj1, the

absence of silencing in 0neo and 0nat strains without plasmids, suggests that silencing is triggered by tj1

on the plasmids, with subsequent trans-silencing of the readout locus. 

Moreover,  this  experiment  shows that  different  plasmid combinations  with  0neo and 0nat result  in

similar silencing outcomes, suggesting that recognition of tj1 is not affected by either the cassettes used

or the wt tj1  or TGAx-tj1  present in the plasmids,  therefore indicating that  silencing is  triggered

directly by tj1 sequence, independently to its transposition efficiency.

Finally,  a  higher number of  tj1  copies doesn’t  increase the number of  silencing colonies directly

(Figure 3.4B), suggesting that there is no directly proportional correlation between the element copy

number and its recognition, but rather that cells recognize the retrotransposon simply when present in

more than the single copy at the readout construct. Supporting this hypothesis, 0neo +p1076+p1081

silencing and not silencing cells (selected in PMG low ade -leu-his plates),  contain the same total
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Figure 3.3: Readout generated for this study, activity of its Ura4-Ade6 chimera and TGAx-tj1 transposition 
efficiency.

(A) Readout structure; TGAx-tj1 copy is fused at 5’ to the chimera ura4-ade6. ade6 promoter (ade6P) and tj1 LTR 
regulate the readout transcription. A flexible linker of 15 amino acids (GGGGS)3 is inserted between Ura4 and 
Ade6. Transcription and translation of the readout result in Ura4-Ade6 chimera. In brackets the laboratory names for 
the readout strains are indicated, 1267 or 1344, depending on the presence of neo or nat cassette respectively. In the 
continuation of this study, neo strain is conventionally called 0neo, while nat readout strain is indicated as 0nat. (B) 
Spot assays of readout-negative (readout -) and 0neo strains in YES, YE, PMG low ade, EMMC-ura -ade and 
EMMC+5FOA media. The same number of cells is plated in each media and is indicated under YES plate. (C) Spot 
assay showing that TGAx-tj1 (in p1265) transposes less efficiently than wt Tj1(in p1263) and that the expression 
plasmid (p1081) efficiently rescues TGAx-tj1 activity mutant. G418 indicates the Gibco Geneticin antibiotic and 
neo+ represents a control strain carrying G418 resistance cassette. The number of cells plated is indicated under YES 
plate.
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number of  tj1  copies (Figure 3.4C), indicating that it is not a higher number of copies that leads to

more efficient tj1 recognition and silencing.

Unfortunately, due to the high mutation frequency of  ura4  under 5FOA selection and consequent

high number of false-positive, the use of this compound to select cells actively silencing ura4 in the

readout was impossible. A functional Ura4-5FOA based system would have increased the potential

number of cells screened at each plating to hundreds of thousands, while the red/white screening in

PMG low  ade  limited  the  analysis  to  ~30.000  cells  per  plating,  corresponding  to  the  maximum

number of distinguishable colonies grown on the plate (see Figure 3.4A for an example of plating).  
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3.5 Cells silence tj1 via sRNA-mediated H3K9me2 deposition
In order to determine the mechanism responsible for tj1 silencing, red colonies from 0neo +plasmids

(p1076 and p1081) were isolated.  The first silencing mechanism hypothesized to participate in  tj1

repression  was  H3K9  methylation  guided  by  the  RNAi  pathway.  To  verify  this  hypothesis,

H3K9me2-ChIP  (Chromatin  Immunoprecipitation)  was  performed  and  precipitated  DNA  was

analyzed by NGS (Next-generation-sequencing). Although the color selection is performed on PMG

low ade medium and therefore red colonies may have already lost the plasmids necessary for the

liquid growth, red colonies were kept in exponential growth in liquid YES for three days, inducing

plasmid  loss.  Only  at  that  point  cells  that  maintained red  pigmentation were selected  again  and

replicated in EMMC-leu and EMM-his  plates  to confirm that  the plasmids were lost.  Using this

approach, as mentioned already, further tj1 transpositions were less likely to happen, permitting the

analysis of genomically stable cells. In addition, the absence of plasmids permitted an easier NGS-

reads assignment due to the absence of identical tj1 sequences. 

Red colonies showed epigenetic silencing instability, reflected in pigment variegation of silencing cells

spread in PMG low ade plates, with generation of white colonies. These white colonies obtained from

re-streaking  of  red  colonies  were  isolated  (from  now  on  referred  as  “not  silencing”  colonies).

H3K9me2-ChIP of these not silencing colonies was performed. The analysis clearly show H3K9 di-

methylation of red cells over the readout locus, is completely lost in not silencing cells (Figure 3.5A).

This result indicates that H3K9me2 of tj1 is involved in the silencing of the exogenous transposable

element.

To investigate if sRNAs participate in the H3K9me2 deposition, Ago1-bound sRNAs of silencing and

not silencing cells were analyzed. As shown in figure 3.5A, sRNAs were detected at the readout locus

in  silencing  cells,  with  their  drastic  reduction  in  not  silencing  cells.  This  result  indicates  that

H3K9me2 deposition is a process regulated by sRNAs, likely produced via the RNAi pathway. It is
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Figure 3.4: Procedure adopted to count the number of silencing colonies and silencing establishment assay in 
different cellular setups.

(A) In order to study if tj1 is silenced, 0neo and 0nat strains with and without plasmids were analyzed. Cells were kept 
in exponential growth and  after 1, 3, 5, 7 and 10 days ~30.000 cells were plated in PMG low ade plates. The number 
of red colonies was counted, corresponding to the number of silencing colonies per 30.000 cells. The minimal 
medium used for the continuous exponential growth depended on the strain analyzed; PMG for 0neo and 0nat, PMG -
leu for 0neo +p1076, 0nat +p1265 and 0nat +p1263, PMG -leu -his for 0neo +p1076 +p1081 and 0nat +p1065 +p1081. 
Transparent-white arrows indicate some red colonies on a PMG low adenine plate. (B) Single gray points on the 
upper graph represent the number of red colonies spotted at each PMG low adenine plating. Black horizontal lines 
indicate the average of silencing colonies per 30.000 cells. Error bars indicate s.e.m. of five independent plating. 
The lower graph shows the total copy number of tj1 in the corresponding strains (normalized to act1 copy number). 
Error bars indicate s.e.m. for at least a technical triplicate of one independent experiment. (C) Total tj1 copy number 
 in silencing and not silencing cells, normalized to act1. Error bars indicate s.e.m. of three independent experiments.  
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possible  that  the  residual  sRNAs  observed  in  not  silencing  cells  are  not  enough  to  maintain

H3K9me2 at the readout locus. 

Finally,  RNA sequencing  was  performed  to  investigate  if  H3K9me2  had  a  transcriptional  gene

silencing effect on tj1. Compared to not silencing cells, red cells show an evident reduction of readout

transcription. As represented by the colors of the gene boxes, quantification of RNA showed that in

red cells tj1 was repressed at least three fold, when compared to white cells (Figure 3.5A). Due to the

presence of the endogenous copy of ade6M210, which differs to ade6 at the readout only for a SNP,

it is impossible to assign correctly NGS-reads from this sequence. ura4, however, like TGAx-tj1and

neo, represents a unique gene and therefore NGS specifically indicates reads generated at the readout

locus.   

Clearly, these results indicate that the exogenous copy of  tj1  is recognized when introduced in  S.

pombe and eventually silenced, although unstably, via sRNA-mediated H3K9me2 deposition (Figure

3.5A).

As H3K9me2-ChIP and Ago1-bound sRNA controls, in Figure 3.5B, centromeric dh and dg repeats

of chromosome I are shown. 

Interestingly,  in  silencing  cells,  H3K9me2  and  sRNAs  are  observed  at  flanking  regions  of  the

endogenous ade6M210, indicating a trans-acting mechanism guided by the sRNAs generated at ade6

of the readout (Figure 3.5C). However, no transcriptional silencing of flanking genes is detected.

In figures 3.5D,E Ago1-bound sRNAs features are represented, compared to those of Ago1-bound

sRNA sequencing from a wt S. pombe strain. Typical 5’ end uridine bias and usual sRNA lengths are

present in both silencing and not silencing cells (Figure 3.5D and Figure 3.5E, respectively)  (Halic

and Moazed 2010; Marasovic et al. 2013; Pisacane 2017).
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Figure 3.5: Silencing cells show H3K9me2 and sRNAs at the readout locus.

(A) Silencing cells present H3K9me2 at the readout locus, lost in not silencing cells. Ago1-bound sRNAs are enriched 
at the readout of silencing with only some residual sRNAs in not silencing  cells. H3K9me2 is associated with 
transcriptional repression in the silencing cells. (B) H3K9me2 and Ago1-bound sRNAs at centromeric dh and dg 
repeats of silencing and not silencing cells. (C) Trans-acting mechanism is observed at the endogenous ade6M210 
locus. The transparent light-gray area indicates the region present in the readout construct and therefore not unique in 
the genome. (A-C) On black gradation scale H3K9me2 is represented, normalized per one million reads (r.p.m.). 
Positive and negative Ago1-bound sRNAs strands are normalized per one million reads and depicted in light-blue and 
purple gradations, respectively. (A, C) RNA-polyA + and – strands are normalized to coding sequences (cds) and 
represented in dark-blue and brown gradations, respectively. The relative gene expression is indicated with red to green 
gradation and calculated as ratio between cds normalized RNA-polyA reads of silencing and not silencing cells. Ade6P 
is represented as hatched box. (D) 5’ end nucleotide preference of Ago1-bound sRNAs in indicated strains. (E) Length 
distribution of Ago1-bound sRNAs in indicated cells.

dgdh imr1L

ChrI 3.760 kb 3.770 kb

0.0

500

H3K9me2
  (r.p.m.)

+500

Ago1-bound 
sRNA
(r.p.m.)

0

-500

0neo silencing
0neo not silencing

0neo silencing

0neo not silencing

B



Results

3.6 Isolation of single S. pombe colonies with de novo transpositions
Although with the previous results we could prove that fission yeast can recognize and silence the

exogenous  tj1  element when introduced into the cells via plasmids,  we wondered how cells would

respond in  the case  of de  novo tj1 transpositions  into  the S.  pombe genome.  With the aim of

inducing tj1 retrotransposition, the 0nat strain was transformed either with p1063, carrying a wt tj1

copy, or with the combination of donor and expression plasmids p1065 and p1081, respectively. In

both cellular setups, the artificial intron (AI) was present in the  neo  cassette, permitting the G418

selection of cells where a complete retrotransposition cycle was completed. However, G418 resistant

cells were not necessarily cells where tj1 cDNA was integrated into the genome, in fact, cDNA could

recombine  with  tj1  in  the  plasmid  conferring  G418  resistance  without  an  actual  genomic

transposition. To distinguish  de novo  genomic transpositions to plasmid recombinations, cells with

plasmids were initially grown in minimal media to induce transposition and subsequently in YES rich-

medium  to  permit  plasmid  loss.  Only  at  this  point,  25x106 cells  were  plated  in  G418

(+nourseothricin)  plates  and  resistant  cells  were  replica  plated  in  EMMC-leu  and  EMMC-his  to

identify transposed colonies in the original G418 (+nourseothricin) plate that lost the plasmids (Figure

3.6A). To confirm the isolation of de novo transposition cells without AI and plasmids, rather than

plasmid recombinants,  genomic DNA PCRs of  G418 (and nourseothricin)  resistant  and plasmid

negative colonies were finally performed (using PCR primers external to the AI sequence, into LEU2

and his3) (Figure 3.6B, negative PCRs for LEU2 and his3 detection are not shown).
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Results

Different colonies with single de novo tj1 transpositions were isolated with this approach. In Table 3.1

all tj1 transpositions are represented. Via NGS and/or nanopore-sequencing all transpositions were

confirmed and mapped on the S. pombe genome. Each transposition locus is indicated with a letter,

whether the transposition was obtained from wt  tj1  or TGAx-tj1 (coupled with p1081 expression

plasmid), as well as the strain name used from now on in this Thesis, is also written. All  de novo

transpositions are in close proximity to and in forward orientation with an RPIII transcribed gene, a

tj1 bias already shown by Guo and colleagues (Guo et al. 2015). Target site duplication (TSD) and the

exact transposition coordinates (as position of the first 5’LTR nt) are also indicated in Table 3.1. “2

tj1  A” to “2  tj1  G” strains  were transformed again with  the donor  p1281 and p1081 expression

plasmids, in order to isolate colonies with a second de novo transposition, again by the AI strategy,

but this time selecting colonies resistant to hygromycin B (+G418 and +nourseothricin) due to the

hph cassette present in p1281. A second Tj1 transposition was obtained from the parental strains “2

tj1 E” and “2 tj1 F”, generating two new strains, named “3 tj1 EL” and “3 tj1 FM”, respectively (Table

3.1).  Figure  3.6C  shows  all  the  transposition  loci  in S.  pombe chromosomes,  interestingly,  the

transposition of  strain “2  tj1  G” and the second transposition (locus L)  of  strain “3 tj1  EL”,  are

inserted close to pericentromeric heterochromatin (Figure 3.6D for a close up of these two loci).
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Figure 3.6: Selection of de novo genomic transpositions. 

(A) After transposition induction and YES growth, 25x106 cells are plated in +G418 +nourseothricin selective medium. 
Resistant colonies are replicated in EMMC-leu and EMMC-his. The green arrow indicates a resistant colony which lost  
plasmids, as shown with red arrows on replica plates. (B) 3% agarose gel showing two -AI colonies (a and b), 
compared to a positive control (-AI) and a negative control (+AI). On the right, the sizes of the marker bands are 
indicated. In the lower scheme, positions of PCR primers for AI detection are depicted with blue lines (not in scale). 
Negative PCRs for LEU2 and his3 detection are not shown. (C) Scheme of all de novo transposition loci in the three 
S.pombe chromosomes. Each locus is represented with a letter (see also Table 3.1). 0 in red represent the position of the 
readout construct. Blue boxes indicate centromeres, green boxes indicate constitutive heterochromatin at telomeres and 
pericentromeric regions. (D) Close up of tj1 transposition loci in strains “2 tj1 G” (upper scheme) and “3 tj1 EL” 
(second transposition locus, lower scheme) (respectively locus G and L in Figure 3.6C). 
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A closer analysis of transposition features, shows a preference for tj1 transpositions at 5S rRNAs with

respect to tRNAs of 2.11 fold (Table 3.2). However, this bias can be caused by a slight preference for

Tj1 transpositions at euchromatin compared to heterochromatin (Table 3.3) and the absence of 5S

rRNAs at heterochromatin. Therefore, it is difficult to argue that Tj1 transposes preferentially at 5s

rRNAs. However, considering the recombination repression of heterochromatic regions (Ellermeier

et al. 2010; Okita et al. 2019), we can speculate that Tj1 integration at euchromatic loci is slightly

favored over heterochromatic loci (Table 3.3), although this analysis is performed with a total of only

13 transpositions (Table 3.1). 
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transposition 
locus

and Tj1 type

strain 
name
(lab)

strain name
(this study)

 gene 
target 
type

gene name orientation TSD
position 

first 
5’LTR nt

 0
-

1267 0neo - - - - *ChrI 
3.995.823

0
-

1344 0nat - - - - *ChrI 
3.995.823

A
tj1

1352 2 tj1 A tRNA SPCTRNAHIS.04 forward A
ChrIII 

1.842.871

B
tj1

1363 2 tj1 B tRNA SPATRNALYS.03 forward TGTCA
ChrI 

2.441.957

C
tj1 1365 2 tj1 C tRNA SPATRNAVAL.03 forward TTGAT

ChrI 
2.215.066

D
TGAx-tj1

1386 2 tj1 D tRNA SPATRNATHR.01 forward TGGTT
ChrI 

1.609.113

E
TGAx-tj1

1416 2 tj1 E 5S rRNA SPRRNA.24 forward GATTG
ChrIII 

521.555

F
TGAx-tj1

1417 2 tj1 F 5S rRNA SPRRNA.16 forward TTAAT ChrI 
3.634.371

G
TGAx-tj1

1376 2 tj1 G tRNA SPATRNAGLU.04 forward AACTA
ChrI 

3.776.764

H
tj1 1374 - tRNA SPBTRNAMET.06 forward -

ChrII 
2.434.303

I
tj1

1375 - tRNA SPBTRNAGLN.03 forward CGTTT
ChrII 

258.848

J
TGAx-tj1

1366 - 5S rRNA SPRRNA.20 forward AAA
ChrI 

4.240.850

K
TGAx-tj1

1419 - tRNA SPCTRNASER.13 forward AATGC ChrIII 
2.072.080

L
TGAx-tj1 1428** 3 tj1 EL tRNA SPATRNAGLU.06 forward GACTT

ChrII 
1.607.760

M
TGAx-tj1 1427*** 3 tj1 FM 5S rRNA SPRRNA.19 forward CATTT

ChrI 
4.194.174

** 1416 background strain 

*** 1417 background strain 

*  first ade6P nt

Table 3.1: Table of all de novo transpositions obtained in this study.

All transposition loci are indicated with a letter. If transposition originates from wt tj1 or TGAx-tj1 is written. Names 
used to refer to each strain from now on in this study are indicated as well. Tj1 target gene types, specific names and 
Tj1-relative orientation are shown. Target site duplication (TSD) and precise transposition coordinates are represented. 
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Finally, Tj1 shows the propensity to transpose at RPIII transcribed genes where the first cds at 5’ has

a parallel orientation to the tRNA/5S rRNA genes, with a preference of 2.18 fold with respect to the

divergent orientation (Table 3.4 and Table 3.5).

3.7 Transposition in the proximity of pericentromeric heterochromatin triggers tj1 

silencing
The assay described in section 3.4, performed with the aim of investigating tj1 silencing establishment

in cells with one tj1 copy at the readout and in cells with multiple copies on plasmids, showed that the

single  tj1  endogenous copy at the readout is not capable of triggering silencing and that more  tj1

copies (on plasmids) are necessary to establish silencing  (Figure 3.4B). At this point, with the new

strains generated, we wondered whether a second endogenous tj1 copy would trigger silencing of the

transposable element. To answer this question, the same establishment experiment was performed
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Table 3.3

Table 3.4.

Gene orientation of the first cds gene at 5’ of tj1 LTR in each transposition locus obtained in this study. Divergent 
and parallel orientations highlighted in red and green, respectively. 

% S.pombe 

tRNA*
% S.pombe 

5S rRNA*
S.pombe 
tRNA/5S rRNA

% transpositions 
at tRNA

% transpositions 
at 5S rRNA

transposition  
tRNA/5S rRNA

transposition 
preference for 5S 
rRNAs over tRNA

82.6 17.4 4.75 69.2 30.8 2.25 2.11

*of RPIII transcribed genes 

Table 3.2

% S.pombe RPIII 
transcribed genes 
at euchromatin 

% S.pombe RPIII 
transcribed genes 
at 
heterochromatin 

S.pombe  RPIII 
genes 
euchromatin/
heterochromatin

% transpositions 
at euchromatin

% transpositions 
at 
heterochromatin

transposition  
euchromatin/
heterochromatin

transposition 
preference for 
euchromatin over 
heterochromatin

79.9 20.1 3.98 84.6 15.4 5.5 1.38

% S.pombe 
parallel orientation 
of first cds at 5’ of 
RPIII transcribed 
genes

% S.pombe 
divergent 
orientation of first 
cds at 5’ of RPIII 
transcribed genes

S.pombe 
parallell/divergent 
orientation of first 
cds at 5’ of RPIII 
transcribed genes

% parallel 
orientation of first 
cds at 5’ of 
transpositions

% divergent 
orientation of first 
cds at 5’ of 
transpositions

parallell/divergent 
orientation of first 
cds at 5’ of 
transpositions

transposition 
preference for 
parallel orientation 
of first cds at 5’

35.48 64.52 0.55 54.5 45.5 1.2 2.18

Table 3.5

locus A B C D E F G H I J K L M

5’cds gene 
orientation < (tj1>) > (tj1>) < (tj1>) < (tj1>) > (tj1>) > (tj1>) - < (tj1>) > (tj1>) > (tj1>) > (tj1>) - < (tj1>)
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with strains from “2 tj1 A” to “2 tj1 G” (together with 0nat, as not silencing control) without and with

plasmids (p1281 donor or p1282 in “2 tj1” strains, p1263 or p1265 in 0nat). The average establishment

of  all  “2 tj1” strains  without  plasmids shows that  two endogenous tj1 copies  can trigger silencing

(Figure 3.7A) and that the presence of multiple tj1 copies on plasmids increases the number of cells

capable of tj1 recognition and silencing (Figure 3.7C). To investigate how a third endogenous tj1 copy

would modulate its silencing, the establishment assay was performed with “3 tj1 EL” and “3 tj1 FM”

strains, without and with plasmids (p1281 donor), compared to their parental strains (“2 tj1 E” and “2

tj1 F”, respectively). The average establishment of “3 tj1 EL” and “3 tj1 FM” shows that a third copy

of tj1 increases the number of silencing cells, compared to the average of the parental strains (Figure

3.7B). Alike the case of “2 tj1” strains, the introduction of multiple tj1 copies with plasmids in both “3

tj1 EL” and “3 tj1 FM”, heightens the number of silencing colonies (Figure 3.7D).

These results indicate that as few as two (or three) endogenous tj1 copies can trigger the silencing of

the TE. 

In the presence of multiple tj1 copies on plasmids, the average of silencing colonies increases in both

“2 tj1” and “3 tj1” strains, when compared to their control (0nat and “2 tj1 parental to 3 tj1 EL and 3

tj1  FM”, respectively), overall indicating that a +1 endogenous  tj1  copy heightens the possibility to

trigger silencing (Figure 3.7C,D). In fact, although the average total number of  tj1  copies in “3  tj1”

with plasmids is similar to that of their parental strains, silencing on average is higher in “3 tj1” strains

(Figure 3.7D). Similarly, “2  tj1” strains with plasmids show on average even less  tj1  copy than 0nat

control, yet they silence more frequently than 0nat  (Figure 3.7C).

A closer look at the single establishment experiments performed with all “2  tj1” and “3  tj1” strains

without plasmids, however, indicates that silencing was triggered specifically in “2  tj1  G” and “3 tj1

EL”. Importantly, these two strains present, respectively, their second and third endogenous tj1 copy

transposed  in  close  proximity  to  pericentromeric  heterochromatin  (Figure  3.7  E,F).  Therefore,

neither  two nor  three  endogenous  tj1  copies  can trigger  the silencing  of  the element,  unless  tj1

transposes near constitutive (pericentromeric) heterochromatin (Figure 3.7 E,F).

Finally, a closer analysis of single establishment experiments of all  “2  tj1” and “3  tj1” strains with

plasmids, shows that when multiple tj1 copies were introduced into cells by the use of plasmids, all “2

tj1” and “3 tj1” strains (and not only “2 tj1 G” and “3 tj1 EL”) established silencing, indicating that

multiple  copies  of  the  element  are  necessary  for  its  recognition,  unless tj1 transposes  close  to

heterochromatin  (Figures  3.7G,H  and  as  seen  in  Figure  3.4B).  Specifically,  more  than  three

endogenous (euchromatic) copies are needed, as proved by the absence of silencing in the “3 tj1 FM”

strain without plasmids. However, it was impossible to define the precise tj1 copy number needed to

trigger  silencing,  considering that  also in “2  tj1” and “3 tj1” +plasmids strains,  there is  no direct

proportionality between the number of tj1 element and number of silencing colonies (Figures 3.7G,H

and 3.4B). 

46



Results

47

N
u

m
be

r 
of

 c
ol

o
ni

es
 e

st
ab

lis
h

in
g

 
si

le
nc

in
g 

pe
r 

30
 0

00
 c

e
lls

0

8

2

6

4

10

0 na
t

2 
tj1

 B

2 
tj1

 C

2 
tj1

 D

2 
tj1

 E

2 
tj1

 F

2 
tj1

 G

0

2

2 
tj1

 A

4

tj1
 D

N
A

 
co

py

E

0 N
u

m
be

r 
of

 c
ol

on
ie

s 
es

ta
bl

is
h

in
g

 
si

le
nc

in
g

 p
e

r 
30

 0
00

 c
e

lls

0

8

2

6

4

10

2 
tj1

 E

3 
tj1

 E
L

2 
tj1

 F

3 
tj1

 F
M

0

2

4

tj1
 D

N
A

 
co

py

F

0

0

2

0

4

2

1

4

6

2

N
um

b
er

 o
f 

co
lo

n
ie

s 
e

st
a

bl
is

hi
n

g 
si

le
nc

in
g

 p
er

 3
0 

00
0 

ce
lls

tj1
 D

N
A

 
co

py
3

2 
tj1

 (p
ar

en
ta

l 

to
 3

 tj
1)

3 
tj1

0

0

B

N
u

m
be

r 
of

 c
o

lo
n

ie
s 

e
st

a
bl

is
hi

ng
 

si
le

nc
in

g
 p

er
 3

0 
00

0 
ce

lls 20

5

15

10

25

10

20

tj1
 D

N
A

 
co

py

0

0

0 na
t +

 tj
1 

on
 p

la
sm

id
s

2 
tj1

 +
 tj

1 
on

 p
la

sm
id

s

C

2 
tj1

 (p
ar

en
ta

l

to
 3

 tj
1)

 +
 tj

1 
on

 p
l.

3 
tj1

 +
 tj

1 
on

 p
la

sm
id

s

5

10

15

N
u

m
b

er
 o

f 
co

lo
ni

es
 e

st
ab

lis
hi

ng
 

si
le

nc
in

g 
pe

r 
30

 0
00

 c
e

lls

20

10

0

0

tj1
 D

N
A

 
co

py

D
N

u
m

be
r 

of
 c

o
lo

n
ie

s 
e

st
a

bl
is

hi
n

g 
si

le
nc

in
g

 p
er

 3
0 

0
00

 c
el

ls

0

5

25

0

10

20

15

10

20

tj1
 D

N
A

 
co

py

0 na
t

2 
tj1

 B

2 
tj1

 C

2 
tj1

 D

2 
tj1

 E

2 
tj1

 F

2 
tj1

 G

2 
tj1

 A

+  tj1 on plasmids

G

0 N
um

b
er

 o
f 

co
lo

n
ie

s 
es

ta
bl

is
h

in
g

 
si

le
nc

in
g

 p
er

 3
0 

0
00

 c
e

lls

0

5

15

20

10

10

tj1
 D

N
A

 
co

p
y

+  tj1 on plasmids

2 
tj1

 E

3 
tj1

 E
L

2 
tj1

 F

3 
tj1

 F
M

0

0

H

2

10

1

tj1
 D

N
A

 
co

py

4

6

8

2

N
um

be
r 

of
 c

ol
o

ni
es

 e
st

a
bl

is
hi

n
g 

si
le

nc
in

g
 p

e
r 

30
 0

00
 c

e
lls

0

0

0 na
t

2 
tj1

A



Results

3.8 Sense and antisense transcription of tj1 are necessary for efficient silencing of the 

element
Excluding  centromeric  transposition  strains  “2  tj1  G”  and  “3  tj1  EL”,  establishment  assays  with

plasmids show that strains “2 tj1 A” and “2 tj1 D” on average silence more efficiently among all strains

analyzed (Figure 3.7G,H). However, no direct proportionality between tj1 copy number and silencing

was observed (Figures 3.4B and 3.7G,H), therefore, we wondered whether the sense and antisense

transcription of the element is important for its recognition and silencing, independently of tj1 copy

number. In order to answer this question, the strains with plasmids were divided into three groups: (i)

efficient  in  silencing  (euchromatic  insertions,  “2  tj1  A”  and  “2  tj1  D”),  (ii)  efficient  in  silencing

(heterochromatic insertions, “2 tj1 G” and “3 tj1 EL”) and (iii) not efficient in silencing (0nat, “2 tj1 B”,

“2  tj1  C”,  “2  tj1  E”,  “2  tj1  F”  and “3  tj1  FM”).  Although efficient  in  silencing,  the  strains  with

heterochromatic insertions (“2 tj1 G” and “3 tj1 EL”) formed a specific and separated group because

they  likely  have  a  different  silencing  establishment  mechanism,  due  to  their  positions  close  to

heterochromatin. Total RNA was extracted from all strains with plasmids and from 0 nat, sense and

antisense  tj1  RNAs were analyzed via RT-qPCR, compared to 0nat. The results show that total  tj1

sense transcription doesn’t change clearly between groups of “efficient” and “not efficient” in silencing

(Figure  3.8A),  however,  total  tj1  antisense  RNA appears  higher  in  strains  “efficient”  in  silencing

(Figure 3.8B). These results indicate that antisense transcription of tj1 is important for establishing the

silencing of the transposable element and suggest that a certain “threshold” amount of antisense RNA

needs to be reached to trigger tj1 silencing.

To  investigate  more  extensively  the  role  of  tj1  sense  transcription  in  silencing  the  transposable

element, a promoter deficient tj1 sequence was generated and cloned into a plasmid (p1290). More

specifically, 5’LTR of the element was completely removed from tj1, to repress sense transcription of
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Figure 3.7: S.pombe establishes silencing when tj1 transposes in close proximity to pericentromeric 
heterochromatin.

(A) Silencing establishment average in all endogenous “2 tj1” strains without plasmids (0nat as not silencing control). 
(B) Silencing establishment average in “3 tj1 EL” and “3 tj1 FM” strains without plasmids, compared to their paternal 
strains, “2 tj1 E” and “2 tj1 F”, respectively. (C) Silencing establishment average in all endogenous “2 tj1” strains + 
plasmids (p1281 donor or p1282). 0nat +plasmids (either p1263 or p1265 ) as control. (D) Silencing establishment 
average in “3 tj1 EL” and “3 tj1 FM” strains with plasmids (p1281 donor), compared to their parental strains. (E) 
Silencing establishment in all endogenous “2 tj1” strains, 0nat as not silencing control. Silencing is present only in 
centromeric transposition strain “2 tj1 G”.(F) Silencing establishment in “3 tj1 EL” and “3 tj1 FM” strains compared to 
their paternal strains, “2 tj1 E” and “2 tj1 F”, respectively. Silencing is established only in “3 tj1 EL” strain, where tj1 
transposed close to centromeric heterochromatin. (G,H) Multiple copies of tj1 on plasmids, trigger silencing. 
(A-H) In the upper graph, single colored vertical lines indicate the number of red colonies per 30.000 cells and the 
black horizontal lines represent the average of silencing colonies per 30.000 cells.  Error bars indicate s.e.m. of at least 
five independent plating. . The lower graph shows the total copy number of tj1 in the corresponding strains (normalized 
to act1 copy number). Error bars indicate s.e.m. for at least a technical triplicate of one independent experiment.
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the element, 5’LTR dependent. Then, 0nat strain was transformed with the new plasmid p1290 and

total  RNA was  extracted,  included  from 0nat +p1263,  used  as  control.  Sense  (and  antisense)  tj1

transcription were analyzed by RT-qPCR and compared to sense transcription of 0nat +p1263 (Figure

3.8C). Finally, a canonical silencing establishment assay was performed to determine the number of

silencing colonies when  tj1  sense transcription is impaired (figure 3.8D). RT-qPCR shows that the

deletion of 5’LTR from tj1 decreases sense RNA transcription from each tj1 copy of more than two

fold, while antisense transcription is weakly affected (Figure 3.8C). This result, together with the clear

reduction of silencing colonies when 5’LTR is removed (Figure 3.8D), suggests that a threshold RNA

value for sense tj1 is also necessary to trigger silencing of the transposable element (although antisense

transcription is not impaired). 

In consideration of these results, it is possible to argue that sense and antisense transcription of tj1,

over a certain threshold level,  is  necessary for the cells  to initially  recognize and trigger silencing

(independently to the number of tj1 copies).   

3.9 Low H3K9me2 is deposited already in cell populations of “2 tj1” and “3 tj1” strains
Unless tj1 transposed close to pericentromeric heterochromatin, none of the “2 tj1” nor “3 tj1 FM”

without  plasmids  show red colonies  (Figure  3.7E,F),  however,  we wondered whether  cells  could

recognize tj1, yet not efficiently silencing it. H3K9me2-ChIP and tj1 transcriptional analysis of all “2
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Figure 3.8: Sense and antisense tj1 transcription are necessary for efficient silencing of the element.

(A) Total tj1 sense RNA in indicated strain groups, over total tj1 sense RNA of 0nat. (B) Total tj1 antisense RNA in 
indicated strain groups, over total tj1 sense RNA of 0nat. (C) Sense and antisense tj1 RNA per tj1 copy in indicated 
strains, over 0nat +p1263 tj1 sense RNA. (D) Average silencing establishment in indicated strains. Error bars indicate 
s.e.m. of at least five independent plating. (A-C) RT-qPCR data, normalized to act1 RNA. (A,B) Error bars indicate 
s.e.m. of at least 2 independent experiments. (C) Error bars indicate s.e.m. of at least 3 technical replicates.
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tj1” and “3 tj1” without (and with) plasmids were performed. Surprisingly, when compared to 0nat,  on

average all “2 tj1” and “3 tj1” without plasmids show low H3K9me2 enrichment at each tj1, together

with a reduction of RNA transcription (Figure 3.9A,B). A closer look at the single strains shows that

H3K9me2 at  tj1  are not exclusively enriched on pericentromeric transposition “2 tj1  G” and “3 tj1

EL” strains, as expected, but also on some euchromatic transposition strains, i.e. “2 tj1 B”, “2 tj1 E”

and “2  tj1  F” (Figure 3.9C,E). tj1  RNA instead decreases in all “2  tj1” and “3 tj1” (Figure 3.9C,E),

suggesting that all strains recognize the second (and third) tj1 copy, although not efficiently enough to

silence it. 

When multiple copies of the TE are present on plasmids, on average “2 tj1” show a slight additional

reduction of  tj1  RNA per copy (Figure 3.9A), as well as “3  tj1” with plasmids, compared to their

parental  “2 tj1”  strains  (Figure  3.9B),  suggesting  again  that  multiple  copies  of  the  element  are

necessary to heighten tj1 silencing. Figure 3.9D,F shows tj1 RNA of all “2 tj1” and “3 tj1” strains with

plasmids.  In Figure  3.9G,  Integrative  Genomics  Viewer  (IGV)  H3K9me2 tracks  of  some strains

without plasmids are represented. Figure 3.9H shows the average of H3K9me2 of all “2 tj1” strains.
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3.10 Silencing colonies strongly repress tj1 via H3K9me2
In order to deeply investigate the mechanisms and dynamics of tj1 silencing, red colonies of all “2 tj1”

and “3 tj1” strains were isolated. As briefly described in section 3.5, red colonies were forced to lose

their plasmids and from these colonies, the correspondent white colonies were isolated, therefore

constituting  the  “silencing”  and  the  “not  silencing”  colonies  of  each  strain,  respectively.  Each

“silencing” and “not silencing” colony of all   “2 tj1” and “3 tj1” strains was analyzed via H3K9me2-

ChIP and RNA sequencings. On average, “2 tj1” silencing strains show an enrichment of H3K9me2

at tj1 of ~80 fold over 0nat control, together with more than 6 fold decrease in tj1 transcription (Figure

3.10A). When 3 tj1 copies are present, silencing colonies on average increase H3K9me2 at tj1 up to

more than ~150 fold, compared to 0nat control, ~3 fold more than the average of their “2 tj1” parental

silencing strains (Figure 3.10B).  Regarding tj1 RNA, when a third copy of the element is present, on

average silencing strains repress tj1 transcription more than 40 fold if compared to 0nat control RNA

(Figure 3.10B) and ~2 fold when compared to the average of their parental silencing strains (Figure

3.10B,  adjacent  small  figure box).  These results  indicate  that  when  tj1  is  silenced,  high levels  of

H3K9me are deposited throughout the element, accompanied by considerable repression of RNA

transcription. Moreover, when 3 copies of  tj1  are present, on average H3K9me deposition and  tj1

repression increase compared to “2  tj1” parental silencing strains, suggesting a stronger silencing in

colonies with a +1 tj1 copy. 
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Figure 3.9: Low H3K9me2 is deposited already in cell populations of “2 tj1” and “3 tj1” strains. 

(A,B,C,E)  H3K9me2 and tj1 RNA expression in indicated strains. (D,F) tj1 RNA expression in indicated strains. 
(G,H) H3K9m2 IGV tracks of indicated strains, normalized to background. Reads per one million reads (r.p.m.) 
H3K9me2 scale is represented on black gradation. (A-F) H3K9me2 quantified by H3K9me2-ChIP sequencing  
(normalized to background), over strain 0nat. Error bars indicate s.e.m of at least 2 independent experiments.  tj1 RNA 
expression calculated as average of RNA-polyA and total RNA sequencing (normalized to cds), over strain 0nat. Error 
bars indicate s.e.m of at least 2 independent experiments.
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A transcriptional analysis of tj1 sense and antisense, averaging the colonies according to their silencing

state (red,  white from red, and as cell  populations),  was performed and compared to 0nat  (Figure

3.10C). The results show that in 0nat  antisense tj1  is  ~5 fold less transcribed than sense  tj1  and that,

more interestingly,  antisense transcription doesn’t decrease in silencing colonies,  compared to cell

population (and not silencing colonies). This observation shows the importance of antisense RNA,

weakly maintained transcribed also in silencing colonies. 

Figures 3.10D and 3.10E show IGV tracks of H3K9me2 averages of silencing and not silencing “2

tj1” and “3 tj1” strains, respectively. 

Interestingly,  not  silencing  “2  tj1”  and “3  tj1” strains  on average  show residual  H3K9me2 at  tj1

element (Figures 3.10A,B and D,E), however a closer look at the single silencing and not silencing

colonies indicates that H3K9me2 in not silencing colonies is strongly present only in “2 tj1 G” and “3

tj1 EL”, the strains with transpositions close to pericentromeric heterochromatin (Figure 3.10F,G).

This result indicates that when  tj1  transposes close to constitutive heterochromatin, its silencing is

strongly maintained also in not silencing (white) colonies, suggesting that white colonies lost silencing

specifically  at  the  readout  locus,  but  not  at  the  transposed  pericentromeric tj1 copy.  Moreover,

although silencing appears stronger when tj1  copies are 3 than when they are 2 (as visible in “3 tj1

FM” silencing colony) (Figure 3.10A,B,F,G), the maintenance of silencing doesn’t depend on the

number of  tj1  elements,  as  indicated by “3  tj1 FM” not  silencing colony which loses completely

H3K9me2 (Figure 3.10G),  but  rather maintenance depends on  tj1  transposition environment.  In

conclusion, regardless of whether the number of  tj1  copies is 2 or 3, silencing of the element(s) is

maintained in white colonies only when tj1 is integrated close to heterochromatin.

Thanks to the unique ura4 and nat sequences present in the readout,  neo in the second tj1 element

and hph in the third tj1 copy, it was possible to deeply characterize the silencing of each region. If it is

true  how  hypothesized,  that  white  colonies  from  silencing  strains  with  transpositions  close  to

pericentromeric heterochromatin (“2 tj1 G” and “3 tj1 EL”), specifically lost silencing at the readout

locus,  but  not  at  the  pericentromeric  copy  (Figure  3.10F,G),  nat  RNA,  but  not tj1  RNA  of

pericentromeric  elements,  should  be  specifically  derepressed  in  pericentromeric  not  silencing

colonies. Readout, euchromatic and heterochromatic specific RNA levels were therefore studied. 
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Results

All the colonies were grouped according to their transposition loci, euchromatic or heterochromatic

and either neo or hph RNA was accordingly analyzed, together with readout specific nat RNA. More

precisely, neo/hph/nat antisense strands were studied, as part of the 3’ sensetj1 transcripts (Figures 3.2

and 3.3) and therefore representing a good estimation of tj1 transcription at each locus. The results in

Figure 3.11A show that in not silencing strains with transpositions at euchromatin, both nat  and tj1

transcriptions  are  derepressed,  on  the  other  hand,  in  not  silencing  strains  with  pericentromeric

transpositions,  only  nat  transcription is  derepressed, while  tj1  elements are maintained repressed.

With the same approach,  H3K9me was analyzed as  well,  including  ura4 in  the readout  specific

regions (Figure 3.11B). The results reflect what was observed in the RNA analysis; in not silencing

colonies with pericentromeric transposition, H3K9me is mostly lost at the readout locus (ura4  and

nat), while heterochromatin is maintained at tj1 elements, in particular at the pericentromeric copies.

As examples, H3K9me2 and RNA-polyA IGV tracks at readout locus of a euchromatic transposition

strain (“2 tj1 F”) and a heterochromatic strain (“2 tj1 G”) are shown in Figures 3.11C and 3.11D. ura4
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(A,B)  H3K9me2 and tj1 RNA expression in indicated strains. The small graph adjacent to Figure B shows a close up 
of tj1 RNA average expression of “3 tj1” strains and their “2 tj1” parental strains.  H3K9me2 quantified by H3K9me2-
ChIP sequencing  (normalized to background), over strain 0nat. Error bars indicate s.e.m of at least 2 independent 
experiments.  tj1 RNA expression calculated as average of RNA-polyA and total RNA sequencing (normalized to cds), 
over strain 0nat. Error bars indicate s.e.m of at least 2 independent experiments. (C) Sense and antisense tj1 RNA 
transcription in indicated strain groups, compared to sense tj1 of 0nat.  Error bars indicate s.e.m of at least 2 
independent RNA-polyA and total RNA sequencing experiments (normalized to cds). (D,E) IGV H3K9me2 average 
tracks of indicated strains, normalized to background. Reads per one million reads (r.p.m.) H3K9me2 scale is 
represented on black gradation. (F,G) H3K9me2-ChIP sequencing and tj1 RNA sequencing quantification in indicated 
strains, over  strain 0nat. Error bars indicate s.e.m of 2 independent RNA-polyA and total RNA sequencing experiments 
(normalized to cds).
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and nat represent readout unique regions, and their observation indicates that “2 tj1 G” not silencing

colony lost most of the silencing specifically at the readout locus due to selection of white colonies. In

fact,  H3K9me2  is  completely  absent  at  nat  in  “2  tj1 G”  not  silencing  colony,  while  residual

methylations are maintained only at ura4, yet not strong enough to silence the locus, as indicated by

ura4 (and nat) RNA levels, comparable to “2 tj1 F” not silencing colony (Figure 3.11C). On the other

hand, silencing in “2 tj1 G” not silencing colony is mostly maintained at the pericentromeric tj1 copy,

as indicated by strong H3K9me2 and extremely poor RNA levels at neo region (Figure 3.11D).

Instead, euchromatic transposition “2 tj1 F” not silencing colony shows complete loss of silencing at

the transposed tj1 element, as shown by the total absence of methylations and high neo RNA levels

(Figure 3.11D). Figure 3.11E shows the RNA quantification of “2 tj1 F” and “2 tj1 G” silencing and

not  silencing  colonies,  at  readout  (nat)  and transposed tj1 (neo).  “2 tj1 G”  not  silencing  colony

maintains repression of pericentromeric tj1, while the readout silencing is selectively lost, as observed

in IGV tracks (Figures 3.11C,D).
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3.11 tj1 silencing is maintained more stably through generations when the element 

transposes close to pericentromeric heterochromatin
The  observation  that  pericentromeric  white  colonies  from  silencing  colonies  maintained  tj1

repression at  the transposed copies  (Figures  3.11A,B),  made us wonder  how silencing  would be

inherited through generations  in  silencing colonies  of  both heterochromatic  and euchromatic  tj1

transposition loci strains, when white selection is avoided. Furthermore, we wondered if increasing the

number of endogenous  tj1  copies would lead to a more stable silencing through cell divisions. To

answer these questions, a silencing maintenance assay was performed; red colonies without plasmids
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Figure 3.11: tj1 copies close to pericentromeric heterochromatin are strongly repressed and maintained 
silenced independently to the readout repression state. 

(A) RNA expression at unique readout, euchromatic tj1 and heterochromatic tj1 regions, in indicated strain 
groups. In heterochromatic tj1 not silencing colonies, transcription is specifically derepressed at readout locus, 
but maintained repressed at pericentromeric (and euchromatic) tj1. Quantification from average of RNA-polyA 
and total RNA sequencings (% of total cds). Error bars represent s.e.m. of at least four independent 
experiments. (B) H3K9me2 at unique regions in indicated strain groups. Quantification from H3K9me2-ChIP 
sequencing (over background, normalized to sequence length). Error bars represent s.e.m. of at least three 
independent experiments. (C) H3K9me2 and RNA-polyA IGV tracks in indicated colonies, at readout locus. 
The transparent light-gray area indicates not unique regions, identical to endogenous ade6 locus. H3K9me2 is 
represented on black gradation scale, normalized to background and per one million reads (r.p.m.). RNA-polyA 
+ and – strands are normalized to coding sequences (cds) and represented in dark-blue and brown gradations 
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indicated strains, silencing (red) and not silencing (gray). Quantification and normalization as in A.  Error bars 
represent s.e.m. of two independent exeriments.
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were selected and propagated via several plating in low ade plates, until stably silencing colonies were

obtained (considered stable when at least 75% of the colonies on low ade plate was red). Then, stable

silencing colonies were exponentially grown in liquid rich media (YES) and ~1000 cells were plated

on PMG low ade plates after 10, 30 and 70 generations. Finally, the % of red colonies in each plate

was calculated. As shown in Figure 3.12A, tj1 silencing is more stably maintained through generations

when either 2 or 3 copies of the element are present,  compared to 0nat.  However, no substantial

differences are observed between “2 tj1” and “3 tj1” (Figure 3.12A). When the results are observed

according to tj1 transposition loci, euchromatic or heterochromatic, the assay shows a clear increase

in  silencing  maintenance  through  generations  in  strains  where  the  element  integrated  close  to

heterochromatin (Figure 3.12B). Finally, also the previous data of basal H3K9me2 deposition in cell

populations  (before  red  selection,  without  plasmids)  (Figure  3.9)  were  grouped  according  to  the

transposition loci, either euchromatic or pericentromeric. The results show that, on average, strains

with pericentromeric tj1 have higher basal H3K9me2 levels,  than strains with euchromatic tj1 (Figure

3.12C), leading to the establishment of silencing observed exclusively in pericentromeric “2  tj1  G”

and “3  tj1  EL” strains in the absence of multiple  tj1  copies (on plasmids) (Figure 3.7E,F and on

average in Figure 3.12D). 

Altogether,  these results  suggest  that  tj1  transpositions  close  to  heterochromatic  regions,  increase

considerably the maintenance of silencing of the element through cellular generations, indicating that,

like for silencing establishment, its maintenance depends on the transposition environment, rather

than the presence of 2 or 3 tj1 copies (Figures 3.12A-D and 3.7E,F).

Three examples of PMG low ade plates for the maintenance assay are shown in Figure 3.12E.
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Figure 3.12: Cells maintain tj1 silencing through generations more efficiently when the element transposes close 
to heterochromatin. 

(A)  Silencing maintenance through generations assay; starting from stably red colonies, % of red colonies counted on 
PMG low ade after 10, 30 and 70 generations, in indicated strains. Error bars represent s.e.m of at least 2 independent 
experiments. (B) Silencing maintenance through generations assay averaging euchromatic and heterochromatic tj1 
transposition strains. Error bars represent s.e.m of at least 4 independent experiments. (C) H3K9me2 average in cell 
populations of indicated colony groups.  Quantification made by H3K9me2-ChIP sequencing  (normalized to 
background), over strain 0nat. Error bars indicate s.e.m of at least 2 independent experiments. (D) With horizontal lines, 
average silencing establishment in indicated colony groups. Single vertical points represent the single data point used 
for the average (see Figure 3.7 for more details). Error bars indicate s.e.m. of at least 2 independent experiments. (E) 
Examples of three PMG low ade plating for the maintenance assay. 0nat, euchromatic “2 tj1 A” and heterochromatic “2 
tj1 G” are shown.  
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3.12 Locus independent trans-silencing of all endogenous tj1 copies
The observation that on average H3K9 methylation in silencing colonies is present at the readout and

tj1  copies, independently to their euchromatic or pericentromeric transposition loci (Figure 3.11B),

suggests that once silencing is established, all  the tj1 elements are silenced independently to their

locations, via a trans-acting mechanism. If  silencing of the  tj1  copy at the readout region is easily

detectable by red pigmentation of cells grown on PMG low ade plates, silencing of transposed copies

can  only  be  detected  through  molecular  experiments.  Therefore,  H3K9me2-ChIP  and  RNA

transcription experiments of all “2 tj1” and “3 tj1” strains, of silencing (red) and not silencing (white

from  the  red),  were  singularly  analyzed.  As  expected,  all  silencing  colonies  present  H3K9

methylations at the readout locus, observable at ura4 and nat unique regions (Figure 3.13A). ade6 at

readout doesn’t represent a unique sequence, due to the endogenous ade6M210 which differs from

ade6 only for a single nucleotide mutation and therefore indistinguishable one to another when deep

sequencing reads are annealed to the genome. This ends with an assignment of 50% of reads to ade6

and 50% of reads to ade6M210, however, it is expected that the majority of H3K9me2 reads come

from the readout ade6. Being ade6 fused to ura4, a good estimation of the amount of H3K9me2 at

ade6 is indicated by H3K9me2 present at the neighboring ura4 sequence (Figure 3.13A). tj1 is not a

unique  sequence  either,  being  present  at  all  loci  (readout  and transposed copies)  with  sequence

differences of  maximum one nt,  dependently on the presence or absence of  the  gag  stop codon

(TGA/GGA, see Table 3.1). For this reason, as well as for ade6/ade6M210, also tj1 deep sequencing

reads are equally distributed among the tj1 copies, therefore represented on IGV as an average of all

tj1 copies. The observation of all specific transposition loci, shows that H3K9me2 is deposited in all

tj1 elements (although with different levels, see unique sequences neo and hph), independently to the

insertion environment and the total number of tj1 copies (Figures 3.13 B-L). As observed before, not

only pericentromeric “2 tj1 G” silencing colony loses silencing specifically at the readout when cells

revert to white (not silencing) (Figures 3.11 C,D and 3.11A,G), but also the other pericentromeric  tj1

strain, “3 tj1 EL” maintains silencing specifically at the transposed copies (Figures 3.11 H,I), losing

most of it at the readout (Figure 3.13A). On the other hand, all the other strains, passing from red to

white, lose silencing completely in all loci, independently to the number of tj1 copies, as shown by “3

tj1 FM” not silencing, that loses completely H3K9me2, identically to all the other euchromatic “2 tj1”

strains (Figure 3.13).  These results indicate,  again, that position of transposition in the genome is

important, not only for recognition of the TE but also for the stability of its silencing (see H3K9me2

quantification in Figure 3.13L).

Moreover,  these  results  show  that  all  tj1  elements  are  silenced,  via  a  trans-acting  mechanism.

Although it is not possible to determine if cells silenced first the transposed copies and afterward, in

trans, the copy at the readout, it is possible to speculate so, considering that cells establish silencing

only when either plasmids are present or  tj1  transposed close to pericentromeric heterochromatin,
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suggesting that silencing at the readout is the result of a trans silencing mechanism established at other

tj1 elements.
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As shown in section 3.5, sRNAs mediate H3K9me deposition at readout locus in the strain without

transpositions 0neo (Figure 3.5A),  therefore we wondered whether H3K9 methylation is  a process

guided by sRNAs also in strains with genomic tj1 transpositions. Ago1 of “2 tj1 A” and “2 tj1 G” was

tagged with 3XFLAG epitope and Ago1-bound sRNAs were analyzed in silencing cells. sRNAs are

found not only at readout locus (ura4, nat) but also at the specific tj1 transposed copy (neo) in both

strains, indicating that cells repress tj1 with a trans silencing mechanism sRNA-guided (Figures 3.14A-

C). Figure 3.14D shows dh and dg repeats at chrI as Ago1-bound sRNA control for the strain “2 tj1

A”. Notice the proximity of tj1 to dg and dh repeats in the strain “2 tj1 G” (Figure 3.14C).
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Figure 3.13: In silencing colonies, H3K9me2 is deposited in all tj1 elements. 
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background).
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Moreover,  in “2 tj1 A” silencing colony,  trans  acting sRNAs are present also at  the endogenous

ade6M210 locus (Figure 3.15A), as indicated by secondary sRNAs at flanking bub1 gene, similarly to

0neo silencing cells (Figure 3.5C). An analysis of all strains shows that H3K9me2 is deposited at genes

flanking  ade6M210  in  all  silencing  colonies,  suggesting  a  common trans silencing  mechanism at

ade6M210 locus guided by sRNAs generated at ade6 of readout locus (Figure 3.15B). However, as

observed for 0neo silencing cells (Figure 3.5C), on average H3K9me2 at ade6M210 is not enough to

repress transcription of neighboring bub1 and vtc4 genes (Figure 3.15C). Figures 3.15D,E show that

Ago1-bound sRNAs from “2 tj1 A” and “2 tj1 G” silencing colonies have typical U bias at 5’ end and

a preferred length range of 21-24 nucleotides, comparable to the wild-type  S. pombe.  Altogether,

these  results  show  that  sRNAs  are  found  at  readout,  at  transposed  tj1  and  at  the  endogenous

ade6M210  loci,  where  they  guide  silencing  of  the  regions  through  trans  H3K9me2  deposition

(Figures 3.14A,B and 3.15A). Interestingly, trans silencing of ade6M210 generates secondary sRNAs

at neighboring bub1 gene, although H3K9me2 is not highly deposited and bub1 transcription is not

affected (Figures 3.4C and 3.15A-C).
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Figure 3.14: Ago1-bound sRNAs guide trans silencing of all tj1 elements. 

(A) H3K9me2 and Ago1-bound sRNAs IGV tracks of “2 tj1 A” and “2 tj1 G” silencing colonies, at readout 
locus, (B) at transposed tj1 copy of “2 tj1 A”and (C) at tj1 copy of “2 tj1 G”. (D) dh+dg repeats at chrI in the 
indicated strain. (A-D) H3K9me2 is represented on black gradation scale, normalized to background and per 
one million reads (r.p.m.). Positive and negative Ago1-bound sRNAs strands are normalized per one million 
reads and depicted in light-blue and purple gradations, respectively.
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3.13 H3K9me2 spreads to tj1 neighboring regions
A wider analysis of readout locus in silencing colonies shows that H3K9me2 spreads to neighboring

regions, following a profile common to all strains (Figure 3.16A). This result indicates that, at the

readout locus, heterochromatin nucleates at  tj1  element and expands to neighboring genes,  up to

~25kb and ~7kb, of 5’ and 3’ flanking regions, respectively. Interestingly, all not silencing (white from

red) colonies lose completely H3K9me2, not only at the readout as observed before (Figure 3.13A)

but also at the flanking regions, with the exclusion of pericentromeric transposition strains “2 tj1 G”

and “3 tj1 EL”, where H3K9me2 at neighboring genes is still present  (Figure 3.16A). This suggests

again that in pericentromeric strains, not silencing cells lost silencing specifically at the readout as a

result of white selection, while regions flanking the readout are maintained H3K9 methylated. 

Next,  we wondered if  transcription of  neighboring genes is  affected by their  H3K9 methylation.

Considering that all  strains showed a similar H3K9me2 profile at readout flanking regions, it was

possible to study RNA transcription as the average of all strains (Figure 3.16B) On average, H3K9

methylated genes are repressed  ~30% compared to the cell  populations (graph in Figure 3.16B).

However,  some  heterochromatic  genes  are  not  repressed  (i.e.  SPAC11G7.06c,  trm5 and

SPAC27E2.03c) (Figure 3.16B). Different hypotheses can explain this outcome; (i) genes that are very

highly  transcribed,  can’t  be  efficiently  silenced  through  this  H3K9  methylation  level,  like

SPAC27E2.03c.  (ii) Contrarily, genes which expression is already very low in cell population, can’t be

repressed more when H3K9me2 is present, as the case of SPAC11G7.06c. For the same reason, the

slight increase in transcription of sense nat in silencing colonies, compared to cell population, may be

an artifact of the low transcription of the gene already observed in the population. ade6 transcriptional

analysis  reflects  the  transcription  of  both  ade6  at  the  readout  and  the  endogenous  ade6M210,

therefore it can’t be considered as a specific analysis of ade6 at the readout locus, but as an average of

the two genes. Interestingly, H3K9me2 is almost completely absent in all silencing strains between

ade6P and SPAPB15E9.05c, for a total of ~8kb long DNA (Figures 3,16A,B). To try to explain this

methylation “gap”, we first controlled by DNA sequencing that this region was not eliminated during

the readout cloning. As shown in Figure 3.16C, the all DNA region is present, therefore excluding the

loss of any DNA part. Then, we performed an H3-ChIP sequencing on 0nat to see if in that DNA

region H3 histones were depleted. Our results show that the first ~4kb of DNA upstream ade6P are

scarce in H3 occupancy (Figure 3.16C). However, an H3-ChIP of a wild-type strain, shows a very

similar H3 pattern, indicating that the first  ~4kb of DNA upstream ade6P are “naturally” H3 poor

and  not  the  consequence  of  our  genome  manipulation.  This  would  explain  the  low  H3K9me2

observed in the first  ~4kb upstream ade6P, probably as the result of low H3 density, rather than an

actual H3K9me2 depleted region. On the other hand, the rest of the H3K9me2 poor region doesn’t

show scarce H3 occupancy, indicating that that region is truly methylation depleted (Figure 3.16C). A

closer look at RNA transcription of the genes of that region, SPAPB15E9.05c and SPAPB15E9.06c,

shows that these two genes are highly transcribed (Figure 3.16B), suggesting that for this reason they
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may  be  refractory  to  H3K9 methylation  and  work  as  heterochromatin  boundaries  (Keller  et  al.

2012b; Rougemaille et al. 2012; Hayashi et al. 2012; Keller et al. 2013a). Similarly, prl53 at 3’ readout

flanking region is highly transcribed and poor in H3, therefore it may work as an H3K9me2 border

(Figures  3.16B,C).  nat  and  LTR  regions  present  low  H3  as  well,  explaining  the  overall  poorer

H3K9me2 of these regions, compared to other parts of the readout, like ura4 (readout unique gene)

(Figures 3.13A and 3.16A). H3 analysis of strain “2 tj1 A” at transposition locus, shows the absence of

H3 histones at LTRs, indicating that the LTR sequence of  tj1  is refractory to H3 presence when

integrated into the S. pombe genome (Figure 3.16D). Furthermore, the nucleosome absence at LTRs

of transposed tj1 doesn’t depend on the repression state of the element (Figure 3.16D). Studies on

fission yeast showed that clr4 mutants present Nucleosome-Free Regions (NFRs) at pericentromeric

repeats, mating-type and subtelomeric loci, otherwise absent in wild-type cells, suggesting that Clr4

inhibits the formation of NFRs facilitating the H3K9 methylation of those regions (Garcia et al. 2010).

On the other hand, at pericentromeric repeats and mating-type locus, some sequences refractory to

nucleosome  depletion  in  clr4∆ were  observed,  consisting  in  a  tRNA cluster  and  an  IR  repeat

respectively, indicating that some regions are resistant to nucleosome occupancy  (Garcia et al. 2010).

Therefore, LTRs of tj1 may be refractory to nucleosomes, independently to the chromatin presence

of  the  heterochromatin  machinery,  similarly  to  tRNAs  and  IRs  (Figure  3.16C,D).  Interestingly,

despite  the  different  nucleotide  sequence  between tj1  and tf2 LTRs,  tf2  LTRs  show  poor  H3

presence, suggesting that LTRs of tj1 and tf2 possess a conserved feature, sequence-independent, that

makes  them nucleosome-free (Figure  3.16E).  Nucleosome remodelers  play  a  role  in  positioning

nucleosomes at  tf2 LTRs;  in response to  stress  conditions nucleosomes appear  less  abundant  at

LTRs,  resulting  in  the  full-length  tf2  mRNA  transcription,  while  in  normal  growth  conditions,

nucleosome occupancy over LTRs is slightly increased, generating the transcription of a truncated tf2

mRNA unable to be retrotranscribed (Persson et al. 2016). Solo LTRs dispersed over the genome are

H3 poor as well and, interestingly, they work as subtelomeric heterochromatin boundaries (Strålfors

et al. 2011; Steglich et al. 2015). There, the recruitment of the chromatin remodeler Fun30 inhibits

H3 deposition and the encroachment of euchromatic marks, such as histone acetylations and H2A.Z

histone variant deposition, on subtelomeric heterochromatin  (Strålfors et al.  2011; Steglich et al.

2015).
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Results

H3K9me2,  RNA-polyA  and  transcription  ratio  at  readout  flanking  regions  of  each  strain  are

represented  in  Figure  3.17.  In  general,  a  stronger  H3K9me2  deposition  at  readout  (see  ura4),

correlates with a stronger methylation of flanking regions, especially at 5’ readout side, particularly

evident in strains “2 tj1 A” and “3 tj1 FM”. In all strains, highly transcribed genes SPAPB15E9.05c,

SPAPB15E9.06c and prl53, may act as H3K9me2 boundaries.
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Figure 3.16: H3K9me2 spreads to readout flanking regions. 

(A) H3K9me2 IGV tracks of 0nat and all silencing and not silencing colonies, at readout and flanking regions. 
H3K9me2 is represented on black gradation scale, normalized to background and per one million reads (r.p.m.). 
(B) H3K9me2 and RNA-polyA  averages of all strains, as population (all tj1), silencing and not silencing colonies. 
H3K9me2 normalized as in A. RNA-polyA + and – strands are normalized to coding sequences (cds) and represented 
in dark-blue and brown gradations, respectively. The relative gene expression is indicated with red to green gradation 
and calculated as ratio between cds normalized RNA-polyA reads of silencing and population cells (all tj1). Ade6P is 
represented as hatched box. (C) Average IGV tracks of DNA and H3-ChIP sequencings, in indicated strains. Scale is 
represented on black gradation (normalized per one million reads, r.p.m.). (D) H3-ChIP at transposed tj1 of indicated 
colonies. Scale is represented on black gradation (normalized per one million reads, r.p.m.). (E) H3-ChIP at tf2-2 
element in indicated strains. Scale and normalization as in D.
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Results

The H3K9me2 spreading at readout flanking regions, made us wonder whether Ago1-bound sRNAs

spread as well to neighboring genes. Ago1-bound sRNA sequencings of silencing 0neo, “2 tj1 A” and “2

tj1 G” colonies show that sRNAs are weakly present at the readout H3K9 methylated flanking regions

(Figure 3.18A,B), suggesting that H3K9 methylation of those regions is not primarily dependent on

sRNAs, but rather on spreading of chromatin writers (i.e. Clr4) to those regions from the readout,

where heterochromatin nucleates in an sRNA-dependent manner. 0neo not silencing (white colony

from a red colony), shows that weak residual Ago1-bound sRNAs are still present at the readout and

flanking regions, however, the complete loss of H3K9me2 in these cells, indicates that these sRNAs

are not  enough to maintain the methylations at  readout  and consequently  their  spreading to  the

flanking regions (Figure 3.18A). 
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Results

Other  evidence  of  not  only  H3K9  methylation  spreading,  but  also  of trans-acting  silencing

mechanisms, were furnished when H3K9me2-ChIP sequencing was performed on silencing colonies

carrying plasmids (p1281) (Figure 3.19A). The assay shows H3K9me2 deposition at tj1 plasmid copy

(hph plasmid specific  sequence) and spreading of  heterochromatin to  the rest  of  all  the plasmid

sequence, in both “2 tj1 G” and “2 tj1 D” silencing colonies. The assay shows also that not silencing

colonies lose completely H3K9me2 at tj1, but not completely at the rest of the plasmid, probability as

the result of white selection and therefore of induction of silencing loss at the readout and, in trans, at

tj1 in the plasmid. However, as shown previously, white colonies from silencing “2 tj1 G”, selectively

lose silencing at the readout, but not at the transposed tj1 element (Figures 3.11 and 3.13), while in

this assay “2 tj1 G” (with plasmids) not silencing loses almost completely H3K9me2 at the transposed

pericentromeric tj1 (neo) (Figure 3.19B), completely at tj1 in the plasmid (hph) (Figure 3.19A), and

not only at readout (nat) (Figure 3.19C). A possible explanation is that the silencing of the all plasmid

sequence represses transcription of LEU2 and therefore negatively selects for colonies that silence tj1.

In fact, cells couldn’t lose the plasmids, due to the experimental growth conditions in this assay, where

cells analyzed by H3K9me2-ChIP were grown to see methylation on plasmid copies, therefore, when

white colonies (not silencing) were selected, a general loss of H3K9me2, rather than readout specific,

was induced, resulting in H3K9me2 depletion at all tj1 elements. Another experiment supported the

idea that the spreading of H3K9me2 in plasmids, specifically at LEU2, selects against tj1 silencing; A

red colony of 0neo  + plasmids (p1076) was selected, propagated keeping the plasmids (liquid PMG -

leu), plated in PMG low ade (-leu) (~1000 cells), a red was selected again, propagated and plated again

in PMG low ade, repeating this red selection six times. The % of red colonies in PMG low ade (-leu)

plates doesn’t increase along with the red selections, but shows an up and down profile, suggesting

that it is not possible to enrich for red colonies if the plasmids are present,  due to two events in
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Figure 3.18: H3K9me2 spreading at readout is mostly sRNAs independent. 

(A-B) H3K9me2 and Ago1-bound sRNA IGV tracks in indicated strains, at readout locus. H3K9me2 is represented on 
black gradation scale, normalized to background and per one million reads (r.p.m.). Positive and negative Ago1-bound 
sRNAs strands are normalized per one million reads and depicted in light-blue and purple gradations, respectively. 
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opposition: silencing of  tj1  (and  LEU2) and active transcription of LEU2 in order to grow in -leu

media (Figure 3.19D). 
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locus (C). H3K9me2 is represented on black gradation scale, normalized to background and per one million reads 
(r.p.m.). (D) Red cells propagation of 0neo + plasmids. A red colony with plasmids was selected, grown and plated in 
PMG low ade (~1000 cells), a red cell was selected again, grown and plated again (for a total of 6 times). The % of 
red colonies in each low ade plate was counted.   

silencing
not silencing

 1       2       3       4       5       6

%
 o

f 
to

ta
l c

o
lo

ni
e

s

 
0

20

40

60

80

100
D

(red propagation of 0neo+plasmids)



Results

At this point, we wondered if H3K9me2 spreads to the loci where  tj1  transposed. In figure 3.20A,

IGV tracks of H3K9me2, RNA-polyA and transcription ratio (between silencing and population cells)

of all strains at transposition loci and flanking regions, are represented. Some of the silencing strains

show H3K9me2 spreading from the transposed copies to flanking DNA regions (“2 tj1 A, E, F” and

“3  tj1  EL, FM”).  Similar to what was observed at  readout locus,  H3K9me2 at  transposed copies

“jumps”  from tj1 to the neighboring genes, leaving H3K9 methylation-free regions (specially evident

in strains “2  tj1  F” and “3 tj1  FM”). At the readout locus these “gaps” could be explained by the

presence of highly transcribed genes and nucleosome poor regions, therefore we first analyzed the H3

occupancy at the flanking regions of all transposition loci. The results showed the absence of H3 poor

regions in all the flanking regions (data not shown), indicating that the H3K9 methylation “jumps” at

these loci are not due to H3 depletion. Thus, we analyzed the transcription levels of the flanking

genes in cell  populations (before silencing),  grouping the genes  according to  their  positions with

respect to the H3K9me2 spread found in the silencing colonies. We obtained three gene groups;

“border  genes”  (first  genes  immediately  downstream  or  upstream  the  H3K9me2  borders),

“heterochromatic  genes”  (H3K9  methylated  genes)  and  “gap  genes”  (genes  with  no  H3K9me2

between border genes). Our analysis shows that on average genes at the heterochromatin borders

(and at the gaps) are ~2 fold more transcribed than the genes that will be heterochromatic, suggesting

that the first may work as a barrier to the H3K9me2 spreading (Figure 3.20B).

To estimate the silencing effects of flanking H3K9 methylated regions in strains “2 tj1 A, E, F” and “3

tj1  EL, FM”, all  heterochromatic genes were grouped and their RNA transcription was analyzed,

compared to cell populations. The results show that, on average, H3K9 methylated genes are ~30%

down-regulated,  compared  to  cell  populations,  indicating  that  heterochromatinization  of  flanking

regions has a substantial function in repressing neighboring genes (Figure 3.20C).

“3 tj1 EL” silencing maintains some H3K9me spreading at euchromatic locus tj1 copy, when converts

to white (Figure 3.20D), the only case among euchromatic transposed tj1 copies (data not shown for

the other strains). 

It is possible to notice the proximity to pericentromeric heterochromatin of tj1 transposition in strain

“2 tj1 G” and the second transposition (tj1 with hph cassette) in “3 tj1 EL” (Figure 3.20A).
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Finally,  we  wondered  whether  heterochromatin  spreading  at  transposed  tj1  copies  is  a  sRNA-

mediated process. Ago1-bound sRNAs of silencing strain “2 tj1 A” show that H3K9 methylated gene

gut2, doesn’t present sRNAs, therefore suggesting that spreading of heterochromatin from transposed

tj1 to gut2 is an sRNA-independent process (Figure 3.21), similarly to what observed at readout locus,

where sRNAs were only weekly present (Figure 3.18).

3.14 Establishment and maintenance of tj1 silencing are RNAi-dependent
Our initial analysis indicated that, on average, all “2  tj1” and “3  tj1” population strains with  tj1  on

plasmids could recognize the TE and deposit H3K9me2, leading to a reduction of  tj1 transcription,

although not efficiently enough to silence the all cell population (Figure 3.9A,B). Furthermore, we

showed that silencing strains strongly repress tj1 expression via high H3K9 methylation of the TE

copies, in a process coupled with Ago1-bound sRNAs enrichment (Figures 3.5, 3.10, 3.13 and 3.15).

Altogether  these  results  suggest  that  tj1  recognition  and  initial  H3K9me2  deposition  in  cells

establishing silencing might be dependent on the RNA interference (RNAi) pathway, as well as the

maintenance of  tj1  repression in colonies silencing the TE copies. In order to determine whether
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Figure 3.20: H3K9 methylation spreading in flanking regions of transposed tj1 elements.  

(A) H3K9me2 and RNA-polyA IGV tracks of all silencing and population strains, at specific tj1 transposition loci and 
flanking regions. H3K9me2 is represented on black gradation scale, normalized to background and per one million 
reads (r.p.m.). RNA-polyA + and – strands are normalized to coding sequences (cds) and represented in dark-blue and 
brown gradations, respectively. The relative gene expression is indicated with red to green gradation and calculated as 
ratio between cds normalized RNA-polyA reads of silencing and population cells. (B) Transcription of flanking genes 
in the indicated gene groups. Data from polyA and total RNA sequencings, normalized per million reads. Error bars 
represent s.e.m. of two independent experiments. (C) Average of RNA expression of H3K9 methylated tj1 flanking 
genes in indicated silencing strains, compared to cell populations. Quantification from average of RNA-polyA and 
total RNA sequencings. Error bars indicate s.e.m of 10 independent experiments (normalized to cds). (D) H3K9me2 
IGV tracks of EL strain in indicated colonies, at euchromatic tj1 transposed copy. Scale and normalization as in A.
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Figure 3.21: H3K9 methylation spreading in flanking region at transposed tj1 element is sRNA-independent.  

H3K9me2 and Ago1-bound sRNA IGV tracks in indicated strain, at tj1 transposition locus. H3K9me2 is represented 
on black gradation scale, normalized to background and per one million reads (r.p.m.). Positive and negative Ago1-
bound sRNAs strands are normalized per one million reads and depicted in light-blue and purple gradations, 
respectively. 
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both the establishment and the maintenance of tj1 silencing are RNAi-dependent, the two events were

studied singularly. For the establishment, ago1 was deleted in the 0nat strain, generating the strain 0nat-

ago1∆. Afterward, 0nat-ago1∆  was transformed with  tj1  plasmids (either p1263 or p1282) and the

canonical silencing establishment experiment was performed (as described in section 3.4). The results

show that if ago1 is deleted, no red colonies were found, indicating that cells can’t establish silencing

of tj1 in  the  absence  of  Ago1 (Figure  3.22A).  Moreover,  if  tj1  RNA reduction observed  in  cell

population  with  plasmids  (Figure  3.9A,B)  depends  on  low  basal  H3K9me2  deposition  Ago1-

mediated, the deletion of ago1 should lead to de-repression of tj1 transcription. When tj1 RNA is

analyzed,  0nat-ago1∆  with plasmids shows that each  tj1  copy increases its transcription by  ~1.5 fold,

compared to  0nat (Figure 3.22B). These results suggest  that initial  recognition of  tj1  elements is a

process  mediated by Ago1,  resulting in basal  silencing of  the element  and eventually  in efficient

establishment of silencing (generation of red colonies).

To investigate  if  the maintenance  of  tj1  repression,  once the element  is  efficiently  silenced,  is  a

process  Ago1-dependent,  the  following  experiment  was  performed;  “2 tj1 A”  silencing  (without

plasmids) was propagated, selecting for a red colony until a stable silencing colony was obtained (as

done  for  the  “maintenance”  experiment,  described  on  section  3.11).  At  that  point,  cells  were

transformed with ago1∆ PCR fragment (carrying hph cassette) and plated in hygromycin B plates for

selection of  hph+  (ago1∆) mutants.  Hygromycin B resistant colonies were finally replica plated in

PMG low ade to see the color of ago1∆ mutants, an indication of the repression state of tj1 (Figure

3.22C). To confirm that hygromycin B resistant colonies were actual ago1∆ mutants, a genomic PCR

was performed, using amplification primers external to the deletion locus, resulting in a shorter PCR

product if  ago1  was deleted (Figure 3.22C). All the Hygromycin B resistant colonies, once replica

plated in PMG low ade, appeared white. On the other hand, interestingly, several red colonies grew

in low ade plate, although absent in  Hygromycin B plate. This final observation suggests that those

red colonies didn’t acquire  hph cassette (therefore being ago1+), explaining why they didn’t grow in

Hygromycin B plate, yet they didn’t die either, restarting their growth once replica plated in PMG low

ade. Consistently, when some white and red colonies were analyzed by PCR for the ago1∆, all white

and red colonies were confirmed to be  ago1∆  and  ago1+,  respectively (Figure 3.22C). This assay

indicates that maintenance of tj1 silencing is Ago1-dependent.

Altogether, these results show that Ago1, and therefore the RNAi pathway, plays a crucial role in both

initial recognition of tj1 and subsequent maintenance of tj1 silencing (Figure 3.22A-C). 
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3.15 tj1 silencing is Abp1-independent
In  S.  pombe, the  13  full-length  copies  of  the  LTR-retrotransposon  tf2  are  maintained  silenced

principally through H3-hypoacetylation,  in a mechanism involving CENP-B homologous proteins,

specially Abp1 (as well named Cbp1), which recruit HDACs Clr3 and Clr6 to tf2 elements (Cam et

al. 2008; Lorenz et al. 2012). H3K9 methylation and Swi6 are not found at tf2 and neither RNAi nor

clr4 mutants show derepression of tf2 transcription, suggesting a marginal role of H3K9 methylation

and RNAi in  tf2  silencing  (Cam et al. 2005; Hansen et al. 2005). On the other hand, our results

indicate  that  the  exogenous  tj1  is  strongly  silenced  via  H3K9  methylation,  in  a  process  RNAi-

dependent, suggesting a different mechanism of  tj1  silencing, compared to the  tf2  element (Figures

3.13, 3.14, 3.19 and 3.22). However, we couldn’t rule out the participation of CENP-B homologous

in tj1 silencing yet. For this reason, Abp1 was tagged with 3xFLAG and Abp1-ChIP was performed, in

0nat cell  population, 0nat silencing (red colony) and 0nat not silencing (white colony from red cells)

(Figure 3.23A,B). The results show that Abp1 is not particularly enriched at the readout locus in any

strain (Figure 3.23A). A weak Abp1 signal is present right at 5’ of the readout though, however, a

wider  look at  the readout  locus shows that  Abp1 is  broadly  distributed  throughout  the genome,

indicating an unspecific binding of Abp1 at the region close to the 5’ end of the readout. Besides, the

presence of that Abp1 signal in all  strains supports the idea that the CENP-B homologous is not
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involved in tj1 silencing. As experimental control, Abp1 clearly localizes at tf2 boundaries (Lorenz et

al. 2012) (Figure 3.23B), where, on the contrary, is involved in tf2 repression.

Our results confirm, as expected, that tj1 repression is carried out with a distinct silencing mechanism

than tf2, independent of Abp1 recruitment on chromatin.

3.16 tj1 fitness effects
Uncontrolled propagation of TEs may be detrimental for cell viability, hence we wondered whether

tj1  transpositions  introduced  negative  fitness  effects  on  cell  populations.  A  cell  competition

experiment was performed between 0nat strain and all the strains with transposition(s); exponentially

growing cultures of 0nat and each of the “2 tj1” or “3 tj1” were mixed in a 1:1 proportion. Mixed

cultures were kept growing exponentially in rich medium (YES) and ~1000 cells were plated in YES at

day 0, 4 and 9. Taking advantage of the different antibiotic resistance cassettes present in the strains

(nat in 0nat, nat + neo in “2 tj1” and nat + neo + hph in “3 tj1”), YES plates of 0nat mixed with “2 tj1”

were replica plated in YES + G418 + nourseothricin, while 0nat mixed with “3 tj1” were replica plated

in YES + G418 + hygromycin B + nourseothricin. The counting of the colonies grown in YES and in

the replica plates at day 0, 4 and 9, furnished the % of 0nat and cells with transposition(s) in the mixed

cultures.  On  average,  “2  tj1”  and  “3 tj1”  show  only  a  slight  decrease  (~1.3264%)  in  culture

composition between day 0 and day 9, compared to 0nat (Figure 3.24A). Considering 10 cell divisions

per day, the analysis shows an average ~0.0136% (±0.0103%) reduction of cells with transposition(s) in

the mixed cultures per cell division. Overall,  this result suggests that  tj1  transposition(s) minimally

affect the S. pombe fitness in the cell populations.
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However,  a  closer  analysis  at  the  strain-specific  competition  experiments,  shows  that  not  all  the

investigated transpositions alter equally the S. pombe fitness, with “2 tj1 A” and “3 tj1 FM” affecting it

negatively  the  most  (Figure  3.24B).  This  result  suggests  that  tj1  may  affect  the  S.  pombe  fitness

differently, according to the transposition loci.

Finally,  we  wondered whether  cell  fitness  is  affected by  tj1  silencing,  considering  the H3K9me2

spreading observed at readout flanking regions in all silencing strains (Figures 3.16A,B and 3.17) and

at tj1 transposition loci in some strains (Figure 3.20A), with the relative transcriptional repression of

the methylated genes (Figures 3.16B and 3.20B). To answer this question, a series of growth assays

were performed; exponentially growing 0nat and stably silencing (and not silencing) cells of all “2 tj1”

and “3  tj1” strains (without plasmids) were each incubated in YES at OD600  = 0.2 and OD600 were

measured again after 2, 4 and 6 hours. To exclude from the growth assay the effect of the silenced

readout ade6 and ura4 genes, which makes all “2 tj1” and “3 tj1” silencing strains slower than 0nat, a

control  strain  with  ade6 and  ura4 integrated  respectively  at  pericentromeric  and  subtelomeric

heterochromatin, was used (Nimmo et al. 1998). This control, furnished us an evaluation of the less

fit strain possible, considering the repression of ade6 and ura4, while 0nat consists of the fittest strain

possible, due to the absence of silencing at the readout. Therefore, it is a valid assumption that each

“2  tj1”  and  “3  tj1”  silencing  strain  that  grows  slower  than  the  “ura4  and  ade6  heterochromatic

control”,  has  fitness  defects  independent  of  ura4 and  ade6 silencing  at  the  readout,  but  directly

dependent on other factors, like the observed silencing of neighboring genes. The results show that,

on average, “2 tj1” and “3 tj1” silencing colonies grow slower than the heterochromatic control, while

white colonies from red cells (not silencing),  recover part  of their fitness,  growing faster than the

heterochromatic control (Figure 3.25A). A closer look at the growth assays of each silencing colony

shows that some of them grow particularly slower than the heterochromatic control, like “2 tj1 G and
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Figure 3.24: Transposition fitness effect. 

(A) Average of competition assays between 0nat and  “2 and 3 tj1” strains. Error bars represent s.e.m. of 8 independent 
experiments. (B) Specific competition assays between 0nat and the indicated strains.
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B” and “3 tj1 EL and FM” (Figure 3.25B), suggesting that tj1 silencing may come with a cost, in terms

of negative fitness effects and that this burden depends on each specific transposition scenario.

80

0

0.5

1.0

1.5

2.0

O
D

 6
0

0

2 4 6
time (hours)

0nat (not silencing)
2 and 3 tj1 not silencing colony
heterochromatic ura4 and ade6
2 and 3 tj1 silencing colony

Growth curveA

Figure 3.25: tj1 silencing affects negatively the cellular fitness. 

(A) Average growth assays of the indicated colonies. Error bars represent s.e.m. of 8 independent experiments. (B) 
Growth assays of each of the indicated silencing colonies (and 0nat not silencing).

0

0.5

1.0

1.5

2.0

O
D

 6
0

0

2 4 6
time(hours)

Growth curve : silencing colonies
0nat (not silencing)
heterochromatic 
ura4 and ade6
2 tj1 A
2 tj1 B
2 tj1 D
2 tj1 E
2 tj1 F
2 tj1 G
3 tj1 EL
3 tj1 FM

B



Discussion

4. DISCUSSION

Uncontrolled propagation of transposable elements is responsible for several human genetic diseases,

mostly caused by direct gene disruption or alteration of the splicing process, all resulting in impaired

function of the target gene (Payer and Burns 2019). Back in 1988, Kazazian and colleagues showed

for the first time the relationship between the human retrotransposon LINE-1 (L1) and haemophilia

A (Kazazian et al. 1988). An important percentage of patients presented a de novo L1 transposition

into the gene for coagulating factor VIII (F8) in chromosome X, resulting in blood clotting disorders

(Kazazian et al. 1988). Another example of human disease caused by TEs is Fukuyama congenital

muscular  dystrophy  (FCMD),  particularly  prevalent  in  Japan.  Here,  the  SINE-VNTR-Alu (SVA)

transposition in the 3’UTR sequence of the fukutin (FKTN) gene results in defective mRNA splicing

and a mislocation of FKTN protein from the Golgi to the endoplasmic reticulum (Kobayashi et al.

1998; Taniguchi-Ikeda et al. 2011). To date, more than 100 human genetic diseases are associated

with  transposon  activities  (Payer  and  Burns  2019).  On the  other  hand,  several  examples  of  co-

evolution between TEs and their hosts have been discovered. In this process, described as transposon

“domestication”, part of the ancestoral transposon functions are conserved to generate proteins with

new cellular functions. An example of domestication in humans (and other jawed vertebrates) consists

of the RAG recombinase proteins 1 and 2, responsible for the V(D)J recombination and the diverse

repertoire of antibodies and T cell receptors. Studies on RAG discovered several analogies with the

ancestral  RAG transposase,  indicating the evolution of  RAG recombinase from an ancient  RAG

transposon (Y. Zhang et al. 2019b). 

Although it is clear that, in the long term, transposon activity can lead to beneficial effects in their

hosts,  it  is more evident that uncontrolled transpositions may be detrimental for cell viability and

fitness in unicellular organisms, up to significant genetically inherited disorders in the case of de novo

transpositions  in  the  germline  of  higher  organisms.  To  limit  transposon  proliferation,  cells  have

evolved  different  strategies,  from  transcriptional  and  post-transcriptional  repression  to  post-

translational silencing. 

In  budding  yeast,  Ty1  elements  are  silenced post-translationally  through a  fine  regulation of  the

transcription starting point, resulting in a truncated Gag protein (p22) which destabilizes the VLPs and

therefore the proper TE cycle (Saha et al. 2015; Pachulska-Wieczorek et al. 2016). Ty1 is silenced

post-transcriptionally as well via its bidirectional transcription that leads to the accumulation of a short

Ty1 antisense  RNA (called  Ty1AS)  which impairs  Ty1 transposition efficiency either  directly  by

targeting Ty1 mRNA (or the RT enzyme) and inhibiting retrotranscription, or indirectly, perturbing

the processing of Pol into its  active subunits  (Matsuda and Garfinkel  2009).  Ty5 transposition is

guided by the interaction between its integrase and the heterochromatin factor Sir4, therefore Ty5

preferentially targets heterochromatic regions, where it is maintained silenced (Zou et al 1995; Xie et

al. 2001). 
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In  S.  pombe  the  LTR-retrotransposon  Tf2  copies  are  silenced  through  hypoacetylation  via  the

recruitment  of  Clr3  and  Clr6,  in  a  process  mediated  by  LTR  binding  CENP-B  homologues

(especially Abp1) (Cam et al. 2008). Additionally, the HIRA complex plays a role in silencing Tf2, as

well as the H3K4 methyltransferase Set1 (Greenall et al. 2006; Anderson et al. 2009; 2010; Lorenz et

al. 2012). Moreover, Tf2 DNA elements are clustered in specific nuclear foci, called Tf bodies, which

seem to restrict Tf2 de novo recombination and the integration of the extinct Tf1 element (Cam et al.

2008). Despite Tf2 copies not normally being heterochromatic,  the perturbation of  the exosome

machinery (or of the optimal growth conditions) results in sRNA generation and RNAi-dependent

heterochromatinization of the elements, suggesting that the RNAi promptly senses and buffers the

increased Tf2 activity (Marasovic et al. 2013; Yamanaka et al. 2013).

Schizosaccharomyces japonicus, another member of the fission yeast clade which conserves the RNAi

machinery, harbors 10 families of Ty3/gypsy-like retrotransposons (Tj1-10) located predominantly at

centromeric and telomeric heterochromatin (Rhind et al. 2011). Therefore, differently to S. pombe,

the majority of sRNAs (94%) in  S. japonicus  maps to transposable elements, underling the central

role of RNAi in maintaining silencing of these TEs (Rhind et al. 2011).

In  animals,  a  relatively  new  class  of  small  RNAs,  called  piRNAs,  plays  a  pivotal  role  in  TE

suppression, particularly important in germlines. In plants, a sRNA-dependent transposon silencing

response is observed as well.

Despite the absence of the RNAi machinery in S. cerevisiae, when ago1 and dcr1 are introduced in

the genome, cells acquire RNAi and, interestingly, the sRNAs generated target and repress the Ty1

transposon (Drinnenberg et al. 2009b). 

Therefore, small RNAs have a central (and conserved) role in silencing TEs in different Kingdoms,

from Fungi to Plantae and Animalia (Ugolini and Halic, 2018).

Our study on  S. pombe  shows that fission yeast recognizes the invading retrotransposon  tj1  via a

sRNA-dependent mechanism, involving the RNAi machinery and resulting in heterochromatinization

of the element(s). We reveal the importance of tj1 transcription, independently to tj1 copy number, in

the  process  of  recognition  and  triggering  of  the  silencing,  with  a  crucial  role  for  the  antisense

transcription. Furthermore, we determined that maintenance of tj1 silencing is RNAi-dependent, that

multiple copies of the element are trans silenced and that transposition loci are important for the

inheritance of the silenced state. Finally, yet importantly, we show spreading of heterochromatin from

the nucleation point (tj1) to the flanking regions, resulting in a negative fitness outcome as a side effect

of tj1 silencing.
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4.1 H3K9 methylation marks on silenced tj1 elements
In our experiments, through the color phenotype of colonies grown in low adenine plates, it was

possible to identify cells silencing ade6 at the readout locus, indicated by the accumulation of a red

pigmentation (Figures 3.3A,B and 3.4A). With this color screening, we isolated red colonies silencing

the readout and, when present, other tj1 copies either transposed into the genome or on plasmids. By

H3K9me2-ChIP we show that the silencing of these elements is due to the heterochromatinization of

tj1,  resulting in dramatic overall repression of  tj1  transcription (Figures 3.5A and 3.10). Our results

prove the efficiency of a TGS heterochromatin-mediated mechanism adopted by S. pombe to block

the propagation of the invading tj1 element. 

 The analysis of cell populations of colonies with one and two transpositions, collectively indicated as

“2  tj1” and “3  tj1” respectively, showed a basal H3K9me2 deposition at tj1 and an RNA decrease

further enhanced by the presence of multiple tj1 copies on plasmids (Figure 3.9A,B). These results

indicate that on average all the cells of a population recognize the invading tj1 element, although not

efficiently enough to establish a diffuse strong silencing, achieved only in some colonies among the

population, and represented by the red cellular pigmentation.

4.2 sRNA-dependent silencing of tj1 in S. pombe
The study of tj1 repressing colonies showed that the TE silencing through heterochromatin is coupled

with the presence of Ago1-bound sRNAs (Figures 3.5 and 3.14), suggesting a central role for sRNAs

and  Ago1  in  silencing  the  invading  element  via  an  RNAi-mediated  H3K9me2  deposition.

Accordingly, despite multiple tj1 copies on plasmids, an ago1∆ mutant showed a complete inability to

establish  tj1  silencing (Figure 3.22A) and an increase in  tj1  RNA compared to the wild-type strain

(Figure 3.22B). These results indicate that at least  tj1  recognition and initial silencing are processes

mediated by Ago1, however, this didn’t rule out completely the possibility of a sRNA-independent

maintenance of silencing, as observed at  the mating-type locus and subtelomeric heterochromatin

(Hall et al. 2002; Kanoh et al. 2005), or of a redundant pathway involving both Ago1 and a sRNA-

independent mechanism. The deletion of ago1 in a strain stably silencing tj1, resulted in the complete

loss  of  silencing  in  all  the  analyzed  colonies  (Figure  3.22C),  indicating  that  maintenance  of  tj1

repression through generations is Ago1-dependent. Accordingly, white cells from a silencing colony,

show a severe drop of Ago1-bound sRNAs at the readout, accompanied by the complete loss of

H3K9me2, underling the relation between tj1 sRNAs and heterochromatin (Figure 3.5).

Altogether these results show the central role of Ago1 and sRNAs not only in the initial recognition

and silencing of tj1 but also in the subsequent maintenance of repression.

In  S. pombe,  endogenous  tf2  silencing involves CENP-B homologous proteins, in particular Abp1

(Cam et al. 2008). Therefore we wondered whether Abp1 participates in  tj1  silencing. Our results

show that Abp1 is not recruited at tj1 locus in cells silencing the retrotransposon, indicating that Abp1
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is not involved in tj1 repression (Figure 3.23), in line with the central role of Ago1 and sRNAs in tj1

silencing.

Our  observation  of  the  central  role  of  Ago1  and  sRNAs  in  silencing  invasive tj1  through

heterochromatin formation, resembles what was observed in Arabidopsis thaliana where the de novo

invasion of the retrotransposon Evadé (EVD) is stably repressed through DNA methylations, in a

mechanism guided by Argounate proteins and TE sRNAs (Marí-Ordóñez et al. 2013).

4.3 The importance of tj1 transcription for the recognition of the TE
Our experiments on the establishment of silencing in strains with transposed tj1 copies compared to

the strain with the sole readout (0nat), showed that neither one nor two tj1 transpositions can trigger

strong  silencing  of  the  transposon  (unless  transposed  close  to  pericentromeric  heterochromatin)

(Figure 3.7 E,F), despite the overall basal H3K9me2 deposition and the initial  tj1 RNA decrease in

the  cell  populations  (Figure  3.9C,E).  On  the  other  hand,  the  introduction  into  these  strains  of

multiple  tj1  copies  on plasmids,  led to  the establishment  of  silencing  in  the populations (Figure

3.7G,H), indicating that cells respond with more efficient silencing when tj1 copies increase. Despite

the impossibility  to determine the precise  number of  tj1  copies  necessary  to  lead to an efficient

silencing establishment in the cell population (due to the elevated number of antibiotic resistance

cassettes necessary to sequentially integrate one tj1 copy and to the impossibility to control the exact

number  of  tj1  plasmids),  and  excluding  the  strains  with  transpositions  close  to  pericentromeric

heterochromatin (“2 tj1 G” and “3 tj1 EL”) (Figure 3.6C,D and Table 3.1), it is possible to estimate

that a number between 3 and 6 tj1 copies (+ the copy at the readout) corresponds to the minimum of

transposon copies necessary to trigger efficient silencing in the cell population. In fact, the strain “3 tj1

FM”, with 2 transpositions (plus  tj1  at  the readout)  is  unable to establish silencing (Figure 3.7F),

whereas the strain “2 tj1 B” carrying 6 tj1 on plasmids (plus tj1 at the readout) can establish silencing

(Figure 3.7G). However, a comparison among the strains shows that more tj1 copies don’t necessarily

mean more silencing (red) colonies present in the cell population (Figures 3.4B and 3.7G,H) and that

into the same population, silencing and not silencing cells contain the same number of tj1 copies

(Figure 3.4C).  Therefore,  despite  multiple  copies  of  tj1  being necessary  for  the establishment  of

efficient silencing, the tj1 number is not the only determinant for tj1 recognition and establishment of

silencing. Excluding strains with pericentromeric tj1, we observed that some of them (“2 tj1 A” and “2

tj1 D”) established silencing in the populations more frequently than others (Figure 3.7G,H) and we

wondered whether the transcription of tj1 is important to trigger the strong silencing. We, therefore,

grouped the strains in “efficient” and “not efficient” (and “efficient with centromeric insertions”) in

establishing silencing and analyzed their average sense and antisense  tj1  transcriptions (Figure 3.8).

The results showed that “efficient” strains on average present higher tj1 antisense RNA than the “not

efficient” strains (Figure 3.8B), while sense RNA is comparable (Figure 3.8A), suggesting that higher

tj1  antisense  transcription  leads  to  the  more  frequent  establishment  of  silencing.  Finally,  we
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modulated specifically tj1 sense transcription by the elimination of the tj1 5’LTR (tj1 promoter) from

the plasmid, resulting in a decrease of tj1 sense RNA accumulation compared to the 0nat strain with a

5’LTR+ plasmid (p1263) (Figure 3.8C) and a reduction of cells establishing silencing in the population

(Figure 3.8D). The  tj1 sense RNA was still observed in the strain with the 5’LTR deletion, and is

likely the result of sense tj1 transcription from the readout (Figure 3.8C), however, it is not possible to

rule out the possibility of the presence of a less efficient internal promoter downstream of 5’LTR,

resulting in an additional lower (and likely truncated) sense tj1 RNA. This experiment proves that not

only the antisense transcription of  tj1  is important for its silencing, but also the sense transcription,

overall  indicating  that  multiple  tj1  copies  are  necessary  to  reach  a  threshold  level  of  sense  and

antisense tj1 RNAs to trigger the efficient establishment of silencing (Figure 3.8).

In the future, it would be interesting to modulate both the sense and antisense transcriptions, in order

to simulate  tj1  transposition at different loci, for example, close to a convergent gene, resulting in

increased antisense transcription. 

4.4 Trans silencing of dispersed genomic elements
The  genome  of  Drosophila  melanogaster  was  invaded  in  the  mid  of  20th century  by  a  DNA

transposon called  P element  (Dominique Anxolabéhère et al. 1985; D Anxolabéhère et al. 1988),

which  was  rapidly  converted  to  a  repressed  state.  This  rapid  response  came  from  P  elements

transposed close to telomeric heterochromatin, causing the repression of other  P  element copies

inserted at euchromatic loci (Roche and Rio 1998). This phenomenon was called the Trans Silencing

Effect (TSE) because of the ability of a P element inserted in a location (telomere) to silence other

copies, independently to the  genomic location of the latter elements (Roche and Rio 1998). Later

studies showed a direct correlation between the TSE and the piRNA pathway in the germline, where

telomeric piRNA clusters containing P elements mediate trans silencing of the dispersed copies (Josse

et al. 2007; Brennecke et al. 2008; Todeschini et al. 2010; S. Zhang and Kelleher 2019). 

In wild-type  S. pombe, the existence of a similar  trans  silencing mechanism, involving sRNAs and

genomically  dispersed  homologous  DNA elements,  has  been  poorly  demonstrated.  Bühler  and

colleagues  showed  that  tethering  the  RITS  complex  to  a  nascent  ura4  transcript  induces  the

heterochromatinization of  the  target  gene,  involving  the  RNAi  pathway,  Clr4,  Swi6  and the Sir2

histone deacetylase, accompanied by the generation of  ura4  sRNAs (Bühler et al. 2006). However,

the sRNAs generated at  ura4  are able to establish  trans silencing of a second ura4 copy only when

Eri1 double-strand siRNA nuclease gene is deleted, indicating that sRNA action is usually restricted to

the generation site (cis) by Eri1 function (Bühler et al. 2006; Iida et al. 2006). Iida et al. showed that

double-stranded  sRNAs generated  from an ura4 hairpin  enhance trans  silencing  of  ura4  copies

inserted  at  heterochromatic  regions  by  the  reinforcement  of  RITS-mediated  ura4  mRNA  co-

transcriptional silencing, with barely detectable effect on euchromatic ura4 (Iida et al. 2008). Hairpin

ura4  was able to establish  trans  heterochromatinization of euchromatic  ura4  only when Swi6 was
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overexpressed, likely due to the interaction between Swi6, Ers1 and the RITS complex at the ura4

locus,  directing  the  trans  heterochromatin  formation  (Iida  et  al.  2008;  Rougemaille  et  al.  2012).

Furthermore, the Swi6-dependent ura4 trans silencing was observed only when ura4 was cloned at the

trp1  locus,  with no effect at the endogenous  ura4  locus,  therefore indicating a locus effect in the

establishment of trans silencing (Iida et al. 2008). Interestingly, only at the trp1 locus antisense ura4

RNA was detected, while at the endogenous ura4 antisense transcription wasn’t observed, suggesting a

role  for  antisense  RNA  in  directing  trans  silencing  of  ura4.  Consistently,  when  antisense  ura4

transcription was artificially induced, by placing a convergent promoter 3’ of ura4, ura4 was efficiently

silenced, while it was not when antisense transcription was abolished, suggesting that  trans  silencing

depends  also  on  the  transcriptional  activity/orientation  of  flanking  genes,  responsible  for  the

generation (or increase) of target double-strand RNAs  (Iida et al. 2008). Accordingly, as discussed

already, the initial tj1 repression efficiency observed in our experiments depends on the tj1 antisense

RNA (Figure 3.8),  and strongly  silencing colonies maintain their  basal  tj1  antisense transcription,

despite the dramatic decrease in sense RNA (Figure 3,10C). More recently, Simmer and coworkers

proved that  hairpin RNAs can induce  trans  heterochromatin formation in wild-type fission yeast,

without further genetic manipulations besides the cloning of  the hairpin construct  (Simmer et al.

2010). Moreover, they observed the Rdp1-dependent generation of secondary sRNAs close to the

ura4 target gene, accompanied by low H3K9 methylation. However, similarly to what was previously

reported, Simmer and colleagues showed as well that trans silencing is efficient only when the target

gene is positioned close to pericentromeric heterochromatin, again underlying a locus effect on trans

silencing (Iida et al. 2008; Simmer et al. 2010). 

In our study we demonstrate that S. pombe contains a powerful RNAi-mediated tool for the detection

of the invading tj1 LTR-retrotransposon and the trans silencing of all the present elements, without

any genetic manipulation at all besides the artificial cloning of the readout construct, incapable per se

of inducing silencing (Figures 3.3, 3.4B, 3.7A and 3.9A,G,H). H3K9me2-ChIPs of cell populations

show that some basal heterochromatin is deposited at  tj1  elements (particularly in the strains “2 tj1

E,F,G” and “3 tj1  EL”),  accompanied by a  small  reduction in  tj1  RNA (observed in  all  strains,

independently  to  the  basal  H3K9me2  levels)  (Figure  3.9).  This  result  indicates  that  all  cell

populations  initiate  tj1  silencing  post-transcriptionally,  supposedly  through  Ago1  cleavage  activity

(Sigova et al. 2004), and that in some strain populations weak establishment of heterochromatin is

triggered  as  well  (Figure  3.9).  In  the  future,  to  confirm  that  S.  pombe  initially  recognizes  and

eliminates tj1 RNA through the activity of Ago1, it would be interesting to measure tj1 transcription in

the same background strains but with the clr4 gene deleted. When silencing cells (red) were analyzed,

our  results  show  that  all  tj1  elements  are  H3K9  methylated,  independently  to  the  loci  where

transposition occurred (Figure 3.13 A-K), indicating a  trans  silencing mechanism related directly to

tj1, rather than the genomic transposition contest. Additionally, trans heterochromatin is found also in

tj1 elements on plasmids (Figure 3.19A), therefore independently to their insertions into the genome,
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further arguing that tj1 itself guides the silencing of the transposon. The Ago1-bound sRNAs analysis

in silencing “2 tj1 A” and “2 tj1 G” strains showed that sRNAs are present in all tj1 elements (Figure

3.14), indicating that the strong  trans  silencing of all dispersed  tj1  copies is mediated by the RNAi

machinery. Finally, in silencing cells we observed the generation of secondary sRNAs close to the

endogenous ade6M210 locus (i.e. bub1 gene), where Ago1-bound sRNAs from the readout are trans

directed  (due  to  the  homology  between  ade6  promoter  (ade6P)  and  ade6  of  the  readout  with

ade6M210),  accompanied by weak H3K9me2 deposition (with no transcriptional  effects) (Figures

3.5C and 3.15A), similarly to what was previously observed by Simmer et al. (Simmer et al. 2010).

4.5 Maintenance of tj1 silencing is position-dependent
In this study we isolated several colonies with de novo tj1 transpositions; all insertions occurred in the

proximity of an RNA-polymerase III (RPIII) transcribed gene (i.e. tRNA and 5S rRNA genes) and in

forward  orientation  (Table  3.1).  Transposition  Site  Duplications  (TSDs)  were  found  in  all tj1

insertions (transposition H excluded, because of bad Nanopore-sequencing reads quality), indicating

that these are the results of real retrotransposition events, rather than genetic recombinations (Table

3.1).  Therefore,  in  our  hands,  tj1 invasion in  fission yeast  reproduced the transposition features

showed by Guo and colleagues  (Guo et al. 2015). The tj1  transposition bias for RPIII transcribed

genes resembles that of Ty3 observed in budding yeast, with the only difference in the orientation

with respect to the target gene, only in the forward orientation in the case of tj1, while in both forward

and reverse orientation in Ty3 (Aye et al. 2001). Among our colonies with de novo tj1 transpositions,

eight were deeply investigated (“2 tj1 A,B,D,E,F,G” and “3 tj1 EL,FM”) (Figure 3.6C and Table 3.1).

All “2 tj1” strains contain a transposed copy of tj1 (plus the copy at the readout), while “3 tj1 EL” and

“3 tj1 FM” present a second transposed tj1 element (plus the copy at the readout) and originated from

“2  tj1  E” and “2  tj1  F” (indicated as “parental to 3  tj1”),  respectively (Table 3.1). We wondered

whether  the  number  of  tj1 elements  dispersed  within  the  genome affects  the  inheritance  of  the

silenced state through cell generations. When stably silencing (red) colonies of the strains 0nat, “2 tj1”

and “3 tj1” (in  order  carrying  only  the  tj1  copy  at  the  readout,  the  copy  at  the  readout  plus  a

transposed element and the copy at the readout plus two transposed copies) were analyzed for their

ability to maintain the silencing state through generations, we observed that silencing was clearly more

stable when cells acquired one or two transpositions (Figure 3.12A,E). However, no clear change in

the stability is present between “2 tj1” and “3 tj1”, indicating that a third  tj1  transposition doesn’t

increase the maintenance of the repressive state through generations (Figure 3.12A). On the other

hand, when the transposition loci were analyzed, the silent state was inherited much more stably in

strains with tj1 transpositions close to pericentromeric heterochromatin, than in strains with insertions

at  euchromatic  loci  (Figures  3.12B,E,  3.6C,D  and  Table  3.1).  These  results  indicate  that  the

inheritance of the tj1 silencing state through generations depends on the chromosome position of the

transposon, rather than in the sequentially increasing number of elements at euchromatic loci (Figure
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3.12).  However,  we  can’t  rule  out  the  possibility  that  increasing  further  the  copies  of  tj1 at

euchromatic  loci,  would  lead  to  a  more  stable  maintenance  of  silencing  through  generations,

resembling  what  is  observed  with  heterochromatic  transpositions.  Up  to  this  point,  our  findings

suggest that the presence of constitutive heterochromatin close to the silenced tj1 somehow stabilizes

the inheritance of heterochromatin at tj1 through cell divisions. The most obvious explanation for that

is the proximity to the centromeric dg and dh repeats, where centromeric heterochromatin nucleates

and  stably  persists  after  cell  divisions,  thanks  to  the  RNAi  machinery  and  the  heterochromatin

proteins Clr4, Chp2, Swi6 and HDACs (Martienssen and Moazed 2015; Zocco et al. 2016; Akoury et

al. 2019). There all the members of constitutive heterochromatin are constantly recruited to maintain

pericentromeric  heterochromatin.  It  is,  therefore,  no  surprise  if  tj1  integrated  nearby  is  stably

maintained  silenced,  where  it  has  in  fact  become  physically  part  of  the  centromeric  repeats.

Moreover, our results showed that tj1 is bidirectionally transcribed and that Ago1-bound sRNAs are

present  in  silencing  colonies,  themselves  features  of  heterochromatin  nucleation  sites.

Consequentially, the insertion of tj1 close to pericentromeric heterochromatin places the element in

the proper contest for an RNAi-dependent stable heterochromatin maintenance, where it  actively

mediates  its  own silencing,  alongside  the  flow  of  heterochromatin  readers  and  writers  from the

proximal centromeric repeats. 

The  analysis  of  H3K9 methylation  and  tj1  transcription  in “silencing”  (red)  colonies and  white

colonies originated from the re-streaking of the red colonies (indicated as “not silencing” colonies),

showed  that  all tj1 copies  in  each  silencing  strain  are  on  average  H3K9  methylated  and

transcriptionally  repressed  (Figure  3.10F,G),  while  the  selected white  colonies  from red colonies

maintained  heterochromatin  and  TGS  to  some  extent  only  in  strains  with  pericentromeric

transpositions  (Figure  3.10F,G).  This  result  suggests  that  in  “not  silencing”  colonies  of

pericentromeric strains heterochromatin was lost specifically at the ade6 gene of the readout construct

in response to our white selection. In other words, this observation points that pericentromeric  tj1

elements  retain  heterochromatin  despite  the  selective  loss  of  it  at  the  readout  locus,  while  the

heterochromatin loss  at  the readout  in strains  with tj1 at  euchromatic  loci  ends with  the general

impairment  of tj1 silencing.  To  prove  this,  we  took  advantage  of  the  presence  of  the  unique

sequences at the readout (nat), at the first transposed  tj1  copy (neo) and at the second transposed

element (hph), that permitted us to deeply investigate the specific silencing state of each region in all

strains and all phenotypes (Figures 3.11 and 3.13). H3K9me2-ChIPs and RNA sequencings show that

silencing colonies repress all  tj1 elements independently to their location (Figure 3.11A,B) and that,

as hypothesized, white colonies from red cells only in strains with pericentromeric tj1 lose specifically

heterochromatin at the readout locus, maintaining most of it at the pericentromeric copies (Figures

3.11  and  3.13).  Interestingly,  the  strain  “3  tj1  EL”,  that  contains  one  tj1  transposition  at  an

euchromatin locus and one at the pericentromeric region (characterized by the unique neo and hph
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sequences, respectively), retains heterochromatin at both  tj1  elements when white cells are selected

and not only at the pericentromeric copy (Figure 3.13 A,H,I,L).

These  results  suggest  again  that  strains  with  pericentromeric  transpositions  overall  maintain  tj1

silencing stronger than strains with the element at euchromatic loci, as showed before with the analysis

of the inheritance of the silent state,  strongly maintained only in the first  group of strains (Figure

3.12B).  Moreover,  these  experiments  suggest  that  cells  with  pericentromeric  tj1  can  selectively

modulate  the silencing  state  of  the  tj1  element  at  the  euchromatic  locus  (readout)  with  minimal

alteration of the silencing of the pericentromeric element (and in the case of “3  tj1  EL”, minimal

alteration also of  the euchromatic transposition).  In the bigger  picture,  this  resembles  a transient

response to external stimuli, in this case the selection for white colonies and the specific derepression

of ade6. Consistently, white colonies from red colonies showed the capability to some extent to revert

to  red  phenotypes  only  in  strains  with  pericentromeric tj1  (higher  than  the  intrinsic  capacity  of

pericentromeric  strains  to  establish  silencing  without  plasmids  (Figure  3.7E,F),  data  not  shown),

underling the reversible state of the euchromatic tj1 at the readout, supposedly mediated by the trans

acting sRNAs constantly generated at the pericentromeric tj1 (and at the euchromatic transposon in

the strain “3 tj1 EL”).

4.6 H3K9 methylation spreads from silenced tj1 elements to flanking regions
Our experiments show that H3K9 methylations in silencing colonies are not restricted to the  tj1

sequences, but they spread to the flanking genes. At the readout locus, despite the different intensity

of the methylations, all the strains present a similar spreading profile; ~7kb of DNA downstream from

the 3’ end have methylated H3K9, while at the 5’ end methylations are found up to ~25kb upstream

the ade6P (Figure 3.16A). However, the spreading doesn’t appear continuous at the 5’ side of the

readout, where an H3K9me2 gap of ~8kb is present. Nucleosome-Free Regions (NFRs) are found at

H3K9  methylation  borders  as  a  space  barrier  for  H3K9  spreading.  In  fission  yeast,  NFRs  are

naturally  present  at  tRNA  genes  and  IR  repeats,  well  known  heterochromatin  boundaries  at

centromeres and MAT loci, respectively (Garcia et al. 2010). Our H3-ChIP showed that the first ~4kb

upstream of the readout are nucleosome-poor, suggesting that H3K9 methylation can’t spread over

that  region because  nucleosomes are  not  abundant  (Figure  3.16B,C).  Interestingly  the  same H3

profile is observed in wild-type cells, indicating that the first ~4kb upstream the readout are naturally

nucleosome-poor and not the result of the readout cloning (Figure 3.16C). However, the rest of the

H3K9 methylation gap (in correspondence of SPAPB15E9.05c and SPAPB15E9.06c genes) doesn’t

show H3 depletion at all (Figure 3.16C). A look at the transcription levels of  SPAPB15E9.05c and

SPAPB15E9.06c in cell  populations indicates  that  these two genes are highly transcribed (Figure

3.16B, see “all  tj1” RNA). Previous studies showed that the accumulation of heterochromatic RNA

on chromatin, as result of the impairment of the Ccr4-Not mediated RNA degradation pathway or the

transcript overexpression, leads to defective heterochromatin assembly (Brönner et al. 2017). In this
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model,  accumulating  RNAs  generate  exceptional  DNA:RNA  hybrids  that  interfere  with  the

heterochromatin formation. Keller and colleagues showed that at the pericentromeric right boundary

of chromosome I, Swi6 binds nascent long non-coding euchromatic RNA (BORDERLINE RNA)

and  directs  its  processing  to  sRNAs  that  are,  however,  not  loaded  onto  Ago1  like  canonical

pericentromeric  sRNAs,  therefore interrupting  the RNAi mediated spreading  of  heterochromatin

from  centromeres  to  neighboring  euchromatin  (Keller  et  al.  2013b).  Interestingly,  when  the

BORDERLINE  DNA sequence  was  replaced  with  a  protein-coding  sequence  (ura3),  the  H3K9

methylation  barrier  was  not  only  preserved  but  that  barrier  activity  increased  when higher ura3

transcription was induced (Keller et al. 2013b). Moreover, RNA at heterochromatin competes with

H3K9 methylation for the binding with Swi6, resulting in Swi6 eviction from heterochromatin and an

HP1 homologue-mediated RNA degradation  (Keller  et  al.  2012b).  It  is  therefore possible  that  a

highly transcribed gene may work as an H3K9 methylation boundary being the result of increased

DNA:RNA hybrid formation and Swi6 eviction, altogether working as an heterochromatin barrier.

For  this  reason,  the  SPAPB15E9.05c and  SPAPB15E9.06c genes  at  the  readout  may  block

heterochromatin spreading, like the highly transcribed gene prl53 at the 3’ boundary might do (Figure

3.16B).

The expression analysis of the heterochromatic genes flanking the readout shows that in silencing

cells these genes are on average transcribed ~30% less than in cell populations, indicating the silencing

function of the spreading H3K9 methylations (Figure 3.16B, lower graph).

When we analyzed the repression of the tj1 elements in all the silencing strains obtained, we showed

that all the tj1  copies are recognized and heterochromatic, thus, considering the H3K9 methylation

spreading observed at the readout, we wondered if heterochromatin spreads to flanking regions also

from the  transposed tj1 elements.  Our  results  show  that  spreading  is  observed  at  some  of  the

transposed copies (Figure 3.20A). Similar to the repression effect on heterochromatic flanking genes

at  the readout  locus,  H3K9 methylated genes  close to  the transposed copies  present  an  average

reduction in transcription of  ~30%, compared to cell populations (Figure 3.20C). As well as at the

readout locus, gaps in spreading heterochromatin are observed at some of the transposed tj1 elements

(Figure  3.20A).  H3-ChIP  at  these  loci  didn’t  show  any  NFR  (data  not  shown),  therefore  we

investigated whether the transcriptional activity of the tj1 flanking genes may have a role in controlling

heterochromatin spreading,  as  hypothesized at  the readout  locus.  We divided the flanking genes

according to their position with respect to the H3K9me2 spread; thus, we obtained three gene groups:

“border  genes”  (first  genes  immediately  downstream  or  upstream  the  H3K9me2  borders),

“heterochromatic  genes”  (H3K9  methylated  genes)  and  “gap  genes”  (genes  with  no  H3K9me2

between border genes). The transcriptional analysis of these gene groups in cell populations shows

that on average genes at the heterochromatin borders (and at the gaps) are ~2 folds more transcribed

than the genes that will be heterochromatic in silencing colonies, suggesting that the first may work as
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a  barrier  to  the  H3K9me2 spreading  (Figure  3.20B),  similarly  to  what  was  observed  for  highly

transcribed genes at the readout locus.

Additionally, we wondered whether the DNA sequences immediately flanking the tj1 elements may

have a  role in regulating heterochromatin spreading.  All  the elements  transposed close to  RPIII

transcribed genes in forward orientation with respect to the target genes (some  tj1  targeted tRNA

genes, others 5S rRNA genes) (Table 3.1). tRNA genes are found at pericentromeric repeats where

they work as efficient heterochromatin barriers  (Wood et al.  2002; Scott et al 2006; Keller et al.

2013). On the other hand, in S. pombe 5S rRNA genes are dispersed at euchromatic loci within the

genome and absent at pericentromeric repeats (Wood et al. 2002). Nothing is known about the 5S

rRNA  gene  activity  as  an  heterochromatin  barrier.  Historically,  tRNA  and  5S  rRNA  genes

transcription  by  RPIII  machinery  has  been  described  as  a  conserved  process  mediated  by  the

transcription  factor  TFIIIB  complex,  recruited  upstream  of  both  the  gene  types.  The  TFIIIB

complex contains the TATA-binding protein (TBP) subunit and is required for the recruitment of the

RPIII machinery and subsequent  transcription of  the tRNA and 5S rRNA genes  (Schramm and

Hernandez 2002).  Despite both tRNA and 5S rRNA genes being transcribed by RPIII recruited

through the TFIIIB complex,  the  way by  which tRNA and 5S rRNA genes  recruit  the  TFIIIB

complex upstream of the genes is different (Schramm and Hernandez 2002). In the case of the tRNA

genes, another transcriptional factor complex, called TFIIIC complex, binds a tRNA DNA internal

promoter, consisting of two conserved motifs (A-box and B-box) and subsequently interacts with the

TFIIIB complex,  positioning it  upstream the  tRNA gene.  Differently,  the positioning of  TFIIIB

complex upstream of 5S rRNA DNA is mediated by a distinct transcriptional factor, TFIIIA, which

specifically binds a 5S rRNA gene internal sequence (called IE) and recruits TFIIIC, which brings

TFIIIB  upstream the  gene  (Schramm and  Hernandez  2002).  The  TBP subunit  of  the  TFIIIB

complex is, therefore, physically brought upstream the RPIII genes by the interaction of the complex

with TFIIIC, independently to the presence of a TATA box, absent at tRNA and 5S rRNA genes in

most eukaryotic organisms(Hamada et al. 2001). However, in S. pombe (and similarly in Arabidopsis

thaliana),  TATA  elements  are  found  upstream  of  both  tRNA  and  5S  rRNA  genes  (~20/30

nucleotides upstream of the transcription starting site) and are essential for their proper transcription

(Hamada  et  al.  2001).  Studies  on  the  heterochromatin  barrier  activity  of  tRNA  found  at

pericentromeric heterochromatin boundaries, showed that in fission yeast the mutation of the TATA

elements  decreases,  but  doesn’t  destroy  completely,  the  barrier  capacity  of  the  tRNA,  which  is

completely impaired when the A-box is mutated  (Scott et al.  2006).  In  S.  pombe, to contain the

spreading of heterochromatin at the mating-type locus, two inverted repeats surround the region, IR-

L and IR-R, and their deletion results in heterochromatin spreading to neighboring regions (Noma et

al.  2001).  IR-L and  IR-R  present  repeated copies  of  the B-box sequences found in the internal

promoter of tRNA genes and they recruit the TFIIIC complex at the IR elements of the mating-type

locus, preventing heterochromatin spreading (without recruiting the RPIII machinery)  (Noma et al.
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2006). These observations suggest that the direct TFIIIC binding on DNA sequences mediates the

repression of heterochromatin spreading, as shown at tRNA and IR repeats (Scott et al. 2006; Noma

et al. 2006).

In our study, none of the strains with transpositions upstream of tRNA genes showed spreading of

H3K9 methylation at the 3’end of  tj1  (Table 3.1 and Figure 3.20, see strains “2  tj1  A, B and D”),

suggesting that, despite the tj1 integration between the TATA box and the TSS of the tRNA genes,

the recruitment of TFIIIC directly on the tRNA DNA restricts heterochromatin from spreading over

the 3’ side of tj1. Furthermore, Scott and colleagues showed that mutations of the TATA element at

tRNAs didn’t impair completely the barrier activity of the tRNA gene, in accordance with our results

(Scott et al. 2006). A look at the strain “2 tj1 G”, with transpositions close to pericentromeric repeats,

shows that  silencing  cells  present  a  tiny  H3K9me2 gap immediately  at  the 3’  end of tj1  (before

pericentromeric heterochromatin), where the target  tRNA gene is,  further arguing that  the tRNA

DNA may  inhibit  heterochromatin  formation  (Figure  3.20,  see  strains  “2  tj1  G”).  Similarly,  the

pericentromeric tj1 copy of the strain “3 tj1 EL” shows no heterochromatin spreading at its 3’ side,

where  a  tRNA cluster  is  present,  and  a  small  methylation  gap  between  the  tj1  5’  end  and  the

pericentromeric heterochromatin where two tRNA genes are found (tRNA-arg/asp) (Figure 3.20, see

the pericentromeric tj1 copy of strain “3 tj1 EL”). As mentioned, no studies support the role of 5S

rRNA genes as heterochromatin barriers and, on the contrary, in  A. thaliana  5S rRNA copies are

repressed through DNA methylations and H3K9me deposition,  suggesting that 5S rRNA are not

refractory to heterochromatin (Murata et al. 1997; Mathieu et al. 2003; Douet and Tourmente 2007).

Therefore, considering the similar 5S rRNA DNA organization between A. thaliana and S. pombe

(Hamada et al. 2001), together with the absence of 5S rRNA genes at heterochromatin boundaries in

fission yeast, it is likely that 5S rRNA genes don’t work as heterochromatin barriers. Accordingly, our

study shows that H3K9 methylation at the 3’ side of the tj1 elements is present only in strains where

the transposon inserted at 5S rRNA genes (Table 3.1, strains “2  tj1  E and F” and “3  tj1  FM” and

Figure 3.20). However, continuous spreading from 3’ tj1 end to neighboring genes is observed only at

the two tj1 copies of the strain“3 tj1 FM”, while in the strains “2 tj1 E and F” heterochromatin gaps

are present (Figure 3.20). 

In  S. pombe  heterochromatin boundaries are also maintained through the recruitment of specific

effectors.  For  example,  Epe1,  a  putative  H3K9-demethylase,  is  recruited  to  constitutive

heterochromatin  via  Swi6  where  it  inhibits  the  spreading  of  heterochromatin  to  flanking  regions

(Ayoub et al. 2003; Zofall and Grewal 2006). Ubiquitination of Epe1 via Cul4-Ddb1Cdt2 leads to its

degradation (Braun et al. 2011). Interestingly, Epe1 degradation is restricted to proteins found at the

central core of constitutive heterochromatin regions, resulting in Epe1 peaks at H3K9 methylation

boundaries  (Braun et al.  2011).  At the IRC boundary elements of  chromosome I and III,  Epe1

recruits  the  bromodomain  protein  Bdf2  which  interacts  with  acetylated  H4K16,  protecting  the

nucleosomes from the Sir2 deacetylase activity, therefore inhibiting the deposition of heterochromatic
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marks and sub-sequential heterochromatin spreading  (J. Wang et al. 2013). The activity of Epe1 is

not restricted to pericentromeric heterochromatin, mating-type locus and telomeres, but this protein

inhibits spreading of heterochromatin also at ectopic loci, as shown when epe1 gene deletion resulted

in H3K9me spreading from an ectopic  cenH  element  to flanking reporter  genes  ura4  and  ade6

(Ayoub  et  al.  2003).  Leo1,  a  component  of  fission  yeast  PAF  complex  (Polymerase-Associated

Factor), has been identified as a boundary protein as well  (Verrier et al. 2015). The deletion of this

protein leads to spreading of heterochromatin at centromeres, telomeres mating-type locus and at an

ectopically  induced heterochromatin locus,  accompanied  by H4K16 de-acetylation  (Verrier  et  al.

2015; Sadeghi et al. 2015). Verrier and colleagues suggest a model where Leo1 recruits the H4K16

acetyltransferase Mst1 at  H3K9 methylation boundaries,  repressing spreading of  heterochromatin

(Verrier  et  al.  2015).  Moreover,  Leo1  deletion  shows  slower  H3  turnover  at  heterochromatin,

suggesting  that  Leo1  has  an  addictional  function  in  promoting  the  switch  between  old  and  new

histones and, therefore, in erasing local heterochromatin marks (Sadeghi et al. 2015). Finally, Leo1

mutation leads to heterochromatin spreading at  heterochromatin islands,  like  mei4, and  de novo

heterochromatinization of tf2 elements, indicting that Leo1 regulates also facultative heterochromatin

dynamics (Sadeghi et al. 2015). We cannot exclude that effector proteins like Epe1 and Leo1 might

be recruited at  tj1  loci where they regulate heterochromatin boundaries. In the future, it would be

interesting to investigate the presence of these effectors at  tj1  silenced loci and the effects of their

mutations on H3K9 methylation spreading.

In conclusion, different components may interfere with heterochromatin spreading from silenced tj1

elements; (i) we suggest that spreading at 3’ side of tj1 may be repressed by targeting a tRNA gene,

while it may be more permissive when tj1  transposes upstream a 5S rRNA gene. (ii) Transcription

activity  of  tj1  flanking genes may regulate  the bidirectional  spreading of  H3K9 methylation,  with

boundary genes on average more transcribed, as observed at tj1 transposed copies and at the readout

(Figures 3.20B and 3.16B). (iii) we cannot exclude that heterochromatin spreading over some set of

genes would negatively interfere with cell viability, ending with the selection of the heterochromatin

patterns obtained in this study, as result of bias from selective pressure or (iv) an active locus-specific

heterochromatin spreading control mechanism (involving effector proteins like Epe1 and Leo1).

In order to minimize detrimental effects on the host, transposon mobilization is often restricted to

some  specific  locations.  For  example,  Ty5  in  budding  yeast  transposes  preferentially  within

heterochromatic regions (Zou et al. 1995; Xie et al. 2001). Similarly, Ty3 and Ty1 are preferentially

guided close to tRNA and 5S rRNA genes, redundantly present within the genome and therefore

transpositions at one of these loci are unlikely to be lethal (Chalker and Sandmeyer 1992; Devine and

Boeke 1996).  Evidence shows that  Ty1 and Ty3 transposition at  tRNA genes have a neutral  (or

stimulatory) effect on tRNA transcription and fitness experiments show no negative selection pressure

of some de novo Ty1 transpositions (Kinsey and Sandmeyer 1991; Bolton and Boeke 2003; Blanc

and  Adams  2004).  However,  considering  the  different  tRNA  and  5S  rRNA  gene  organization
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between S. pombe and S. cerevisiae, with the first organism presenting TATA elements upstream of

both tRNA and 5S rRNA genes, essential  for the proper transcription  (Hamada et al.  2001),  we

wondered  whether  tj1  transpositions  in  our  study  would  affect  the  overall  cellular  fitness.  Our

competition assay, where the strain with the sole readout construct (0nat) was mixed with one of the

strains with transposition(s), on averaged showed that transposition(s) may slightly affect the cellular

fitness (Figure 3.24A), with an accentuated effect in the strain “3 tj1 FM” (Figure 3.24B). The fact that

“3 tj1 FM”, but not “3 tj1 EL”, stands out for its slower growth compared to 0nat, suggests that location,

rather than copy number might effect  the cellular fitness.  While both transposon copies inserted

upstream a 5S rRNA gene in “3 tj1 FM”, in “3 tj1 EL” the element mobilized upstream both a tRNA

and a 5S rRNA gene, indicating that the fitness might be impaired depending on the tj1 target genes.

On the other hand, none of the other strains with tj1 integrated upstream a 5S rRNA showed fitness

defects (“2 tj1 E” and “3 tj1 F”), suggesting that cells may tolerate up to one transposition upstream a

5S rRNA gene. These competition experiments represent only some preliminary results and it would

be  necessary  to  repeat  them,  analyzing  way  more  diverse  tanspositions,  before  drawing  any

conclusion.

Finally, yet importantly, we wondered whether the silencing of  tj1  elements leads to fitness defects,

likely as a result of the H3K9 methylation spreading observed at the readout of all the strains and the

tj1 transposed copies of some strains. The growth assays of all the silencing strains, the readout strain

(0nat)  and  a  heterochromatic  control  strain  (with  ade6 and  ura4 integrated  respectively  at

pericentromeric and subtelomeric heterochromatin), show that silencing colonies grow slower than

the heterochromatic control, indicating that silencing of  tj1  elements affects negatively the cellular

fitness. Our observation suggests that additional factors, rather than  ade6 and  ura4 silencing at the

readout, affect the fitness, with the spreading of heterochromatin to flanking tj1 elements as a possible

explanation.  For  example,  previous  experiments  in S.  pombe  showed  that  spreading  of

heterochromatin from pericentromeric repeats leads to defective meiotic chromosome segregation

(Scott et al. 2006), while heterochromatin spreading from the mating-type locus to euchromatic genes

leads to grow defects (Garcia et al. 2015). In D. melanogaster it has been shown that TEs present at

euchromatic  loci  induce  deposition  of  heterochromatin  marks  over  their  sequence  and  flanking

genes,  and that  the transposons that  have higher heterochromatic marks are on average the least

frequent TEs in the genome, indirectly suggesting that their epigenetic effects on neighboring genes

affect negatively the host fitness (Y. C. G. Lee 2015; Y. C. G. Lee and Karpen 2017; Ninova et al.

2020). Accordingly, in A. thaliana strongly heterochromatic TEs are on average less abundant in the

genome and more distant from protein-coding genes than not-heterochromatic TEs, suggesting that

spreading  of  heterochromatin  from  the  TEs  to  neighboring  genes  has  been  negatively  selected

because of its negative effects in the host  (Hollister and Gaut 2009). In our study, heterochromatin

spreading from  tj1  to flanking regions was observed also in  trans  silenced elements on plasmids,

where heterochromatin spans over the LEU2 gene (Figure 3.19A). The impossibility to obtain stable
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red colonies in a strain forced to keep the plasmids (and therefore  LEU2  expression),  suggests a

balanced action between the transposon repression and the expression of flanking genes, in order to

maintain the element “sufficiently” silenced, yet allowing the expression of the neighboring LEU2

gene  (Figure  3.19C).  In  S.  pombe,  spreading  of  heterochromatin  from subtelomeric  regions  to

flanking euchromatin, promoted by the impairment of heterochromatin boundary elements, causes

growth defects (Wang et al 2015). Interestingly, to balance the negative fitness effects of this ectopic

heterochromatin spreading, cells deposit H3K9me2 at clr4 gene, in a negative feedback loop with the

aim of  repressing the same enzyme responsible  for  the heterochromatin spreading  (Wang et  al.

2015). Similarly, when the RNAi machinery triggers ectopic heterocromatin formation at euchromatic

genes  (as  result  of  defective  sRNA  decay  processes),  RNAi  genes  themselves  acquire  H3K9

methylations  (Pisacane and Halic  2017).  In our  study,  however,  none of  the tj1 silencing strains

presents H3K9 methylations at genes involved in RNAi-dependent heterochromatin formation (data

not shown), suggesting that tj1 silencing represents an evolutionary priority for the host.

Overall, our experiments show that silencing of tj1 leads to negative effects on the cell fitness, likely as

the result of spreading of heterochromatin over tj1 flanking genes and their subsequent transcriptional

repression. It  is  intriguing to propose an evolutionary model where de novo transposon silencing

through  heterochromatin  represents  a  double-edged  sword,  where potentially  detrimental

transpositions are blocked, yet this activity negatively affects the cell fitness. In other words, the rapid

and efficient response to the tj1 invasion represents a cell “strategy” to avoid further (potentially) lethal

transpositions, accepting the (milder) side effects that tj1 silencing through heterochromatin brings.

4.7 Conclusions and future perspectives
The aim of this study was to simulate an exogenous transposon invasion in S. pombe to investigate

whether fission yeast carries a mechanism capable to block the potentially detrimental transposon

propagation, and, if so, what features the TE has to be identifiable as a non-self DNA. Tj1, an LTR-

retrotransposon from S. japonicus active in S. pombe, was utilized. Our results show that fission yeast

actively recognizes the retrotransposon already when present on plasmids and, therefore, before its

actual  genomic  integration  (Figures  3.4B,  3.7C).  Genomic  transpositions  result  in  a  basal  H3K9

methylation deposition and a  reduction in tj1  RNA accumulation (Figure  3,9).  The presence  of

various tj1 copies on plasmids in strains with transposed copies further enhanced this RNA reduction

(Figure 3.9A-F). In any case, for the strong tj1 silencing observed in some cells among the population,

identified  by  red  pigmentation  (the  result  of  efficient  repression  of  the  readout  construct),  the

presence of multiple tj1 elements was necessary (Figures 3.10 and 3.11).

However,  we  also  proved  that  when  tj1 transposed  close  to  constitutive  heterochromatin,  no

additional copies are necessary to induce the efficient silencing observed among the cell population

(Figures 3.10, 3.11 and 4.1).
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We demonstrate  that  more important  than the copy  number,  essential  for  this  establishment  of

efficient silencing among the population is the bidirectional transcription of the tj1 elements (Figure

3.8).

We showed that transposition location, rather than the copy number itself, is as well important for the

maintenance  of  tj1  repression  through  generations,  with  strains  carrying  tj1  elements  close  to

constitutive heterochromatin showing more stable inheritance of the repression state (Figures 3.12,

3.13 and 4.1). 

Our epigenetic studies in silencing colonies showed that all the tj1 copies dispersed over the genome

(and on plasmids) are strongly trans repressed through deposition of H3K9 methylation, in a process

guided by tj1 sRNAs (Figures 3.5, 3.14, 3.19A and 4.1). This represents the first evidence in fission

yeast of a trans acting mechanism of gene repression in a completely wild-type genotype, where the

only genetic manipulation consisted of the cloning of the readout construct, where tj1 transpositions

within the genome were the result  of  the natural  propagation of  the retroelement  and where its

silencing  was  the  outcome  of  innate tj1 properties.  Additionally,  we  observed  the  generation  of

secondary sRNAs close to a trans silenced region (Figures 3.5C and 3.15A).

We demonstrated that initial recognition and maintenance of the silencing states are processes that

require  Ago1,  suggesting  that,  together  with  the  sRNA  presence  in  correspondence  of

heterochromatic tj1, silencing of the retrotransposon is mediated by the canonical fission yeast RNAi

machinery  (Figures  3.22  and 4.1).  In  support  of  this,  Abp1,  a  DNA binding  protein  principally

involved in the RNAi-independent repression of the endogenous tf2 retroelement, is not recruited at

tj1 in silencing cells (Figure 3.23).

Our experiments showed also that heterochromatin spreads from the repressed tj1 copies to flanking

genes (in a process mostly RNAi independent) and that these H3K9 methylated genes are on average

repressed  (Figures  3.16A,B,  3.17,  3.18,  3.19A,  3.20,  3.21  and  4.1).  In  this  contest,  on  average

silencing colonies present fitness disadvantages compared to not silencing colonies, suggesting that

epigenetic  repression  of  tj1  flanking  genes  represents  the  negative  side  effect  of  the  transposon

repression (Figure 3.25).

In S. japonicus, tj1 elements are clustered at centromeric and telomeric heterochromatin, where they

are kept silenced (Rhind et al. 2011). Interestingly, CENP-B homologous genes appeared in the S.

pombe  genome after  its  evolutionary  divergence  with  S.  japonicus  (apparently  as  result  of  the

domestication of a Pogo-like DNA transposase) and, therefore, the latter doesn’t present CENP-B

homologues (among which Abp1 is found) (Casola et al. 2008; Rhind et al. 2011). This could explain

why  in  S.  japonicus  tj1  elements  are  conserved  at  heterochromatin,  in  order  to  maintain  their

silencing, lacking an alternative RNAi-independent machinery capable of their repression. On the

other  hand,  CENP-B  homologue  acquisition  in  S.  pombe  and  their  direct  role  in  repressing

endogenous  retrotransposons,  permitted  the  eradication  of  TEs  from  the  constitutive

heterochromatic regions, in fact, absent in nowadays genomes. Our experiments indicate that, in the
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absence  of  tj1  specific  DNA binding  proteins  capable  to  trigger  the  silencing  of  the  exogenous

transposon,  an  ancestral  RNAi-mediated  mechanism  guides  the  prompt  interruption  of  the

transposon propagation, in a sort of retrotransposon survey process. Moreover, our findings showing

that the more efficient initiation of silencing and maintenance of  tj1  repression through generations

are in strains with pericentromeric  tj1  insertions,  suggest that  tj1  might (temporarily) accumulate at

centromeres, therefore repopulating constitutive heterochromatin with transposon elements, waiting

for the eventual development of  tj1  binding specific proteins to guide  tj1  silencing (like CENP-B

homologues with  tf2),  re-permitting  the centromeric  transposon eradication.  In  this  scenario,  the

acquisition of an RNAi- and heterochromatin-independent mechanism for  tj1  recognition would as

well  diminish the  negative  selective  effects  caused by the  spreading of  heterochromatin from  tj1

elements (transposed at euchromatic loci) to the flanking genes.

In this perspective, it would be interesting to see if  S. pombe (rapidly) develops a more convenient

RNAi-independent  mechanism  to  repress  tj1.  In  fission  yeast,  the  establishment  (but  not  the

maintenance) of heterochromatin at pericentromeric repeats depends on the generation of primal

small RNAs (priRNAs), a class of sRNAs derived from the processing of bidirectional centromeric

transcripts by the 3’-5’ exonuclease Triman protein (Tri1) (Halic and Moazed 2010; Marasovic et al.

2013).  In  the  future,  the  study  of tj1 recognition  in  strains  with  defective  Tri1  would  help

understanding if the silencing of the elements observed in this study, requires the initial activity of the

3’-5’  exonuclease,  like at  pericentromeric  heterochromatin,  or  if,  on the contrary,  efficient Ago1-

bound sRNAs are generated independently of Triman. Additionally, Tri1 mutation in  tj1  silencing

background strains would show whether the maintenance of tj1 repression is priRNAs-dependent or

not. We showed that  S. pombe recognizes and represses  tj1, an LTR-retrotransposon belonging to

the  Class  I  of  transportable  elements,  where  transposon  moves  through  an  RNA-intermediate.

Therefore, it would be interesting to see if fission yeast uses the same molecular tool to recognize

Class II Transposable elements (represented by TEs that move via a DNA-intermediate), if it rather

uses a different mechanism or if it is instead not capable at all to recognize TEs of this Class.
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Figure 4.1: Model for tj1 transposition at euchromatic and heterochromatic targets; initial repression, strong 
silencing in some cells among the population and differential maintenance of silencing.

Tj1 can transpose either at euchromatic (a) or at constitutive heterochromatic loci (b). Cells initiate a general 
transposon repression (supposedly) via a co-transcriptional RNAi-mediated silencing and consequent deposition of 
basal H3K9 methylations (c). Some cells among the population establish strong tj1 silencing, leading to the efficient 
trans repression of all tj1 elements through an RNAi-dependent heterochromatinization  mechanism (spreading also 
to tj1 flanking regions) (d). Cells with transposition(s) at constitutive heterochromatin maintain tj1 repression more 
stably through generations (e).
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Materials and Methods

5. MATERIALS AND METHODS

5.1 Materials

5.1.1 Strains used in this study (Table 5.1)

99

strain genotype origin

63 h+ otr1R(SphI)::ura4 + ura4-DS/E leu1-32 ade6-M210 SPY137
D.Moazed Lab.

65 h90 otr1R(SphI)::ura4 + ura4-DS/E leu1-32 ade6-M210 
natMX6::3xFLAG-ago1 

SPY797
D.Moazed Lab.

78 h- leu1-32 ade6-M210 ura4-D18 his3-Dr SPY78
D.Moazed Lab.

1267 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(neo)

1273 1267 silencing colony

1276 1273 not silencing colony

1344 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat)

1352 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPCTRNAHIS.04::tj1

1370 1352 silencing colony

1371 1370 not silencing colony

1363 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNALYS.03::tj1

1399 1363 silencing colony

1409 1399 not silencing colony

1365 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNAVAL.03::tj1

1366 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.20::TGAx-tj1

1374 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPBTRNAMET.06::tj1

1375 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPBTRNAGLN.03::tj1

1376 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNAGLU.04::TGAx-tj1

1407 1376 silencing colony

1412 1407 not silencing colony

1386 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNATHR.01::TGAx-tj1
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1415 1386 silencing colony

1418 1415 not silencing colony

1416 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.24::TGAx-tj1

1448 1416 silencing colony

1453 1448 not silencing colony

1417 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.16::TGAx-tj1

1442 1417 silencing colony

1446 1442 not silencing colony

1419 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPCTRNASER.13::TGAx-tj1

1427 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.16::TGAx-tj1 SPRRNA.19::TGAx-tj1

1456 1427 silencing colony

1457 1456 not silencing colony

1428 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.24::TGAx-tj1 SPATRNAGLU.06::TGAx-tj1

1433 1428 silencing colony

1439 1433 not silencing colony

1299 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(neo) 
natMX6::3xFLAG-ago1 silencing colony

1301 1299 not silencing colony

1379 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPCTRNAHIS.04::tj1 hph::3xFLAG-ago1 

1450 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNAGLU.04::TGAx-tj1 hph::3xFLAG-ago1 

1423 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat)  
hph::cbp1(SPBC1105.04c)-3XFLAG

1430 1423 silencing colony

1437 1430 not silencing colony

1395 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPCTRNAHIS.04::tj1 ∆ago1::hph

1354 h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
∆ago1::hph

588 h90  tel(1L)::his3 tel(2L)::ura4 otr1R::ade6 Nimmo et al. 1998
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5.1.2 Plasmids used in this study (Table 5.2)

5.1.3 Strains + plasmids used in this study (Table 5.3)
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strain     +
plasmid(s)

genotype number

1267      +
p1076

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(neo) 
+ donor plasmid_neo

185

1267      +
p1076    +
p1081

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(neo) 
+ donor plasmid_neo + expression plasmid

187

1344      +
p1265

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) + 
donor plasmid_neo(AI)

315

1344      +
p1263

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) + 
wt plasmid_neo(AI)

320

1344      +
p1265    +
p1081

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) + 
donor plasmid_neo(AI) + expression plasmid

331

1352      + 
p1282

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPCTRNAHIS.04::tj1 + wt plasmid_hph(AI)

362

1363      + 
p1282

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNALYS.03::tj1 + wt plasmid_hph(AI)

364

1365      + 
p1282

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNAVAL.03::tj1 + wt plasmid_hph(AI)

368

1376      + 
p1281

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNAGLU.04::TGAx-tj1 + donor plasmid_hph(AI)

376

1386      + 
p1281

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPATRNATHR.01::TGAx-tj1 + donor plasmid_hph(AI)

394

1416      + 
p1281

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.24::TGAx-tj1 + donor plasmid_hph(AI)

418

number description origin

p1036 TGAx-tj1::neo URA3 Guo et al. 2005

p1076 TGAx-tj1::neo LEU2  (donor plasmid_neo)

p1081 nmt81p::tj1(ORF)::nmt1T his3 (expression plasmid)

p1263 tj1::neo(AI) LEU2  (wt plasmid_neo_AI) 

p1265 TGAx-tj1::neo(AI) LEU2 (donor plasmid_neo_AI)

p1282 tj1::hph(AI) LEU2  (wt plasmid_hph_AI) 

p1281 TGAx-tj1::hph(AI) LEU2  (donor plasmid_hph_AI)

p1290 ∆5’LTR::tj1::neo(AI) LEU2 

p1125 232bp_5’OE ::readout(neo)::500bp_3’OE 3'

p1251 readout(nat)
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5.1.4 Oligonucleotides used in this study (Table 5.4)
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number gene/
construct

sequence experiment

1152F LEU2 GGACTAGTATGTCTGCCCCTAAGAAGA
TC

cloning

1152R LEU2 TTGGCGCGCCTTAAGCAAGGATTTTCT
TAACTTC

cloning

1153F LEU2 TTGGCGCGCCAAAACTGTATTATAAGT
AAATGC

cloning

1153R LEU2 GGACTAGTGATTTATCTTCGTTTCCTG cloning

1232F2 readout(neo) TTAACGATGCATTGCGATTTTTGTAG cloning

1232R readout(neo) GAACCATCATTATAGTGAGGTGTTTGG cloning

1170Fe readout(nat) GATACAGACCACAAACAAATGG cloning

1022F readout(nat) CTGCTTCAAACCGCTAACAA cloning

1158F nmt81::tj1(ORF)::nmt1T ATTGGAAGTGGATAACTAAAAGGAATG
TCTCCCTTGC

cloning

1158R nmt81::tj1(ORF)::nmt1T AATGGATTGGAAGTACCTCGAGGTATG
ATTTAACAAAGC

cloning

1159F nmt81::tj1(ORF)::nmt1T TACTTCCAATCCATTGCAAATGGAATC
GGCTTCC

cloning

1417      + 
p1281

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.16::TGAx-tj1 + donor plasmid_hph(AI)

420

1416      + 
p1281    +
p1081

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.24::TGAx-tj1 + donor plasmid_hph(AI) + expression 
plasmid

422

1417      + 
p1281    +
p1081

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.16::TGAx-tj1 + donor plasmid_hph(AI) + expression 
plasmid

424

1427      + 
p1281

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.16::TGAx-tj1 SPRRNA.19::TGAx-tj1 + donor 
plasmid_hph(AI)

429

1428      + 
p1281

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
SPRRNA.24::TGAx-tj1 SPATRNAGLU.06::TGAx-tj1 +  donor 
plasmid_hph(AI)

431

1344      +
p1290

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) + 
donor plasmid_neo(AI) + ∆5’LTR::tj1::neo(AI) plasmid

399

1354    +
p1263

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
∆ago1::hph) + wt plasmid_neo(AI)

374

1354     +
p1282

h- leu1-32 ade6-M210 ura4-D18 his3-Dr ∆tf2-5::readout(nat) 
∆ago1::hph + wt plasmid_hph(AI)

375
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1159R nmt81::tj1(ORF)::nmt1T TTATCCACTTCCAATGTCAAGATTTCTT
CGGAATCTTC

cloning

1118F his3 AAAAGCTAGCTAGAATGGTATATCCTT
GAA

cloning

1118R his3 TTCGCCATGGAAAGATTCTCTTTTTTTA
TGA

cloning

1119F his3 AAACCATGGTCATTTTTTTGTATAGTAT
TCC

cloning

1119R his3 AAAGCTAGCATGTTTGATTTGAATACTT
G

cloning

1309F tj1 to TGAx-tj1 CAAGAAGGACTGAACGGCCTCATC iPCR

1309R tj1 to TGAx-tj1 CGGTCTTTGATTGTCGTATTTTGTTG iPCR

1345F TGAx-tj1 to tj1 TGACTGAACGGCCTCATCAATTCGC iPCR

1345R TGAx-tj1 to tj1 TTCTTGCGGTCTTTGATTGTCG iPCR

1337F AI_into_neo TCTAAGCTAATCAATAGCGAGCCCATTT
ATACCCATATAAATCAGC

iPCR

1337R AI_into_neo CTAGTAAAATAGCACCTACCGATAATGT
CGGGCAATCAGGTGCG

iPCR

1257F neo to hph TACTTCCAATCCATTGAACACCCCTTG
TATTACTGTTTATG

cloning

1257R neo to hph TTATCCACTTCCAATGCAGAATTGGTTA
ATTGGTTGTAAC

cloning

1258F neo to hph ATTGGAAGTGGATAACTTATTCCTTTG
CCCTCGG

cloning

1258R neo to hph AATGGATTGGAAGTACATGGGTAAAAA
GCCTGAACTCAC

cloning

1346F AI_into_hph TCTAAGCTAATCAATAGCGCATATGAAA
TCACGCCATG

iPCR

1346R AI_into_hph CTAGTAAAATAGCACCTACCGATTGCT
GATCCCCATGTGTATC

iPCR

219F act1 GATTCTCATGGAGCGTGGTT qPCR

219R act1 CTCATGAATACCGGCGTTTT RT, qPCR

1170Fb tj1 CGAAGATTACGAAGAAGTATTTG qPCR

1190Rb tj1 CAAAAGGTTTCCTCCTGCTGC RT, qPCR

1403R1 tj1 GCGCTTCTAGGATTCTCGTAAT qPCR

1403F1 tj1 ATCACCGAGTGGAAGACAAAG RT, qPCR

255 ssRNA 22nt UGAAAGCUUUAGUUGAUACGUC marker
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5.1.5 Media used in this study (Table 5.5)
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name organism recipe

LB E.coli 10g/l NaCl, 5g/l Yeast Extract, 10g/l Tryptone 

YES S.pombe 5g/l Yeast Extract, 30g/l glucose, 0.226 g/l leucine, 
histidine, lysine, adenine,uracil (+ 20g/l agar for solid plates)

YE S.pombe 5g/l Yeast Extract, 30g/l glucose (+ 20g/l agar for solid plates)

PMG S.pombe EMM glutammate (Formedium) 31g/l,  0.226 g/l leucine, 
histidine, lysine, adenine, uracil (+ 20g/l agar for solid plates)

PMG -leu S.pombe Same as PMG, excluding leucine

PMG -his S.pombe Same as PMG, excluding histidine

PMG -leu -his S.pombe Same as PMG, excluding leucine and histidine

PMG low ade S.pombe EMM glutammate (Formedium) 31g/l,  0.226 g/l leucine, 
histidine, lysine, uracil, 0.004g/l adenine, 20g/l agar

PMG low ade -
leu

S.pombe Same as PMG low ade, excluding leucine

EMMC -ura -
ade

S.pombe 12.4 g/l EMM without dextrose (Formedium), 0.226 g/l 
leucine, histidine, lysine,uracil, 20g/l agar

EMMC -leu S.pombe 12.4 g/l EMM without dextrose (Formedium),0.226 g/l 
histidine, lysine, adenine,uracil (+ 20g/l agar for solid plates)

EMMC -his S.pombe 12.4 g/l EMM without dextrose (Formedium),0.226 g/l 
leucine, lysine, adenine,uracil (+ 20g/l agar for solid plates)

RT= Reverse Transcription, qPCR= quantitative PCR, iPCR= inverse PCR, marker= oligonucleotides 
used as size marker for the Ago1-bound sRNA assay, screening= PCR to screen colonies, underlined 
sequence= restriction enzyme sites 

1364 ssRNA 26nt UUUUUUAUGUUCGAGCUUUGGUACC
A

marker

254 ssRNA 30nt UUGUUCUUUGCCUCGCUCGCUGCGU
ACAUG

marker

1170Fh neo ACGCTACCTTTGCCATGTTTC screening

1265R neo GAAACGTCTTGTTCGAGGC screening

1348F hph CAGTCCTCGGCCCAAAGC screening

1348R hph CGGGTTCGGCCCATTCG screening

843F LEU2 GAACAATACACCGTTCCAGA screening

843R LEU2 ATACCATTTAGGTGGGTTGG screening

1109F his3 ATGTTTGATTTGAATACTTGTCTTC screening

1109R his3 TCATTTTTTTGTATAGTATTCCTGC screening
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5.1.6 Antibodies used in this study (Table 5.6)

5.1.7 Sequenced strains (Table 5.7)
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experiment

strain
total RNA 
seq

polyA-RNA 
seq

H3K9me2-Chip 
seq

H3-Chip 
seq

Ago1-bound 
sRNA seq

Abp1-ChIP 
seq

wild-type
(63)

✔
P

wild-type 
(65)

✔
P

0neo 
(1273, 1276, 1299, 
1301)

✔
,S NS

✔
,S NS

✔
,S NS

✔
,S NS

0nat

(1344, 1423, 1430, 
1437 )

✔
P

✔
P

✔
P

✔
P

✔
, ,P S NS

name experiment

FLAG-M2 agarose beads
(Sigma-Aldrich, A2220) 

Ago1-bound sRNA seq
Abp1-ChIP seq

Anti-H3K9me2, Abcam (1220)* H3K9me2-ChIP seq

Anti-H3 Abcam (176842)* H3-ChIP seq

*bound to Dynabeads Protein A (Invitrogen)

EMMC +5FOA S.pombe 12.4 g/l EMM without dextrose (Formedium), 0.226 g/l 
leucine, histidine, lysine, adenine,uracil, 0.1g/l 5-Fluoroorotic 
acid (5FOA), 20g/l agar

YES +G418 S.pombe Same as YES, adding 0.2g/l G418

YES 
+nourseothricin

S.pombe Same as YES, adding 0.1g/l nourseothricin

YES 
+hygromycin B

S.pombe Same as YES, adding 0.2g/l hygromycin B

YES +G418 
+nourseothricin

S.pombe Same as YES, adding 0.2g/l G418 and 0.1g/l nourseothricin

YES +G418 
+nourseothricin 
+hygromycin B

S.pombe Same as YES, adding 0.2g/l G418, 0.1g/l nourseothricin and 
0.2g/l hygromycin B
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5.2 Methods

5.2.1 Strain and plasmid construction
The strains and plasmids generated and used in this study are listed in Tables 5.1 and 5.2. The

oligonucleotides used for the cloning procedures are indicated in Table 5.4. To integrate the readout

into the genome replacing tf2-5, 30-40 ml of S. pombe cells were grown in liquid YES, harvested at

OD600= 0.3, transformed with  ~500ng of a purified readout PCR product (via  electroporation, Bio-

Rad MicroPulser program ShS) and plated on YES plates. The next day cells were replica plated on

YES supplemented with the appropriate antibiotic. Single colonies were isolated and the success of

the cloning was verified by PCR and sequencing of the integration loci (Eurofins). Similarly, 3XFLAG

tagging of Ago1 and Abp1 was performed, integrating the epitope at N- and C- terminal respectively.

Plasmids  were  generated  by  inverse  PCR,  restriction  enzyme  based  cloning  and  LIC  (Ligation

Independent  Cloning).  In  all  cases,  XL1 Blue  E.coli  cells  were heat-shock transformed with  the

plasmids generated, to amplify and store them after positive screening via PCR and sequencing. The

LIC protocol was performed as described by Wang and colleagues (T. Wang et al. 2012); briefly, the

insert  and  the  vector  are  amplified  by  PCR  using  specific  primers  with  the  aim  of  generating

compatible overhangs of ~15bp. The overhangs contain the first nucleotide that is unique in the rest
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“2 tj1 A” 
(1352, 1370, 1371, 
1379)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

✔
S

“2 tj1 B”
(1363, 1399, 1409)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

“2 tj1 D”
(1386, 1415, 1418)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

“2 tj1 E”
(1416, 1448, 1453)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

“2 tj1 F”
(1417, 1442, 1446)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

“2 tj1 G”
(1376, 1407, 1412, 
1450)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

✔
S

“3 tj1 EL”
(1428, 1433, 1439)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

“3 tj1 FM”
(1427, 1456, 1457)

✔
, ,P S NS

✔
, ,P S NS

✔
, ,P S NS

✔
P

“2 tj1 G” +plasmids
“2 tj1 D” +plasmids
(376 394)

✔
,S NS

P=population, S=silencing colony, NS=not silencing colony (white from red)
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of the sequence. This design, combined with the exonuclease activity of the T4-DNA polymerase

(ThermoFisher),  permits  the  3’  to  5’  digestion  of  the  overhangs  up  to  the  unique  nucleotide,

specifically included in the T4-DNA polymerase reaction mix. The insert and vector so generated are

mixed at adequate molar ratios to ensure the base pairing between the overhangs of the constructs.

The products are transformed into XL1 Blue E.coli.

All the PCR reactions for the cloning processes were performed using the High-fidelity PCR Master

Mix (Thermo Fischer Scientific).  All the PCR product and plasmid purifications were performed

using the NucleoSpin Gel and PCR Clean-Up kit (Macherey-Nagel).

5.2.2 Spot and silencing establishment assays
The spot assay was performed using cultures of  S. pombe  at OD600= 0.7 grown in the appropriate

media;  PMG if  plasmids  were  not  present,  PMG depleted  of  specific  supplement(s)  when  cells

carried plasmids. After washing in autoclaved water, serial dilutions of cells were plated in the needed

media, having from ten up to one million cells in each spot.

The silencing establishment assay was performed growing cells over-night in the appropriate PMG

media (according to  the presence of  plasmids).  The cultures  of  exponentially  growing cells  were

refreshed daily to keep them growing exponentially. 30.000 cells were plated in PMG low ade media

(using 15mm diameter plates, ThermoFisher) at days 1, 3, 5, 7 and 10 (corresponding to 10, 30, 50,

70 and 100 cell generations). The plates were kept at 32°C for 3 days followed by one over-night

incubation at 4°C to highlight the eventual red pigmentation of tj1 silencing colonies. The number of

red colonies in each strain at each day was annotated and the establishment average was calculated.

5.2.3 Transposition induction and isolation of colonies with transposed tj1
To induce tj1 transposition, the strain 0nat was transformed either with p1263 (wt tj1 plasmid) or with

the combination of p1265 and p1081 (donor and expression plasmids, respectively). Both p1263 and

p1265 contain the neo cassette oriented in opposite direction to tj1. neo is interrupted by an artificial

intron  (AI)  in  frame  with  tj1.  This  construct  permits  to  have  G418-resistant  cells  only  when  a

complete tj1 integration cycle is completed (Heidmann, Heidmann, and Nicolas 1988; Levin 1995;

Dang et al.  1999). However, this setup doesn’t discriminate between  tj1 cDNA integrated into  S.

pombe genome or recombined with tj1 in the plasmids. Therefore, it was necessary to first induce the

cells to lose the plasmids and only afterwards screen for G418-resistant colonies. Cells were grown

exponentially  for  2-3  consecutive  days  in  PMG  w/o  the  specific  supplements  (according  to  the

plasmids present) to induce tj1 transposition. Afterwards, to induce plasmid loss, cells were switched

to YES media where they were grown exponentially for 2-3 days. 25x106 cells were plated on YES

+G418 +nourseothricin and incubated at 32°C until single colonies appeared. The resistant colonies

were replica plated on EMMC w/o the specific supplements to identify antibiotic-resistant colonies
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that  didn’t  retain  the  plasmids,  indication  of  a  genomic  transposition  rather  than  a  plasmids

recombination. The identified colonies were analyzed by genomic PCR to confirm the transposition.

The primers  used  anneal  to  neo (1170Fh/1265R)  and to  the plasmids  marker  genes.  The PCR

products were run on a TAE 3% agarose gel. A shorter  neo  PCR product indicates that the AI is

removed and negative PCRs for the plasmids say that cells don’t have plasmids, altogether indicating

that  tj1  transposed into the genome. +AI and -AI PCR control were used. To induce a second tj1

transposition,  all  the strains  with  one  transposition were  re-transformed with  the  combination of

p1281 and p1081 (donor and expression plasmids, respectively). p1281 contains the hph cassette with

the AI. The same procedure was followed, initially the transposition was induced growing cells in

minimal media to keep the plasmids, afterwards cells were switched to YES to lose the plasmids and

100x106 cells were plated on YES +G418 +nourseothricin +hygromycin B. The antibiotic-resistant

colonies  were  replica-plated  on  EMMC  -leu  and  EMMC  -his,  to  select  resistant  colonies  w/o

plasmids. These colonies were screened by genomic PCRs using primers for hph (1348F/R), LEU2

and his3 to confirm the AI-absence and the plasmid loss, as described before for  neo. Finally,  tj1

transposition(s) were mapped on the genome by Illumina and/or nanopore sequencings (see Section

5.2.8).

5.2.4 Silencing maintenance assay
The assay to investigate the maintenance of silencing in red colonies was performed selecting red

colonies which were subsequently grown exponentially for 2 days in YES to induce the loss of the

plasmids eventually present. 100 cells were plated in YE and replica printed in the adequate EMMC

media to screen for plasmid loss. Red colonies in YE which didn’t grow on the EMMC replicas were

selected as silencing and plasmid depleted. These colonies were enriched for red pigmentation after

plating them in PMG low ade resulted in at least 75% of red colonies among all the colonies. Starting

from a stably silencing colony, cells were grown exponentially in YES up to 7 days and ~1000 cells

were plated in PMG low ade at days 1, 3 and 7 (corresponding to 10, 30 and 70 cell generations). The

number of red colonies in each plate was counted and the % was calculated.

5.2.5 Growth curve and competition assays
To investigate the cellular fitness, the growth curve of the investigated strains was studied. Cells were

incubated at 32°C overnight in YES liquid media to have them exponentially growing the morning of

the following day. The OD600 was measured and all  the cultures were diluted to OD600= 0.2 and

incubated for 30 minutes and the OD600 was measured again. This measurement consisted in the

initial OD600 and it was normalized to 0.2. The OD600 was measured again after 2, 4 and 6 hours,

leading to the generation of the growth curve.
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To investigate the growth competition between the 0nat strain and strains with transpositions in the

same culture, each strain was incubated over-night in liquid YES. Exponentially growing cells with the

same OD were mixed 1:1 the following day (day 0) and kept growing exponentially up to 9 days (90

generations). ~1000 cells were plated in YES at days 0, 4 and 9, incubated 3 days at 32°C and replica

plated either in YES +nourseothricin +G418 (in the competition assay between 0nat and “2 tj1” strains)

or in YES +nourseothricin +G418 +hygromycin B (in the competition assay between 0nat and “3 tj1”

strains). The number of colonies grown in the antibiotic plates, compared to the correspondent YES

plates, furnished the % of 0nat and strains with transpositions in the same culture.

5.2.6 Chromatin Immunoprecipitation and sequencing (ChIP-seq)
50 ml of mid-log phase S. pombe cultures were cross-linked using formaldehyde (final concentration

1%) for 15 minutes at room temperature. Afterwards, the cross-linking was quenched with 125mM

glycine, incubating 5 minutes. Cells were pelleted and resuspended in lysis buffer (supplemented with

1mM PMSF and Complete EDTA free Protease Inhibitor Cocktail, Roche) keeping a 1:1 ratio with

the pellet volume (~300 µl). The lysis buffer used consists in: 250 mM KCl, 1x Triton-X, 0.1% SDS,

0.1% Na-Desoxycholate, 50 mM HEPES pH 7.5, 2 mM EDTA, 2 mM EGTA, 5 mM MgCl2, 0.1%

Nonidet P-40, 20% Glycerol. The cellular lysis was performed adding glass beads to the cells and

bead beating them (BioSpec FastPrep-24 bead beater, MP-Biomedicals) for 8 cycles at 6.5 m/s for

30s followed by 3 min on ice. DNA was sheared by sonication (Bioruptor, Diagenode) 35 times for

30s with a 30s break. Cell  debris were eliminated taking the supernatant after  a centrifugation at

13000g for 15 min. The crude lysate obtained was normalized measuring the RNA concentration

(Nanodrop,  Thermo  Fischer  Scientific).  5µl  of  magnetic  resin  (Dynabeads  Protein  A,  Thermo

Scientific) per reaction were coupled with 1.2µg of antibody either against H3K9me2 (Abcam 1220)

or H3 (Abcam 176842), according to the assay performed, and incubated with the cell lysate over-

night at 4°C with gentle rotation. In the case of the Abp1-ChIP, 30  l of FLAG-M2 agarose resinμ
(Sigma-Aldrich A2220) were incubated with the crude lysate, followed by over-night incubation at 4°C

with gentle rotation. The IP was washed five times with 1ml of lysate buffer and eluted with 150 l ofμ
elution buffer (50 mM Tris-Cl pH 8.0, 10 mM EDTA, 1% SDS) at 65°C for 15 min. The RNA

protein were removed from the IP adding 2µl of RNase A (Thermo Fischer Scientific) and Proteinase

K (Roche) and incubating at 65°C for at least 5 hours. Finally, the pure DNA was recovered using

phenol-chloroform-isoamylalcohol  (25:24:1,  Roth)  followed  by  ethanol  precipitation.  For  deep

illumina sequencing, a ChIP-seq library was prepared using the NEBNext Ultra II DNA Library Prep

Kit for Illumina kit (NEB), following the kit instructions. Single end sequencing was performed on an

Illumina GAIIX sequencer at the LAFUGA core facility of the Gene Center, Munich. The Galaxy

platform was used to demultiplex the obtained reads. 
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5.2.7 Ago1-bound sRNA sequencing
The purification and sequencing of Ago1-bound sRNAs were performed as indicated by Pisacane

(Pisacane and Halic 2017). Briefly, strains with the endogenous Ago1 3xFLAG tagged were grown in

YES and 2.5l  of  log  phase  cells  were collected.  Cells  were resuspended in lysis  buffer  (50 mM

HEPES  pH 7.5, 1.5 M NaOAc, 5 mM MgCl2, 2 mM EDTA pH 8, 2 mM EGTA pH 8, 0.1%

Nonidet P-40, 20%  glycerol) supplemented with  1mM PMSF and Complete EDTA free Protease

Inhibitor Cocktail (Roche), keeping a 1:1 ratio between the cell volume and the buffer. Cells were

fragmented using glass beads and the bead beater as described for the ChIP protocol. The cell debris

was eliminated by cetrifugation at 13000g and the crude lysate was incubated with 30µl of FLAG-M2

agarose resin (Sigma-Aldrich A2220) at 4°C for 2h with gentle rotation. The IP was washed five times

with the lysis buffer and Ago1 was eluted from the resin mixing 1% SDS with 300 mM NaOAc and

phenol-chloroform-isoamylalcohol  (25:24:1,  Roth).  The  sRNAs  were  concetrated  by  ethanol

precipitation, run on an 18% polyacrylamide urea gel together with 22, 26 and 30 nt RNA markers

and the bands of sizes between 20 and 30 nt were excised from the gel. A 3’ linker was ligated to the

sRNAs (5  rAppCTGTAGGCACCATCAAT–NH2 3’,  ′ NEB, reaction concentration 2µM). The 3'

ligated products were purified on an 18% acrylamide urea gel with subsequent phenol-chloroform

purification and ethanol  purification. The 5'  adaptor (5'-ACACUCUUUCCCUACACGACGCUC

UUCCGAUCU-3', Metabion)  ligation was performed, followed by reverse transcription (RT primer:

5’-  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCGATTGATGGTGCCTACAG  -3’,

Metabion). The cDNA was amplified with 12-20 PCR cycles using the Phusion  hot start II DNA

polymerase kit (ThermoFisher) and the Illumina P5 5' primer (5' -AAT GAT ACG GCG ACC ACC

GAG ATC TAC ACT CTT TCC CTA CAC GAC G -3') together with the Illumina P7 3' primer

with inserted barcode (5'-CAA GCA GAA GAC GGC ATA CGA GAT XXXXXX GTG ACT

GGA GTT CAG ACG TG -3'). The sRNA library was purified from an 8%  polyacrylamide gel,

ethanol precipitated and sequenced by LAFUGA facility as described for the ChIP sequencing.

5.2.8 Genomic DNA purification
Genomic DNA purification was performed in different ways depending on the subsequent DNA use.

For  tj1  copy number quantification via qPCR, 50 ml of mid-log phase cells grown in the adequate

liquid media were collected. The pellet was resuspended in 200µl of ChIP lysis buffer, glass beads

were added and cells were lysed with 5 cycles of bead beating as described in the ChIP protocol. 50µl

of lysate were diluted with 450µl of ddH2O and treated with RNase A. The DNA was recovered with

phenol-chloroform-isoamylalcohol (25:24:1, Roth) and ethanol precipitation. The precipitated DNA

was resuspended in 1X TE buffer to 5ng/µl concentration and analyzed by qPCR. Genomic DNA

purification for  tj1  transposition mapping via Illumina sequencing was performed similarly to the

procedure described above, with the main difference that the cell lysate was sheared by sonication
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and the crude lysate was separated to cell debris via centrifugation. The RNA was degraded using

Rnase  A  and  the  DNA  was  recovered  with  phenol-chloroform-isoamylalcohol  and  ethanol

precipitation. The DNA was finally resuspended in 1X TE buffer and used with the NEBNext Ultra

II DNA Library Prep Kit for Illumina kit (NEB), following the kit instructions. When tj1 transposed

close to repetitive  genomic sequences, like pericentromeric regions, to exactly map the transposition

it was necessary to sequence the genomes via Nanopore-seq. This technique needs not fragmented

DNA and in order to obtain good quality DNA the protocol described by Tusso and colleagues was

followed (Tusso et al. 2019).

5.2.9 Total RNA purification, total RNA and RNA-polyA sequencings
Total RNA purification was performed collecting 2ml of mid-log phase cells grown in the adequate

media. Cells were mixed with 500µl of lysis buffer (300 mM NaOAc pH 5.2, 10 mM EDTA, 1%

SDS) and 500µl of phenol-chloroform-isoamylalcohol and lysed at 65°C for 10 minutes. The RNA

was  purified  with  ethanol  precipitation,  resuspended  in  DEPC  treated  ddH2O  and  DNA

contamination was eliminated with DNAse I (ThermoFisher). 5mM EDTA was added to the reaction

and the DNAse I was heat inactivated at 75°C for 10 minutes. The total purifed RNA obtained was

used to make either total RNA or RNA-polyA libraries using the NEBNext Ultra Directional RNA

Library Prep Kit for Illumina, following the kit instructions (skipping the polyA-RNA purification step

when the total RNA library was made).

When the total purified RNA was used for RT-qPCR experiments, retro transcription was performed

instead.

5.2.10 Total RNA reverse transcription (RT)

~300ng  of  the  total  RNA  were  retro  transcribed  to  cDNA  using  the  SuperScript  III  Reverse

Transcriptase kit (ThermoFisher), following the kit instructions and adding to the reaction mix the

primer necessary for the RT (Table 5.4). As -RT controls, the same amount of RNA was incubated

with water, to later exclude DNA contamination. 

5.2.11 Quantitative Real-Time PCR (qPCR)
qPCR was performed either on cDNA from retro transcribed RNA (and -RT controls) (to analyze the

differential gene expression among strains) or in purified genomic DNA (to quantify the number of

tj1 copy present). 2X DyNAmo Flash SyBR Green Master Mix qPCR kit (BioZym) was used to

prepare a 10µl reaction containing ~4ng of template and specific forward and reverse primers (0.4µM)

(Table 5.4). Each reaction was assembled in a 96-well plate (4titude) and performed in triplicate.

When the tj1 copy number was quantified, primers for tj1 and act1 were used, and tj1 number was

obtained normalizing over the one-copy gene act1. When transcription was analyzed, act1 RNA was
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used to normalized the input material. The qPCR cycle consisted in a DNA denaturation step at 95°C

for 5 minutes, followed by 46 amplification cycles (95°C denaturation for 10s, 60°C annealing for 20s,

72°C elongation for 15s)  and a final melting temperature calculation step ranging from 60°C to 95°C.

5.2.12 Analysis of sequencing data
Demultiplexed  illumina  reads  were  mapped  to  the  S.  pombe  genome,  allowing  2  nucleotides

mismatch to the genome using Novoalign (htttp://www.novocraft.com). The genome sequence and

annotation that were available from the S.  pombe  Genome Project were used  (Wood et al. 2002).

When  genomic  manipulations  were  performed  and when tj1 integrated  into  the  genome,  the

correspond nucleotide sequences were manually added to the reference genome. Reads mapping to

multiple locations were randomly assigned. The data were displayed using the Integrative Genomics

Viewer  (IGV)  (Thorvaldsdóttir  et  al.  2013).  Total  RNA  and  RNA-polyA  sequencings  were

normalized to the total protein coding sequence (cds) reads. H3K9me2-ChIP was normalized to the

background, consisting of two H3K9me2 absent regions of 200000 bp each (chrI 80000-280000 and

chrI 1780000-1980000), with the only exclusion of the H3K9me2-ChIP seq of strains with plasmids

(Figure 3.19) where the normalization was done to the number of reads per one million reads (r.p.m).

Ago1-bound sRNA, Abp1-ChIP, H3-ChIP and genomic DNA sequencings were normalized to the

r.p.m.. The sequenced strains are listed on Table 5.7.
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