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RESUM

Els elements genétics mobils son material genctic amb la capacitat de moure’s en el
genoma o, en alguns casos, entre diferents organismes o cel-lules. Podem distingir dues
classes d’elements genétics mobils, els virus, que tenen la capacitat de transferir el seu
material geénic entre organismes, i els transposons, que es mouen i es repliquen dins el
genoma de 1’hoste. Els transposons ocupen una fraccioé important dels genomes eucariotes
1 mitjangant el seu moviment poden alterar-ne la seva estructura, tenint un paper clau en
I’evolucié dels genomes. En aquesta tesi s’ha estudiat la dinamica i I’impacte en

Physcomitrium patens de diferents elements mobils.

El primer capitol es centra en 1’analisi i la comparacid de diferents metodologies per tal
de detectar la transcripcid i mobilitzacid dels transposons utilitzant dades de seqiienciaciod
basades en tecnologies de short-reads, Aquesta analisi ens va permetre definir les
metodologies que millor s'adapten als objectius d'aquesta tesi. En el segon capitol es van
emprar les metodologies seleccionades amb la finalitat d’estudiar la dinamica dels
transposons en el genoma de Physcomitrium patens, detectant varies families de
retrotransposons i transposons d’ADN que son transcripcionalment actives i que en
alguns casos son polimorfiques a la poblacid. En el tercer capitol es descriu I'analisi de
I’impacte dels transposons, 1 en concret d’un retrotranspos6é amb LTRs anomenat RLG1,
tant en I’estructura del genoma com en els gens de Physcomitrium patens, eliminant o, en
algun cas, introduint de nou elements RLG1 en llocs concrets del genoma. Finalment, el
darrer capitol es centra en la deteccio i dinamica del primer virus descrit a P. patens.
Aquest virus, al que hem anomenat Physcomitrium patens Amalagavirus 1 (PPAV1) és
un virus endogen present només en algunes accessions de P. patens i que es transmet

verticalment, tant per la linia paterna com materna.



RESUMEN

Los elementos genéticos moviles son material genético con la capacidad de moverse en
el genoma o, en algunos casos, entre diferentes organismos o células. Pueden distinguirse
dos clases de elementos genéticos moviles, los virus, que tienen la capacidad de transferir
su material génico entre organismos, y los transposones, que se mueven y replican dentro
del genoma del organismo huésped. Los transposones ocupan una fraccion importante de
los genomas eucariotas y mediante su movimiento pueden alterar su estructura, teniendo
un papel clave en la evolucion de los genomas. En esta tesis se ha estudiado la dindmica

y el impacto de Physcomitrium patens de diferentes elementos moviles.

El primer capitulo se centra en el andlisis y la comparacion de diferentes metodologias
para detectar la transcripciéon y movilizacién de los transposones utilizando datos de
secuenciacion basados en tecnologias de short-reads. Este andlisis nos permitid definir
las metodologias que mejor se adaptan a los objetivos de esta tesis. En el segundo capitulo
se utilizaron estas metodologias seleccionadas con la finalidad de estudiar la dinamica de
los transposones en el genoma de Physcomitrium patens, detectando varias familias de
retrotransposones y transposones de ADN que son transcripcionalmente activas y que en
algunos casos son polimorficas en la poblacion. En el tercer capitulo se describe el andlisis
del impacto de los transposones, y en concreto de un retrotransposon con LTRs nombrado
RLGI1, tanto en la estructura del genoma como en los genes de Physcomitrium patens,
eliminando o en algunos casos, introduciendo de nuevo elementos RLGI1 en lugares
concretos del genoma. Finalmente, el ultimo capitulo se centra en la deteccion y dindmica
del primer virus descrito en P. patens. Este virus, que hemos nombrado Physcomitrium
patens Amalgavirus 1 (PPAV1) es un virus endogeno presente unicamente en algunas
accesiones de P. patens y que se transmite verticalmente, tanto por la linea paterna como

materna.
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SUMMARY

Mobile genetic elements are genetic material with the ability to move within the genome
or, in some cases, between different organisms or cells. Two classes of mobile genetic
elements can be distinguished, viruses, which have the ability to transfer their genetic
material between organisms, and transposons, which move and replicate within the
genome of the host organism. Transposons occupy an important fraction of eukaryotic
genomes and through their movement can alter their structure, playing a key role in the
evolution of genomes. In this thesis we have studied the dynamics and impact of

Physcomitrium patens of different mobile elements.

The first chapter focuses on the analysis and comparison of different methodologies to
detect transcription and mobilization of transposons using sequencing data based on
short-reads technologies. This analysis allowed us to define the methodologies that best
fit the objectives of this thesis. In the second chapter, these selected methodologies were
used to study transposon dynamics in the genome of Physcomitrium patens, detecting
several families of retrotransposons and DNA transposons that are transcriptionally active
and, in some cases, polymorphic in the population. The third chapter describes the
analysis of the impact of transposons, and in particular of a retrotransposon with LTRs
named RLGI, on both the genome structure and genes of Physcomitrium patens,
eliminating or in some cases, reintroducing RLG1 elements at specific locations in the
genome. Finally, the last chapter focuses on the detection and dynamics of the first virus
described in P. patens. This virus, which we have named Physcomitrium patens
Amalgavirus 1 (PPAVI), is an endogenous virus present only in some P. patens

accessions and transmitted vertically, both from the paternal and maternal lines.
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PREFACE






PREFACE

A living being is usually defined as an organism with the capacity to reproduce, interact
with the environment, grow, adapt, and maintain homeostasis. All living organisms have
a genome with the genetic information needed for their development and function. But
where are the limits of life?

In a gray area between what we classify as living or non-living beings we find viruses. A
cellular infectious agent that cannot reproduce by itself but that reproduces when infects
hosts, living cells of other organisms. Viruses do not have the ability to maintain
homeostasis but require the organisms they infect to maintain it; they do not have their
own metabolism but require the metabolism of the host organism in order to propagate.

However, they can adapt to the environment and contain genetic material.

And it is in this gray zone that we also find Transposable Elements (TEs). TEs are
sequences of DNA found in virtually every living organism's genome. In many organisms
they represent an important fraction of the genomes not occupied by genes. For example,
in the human genome they represent 47.6% of the genome while genes occupy only 2%
of the genome (Hoyt et al., 2022). These sequences have the capacity to mobilize and
propagate, behaving similarly to viruses. However, unlike viruses that are mostly
transmitted horizontally between different living organisms, TEs restrict their movement

to the genome of their host, being transmitted vertically from the parental lines to the
progeny.

TEs and viruses are also called mobile genetic elements. The study of these elements
allows us to study the evolutionary processes of living beings from a different perspective.
These elements through their interaction with their host organism cause alterations,
modifying their host and therefore represent an engine of evolution of all living beings as

proposed by Barbara Mc.Clintock.

In this thesis dissertation I have focused on the study of transposons and viruses in the
model plant Physcomitrium patens to better understand their evolution and the impact

that they have on this organism.






GENERAL INTRODUCTION






GENERAL INTRODUCTION

An introduction to Transposable Elements

The genome is the set of all the genetic information of an organism that provides all the
information required for the organism to function. The analysis of genomes is therefore a
key area of research in biology. Although an important amount of genome data was
already available before, the publication of the first drafts of the Arabidopsis thaliana
genome in 2000 (Kaul et al., 2000) and the human genome in 2001 (Lander et al., 2001)
represented a tremendous breakthrough in the area. These were non-continuous draft
genomes containing most of the gene information but lacking an important fraction of
repetitive sequences. The centromeres of Arabidopsis thaliana were not completely
sequenced until very recently (Naish et al., 2021) and the first human genome almost
completed from telomere to telomere was released this year (Nurk et al., 2022). Both
cases illustrate the difficulty of characterizing the repeated fraction of the genome and

suggests that there is still a lot to be learned about these regions in the future.

We should consider that in the case of the human genome only 2% of the genome
corresponds to genes. The rest is formed by a mixture of sequences that do not encode for
any gene product and mostly repetitive sequences, that due to their repetitive nature are
difficult to properly assemble in a genome. In most eukaryotic genomes we see a pattern
similar to that of the human genome, with only a small part of the genome being
composed of genes and most of the genomes being formed by repetitive sequences

(Aurélie et al., 2017; Civan et al., 2011).

The most abundant fraction in these repetitive sequences is comprised by TEs, that in the

case of the human genome account for a 47.6% of all the genome (Hoyt et al., 2022).

TEs are mobile genetic elements that can change their location within the genome that, in
some cases, generate new copies of themselves. This process known as transposition is
an important source of genetic variability and can induce changes in the structure and size
of the genomes. For this reason, TEs are considered key contributors of genome

evolutionary processes (Kidwell & Lisch, 2000). TEs can be found in virtually all



organisms. Their size can vary from a few hundred nucleotides to more than 12000 base

pairs (bp) (Wicker et al., 2009).
The discovery of Transposable elements

TEs were first described by Barbara McClintock during the 1940s and 1950s through the
study of the variation of color pattern of Zea mays kernels. She discovered that the
differences in the color of the kernel of Maize that she observed were caused by a
chromosome breakage event in a particular locus of chromosome 9 that she named the
dissociation (Ds) locus (Mcclintock, 1940). During her study she discovered that this
locus could change its position within the chromosome and that for this to occur a second
dominant locus present in a different site or chromosome, was needed. She named this
second locus Activator (Ac) (Mcclintock, 1950). Through this work she described the
first transposable elements to be discovered (Ac and Dc elements), that the movement of
TEs could lead to phenotypic events and that the movement of these TEs could restore

the function of the mutated genes.

It was not until the 1980s decade that after cloning the Ac and Ds TEs it was discovered
that Ac is an autonomous element encoding for a transposase that could mobilize itself
and the Ds elements, non-autonomous derivates of the Ac elements. In 1983 the
Norwegian Nobel Committee recognized her work and awarded her with the Nobel Prize

in Physiology or Medicine for her discovery of mobile genetic elements.

Transposable Elements classification

TEs are structurally and functionally diverse. There have been different proposals to
classify them according to their mechanism of mobilization and structure.

Through this work we will follow the classification first introduced by David Finnegan
(Finnegan, 1989) and further refined by Wicker et al., (2007) that was published with the

goal to standardize transposable element annotation.

TEs are divided in two major classes based on their transposition mechanism (Figure 1):
Class 1, or retrotransposons, are TEs that transpose through an RNA intermediate that is
retrotranscribed and integrated into a new place of the genome, leading to the generation

of a new copy. As the original copy remains at its location and a new copy is generated,



this mechanism is also referred to as copy and paste. Class 11 or DNA transposons are
TEs that transpose without an RNA intermediate. Most of the DNA transposons are
excised from their original place and integrated into a new place of the genome by a
mechanism also referred to as cut and paste (Figure 1). Although the cut and paste
mechanism is the most frequent in class II TEs, there are other mechanisms such as the
rolling circle mechanism used by Helitrons to transpose (Kapitonov & Jurka, 2007). Class
I transposons increase the number of copies on the genome through their replicative
mechanism of movement while Class II transposons, as it is the same copy that is

mobilized, the number of TE copies is usually maintained.

Class I: Retrotransposons Class II: DNA transposon
. 7 Integration
transcription | 4 *
gONA ————  Excision

,,,,,,,,,,,,,, : ,
mRNA Yo

Reverse
transcription

.....................

Result Result

Figure 1: Main mechanisms of mobilization of the two classes of Transposable Elements. Class I or
retrotransposons are transcribed, reverse transcribed and integrated into a new place of the genome
originating a new TE copy. Class II transposons are excised by the encoded transposase and integrated

into a new place of the genome.

Each TE class can be further categorized into superfamilies and families according to
their encoded proteins and their non-coding regions (Figure 2). Moreover, as it was shown
for the Ac and Ds TEs, TEs can be mobilized through the proteins encoded by their own
coding sequences, and are then named as autonomous TEs, or by the proteins encoded by

other related TEs, and are then named as non-autonomous TEs.



Class I: Retrotransposons
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Figure 2: Main classes of transposable elements and different orders of Transposable Elements. Arrows
indicate the long terminal repeats of LTR when are in the same direction. In opposite direction indicates
the tandem inverted repeats of TIR transposons. Gag indicates the protein Gag forming the virus-like
particle of the LTR-RTs. AP the aspartyl protease, INT the integrase, RT the reverse transcriptase, RH the
RNAseH and ENV the Envelope protein. In LINEs EN indicates the endonuclease, RT the reverse
transcriptase and in the case of SINEs the grey box indicates the tRNA union side. In the case of Helitrons
RpA indicates the replication protein A and HEL the helicase. Based on (Casacuberta & Santiago, 2003;
Wicker et al., 2009).

Class I: Retrotransposons

Class I retrotransposons can be divided in two major orders (Wicker et al., 2009): the

LTR-retrotransposons (LTR-RT) and all the others, named as non-LTR retrotransposons.

LTR-RT are Class I TEs whose coding sequence is flanked by long terminal repeats
(LTRs). They are closely related to the retroviruses. They are mobilized through the
reverse transcription of their mRNA and the integration of this cDNA to a new place in

the genome. The promoter region of these TEs is located inside the LTRs. The internal
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part encodes for the gag protein that will encapsulate the mRNA, and a Polyprotein (Pol)
encoding a peptidase, an integrase (INT), a reverse transcriptase (RT) and a ribonuclease
H (RNAseH). Most LTR-RT lack the envelope (Env) protein typical of retroviruses. The
LTR-RT RNA is encapsulated in particles named Virus Like Particles (VLPs), as they
resemble the virus particles of retroviruses. Within the VLP the encoded peptidase
processes the polyprotein into the different mature proteins and the reverse transcription
takes place. Upon import into the nucleus, the integrase will integrate the new LTR-RT

copy to the genome.

During retrotransposition, the sequence of the U3 region of the LTR, which is present in
the 3' end of the mRNA is used as a template to synthetize that of the 5' LTR, and the U5
region present at the 5' end of the RNA molecule is used to synthetize that of the 3' LTR.
As a consequence, the two newly produced LTRs are identical (Lynch & Walsh, 2007).
This is commonly used to deduce the age of an LTR-RT, as the number of differences
between the two LTRs of a particular LTR-RT copy is assumed to be proportional to the
time passed since its insertion. Together with MITEs, LTR-RT are the most abundant TEs
in plant genomes (Casacuberta & Santiago, 2003).

We can group most of the LTR-RTs found in two superfamilies, Copia and Gypsy, that
differ in the order of the encoded proteins (Figure 2). However, there are also some non-
coding LTR-RTs(Havecker et al., 2004) such as LARDs (from LArge Retrotransposon
Deletion derivates) and TRIMs (Terminal repeat Retrotransposons In Miniature) that are

mobilized by autonomous LTR-RTs.

Non-LTR Retrotransposons constitute the second order of Retrotransposons. LINEs are
the most common non-LTR RT. They encode for an endonuclease and a reverse
transcriptase and are mobilized through a process known as target-primed reverse
transcription (Finnegan, 1997). In this case the TE is transcribed and translated, is
imported into the nucleus and the encoded TE nuclease produces a nick into the genomic
DNA, and the TE mRNA is reverse transcribed at the side where the nick is produced,
resulting in a new integration of the TE into the nuclear genome. The non-autonomous
counterparts of LINES are named SINEs (from Short Interspersed Nuclear Elements) that
are mobilized through the machinery encoded from the LINEs.

LINEs and SINEs have proliferated extensively in some mammalian genomes, such as in

humans where the L1 LINE and the Alu SINE are highly prevalent, but they are usually



much less frequent than LTR-RTs in plant genomes, although it is possible to find active

plant LINEs, such as the Karma LINE in rice (Komatsu et al., 2003).

Class II: DNA transposons

Class II or DNA transposons are divided in two subclasses that differ on the number of

DNA strands that are cut during the transposition event.

Subclass 1 contains TEs that transpose through a cut-and-paste mechanism. The most
abundant order is the TIR TEs. TIR TEs are characterized for the presence of terminal
inverted repeats (TIRs) sequences flanking the internal coding sequence. TIR TEs encode
a transposase that will recognize the TIR and cut the two strands at the end of both TIR
sequences. After that, in a new position of the genome they will produce a cut and
integrate the TE and generating a Target Side Duplication (TSD) at their integration point.
This mechanism is conservative as the number of copies of the TE does not usually
increase upon transposition. However, the number of copies can increase if the TE, for
example, moves during DNA replication, mobilizing an already replicated copy to a
region still not replicated by the DNA replication machinery (Fricker & Peters, 2014).
TIR TEs can be further classified into superfamilies according to the transposase motif,
the TIR sequences or the length or sequence of the TSD. Some of these superfamilies are
the Tcl/Mariner TEs, hAT TEs, CACTA, MULE or PIF/Harbinger (Wicker et al., 2009).
In general, TIR TEs can exist as autonomous elements or as non-autonomous elements,
that are deletional or mutational derivatives of the former that can be mobilized in trans.
The first and best known example of an autonomous/non-autonomous pair is the Ac/Ds
system first described by McClintock (McClintock, 1950).

An interesting type of non-autonomous TIR TEs are MITEs (from Miniature Inverted-
repeat Transposable Elements), especially in plants where they have been quite successful
colonizing their genomes (Santiago et al., 2002, Feschotte et al., 2003). These elements
are short (typically from 100 bp to 700 bp) and can contain TIRs that can be associated
to the TIRs of autonomous DNA elements, being probably mobilized through their
encoded transposase. MITEs can be amplified reaching high copy numbers, by a still to
be described amplification mechanism, although some replicative mechanisms have been

proposed (Izsvak et al., 1999).
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A second order of this subclass contains the less known Crypton TEs. Originally found
in fungi, they have further been identified in animals and oomycetes, but they have not
been identified in plants. They encode for a tyrosine recombinase that will mobilize the

TE through the genome.

Subclass 2 elements contains DNA TEs that replicate without the need of a double-
stranded cleavage of the DNA. The helitron order belongs to this subclass. They replicate
through a rolling-circle mechanism, producing a single strand cut during the process.
Helitrons have been characterized mainly in plants, but they have been also found in
animals and fungi (Kapitonov & Jurka, 2007).A second order of this subclass are the
Maverick TEs, large TEs (between 10 to 20 kb) that encode a DNA polymerase and an

integrase. They have been found in diverse eukaryotes but not in plants.

Impact of transposable elements on the host genome

As was observed by Barbara McClintock, TEs are an important source of mutations and
can change the structure of the genome. These mutations can be created by their insertion
but also by recombination between TE copies.

A direct impact of the mobilization of transposable elements, especially of Class I TEs,
are changes in genome size (Kidwell, 2002; Vicient & Casacuberta, 2017). As Class |
TEs generate new copies of themselves in new places of the genome, they increase their
copy number and the size of the genome. These variations in genomic size caused by TE
amplification have been observed in numerous eukaryote species. A paradigmatic
example is the variability observed in the plant kingdom across species, with a clear

correlation between the number of TEs and the genome size (Figure 3).
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Figure 3: Genomic size variation across different species of all plant divisions and the percentage of TEs
with respect to the total of genomic for each species. Data extracted from the plaBiPD webpage

(https://www.plabipd.de/plant_genomes_pa.ep) and the manuscripts of each genome publication.

This correlation between genomic size and TE content has also been observed between
closely related species, such as between Oryza sativa and Oryza australiensis. Oryza
australiensis has a genome of double size as compared to Oryza sativa. This difference
has been associated to a different activity of Retrotransposons between the two genomes

(Piegu et al., 2006).

This increase of genomic size can be counteracted by the DNA recombination mechanism
that tend to remove part of these repetitive regions. This process of TE mobilization and
removal of TEs can also lead to genome rearrangements (Hedges & Deininger, 2007).
These genome rearrangements can be a byproduct of TE mobilization itself or can be
produced by the recombination between highly homologous DNA TE sequences, that are
not necessarily active, located at distant places of the genome. They can range from
chromosome breakages to duplications, inversions or deletions than can have both an

effect on the global structure of the genome and to the genic regions.
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Apart from this global changes of genome size and structure changes of the genome, TEs
can induce more local mutations affecting gene coding capacity or gene expression

(Figure 4) that can produce phenotypic effects on the host organism(Lisch, 2013).

A) Gene mutation C) Gene regulation
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Figure 4:Different examples of impacts introduced by Transposable Elements on a genome. In A) we
observe the truncation of a transcript induced by the insertion of a TE in an exon. In B) we observe the
generation of a new transcript produced by the integration of a TE in an intron. In C) an example of a
reduction of the transcription induced by the insertion of a TE in the promoter region of a gene. In D) an
example of the production of an antisense transcript produced by a TE insertion at the 3’ of the gene that

leads to a reduction of the gene transcription.

An obvious impact that may be caused by TE movement is gene truncation, caused by
the integration of a TE in the gene coding sequence leading to a premature stop codon.
However, the insertion of TEs within genes can also induce other effects, such as the
introduction of new splice sites altering the structure of the genes, or the modification of
the 5' or 3' UTRs altering the transcription or the stability of the mRNA. TEs can also
directly impact the expression of a gene by integrating into the promoter of genes
mutating enhancers or repressors and even introducing new transcription factors elements
carried by the TEs (Hénaff et al., 2014). In addition, TEs can also introduce epigenetic
changes that may alter gene function.

TEs are usually targeted by the silencing machinery of the host organisms to prevent their

mobilization, being methylated and accumulating histone modifications to keep the TEs
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inactive (Lerat et al., 2019). These epigenetic modifications can alter the regions
surrounding the TEs and modify the transcription of the surrounding genes. In addition,
TEs can integrate in opposite direction to a given gene and produce antisense transcription

of the gene that can result in gene silencing (Saze & Kakutani, 2007).

TEs can also capture coding sequences and mobilize them to a new genome region, which
could lead to the production of new gene isoforms. Moreover, during evolution some TEs
have been domesticated, acquiring new gene functions (Jangam et al., 2017). Two
examples of that are, the gene encoding for the DAYSLEEPER transcription factor from
Arabidopsis thaliana (A. thaliana) that was originated from a hAT transposase (Bundock
& Hooykaas, 2005) or the domestication of a DNA TE to form the RAG1 and RAG2
recombinase genes in mammals, essential for the generation of mature lymphocytes B
and T in jawed vertebrates (Y. Zhang et al., 2019).

For all the above reasons TEs are considered as major drivers of genomes evolution

(Lisch, 2013).

Impact of transposable elements in crop genomes

TEs have been an important source of genetic variation for domestication and breeding
of crops. In the last decades, many examples of TE-induced mutations selected during the
process of domestication and breeding have been described (Wei & Cao, 2016). For
example, the insertion of a DNA TE of the hAT superfamily in the promoter region of
the DcMBY7 genes alters the production of anthocyanin resulting in different carrot
colors (Xu et al., 2019), or the insertion of a Gypsy LTR-RT in the promoter region of
the apple MAMYB1 gene resulting in an overexpression of the genes that lead to the red
color phenotype of the fruit (L. Zhang et al., 2019). Another interesting example is the
retrotransposon-mediated gene duplication of the SUN gene that is one of the major genes
controlling the elongation of the fruit, which results in elongated tomatoes (H. Xiao et al.,
2008). There are also other examples of polymorphic TEs related to an increase resistance
to biotic and abiotic stresses such as in rice were the integration of an LTR-RT of Copia
type at the promoter region of the Pit gene results in an enhanced resistance of the plant

to the fungal pathogen Magnaporthe grisea (Hayashi & Yoshida, 2009) (Figure 5).
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Figure 5: Different examples of phenotypes in different crops caused by polymorphic TEs altering gene

expression.

Obviously, the impact of TEs into the generation of variability in populations is not
restricted to crop plants. There are other examples of the impact of TEs into natural
populations of plants. One example of that is a polymorphic TEs found at the vicinity of
the Flowering Locus C gene in Arabidopsis thaliana. This TE polymorphism has been
found associated with the attenuation of the expression of this gene and this TE may have
been selected in the nature to regulate the flowering time between different populations
(Strange et al., 2011). However, the impact of TEs in wild populations has remained less
studied compared to cultivated plants. Nowadays, with the decrease of sequencing cost
and the improvement of sequencing technologies, there has been a dramatic increase in
the number of sequenced plant genomes. These new genomic resources are allowing to
draw a bigger picture of the impact of TEs in plant evolution and on the generation of

variability in these organisms (Coletta et al., 2021; Danilevicz et al., 2020).
Transposable Elements distribution in plant genomes

The distribution of TEs in a genome is the result of the balance of two opposing forces;
the integration of the TE in the genome, that may be or may not be specifically targeted
to particular places of the genome, and the posterior process of selection that will
eliminate the insertions that have a negative effect on the fitness of the organism and will
maintain insertions that are neutral or beneficial for the host (Sultana et al., 2017). In
general, in angiosperms genomes, TEs tend to accumulate in the pericentromeric regions,

especially LTR-RTs. Despite that, some TE families are found enriched close to genes.
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For example, it has long been known that Copia LTR-RTs and MITEs are usually found
close to genic regions (Casacuberta & Santiago, 2003),whereas Gypsy LTR-RTs are
frequently found in the pericentromeric regions (Alioto et al., 2020; Naish et al., 2021).
However, during the last 5 years with the release of chromosome-assembly genomes of
non-angiosperms genomes it has been observed that this pattern is not conserved in other
non-seed plants such as bryophytes. The sequenced genomes of different bryophytes
suggest that the pericentromeric regions are not enriched for TEs as it is the case for
angiosperms (Diop et al., 2020; Lang et al., 2018). Moreover, in this bryophytes genomes,
TEs and genes are relatively evenly distributed along the chromosomes (Szévényi et al.,
2021). A similar pattern, has been observed in other non-seed plants such as in the
lycophyte Selaginella (VanBuren et al., 2018). This could be a major difference in terms
of genome structure between non-seed plants and angiosperms, but more chromosome

assemblies are required to be able to conclude (Szovényi et al., 2021).

As we have seen, most of the knowledge on the dynamics and impact of TEs, is focused
on seed plants, especially in angiosperms, while there is much less knowledge about TE
dynamics and the impact of TEs into the genome of non-vascular plants, such as
bryophytes. One of the goals of this dissertation is to study the dynamics and impact of
TEs in the bryophyte Physcomitrium patens (P. patens) a moss widely used as a model
organism and it was the only bryophyte with a genome assembled at a chromosome scale

at the time that this thesis was started.
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Physcomitrium patens as a model organism

Physcomitrium patens (previously known as Physcomitrella patens) is a model organism
widely used in plant development and evolution studies (for an extensive review read
Rensing et al., 2020). It belongs to the division of the non-vascular land plants (Bryophyta
or bryophytes). Bryophytes is divided in three major classes, liverworts, hornworts and
mosses, where P. patens belongs (Figure 6). Specifically, P. patens belongs to the
subclass Funariiade and to the genus Physcomitrium that contain more than 80 species

(Medina et al., 2019).
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Figure 6: Phylogenetic tree of Land plants with a time tree at a scale based on phylogenetic analysis and

fossil data. Tree developed using the timetree database (Kumar et al., 2017) .

P. patens is widely distributed in the northern hemisphere. It has been identified in
America, Europe and East Asia. In the wild it is found seasonally in humid places, in low

to middle altitudes.
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P. patens was isolated from a forest close to the city of Gransden during the 1960s, from
which the reference accession takes the name. Since then, it has been used to study moss
morphology, gravitropism, response to hormones, among other studies. During the last
two decades P. patens has been stablished as a widely used model plant. In part because
its high homologous recombination rate allows for gene targeting approaches and that is
haploid during most of the life cycle. These, combined with the possibility to induce its
sexual reproduction in the laboratory (Hohe et al., 2002), the initial studies of
transcriptomics (Rensing et al., 2002) and the publication of a reference genome (Rensing
et al., 2008; Lang et al., 2018) together with the phylogenic position of the moss,
belonging to the non-vascular plants linage, and that can be easily propagated and
manipulated in the laboratory, positioned P. patens as an interesting organism to study

the development evolution of plants and to develop functional genomics studies.

P. patens, as most plants, has a life cycle divided in two phases, a gametophytic phase
(haploid) and a sporophytic phase (diploid). However, compared to seed plants where the
dominant phase during the life cycle is the diploid sporophytic phase, in the case of P.
patens during most of the life cycle the dominant phase is the haploid gametophytic phase.
The sporophytic phase only occurs during a short time period during the development of

the progeny.

The life cycle of P. patens (Figure 7) starts from a single spore that germinates generating
a primary tissue called protonemata. Protonemata are filaments that spread by branching
growing in a bidimensional plane. Protonemata is composed of two major cell types:
chloronema and caulonema. Chloronema is the initial tissue that emerges from the spores,
rich in chloroplasts. This tissue as it grows transitions to caulonema, which has less
chloroplasts, is thinner and grows much faster compared to chloronema (Rensing et al.,
2020). From there it will develop side branches that will generate buds that are the initial

stage of the three-dimensional phase, called gametophores.
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Figure 7: Life cycle of P. patens: spores (1n: haploid) would germinate to form protonemata divided in
two main phases chloronema (dark green) and caulonema (light green). From there it would emerge a bud
that would produce gametophores formed by leaflets (aerial part of the gametophores, similar to the leaves
of vascular plants) and rhizoids (bottom of the gametophores, similar to the roots of vascular plants). The
adult gametophores produce the male and female gametangia that after fecundation will generate the
sporophyte (2n:diploid) where meiosis will take place and it will produce the next generation of spores that
will be released closing the cycle. Reprinted with permission from Springer Nature Biophysical Reviews
by Wu, Shu-Zon, Moé Yamada, Darren R Mallett and Magdalena Bezanilla. “Cytoskeletal discoveries in
the plant lineage using the moss Physcomitrella patens.” Biophysical Reviews 10 (2018): 1683-
1693.Copyright © 2018, International Union for Pure and Applied Biophysics (IUPAB) and Springer-
Verlag GmbH Germany, part of Springer Nature (2018).

Gametophores are similar in structure to the sporophytic phase of vascular plants. They
are structured into a stem that generates leaflets (similar to the leaves of vascular plants).
From the bottom of the gametophores emerges a tissue similar to the roots of seed plants
called rhizoids. Under short-day conditions, low temperature, and high humidity they will
start the production of the male and female gametangia, generating a reproductive
gametophore. The male gametangia will generate flagellated gametes that will require
water to swim to the female gametangia and fertilize them. In the case of P. patens it can
reproduce by selfing. After this, the zygote will develop into an embryo and will generate
the sporophyte in the form of a capsule. Meiosis will occur in the immature sporophytes
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(that are green), generating haploid spores. The sporophytes will mature (turning to a
brownish color) and open, releasing the spores that after germination will generate again

protonemata tissue closing the life cycle.

The moss can also be propagated asexually by taking part of the tissue and letting it
regenerate in a new medium. This is the main mechanism of how it has been propagated

in the laboratory since the establishment of the moss as a model organism.

The genome of P. patens

The genome of P. patens has a total length of 518 Mbp divided in 27 chromosomes. 57%
of all the genome is formed by repetitive regions. The biggest fraction of these repetitions
is occupied by LTR-RT (51.5% of all the genome). Most of these LTR-RTs are of the
Gypsy superfamily, occupying a 48% of all the genome while Copia elements only
occupy a 3.5% of all the genome. The other TE families occupy less than a 0.2% of the
genome. Remarkably, there is a single LTR- RT family of the Gypsy superfamily called
RLGI that occupies almost the 25% of the genome and represents a 47% of all the TEs
of the genome. This family is mostly found accumulated in the heterochromatic regions
of the genome, although there are some copies that are located at the vicinities of genes.
These heterochromatic regions of the genome mainly occupied by RLG1 elements are

named in this dissertation as RLG]1 islands.

Compared to flowering plants, the genome of P. patens has some peculiarities. As
explained previously, TEs and the heterochromatic regions of the genome are usually
found accumulated in the pericentromeric regions in flowering plants while in P. patens
the heterochromatin is dispersed all along the chromosomes with the TEs and genes being
almost homogeneously distributed among the chromosomes(Lang et al., 2018). Another
interesting characteristic of P. patens genome is that it has an even recombination rate
along chromosomes, differing from what is observed in other plants, were recombination
is reduced in heterochromatic regions such as in flowering plants or in other bryophytes

such as Marchantia polymorpha (Diop et al., 2020).

In spite of having a disperse heterochromatin, P. patens has a unique centromere per
chromosome (Rensing et al., 2020). It has been hypothesized that the centromere may

coincide with a region where there is an accumulation of a Copia LTR-RT called RLC5
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elements, as well as putative non-autonomous elements of the same TE family called
tRLCS elements (Lang et al., 2018). In M. polymorpha a similar pattern is observed with
an RT of the LINE superfamily marking the putative centromere (Diop et al., 2020).

Although there were initial studies trying to determine which TEs are being actively
transcribed in P. patens and could be polymorphic in the population (Lang et al., 2018),
the availability of new transcriptomic data in several conditions (Perroud et al., 2018) and
the availability of new resequencing data of different accessions pushed us to dig deeper

in the dynamics and impact of mobile genetic elements in this plant.

With this goal we first developed and studied which are the best approaches to detect TE
insertion polymorphisms and the transcription of TEs from short-read sequencing data,

that are further explained in Chapter 1.

In Chapter 2 we used the approaches developed in Chapter 1 to first study the dynamics
of TEs in P. patens.

In Chapter 3, we studied the impact of TEs both in genome structure and in gene
expression using CRISPR/Cas9 approaches to eliminate TEs of the genome and study

their potential impact in P. patens.

Finally, in Chapter 4 we further investigated the presence of other mobile genetic
elements, in this case viruses, in P. patens from transcriptomic datasets. Describing the

first virus known to infect P. patens in the wild.
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CHAPTER 1: DEVELOPMENT OF BIOINFORMATIC
TOOLS TO IDENTIFY TRANSPOSABLE ELEMENTS
MOBILIZATION AND TRANSCRIPTION

Chapter 1.1: Introduction

The publication of the human genome at the beginning of this century and the posterior
drop of price to perform next generation sequencing have completely revolutionized the
genomics field. In the case of plant genomes, the first land plant to be sequenced was the
model plant Arabidopsis thaliana in 2000 (Kaul et al., 2000), two years before the human
genome was published. Since then, more than 1000 plant genomes have been sequenced,
corresponding to more than 800 different plant species (Kress et al., 2022). The number
of plant species sequenced every year, and the quality of these genome sequences have
grown exponentially in the last decade. This has been possible due to the decrease of costs
required to sequence an organism and the improvement in the sequencing technologies,
specially of long read sequencing technologies, that had improved their precision and
length enabling to obtain high quality chromosome assemblies of several plant genomes
(Michael & Vanburen, 2020). This has enabled a huge increase in the number of plant
genomes sequenced as most of the plant genomes (74% of all the plant genomes
published) have been sequenced in the last 4 years(Kress et al., 2022). Despite that, most
plant genomes published during this period correspond to plants that have an agricultural
interest, which represent a small portion of the vast diversity of organisms in the plant
kingdom. There is still an underrepresentation of some land plant clades such as
bryophytes, pteridophytes or gymnosperms. There are efforts to solve this unbalance,
such as the Earth Biogenome Project, that has the goal to sequence all the eukaryotic

organisms on earth (Lewin et al., 2018).

Plant genomes can be particularly challenging to assemble due to the ploidy level, the big
genome size, and the high repetitive content of the genome of some species. As already
introduced, one of the main components of these highly repetitive and big genomes are
TEs. Next Generation Sequencing has allowed new approaches to study TEs. The
publication of thousands of new genomes and the increase of resequencing data
availability for these genomes (such as DNAseq, Bisulphite Seq, ChipSeq or RNAseq

data) has allowed the study of the dynamics of TEs at a population level and has increased
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exponentially the knowledge on the impact that TEs have on their host genome and heir

regulation.

One of the main problems when analyzing the repetitive regions and TE fraction of a
genome is that they are more challenging to study than genic regions. Unique sequences,
including genes, are simpler to assemble as compared to TE rich regions. In the same way
it is easier to identify the transcription, methylation state, chromatin state or
polymorphisms (such as SNPs or small INDELSs) in the genic regions than in the TEs-
rich regions. As explained in the general introduction, most of the TEs in eukaryotic
genomes, including plant genomes, are mostly found in abundance in highly repetitive
regions. They form complex structures of recent TE copies flanked by fragmented and
degenerated copies of other TEs. Their repetitive nature hinders all the analysis processes
of these regions, from the identification of complete TE copies to the identification of TE
transcription or their transpositional activity. To overcome all these challenges during
these last two decades different tools and approaches have been developed to study the
different impacts and roles of TEs using next generation sequencing data (Elliott et al.,
2021). It is expected that the recent advancements and price decreases of long read
technologies will facilitate the analysis of the TE rich regions of the genomes (Shahid &
Slotkin, 2020). Despite that, at the start of this work, most of the data available for
organisms with an assembled genome were essentially based on Illumina short-read
sequencing. For this reason, almost all the work presented in this manuscript is based on

these technologies.

Several problems may arise when studying TEs in silico using short-reads, but in this
chapter, we will only focus on the use of NGS short-reads to detect TE activity. To detect
TE activity several methods have been developed in the past years based on the use of
NGS short-reads. One of the most used methods is the detection of polymorphic insertions
in a populations using DNA resequencing data (Hénaff et al., 2015; Keane et al., 2013),
which can indicate recent TE activity. Another approach to detect TE activity is through
the detection of the transcription of the TEs (Jin et al., 2015; Lerat et al., 2017) as this is
the first step required for most of the TEs to transpose, although TE transcription does
not necessary translates into a new transposition event. Other examples of approaches
that have been developed in the recent years are the analysis of the mobilome through the

detection of TE DNA circles (Lanciano et al., 2021) or the purification of Virus Like
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Particles (Satheesh et al., 2021) and posterior sequencing. Both methods are limited to
some TE families as not all the TEs form Virus Like Particles or DNA circles. Moreover,
although these methods can detect transposition intermediates, they cannot be taken as a

direct indication of transposition.

In the first part of this chapter, we will focus on the comparison of different tools to
identify TE insertion Polymorphisms (from now on TIPs) from DNAseq short-read data.
To do that, we benchmarked several publicly available tools by using a high confidence
TIP dataset that we generated based on the comparison of two rice assemblies. In the
second part of this chapter, we will focus on methods to identify TE transcription that can
potentially produce a new transposition event in the genome. We used previously
published methods to analyze TE transcription and a novel method developed in the lab

based on the assembly of short reads to identify putatively active TE copies.
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Chapter 1.2. Objectives:

The main objectives of this Chapter are:

e Compare different available tools to detect Transposon Insertion Polymorphisms

and discuss their strength and weaknesses.

o Identify the best approaches to identify Transposable Element transcription that

can potentially lead to a new transposition event.
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Chapter 1.3: Comparison of different available tools to detect
Transposon Insertion polymorphisms using short-read data

Introduction

Several tools have been developed to detect TE Insertion Polymorphisms (TIPs) using
short-read resequencing data. More than 80 tools have been published to detect TE
insertion polymorphisms (Elliott et al., 2021). These tools can be used to look for the
presence of both reference TE insertions (present in an assembled genome used as a
reference) and non-reference TE insertions (not present in the assembled genome used as
reference) on resequenced genomes of different samples, individuals, populations or

varieties of the same species.

Most of the developed tools are based on the detection of discordant reads (paired-end
reads mapping to the reference genome at discordant positions) and/or the presence of
clipped reads (reads that map partially to the reference genome). Explained briefly, in the
case of discordant reads a TIP is called when one of the two reads of the pair maps to a
non-TE unique sequence in the reference genome while the second pair maps to a
sequence included in a TE library (Figure 8).In the case of clipped reads part of a read
maps uniquely to a single position of the genome while the other part of the part maps to
a sequence included in a TE library (Figure 8). Both approaches allow the identification

of TIPs using resequencing data.

- genome

e e BN Uni .
Uniquely mapped short-reads

B e Discordant short-reads

IUEE— B Clipped short-reads

Figure 8: Scheme of the strategies used to detect TIPs from short-reads data. Both paired-end reads in black
represents uniquely mapped short-reads, where both reads map uniquely to the expected place at the
genome. Both paired-end reads in orange, represents discordant-short reads, where one read map uniquely
to the genome and the second read map to a TE library, indicating the presence of a TE insertion in this
region. Lastly, the read pair that is partially orange and black represents a clipped read where both reads
map uniquely to the expected place of the genome, but part of one of the reads (in orange) maps to a TE

library, indicating the presence of a polymorphic insertion at this place.
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Although several tools have been developed, there is limited information on the
performance of these tools when compared to other similar tools beyond the articles
where the methods were published. In the case that there are some comparisons, these
have been done using simulated datasets (Rishishwar et al., 2017). However, very little
was known about the performance of these tools on real data, how do they compare

between them under these conditions and which are their main limitations.

To address this, we performed a benchmark of different tools previously published taking
the opportunity that two high quality O. Sativa genome assemblies were publicly
available. To do that we annotated and located all the possible TIPs by comparing two
genome assemblies of Rice (Nipponbare (Japonica) and MH63(Indica)) for two different
TE families: LTR-RTs and MITEs. The main reasons to work with these two TEs are that
both were known to be active in rice(Hirochika, 2001; Jiang et al., 2003), they are the
most abundant TEs in plants and that they have different structure and distributions in the
genome. While LTR-RTs are big (more than 3Kb in general) and are known to be mostly
accumulated in the pericentromeric regions, MITEs are small sized TEs (~600bp) that are

usually found close to genes.

Using these datasets, we run all the different tools to detect TIPs using four different
resequencing coverages (5X,10X,20X and 40X). We then compared the results obtained
using the different coverages, tools and TEs (LTR-RTs and MITEs). Finally, we
complemented this study with previously published datasets of TIPs of Homo sapiens and
Drosophila melanogaster, observing that the performance of the different tools was

similar despite using different genomes.

This work was led by Josep M* Casacuberta and Ratl Castanera and was collectively
done by all the authors. Most of the experimental part has been done by Ratl Castanera,
Fabio Barteri and myself. In my case I have run most of the tools on the different species
(Oryza sativa, Homo sapiens and Drosophila melanogaster), manually curate the dataset
with Raul Castanera and analyzed the data together with Raul Castanera and Fabio
Barteri. Moreover, we collaborated to test the performance of the new version of T-lex3
that has been recently published using the dataset that we generated on rice (Bogaerts-

Marquez et al., 2020)(see the annexes).
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As first part of the chapter, a copy of the published article is included. The article was
published at the end of the year 2019 at Mobile DNA (Vendrell-Mir et al., 2019), all the
supplementary material cited in the article can be access through the following DOI:

https://doi.org/10.1186/s13100-019-0197-9
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Abstract

insertions.

maintaining a good precision.

Background: Transposable elements (TEs) are an important source of genomic variability in eukaryotic genomes.
Their activity impacts genome architecture and gene expression and can lead to drastic phenotypic changes.
Therefore, identifying TE polymorphisms is key to better understand the link between genotype and phenotype.
However, most genotype-to-phenotype analyses have concentrated on single nucleotide polymorphisms as they
are easier to reliable detect using short-read data. Many bioinformatic tools have been developed to identify
transposon insertions from resequencing data using short reads. Nevertheless, the performance of most of these
tools has been tested using simulated insertions, which do not accurately reproduce the complexity of natural

Results: We have overcome this limitation by building a dataset of insertions from the comparison of two high-
quality rice genomes, followed by extensive manual curation. This dataset contains validated insertions of two

very different types of TEs, LTR-retrotransposons and MITEs. Using this dataset, we have benchmarked the sensitivity
and precision of 12 commonly used tools, and our results suggest that in general their sensitivity was previously
overestimated when using simulated data. Our results also show that, increasing coverage leads to a better
sensitivity but with a cost in precision. Moreover, we found important differences in tool performance, with some
tools performing better on a specific type of TEs. We have also used two sets of experimentally validated insertions
in Drosophila and humans and show that this trend is maintained in genomes of different size and complexity.

Conclusions: We discuss the possible choice of tools depending on the goals of the study and show that the
appropriate combination of tools could be an option for most approaches, increasing the sensitivity while

Keywords: Benchmark, Transposable elements, Polymorphism, Transposon insertion, Resequencing

Background

Transposable elements (TEs) constitute a very important
fraction of eukaryotic genomes, and their ability to trans-
pose, excise and produce complex genomic rearrangements
make them a key source of genomic diversity. Previous
work done over the last decades has uncovered their enor-
mous potential as gene regulators, a role that TEs play
through a variety of genetic and epigenetic mechanisms
[12, 43]. Certain TEs, such as Long Terminal repeat (LTR)-
retrotransposon carry their own promoters, and their
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B BMC

insertion close to genes can generate new gene expression
patterns. In addition, TEs, and in particular LTR-
retrotransposons and MITEs (Miniature Inverted Trans-
posable Elements), have been shown to contain transcrip-
tion factor binding sites, which can be mobilized by
transposition rewiring new genes into pre-existing tran-
scriptional networks [5, 12, 20]. As a consequence, TEs
have the potentiality to generate important genomic and
transcriptional variability, and the interest in these elements
has drastically increased in the last years.

Due to their repetitive nature and their sequence
diversity, the annotation of TEs is more complex than
that of protein coding genes. Nevertheless, thanks to the
development of tools such as Repeatmasker (http://
www.repeatmasker.org) and sophisticated pipelines such
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as REPET [16], methodologies of TE detection and an-
notation in assembled genomes are today robust. The
availability of high-quality reference genomes coupled
with the exponential increment of resequencing data has
boosted our capacity to evaluate intraspecific variability.
By obtaining accurate maps of genetic variation, charac-
terizing the genetic basis of phenotypic variance is now
possible at a genome-wide scale thanks to association
studies (GWAS). Until now, most of the efforts have been
focused on analyzing the variability at the nucleotide level
(SNPs, single nucleotide polymorphisms), as there are ro-
bust algorithms to perform variant calling. However, TEs
generate an important part of the genetic variability
present in a particular species. Moreover, the timing of oc-
currence of TE and SNP mutations is different, as the
former can amplify in bursts generating a great amount of
diversity in short periods of time, whereas SNP mutation
rates are more constant in time. Therefore, the identifica-
tion of Transposon Insertion Polymorphisms (TIPs) is of
high interest. Nevertheless, our capacity to accurately
identify TIPs using re-sequencing data is hampered by the
structural complexity of TEs.

In the last few years, many laboratories have developed
bioinformatic tools to look for TIPs and have started to
analyze their impact in intra-species variability, including
crop plants [7, 10, 42]. There are two main approaches
that can be used to detect TIPs in whole-genome se-
quence data: i) inference from discordant read-pair map-
pings, and ii) clustering of ‘split’ reads sharing common
alignment junctions [2, 15]. Most of the recently devel-
oped tools incorporate both methodologies, and in some
cases TIPs have been experimentally validated [27].
Moreover, in some cases the authors have evaluated
their sensitivity and precision (also known as positive
predictive value) [11, 24]. However, in most cases these
evaluations were performed by generating simulated in-
sertions that are randomly placed in the genome, and
then used to compare with tool predictions. Simulated
insertions are far from representing the complexity of
“natural” TIPs, as many of their features are difficult or
impossible to mimic accurately (i.e.. element degener-
ation, nested insertions, insertion preferences, etc.). As a
consequence, the benchmarks done with simulated data
tend to overestimate performance of the tools analyzed
[21]. An example of such benchmarks is the one re-
ported by the developers of McClintock, a pipeline that
integrates six tools [36] (Table 1). In their study, the au-
thors provided a detailed comparison of their compo-
nent’s performance in sensitivity and positional accuracy
based on simulated LTR-retrotransposon insertions,
which also includes some real resequencing data, in the
yeast Saccharomyces cerevisiae. In spite of the interest of
such comparative analysis, the direct translation of these
results to other eukaryotic models with bigger and more
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repetitive genomes is uncertain. This is especially rele-
vant as S. cerevisiaze contains only 51 full LTR-
retrotransposons in the whole genome [8], whereas in
most plant and animal genomes the LTR-
retrotransposon load is several orders of magnitude
higher. Also, a recent study focused on simulated but
also real human AluY, L1 and SVA families revealed
huge differences in the ability of seven tools to detect
TIPs [41]. In spite of the importance of these families
for human research, they do not represent the diversity
of the TE landscape of other animals and plants, which
is far more complex, with many families from different
orders being potentially active, and where the amount of
truncated non-autonomous elements greatly outnum-
bers the active copies.

In plants, TEs are at the origin of important agronomic
traits, such as apical dominance in maize [45], the skin
and flesh colors in grape [28] and blood oranges [4]. Dif-
ferent efforts have been made recently to identify TIPs
that could be responsible for important variability in
plants. Carpentier et. al [7] screened the presence of 32
rice LTR-retrotransposon families in the 3000-rice gen-
ome dataset and uncovered more than 50,000 TIPs, most
of them occurring at a very low frequency, which is indi-
cative of recent activity. Besides LTR-retrotransposons,
MITEs are probably the most prevalent group of transpo-
sons in plants, including rice, where they have experienced
recent massive amplification bursts [10, 35]. MITEs are
structurally very different from LTR-retrotransposons, as
they are non-autonomous, usually non-coding, and rela-
tively small. They are of particular interest because they
tend to integrate close to genes and may carry regulatory
domains [20], having the potential to create or rewire
regulatory networks [12]. In the present study, we have
taken advantage of the existence of several high-quality as-
sembled genomes of different rice varieties to create a vali-
dated dataset of natural LTR-retrotransposon and MITE
insertions obtained by direct comparison between the as-
sembled genomes (Nipponbare and MH63), that we have
used to benchmark the performance of 12 TIP calling
tools. Moreover, we have also analyzed the sensitivity of
the best performing tools to detect experimentally vali-
dated TIPs in Drosophila and humans. Our results evi-
dence that tool performance is in general lower than
estimated by previous simulations, and highly variable de-
pending on sequencing coverage and TE type. Also, we
show that an appropriate combination of tools can in-
crease the sensitivity of predictions while maintaining high
precision levels.

Results

Tools selected for benchmarking

We selected 12 of the most widely used tools for the de-
tection of TIPs (Table 1). Among them, four were



Vendrell-Mir et al. Mobile DNA (2019) 10:53

Table 1 Tools selected for the benchmark of TE insertions
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Tool Target Prediction Input  Output Perceived difficulty Manual
format Installation  Input
preparation

RelocaTE2 Non-reference All families  fastq  dff file Easy Easy https://github.com/JinfengChen/RelocaTE2
insertions

Jitterbug Non-reference All families Bam  dff file Medium Medium https://github.com/elzbth/jitterbug
insertions

Retroseq ° Non-reference All families Bam  vcf file Easy Difficult https://github.com/tk2/RetroSeq/wiki/
insertions RetroSeg-Tutorial

ITIS Non-reference Single-family  fastq  Bed file Easy Medium https://github.com/Chuan-Jiang/ITIS
insertions

MELT Reference and non-  Single-family Bam  vcf file Easy Medium http://melt.igs.umaryland.edu/manual.php
reference insertion

PopoolationTE2  Reference and non-  All families  fastqg  Tool-specific  Easy Easy https://sourceforge.net/projects/
reference insertions popoolation-te2/

Teflon Reference and non-  All families  fastq  Tool-specific Medium Medium https://github.com/jradrion/TEFLON
reference insertions

Trackposon Reference and non-  Single-family  fastq  Bed file Easy Easy http://gamay.univ-perp fr/~Panaudlab/
reference insertions TRACKPOSON.tar.gz

TEMP ° Reference and non-  All families Bam  Tool-specific Easy Difficult https://github.com/JialilUMassWengLab/
reference insertions TEMP/blob/master/Manual

TE-locate ° Reference and non-  All families Sam  Tool-specific  Easy Difficult https://sourceforge.net/projects/te-locate/
reference insertions

PopoolationTE ®  Reference and non-  All families  fastq  Tool-specific Easy Difficult https://sourceforge.net/p/popoolationte/
reference insertions wiki/Workflow/

ngs_te_mapper @ Reference and non-  All families  fastq Bed file Easy Difficult https://github.com/bergmanlab/
reference insertions ngs_te_mapper

McClintock Reference and non-  All families  fastq  Bed file Easy Difficult https://github.com/bergmanlab/mcclintock

reference insertion

@ These tools were run as part of the McClintock pipeline. Perceived difficulty refers to McClintock and not the original methods
Installation: Easy = available in Conda, or automatic / semi-automatic installation. Medium = Needs several dependencies or specific versions of packages that need
manual installation. Input preparation: Easy = can be run using common formats (ie fasta, bed) without the need of specific formatting. Medium = Needs specific

formatting. Difficult = Needs very specific formatting

specifically designed to detect non-reference insertions
(not present in the reference genome) (RelocaTE2 [11],
Jitterbug [21], Retroseq [27] and ITIS [24]), and eight
were able to detect reference (present in the reference
genome) and non-reference insertions (MELT [18],
Popoolation TE2 [29], Teflon [1], Trackposon [7], TEMP
[48], TE-locate [37], Popoolation TE [30], and ngs_te_
mapper [32]. Tools specifically designed to detect pres-
ence/absence of reference TE insertions in re-sequenced
genomes (i.e.: T-lex 3) [3] were not benchmarked here.

In addition to their different targets, some of the tools
were family-specific (meaning that they run with one TE
family at a time only), whereas most of them are able to
detect insertions from all the families in the same run
(broad-spectrum). Five out of the 12 tested tools were
run as components of McClintock, a pipeline that com-
bines the use of several TIP detection tools and stan-
dardizes their outputs into the commonly used BED
format (Table 1).

The first difficulty that the user has to face is properly
installing and making the tools run, often in a computer

cluster. This can be sometimes complex due to the num-
ber of different dependencies, and especially due to the
specificity of the input file preparation. In this regard,
we found that RelocaTE2, PopoolationTE2 and Trackpo-
son were the less problematic tools (Table 1). One possi-
bility that would make the installation of these tools
much easier would be to have them integrated in an en-
vironment such as Conda. This is a possibility that fu-
ture developers should take into account.

LTR-retrotransposon and MITE landscape in Nipponbare
and MH63 genomes

In order to perform a benchmarking exercise that could
be representative of as much as possible TIP detection
in eukaryotes, we decided to use rice as a model as it
has a genome of 430 Mb, which is relatively large and
complex in terms of TE landscape, and that has already
been considered as being as close as possible to a repre-
sentative genome for angiosperms [7]. Moreover, there
are several good-quality assemblies and short-read data-
sets of rice varieties available [23, 47]. In terms of the
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TEs to be detected, we concentrated on LTR-
retrotransposons and MITEs as, in addition to be the
most prevalent TE types in plant genomes, they are
functionally and structurally very different. Indeed,
whereas LTR-retrotransposons are relatively long ele-
ments (typically several Kb-long) and contain many
structural features relatively easy to detect (e.g.: long
LTRs at their extremities, coding capacity for several
well conserved enzymatic activities), MITEs are short
(typically 100—800 nt), are non-coding and do not con-
tain structural features (except for short inverted-repeats
in most cases) allowing for structural detection.

We wused a combination of structural and
homology-based approaches to annotate a high-
quality dataset of 3733 and 3787 full-length LTR-
retrotransposons in Nipponbare and MH63 (Minghui
63) assemblies, respectively (Table 2). These elements
contain intact Target Site Duplications (TSDs), Long
Terminal Repeats as well as coding domains. All of
them were clustered at 80% similarity over 80%
length to obtain families and we derived a consensus
for each family. RepeatMasker was then run with
such consensuses to identify all the LTR-
retrotransposon copies of the genome (including frag-
ments and non-autonomous elements) related to the
characterized families. A similar strategy was used to
identify ~ 46,000 full-length MITEs, as well as ~ 200,
000 partial MITE copies (see methods section).
Whereas full-length LTR-retrotransposons represent a
very small proportion of the total number of LTR-
retrotransposon copies detected, (3%, Table 2), full-
length MITEs represent an important fraction (23%).
The distribution along the chromosomes of the two
transposon groups is also different, with LTR-
retrotransposons being more abundant in the centro-

meric and pericentromeric regions and MITEs
populating evenly the rest of the chromosome
(Fig. 1).

Table 2 Annotation of LTR-retrotransposons and MITEs in rice
assemblies

TE Classification Nipponbare MH63
LTR-all @ 131,905 117,362
LTR full-length ° 3733 3787
LTR- Gypsy 1354 1303
LTR- Copia 944 759
LTR- Unclassified 1435 1725
MITE-all © 211,732 191,113
MITE full-length ¢ 45,963 46,725

@ Repeatmasker fragments. Includes both intact and truncated elements

P High confidence elements containing intact LTRs, TSDs and coding domains
€ Intact elements whose poor coding domain conservation doesn't allow
proper classification

9 Elements spanning more than 80% of its family consensus length
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Annotation of standard transposon insertion datasets for
tool benchmarking

The most straightforward way of identifying an insertion
polymorphism “in silico” when two high quality assem-
bled genomes are available (as it is here the case), is by
aligning orthologous loci. To identify the Nipponbare
orthologous loci to those that in MH63 contain a TE in-
sertion, we mapped the flanking regions of each MH63
full-length LTR-retrotransposon and MITE insertion
against the Nipponbare genome. As sequence diversity
and structural differences between the two genomes may
complicate this analysis, we tested different flanking se-
quence lengths and found that 500 nt was the one that
allow to identify more reference and non-reference in-
sertions (Additional file 6: Figure S1). By inspecting the
distance between the two mapped flanks, we could as-
sign the orthology status to the locus (ie, empty site or
full site). Using this approach, we were able to assign an
orthology status to 86% of the MITE loci, but only to
41% of the LTR-retrotransposons loci. This was probably
due to the difficulty to identify the orthologous loci of
insertions siting in repetitive sequences, which is much
more frequent for LTR-retrotransposons than for
MITEs. Therefore, although this strategy seems the
more straightforward, it has clear limitations. Moreover,
as defining the precise TE-genome junctions for non-full
length elements (ie, degenerated or partial elements,
which are the vast majority of LTR-retrotransposons,
Table 1) is challenging, we could not use this strategy to
analyze the possible polymorphisms arising from non-
full-length LTR-retrotransposons. To overcome those
limitations and increase the dataset of curated insertions,
we developed a strategy aimed at complementing the
TIPs dataset with TIPs predicted with the 12 tools ana-
lyzed here (Table 2), which were individually validated.
To this end we ran the different TIP-prediction tools
using MH63 paired-end reads mapped to the Nippon-
bare reference genome. We divided the Nipponbare
genome in 500 nt windows and mapped the windows
containing predicted insertions (red boxes, Fig. 2) to the
MH63 genome. An inspection of the aligned sections
allowed determining whether the predicted insertion
corresponded to a reference (shared) or non-reference
(MH63 specific) insertion or if it should be considered a
false positive (Fig. 2b). Indeed, in case of reference
(shared) insertions, the Nipponbare and the correspond-
ing MH63 sequences would perfectly align, showing that
the sequence, which contains a TE insertion is
conserved in both genomes (Fig. 2b, left); in case of a
non-reference (MH63 specific) insertion, the alignment
will be split by an insertion in the MH63 sequence cor-
responding to an annotated TE (Fig. 2b, right); and in
case where the two sequences show a continuous align-
ment in the absence of an annotated TE insertion in
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Fig. 1 Density of MITEs (a) and LTR-retrotransposons (b) along the rice chromosome 5 (window size = 50 Kb). Black circles represent centromeres.
Track 1 shows the density of all elements annotated in the chromosome by RepeatMasker. Track 2 shows the density of full-length elements.
Track 3 shows the density of validated non-reference insertions (MH63-specific insertions) in the benchmarking standard. Tracks 4-8 show the

density of non-reference predictions of five tools
performed, and we decided to restrict the dataset of
LTR-retrotransposons to a single chromosome (chr5).
This strategy combined the power of detection of
read-based methods (useful for uncovering polymor-
phisms derived from both full and degenerated ele-
ments), with the reliability of the validation based on
alignments between high-quality assembled genomes. By
using this combined approach, we increased the number
of validated non-reference MITE insertions from 1898
to 3117 whereas for LTR-retrotransposons (chr5) the
amount of non-reference insertions in our validated

Nipponbare, this will indicate that the TE prediction is a
false positive (Fig. 2b, middle). After running all tools,
adjacent windows corresponding to TIP predictions of
the same category were merged to produce a final
dataset. LTR-retrotransposon insertions are frequently
more complex than MITEs (i.e: length, tendency to
form nested insertions and extremely high amount of
truncated and degenerated elements, Table 2). Because
of this, it was difficult in many cases to automatically
validate the insertions. Therefore, manual inspection of
the alignments of LTR-retrotransposons TIPs was
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Fig. 2 Individual validation of predicted insertions. Black boxes
represent TE annotations in Nipponbare IRGSP (green rectangle) and
MH®63 (blue rectangle) assembled genomes. Examples of shared
(reference) and MH63-specific (non-reference) insertions are shown
in a. Insertions predicted by each tool (shown as arrows in b) were
intersected with windows of 500 bp spanning the entire Nipponbare
IRGSP genome, and windows having an intersection (red boxes, b)
were aligned to MH63 genome. True positive reference insertions
(TP ref) were those having full-length alignments with an MH63
region where a MITE or LTR-retrotransposon was annotated. False
positives (FP) have high-quality alignments (MAQ > 30) to regions
were no MITE or LTR-retrotransposon was present. True positive
non-reference insertions (TP non-ref) alignments were those having
a spliced alignment in which the two hits were separated by a
region that overlaps with a MITE or LTR-retrotransposon annotated
in MH63

dataset increased from 22 to 239 (Additional file 2: Table
S1). The result was a high-quality dataset of True
Positive (TP) and False Positive (FP) reference and non-
reference insertions (Additional file 2: Table S1). In
addition, there were predicted insertions that did not
match neither with TP nor FP (i.e.: cases that did not fit
in the scenarios described in Fig. 2b). We analyzed the
specific cases of unclassified non-reference insertions
and found that 86% of these LTR-retrotransposon pre-
dicted TIPs and 92% of such MITE TIPs overlapped
with other transposons annotated in the reference.
These cases were not used for downstream analyses, as
most tools specifically indicate in their manuals that they
cannot properly detect nested insertions. In order to
evaluate the performance of each tool, we intersected
the windows corresponding to the TE insertions pre-
dicted by the tool (both reference and non-reference TE
insertions) with those of the curated dataset to identify
TP and FP (Fig. 2b). Insertions present in the curated
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dataset of TE insertions that were not detected by the
evaluated tool were counted as False Negatives (EN).

Most of the tools analyzed here are able to detect
insertions from all the families in the same run (broad-
spectrum). Some of these tools are able to detect refer-
ence and non-reference insertions, whereas others only
detect non-reference insertions. The programs use dif-
ferent strategies to identify these two types of insertions,
and consequently we analyzed their performance
separately.

Detection of reference insertions by broad-spectrum tools
We observed that whereas the precision detecting MITE
and LTR-retrotransposon reference insertions was very
high for both types of elements, the sensitivity levels of
most of the tools were much higher for MITEs (Fig. 3).
For MITEs, the sensitivity of most tools increased with
coverage and tended to stabilize at 20-40X coverage
(Fig. 3a). Teflon had consistently the best sensitivity and
overall performance (F1-score) in the detection of refer-
ence MITE insertions even at low coverage, reaching a
sensitivity of 74% at 10X with an almost 100% precision
(Fig. 3a). All tools showed precision levels higher than
99% at all coverages, and all tools except ngs_te_mapper
yielded a sensitivity higher than 60% at 40X (Fig. 3a,
Additional file 3: Table S2). By contrast, the sensitivity at
5X was low in general, with Teflon being the only tool
reaching more than 50% (Fig. 3a).

Regarding the detection of reference LTR-
retrotransposons, the general tool performance was
much lower than for MITEs (Fig. 3b). In this case, TE-
locate reached the maximum sensitivity followed by
Teflon and was only slightly higher than 50% (Fig. 3b),
and the other tools remained below 40% sensitivity. The
sensitivity of TE-locate was higher than 50% in all the
coverages, whereas in Teflon, PopoolationTE2 and Popoo-
lationTE it increased with coverage (Fig. 3b). When we
focused only on the detection of full-length LTR-
retrotransposons, the performance of all tools increased
considerably, reaching a maximum sensitivity of 85.4%
(Fig. 3c). TE-locate was again the best performer showing
a sensitivity over 80% for all the coverages. We excluded
the predictions of TEMP for reference insertions, as this
tool is based on the detection of absences assuming the
presence as default, which leads to an overestimation of
the number of insertions, especially at a very low
coverage.

Detection of non-reference insertions by broad-spectrum
tools

All the benchmarked tools are able to detect non-
reference insertions, a task that is more challenging than
detecting reference insertions, as the former are not
present in the reference genome to which the reads are
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Fig. 3 Performance of broad-spectrum tools in the detection of reference insertions of MITEs (a), all LTR-retrotransposons (b) and full-length
LTR-retrotransposons (c)
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mapped. In this case sensitivity was strongly dependent
on coverage (Fig. 4). Precision was very different for
MITE and LTR-retrotransposon predictions, showing a
tendency to decrease at high coverage (Fig. 4). Regarding
MITEs, Teflon was the best performer followed by
PoPoolationTE2 and Retroseq (Fig. 4a). These tools
reached a sensitivity close to 75% (up to 75.6% in 40X
coverage for Teflon), whereas the rest of the tools had a
much lower sensitivity (Fig. 4a). The precision was very
high (>95%) for most tools with the exception of TE-
locate, which dropped from 92.5% in 5X to 75.6% in
40X. All the tools improved their performance when the
coverage increased (except Jitterbug, which performed
the best at 20X), with PopoolationTE2 and Retroseq
showing the steepest increase, especially between 5X and
20X (Fig. 4a).

Regarding LTR-retrotransposons, PopoolationTE2
achieved the highest sensitivity, reaching a maximum of
88.5% at 40X (Fig. 4b). Nevertheless, these tools yielded

Page 8 of 19

a high number of false positives, which translates into
low precision levels (Fig. 4b). In general, the precision
detecting LTR-retrotransposons with respect to MITEs
was much lower for all tools. Jitterbug was the only pro-
gram with a moderate precision (> 75%) across all cover-
age levels, although its sensitivity was low (maximum of
32.7% at 40X) (Fig. 4b). According to the F1-score,
PopoolationTE2 and Teflon were the best performers at
low coverages (5X-10X), whereas at higher coverages
PopoolationTE2 and Jitterbug showed the best balance
between sensitivity and precision (Fig. 4b). Differently to
what we previously did for reference insertions, we did
not compute the performance of the tools using only
full-length LTR-retrotransposons because they represent
only a small fraction of the non-reference annotated
insertions.

The output of most tools contains information that
can be used for filtering the putative insertions to
achieve more precise detection levels. We checked

Fig. 4 Performance of broad-spectrum tools in the detection of non-reference insertions of MITEs (a) and LTR-retrotransposons (b). Relocate2 on
LTR-retrotransposons at 40X was killed after 5 days running with 8 CPUs and 64GB of RAM
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different filters for each program looking for gains in
precision with a low cost in sensitivity. In some cases,
such as Jitterbug, the precision was already very high,
and the filtering was not needed. In others, the cost in
sensitivity was too high and the filtering was not consid-
ered useful. For the two best-performing tools, Popoola-
tionTE2 and Teflon, filtering did result in significative
gains in precision without an excessive cost in sensitiv-
ity. For PopoolationTE2 we applied a zygosity filter of
0.7 (based on the fraction of reads supporting the inser-
tion) which led to a drop of sensitivity for both MITEs
(from 76 to 63%) and LTR-retrotransposons detection
(from 88 to 65%, Additional file 7: Figure S2), but with
an increase of precision, which was particularly striking
for LTR-retrotransposons (from 28.9 to 91.9% at 40X).
For Teflon, a zygosity filter of 1 resulted in a drop of
sensitivity for MITEs (from 78 to 61.5%) and LTR-
retrotransposons (from 57.7 to 44.2%) but with import-
ant gain in precision for LTR-retrotransposons (from
15.2 to 70.8%), which was not significative for MITEs
(98.4 to 98.5%) (not shown). In summary, based on the
F1-score, filtering by zygosity greatly improved the over-
all performance of PopoolationTE2 and Teflon for LTR-
retrotransposon detection, whereas the effect of this fil-
ter on MITEs detection was much less pronounced due
to the already high precision of the unfiltered results.

Detection of non-reference insertions by family-specific
tools

Some tools have been designed to look only for TIPs of
a single TE family instead of all families at the same time
(i.e., ITIS, MELT and Trackposon). In order to analyze
the performance of such tools, we used the largest MITE
and LTR-retrotransposon families, which contain 194
(whole genome) and 22 (chr5) MH63-specific insertions,
respectively (Additional file 7: Table S1). The analysis of
MITE TIPs showed that ITIS and MELT did not per-
form well and displayed low sensitivity and overall F1-
score levels (Fig. 5a). By contrast, Trackposon performed
well, displaying up to 72.8% sensitivity with 93.1 preci-
sion at 40X coverage. In line with the results found for
broad-spectrum tools, sensitivity in the detection of
LTR-retrotransposons was strongly dependent on the
coverage. Trackposon and MELT showed moderate sen-
sitivity levels at 40X (58.6 and 55.2%, respectively)
whereas ITIS reached a maximum of sensitivity of
13.8%. Regarding precision, Trackposon was the best
performer with values ranging between 76.9 and 100%
(Fig. 5b).

Overlap between TIP prediction tools

As there is no tool showing 100% sensitivity, we asked
whether the predictions of the different tools were com-
mon or specific for each tool. We evaluated the overlap
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of the detected non-reference true and false positives for
the five better performing tools for MITE or LTR-
retrotransposon TIP predictions (40X), taking into ac-
count their sensitivity and precision. In spite of the dif-
ference in the amount of predictions between MITEs
and LTR-retrotransposons, the results showed very
similar trends: 54% of TP were detected only by one tool
for both MITE and LTR-retrotransposon insertions
(Fig. 6). As expected, the FP detected were tool-specific
in the vast majority of the cases (90.2% were detected by
only one tool for MITEs and 98% for LTR-
retrotransposons). The number of insertions detected by
all tools was very low (1.3% of all TIPs detected for
MITEs and 1.4% for LTR-retrotransposons). These re-
sults suggest that combining tools may increase the sen-
sitivity of the TIP detection, although this may come
with the cost of decreasing precision, as false positives
are highly tool-specific.

Combining tools to improve sensitivity

Our previous results suggest that a combination of tools
could be useful to increase the sensitivity in identifying
non-reference transposon insertions. To this end, we
combined the predictions of PopoolationTE2 (the overall
best performer) sequentially with up to four tools se-
lected based on their sensitivity and/or precision levels.
As a general trend, the combination of tools led to
higher sensitivity levels, reaching more than 90% for
both MITEs and LTR-retrotransposons at 40X coverage
when combining five different tools (Fig. 7). However,
the increase in sensitivity comes with a decrease in pre-
cision, particularly clear for LTR-retrotransposons, that
approaches 10% for 40X coverage when combining five
different tools. The results presented suggest that the
combination of two tools provided the best balance be-
tween sensitivity and precision. Specifically, the combin-
ation of zygosity-filtered PopoolationTE2 and Teflon for
MITEs reached 82.1% sensitivity and 97.4% precision at
40X. Regarding LTR-retrotransposons, the combination
of zygosity-filtered PopoolationTE2 and Jitterbug
reached 75% sensitivity and 86.7% precision at 40X.

As already mentioned, McClintock is an available
pipeline that combines several tools. Therefore, we com-
pared the performance of the combination of tools here
proposed with that of the McClintock pipeline, which
combines the use of Retroseq, TEMP, TE-locate, Popoo-
lationTE and ngs_te_mapper (we excluded RelocaTE
from the pipeline due to excessive running time). The
combination of tools here proposed (PopoolationTE2
and Jitterbug for LTR-retrotransposon insertions and
PoPoolationTE2 and Teflon for MITEs) yielded consist-
ently a better sensitivity and much better precision and
F1-scores than McClintock at all coverages (especially in
the case of LTR-retrotransposons, Fig. 8). The most
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run on 10 kb for LTR-retrotransposons windows as described in [7]

Fig. 5 Performance of family-specific tools in the detection of non-reference insertions of MITEs (a) and LTR-retrotransposons (b). Trackposon was

important differences were found in precision at inter-
mediate and high coverages. As an example, for MITEs
at 40X PopoolationTE2-Teflon had 97.4% precision
whereas McClintock had 83.8% (Fig. 8a). Regarding
LTR-retrotransposons at 40X, PoPoolationTE2-Jitterbug
precision was 86.7%, whereas that of MdcClintock
dropped to 9% (Fig. 8b).

Evaluation of best-performing tools using Drosophila and
human datasets

In order to evaluate whether the benchmarking results
using rice data could be extrapolated to data obtained
from other species, we benchmarked the best performing
tools (PoPoolationTE2, Teflon and Jitterbug) using PCR-
validated TIPs from Drosophila and humans. The Dros-
ophila dataset consisted of 81 TIPs from ten Drosophila
lines sequenced at an average coverage of 42X [22]. This

dataset contained TIPs from 12 different transposon fam-
ilies, including retrotransposons (LTR and LINE) and cut-
and-paste DNA transposons (TIR) experimentally vali-
dated by Lerat et al. [31] Merenciano et al. [33] and Ullas-
tres et al. [46] (Additional file 4: Table S3). The human
dataset consisted of 148 TIPs obtained from one human
individual at a coverage of 20X [44]. This dataset consisted
of TIPs related to ALU, SVA and LINE-1 retroelements.
In the analysis of human insertions, we also included
MELT, as it is the best-established tool for the detection
of human TE polymorphisms. The detection levels of
PoPoolationTE2 and Teflon in Drosophila were moder-
ately high (69.1% of the insertions, Table 3 and Additional
file 5: Table S4), and substantially higher than Jitterbug
(44.4% of the insertions). Using the combination of the
three tools, we were able to detect 81.5% of the insertions.
These results are in high concordance with the sensitivity
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Fig. 6 Venn diagrams representing the detection overlap in non-reference true positives and false positives for MITEs and LTR-retrotransposons

levels found using rice data with LTR-retrotransposons
and MITEs, where PoPoolationTE2 and Teflon showed
superior detection levels to Jitterbug (Fig. 4). Regarding
the human sample, MELT was the best tool identifying
homozygous insertions (97.8%, Table 4), whereas PoPoo-
lationTE2 was the best detecting heterozygous insertions
(88.2%). Taking into account both kind of insertions,
PoPoolationTE2 outperformed MELT, displaying an aver-
age detection level of 90.5%. The detection rate of these
two programs was higher on human data than in Drosoph-
ila or rice, where sensitivity levels rarely exceeded 70%
using 20X coverage (Fig. 4). The detection levels of Jitter-
bug were similar to those found using Drosophila and rice,
ranging from 47.8 to 51%. Teflon was unable to complete
the task and the process was killed after five running days.
Using the combination of tools, the detection rate in-
creased only 3.4% for the human dataset, reaching up to
93.9% (Table 4).

Running time

Computation time is a limiting factor when running TIP
detection tools in large datasets. Therefore, it is an im-
portant criterion to take into consideration for selecting
the most appropriate tool for a specific experiment. We
tested the time needed by the tools to finish the predic-
tion with a 10X dataset and 432 MITE families as input.
It is important to mention that three tools (Trackposon,
ITIS and MELT) work on a per-family basis. In these
cases, the reported time was that needed to finish the
prediction for a single family. By contrast, the remaining
tools work with all the annotated TE families at the
same time. According to our results, Trackposon was
the fastest tool, with only 1.7 CPU hours needed to fin-
ish (Fig. 9). Among the general tools, ngs_te_mapper,
TE-locate and PoPoolationTE2 were the fastest tools,
with 8.6, 9.6 and 9.7 CPU hours needed to finish the
prediction for the 432 families. RelocaTE2 took the
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largest amount of time to finish the prediction (59.1
CPU hours) (Fig. 9).

Discussion

The use of real data is essential for an accurate
benchmarking of TE insertion detection tools

There are several tools available to detect TIPs from
short-read resequencing data, and some efforts have
been made to validate the performance of such tools [36,
41]. However, their benchmarking has been essentially
based on simulated TE insertions and simulated short
reads. It is challenging to perfectly simulate sequencing
errors, local coverage variations, biases due to GC con-
tent or other genome specific biases that real short-read
datasets contain. Similarly, the heterogeneity of real

transposon insertions, with polymorphic truncated or
degenerated elements and elements inserted in highly
repetitive regions, among other confounding effects, are
also difficult to simulate. As a consequence, the bench-
marking using simulated data may be overestimating the
performance of the TIP prediction tools. Indeed, our re-
sults show that, most of the tools here analyzed have a
lower sensitivity than previously reported. For example,
RelocaTE2 and TEMP were previously benchmarked on
simulated rice data, and the sensitivity of both tools was
estimated to be higher than 99% at 10X [11]. On the
contrary, our results using a dataset of real insertions
and real short-read data show that both programs per-
form very different, with TEMP having a maximum sen-
sitivity of only 13.3% for MITE detection and
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Fig. 8 Performance comparison between McClintock pipeline and our proposed tool combinations for MITEs (a) and LTR-retrotransposons (b).
PoPoolationTE2 and Teflon are filtered by zygosity as explained in the text (cutoffs of 0.7 and 1, respectively)

RelocateTE2 showing a 35.6% sensitivity. Similarly, we
previously reported a sensitivity of close to 90% for Jit-
terbug, a program developed in our laboratory, using
real short reads on simulated TE insertions [21]. Our re-
sults now show that for the dataset analyzed (real TIPs
and real short reads) the maximal sensitivity is of 32.7%
(Fig. 4, LTR-retrotransposons), although it does so with
a relatively high precision. Therefore, our results suggest

that the sensitivity and precision previously reported for
TIPs detection tools, determined using simulated data,
are probably overestimated and that the real perform-
ance of these tools is probably lower. We think that the
performance levels of the different tools presented here
are a much better estimation of their detection ability on
real datasets. It is important to note, however, that de-
pending on the genome to be analyzed, parameters used

Table 3 Number of insertions detected by PoPoolationTE2, Jitterbug and Teflon using a validated Drosophila melanogaster dataset

RAL-737  RAL-40 RAL-801 RAL-802 RAL-850 RAL-502 RAL-508 RAL-491 RAL-235 RAL-21 TOTAL %
Validated insertions 17 16 9 7 4 5 7 5 4 7 81
PoPoolationTE2 12 5 9 5 3 3 [§ 5 3 5 56 69,1
Jitterbug 1 2 3 5 2 2 4 2 3 2 36 444
Teflon 12 6 9 4 3 4 5 4 4 5 56 69,1
Combination 15 6 9 7 3 4 7 5 4 6 66 815

Total number of insertions detected by each tool on each line is provided in Additional file 5: Table S4
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Table 4 Number of insertions detected by Jitterbug, MELT and
PoPoolationTE2 using a validated human dataset

Tool Homozygous Heterozygous Total
Validated insertions 46 102 148
PoPoolationTE2 44 (95,7%) 90 (88,2) 134 (90,5%)
Jitterbug 22 (47,8%) 52 (51,0%) 74 (50,0%)
Teflon @ - - -

MELT 45 (97,8%) 84 (82,4%) 129 (87,2%)
Combination 45 (97,8%) 94 (92,2%) 139 (93,9%)

2 Teflon was killed after 5 days running with 12 CPU and 300GB of RAM
Total number of insertions detected: PoPoolationTE2 (ref and non-ref) =
186,038; Jitterbug (non-ref) = 624; MELT (non-ref) =1297

and especially on the quality of the annotation of the ref-
erence genome the performance of the programs may
vary. All the programs benchmarked here are based on
the detection of discordant paired-end reads and/or
split-reads at the junction of TE insertions. Among the
different confounding factors that can interfere with the
detection process, the quality of the TE annotation of
the reference genome and in particular of the proper
definition of the TE-genome junctions, is an important
one. Therefore, it is important to work on refining the
annotation of the TEs (or at least the more interesting
TE families for the purpose of the study) before search-
ing for TIPs.

Tool performance varies depending on TE family

Eukaryote genomes contain a high diversity of TE ele-
ments with very different copy numbers and functional
and structural characteristics, which may impact on the
ability of TIP detecting programs to reliably identify
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their insertions. Because of that, we decided to bench-
mark the different programs using two very different
types of TEs that, in addition, are the most prevalent in
plants: MITEs and LTR-retrotransposons. The results
presented here show that, as expected, the analyzed tools
do not detect different TE types with the same sensitivity
and precision. MITEs and LTR-retrotransposons repre-
sent extreme examples based on their length and com-
plexity, and the performance of the tools when used
with other TEs will probably be in the range of this
case-study. The analysis of the sensitivity of the best per-
forming tools in detecting TIPs produced by different
types of transposons (including LINEs, LTR-
retrotransposons and cut-and paste TIR transposons) in
Drosophila and humans suggests that this is indeed the
case. Our results indicate that MITEs are detected with
better  sensitivity = and  precision than  LTR-
retrotransposons. The difference is especially relevant in
the detection of non-reference insertions, where most
tools show low precision levels for LTR-
retrotransposons. In the present study, we ran all sam-
ples in default mode or using the parameters described
by the authors in the corresponding manuscripts or
manuals (Additional file 1). Nevertheless, we show that
precision can be increased by applying specific filters to
the results. For example, we show that, for some pro-
grams, LTR-retrotransposon detection can be drastically
improved by applying a zygosity filtering. Applying such
filtering may be a good strategy when not intending to
study somatic insertions which should in most cases be
heterozygous. The difficulties of detecting LTR-
retrotransposons come from the complexity of the

were run using 8 CPUs and 64GB of RAM

Fig. 9 Running time of each tool to perform the detection of MITEs in a 10X dataset. Family-specific tools are marked with an asterisk. All tools
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elements and from the local regions where they insert. It
is known that LTR-retrotransposons (especially those of
the Gypsy superfamily) tend to integrate in heterochro-
matic regions enriched in other TEs. These repetitive re-
gions are likely a source of false positives that affects all
the programs tested. These repetitive regions are, in fact,
difficult to annotate and polymorphisms within these re-
gions may be challenging to detect even using long-read
data or when aligning good-quality assemblies. By con-
trast, MITEs tend to integrate close to genes [25] and
their flanking regions are more likely to be unique in the
genome. The presence of non-repetitive TE flanks
greatly simplifies the detection of TIPs, as the probability
of finding multimapping reads in these regions is
minimal.

Another important consideration related to the differ-
ent TE families is the quality of the annotation. MITEs
are easy to annotate and usually have well defined
boundaries. By contrast, LTR-retrotransposons form
nested insertions and are often degenerated. This makes
very difficult to accurately define their boundaries, and
as a consequence many chimeric elements are usually
annotated. As already mentioned, an accurate TE anno-
tation is essential to increase the capacity of the tools to
identify TE insertions based on short-read data. In this
context, it could be a good strategy to identify and re-
move chimeric transposons from the annotation prior to
using any of these tools (ie, when working with consen-
suses or with the actual annotation). A chimeric or
nested transposon, for example an LTR-retrotransposon
with a MITE inserted inside, will be targeted by reads
arising from the two elements, and other MITE inser-
tions of the same family present elsewhere in the gen-
ome could be wrongly identified as LTR-
retrotransposons insertions by the TIP detection tools.

Influence of the type of genome on the performance of
the tools

The ability of any of the tools to detect TIPs depend on
the nature of the transposon insertion itself and its
flanking genome sequence, and none of them can detect
new transposon insertions in repetitive regions. There-
fore, in addition to the type of transposon generating the
TIP, as already discussed, the performance of the tools
may depend on the genome under study. For this reason,
we have analyzed the sensitivity of the tools that per-
formed the best using rice data on Drosophila and hu-
man data and compared their performance on the
different datasets. The sensitivity of the different pro-
grams analyzed in Drosophila was very similar to the
one obtained in rice. As the genomes of rice and Dros-
ophila are relatively different, the former being much
bigger (430 Mb vs 175 Mb) and with a higher content of
repetitive sequences (37% vs 20%), this suggests that the
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performance of the tools is relatively independent of the
genome used, and that the benchmarking here presented
could be of use for TIP analysis in many different
systems.

This analysis also showed that the tools that per-
formed best on rice had an even better sensitivity on hu-
man data. The difference of sensitivity was particularly
clear for PoPoolationTE2 and MELT. Although this
could indicate a difference of the performance of these
tools in the two genomes, it could also be due to the
particular nature of the human dataset. Indeed, the data-
set of validated TIPs in humans contains insertions from
TE families (LINE-1, ALU, SVA) that were detected in
the first place using only one method, based on split-
read and read-pair information [44] and therefore the
sensitivity of the programs on this dataset could be over-
estimated. It is worth mentioning that the PCR-validated
Drosophila and human insertions have been predicted
using a small number of tools in the original publica-
tions, and therefore it includes only a subset of all the
insertions present in these genomes. Moreover, the hu-
man and Drosophila datasets were validated by PCR,
which could have introduced a bias in the TEs that were
included in these datasets. However, note that the num-
ber of families included in the human and Drosophila
validation datasets are similar or bigger than the ones in-
cluded in the rice dataset and contain both full-length
and truncated TEs.

Sequencing coverage critically impacts TIP detection
Independently of the different performance found be-
tween TE families, we found that coverage has a major
impact on tool performance for all the TE families
tested. In general sensitivity increases with increasing
coverage. Therefore, homogenization of sample coverage
is essential when using TIPs prediction tools to quantita-
tively compare the transposition rates between organ-
isms or populations. Some tools like PopoolationTE2
have internal steps to carry out this task. Nevertheless,
for qualitative studies coverage homogenization is dis-
couraged as down-sampling high-coverage datasets leads
to a smaller number of detected insertions. It is import-
ant to note that the increase of sensitivity with increas-
ing coverage comes, in most cases, with a decrease in
precision. Therefore, depending on the goals of the study
a different level of coverage may be suitable. From the
data presented here it seems that a coverage below 20X
is probably not suited for most analyses, as the probabil-
ity of missing true insertions is very high.

Strategies to increase tool performance

The fact that an important fraction of the insertions de-
tected by the different tools are not shared supports the
fact that combining different tools may increase the
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quality of the results [36]. However, simply increasing
the number of tools does not necessarily increase the
quality of predictions, due to the accumulation of tool-
specific false positives (ie, the combination of five tools
yielded 95% of sensitivity but only 11.8% precision in
non-ref LTR-retrotransposon detection, Fig. 7). This is
due to the fact that whereas many true insertions are de-
tected by several tools, most false positives are tool-
specific (Fig. 6). Combining a limited number of well-
performing tools may be the best approach. Indeed, our
results show that with the dataset used, the combination
of PoPoolationTE2 and Jitterbug to detect LTR-
retrotransposon insertions, or PoPoolationTE2 and Tef-
lon to detect MITEs vyielded superior TIP annotations
(better F1-score) than the tools alone. Also, the perform-
ance of these tool combinations was better than that of
the McClintock pipeline, especially regarding LTR-
retrotransposons. In this sense, we recommend combin-
ing tools based on their high precision and not only on
their high sensitivity (ie, PoPoolationTE2 and Jitterbug).
Nevertheless, there can be situations in which sensitivity
has a priority over precision (ie, re-sequencing of a sin-
gle individual, or interest only on a few families). In such
cases, running more tools can be an alternative and
manual curation should be considered.

Selecting the appropriate tools for detecting TE insertions
in resequencing data

Depending on the objective of the analysis, a family-
specific tool could be more interesting than a broad-
spectrum tool. For example, when tracking the effect of
certain treatment in a concrete set of elements. Another
important consideration is that the amount of storage
needed is smaller in comparison to broad-spectrum
tools, due to the smaller size of the alignment files. For
such cases, a tool such as Trackposon could be a good
option due to its fast speed, moderate sensitivity and
high precision. Nevertheless, as a drawback, Trackposon
does not report the exact insertion point and, which
could be a limitation for some studies. In those cases,
MELT can be an interesting alternative, although it re-
quires adjusting family-specific parameters to produce
high-quality results. This might be indeed the cause why
MELT did not perform well on the detection of rice
MITEs. In general, it is possible that the tools analyzed
here, which were not specifically designed for MITEs
and LTR-retrotransposons, may work better for other
types of TEs or with modifications in the parameters
used. Based on our results, if the objective of the study is
to analyze insertions of more than one family, and the
storage space is not a major limitation, using some of
the top broad-spectrum tools such as PoPoolationTE2 is
probably a better option as those programs can also be
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relatively fast and show high sensitivity and precision in-
dependently of the species and TE type analyzed.

Conclusions

Besides the important efforts of tool developers, our re-
sults suggest that the identification of TIPs is still chal-
lenging. We propose here a number of approaches, such
as combining tools, which can be followed depending on
the purpose of the study and the TE families to be ana-
lyzed, that can provide good results. However, it is im-
portant to note that in the best scenario (combining
optimal tools at best coverage, Fig. 7) and having a good
TE annotation of the reference genome, the sensitivity
could be around 70% with a precision of 80-90% for
non-reference insertions. These numbers may be enough
for most studies, but it is important to keep in mind that
some insertions will be missed, especially when estimat-
ing insertion frequencies or when using TIPs for GWAS,
for example. There are major limitations like the length
of the reads that can be resolved with current technolo-
gies (ie long-read sequencing) and will certainly improve
in the following years. But there is still the need to de-
velop new algorithms specifically designed to identify
TIPs from long reads, to generate highly curated TE an-
notations of reference genomes and also more independ-
ent benchmarks on real data to evaluate the
performance of tools under different conditions.

Methods

Sequence data used

We used the available data for the japonica Nipponbare
(GCA_000005425.2) and the indica MH63 (GCA_
001623365.1) assemblies, and the short-read resequen-
cing of MH63 (SRX1639978), which were used to gener-
ate the original assembly.

MITE annotation

MITE-hunter [19] was run on Nipponbare and MH63
assemblies to detect MITEs families, which were then
combined with the high-quality predictions available in
PMITE database [9] (only families carrying TSD). Clus-
tering at 90% was performed to remove redundancy
using cd-hit [17] and produce a final library. RepeatMas-
ker (http://www.repeatmasker.org/) was run to annotate
all regions having significant homology with any of the
MITE families. The annotations were further screened
to discriminate full-length elements (consensus length +
20%) from truncated hits.

LTR-retrotransposon annotation

LTR-retrotransposons were identified by running
LTRharvest [14] on IRGSP and MH63 assemblies with
default parameters. The internal conserved domains of
these elements were obtained running hmmscan [13],
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and only coding elements were retained for further ana-
lyses. The identified elements were clustered with Silix
[34] according to the 80-80 rule. All the elements in
each family were aligned with Mafft [26] and trimmed
with Trimal [6]. Consensus sequences were built from
the alignments using the EMBOSS package [40].

Determination of benchmarking standards

We took advantage of the availability of two high quality
rice genome assemblies (IRGSP and MH63, the former
used as reference) in order to obtain a curated dataset of
real “reference” (orthologous) and “non-reference” (spe-
cific to MH63) insertions as explained in Fig. 2. Mapping
of reference and non-reference windows to MH63 gen-
ome was performed using BBmap (https://sourceforge.
net/projects/bbmap/). Intersections between annotations
were done with BEDtools [38].

Drosophila and human benchmarking datasets

The Drosophila dataset consisted of 81 TIPs from ten
Drosophila lines sequenced at an average coverage of
42X [22], and validated by PCR by Lerat et al. [31], Mer-
enciano et al. [33] and Ullastres et al. [46] (Additional
file 4: Table S3). In Lerat et al. [31], TIPs were predicted
using TIDAL [39] and PoPoolationTE2 [29] using 14
European D. melanogaster pooled populations (average
coverage of 90X). Briefly, validated TIPs were present in
the DGRP population and at least in one European
population at >10% frequency, not present in the Y
chromosome, and with a predicted length of <6kb to
avoid problems with PCR amplification. In Ullastres
et al. [46], TIPs were predicted by TIDAL in the DGRP
population [39]. Validated TIPs were inserted in regions
with recombination rates >0, and present in at least 15
DGRP strains. Finally, in Merenciano et al. [33] TIPs
were also predicted by TIDAL in the DGRP population
[39] and all belonged to the roo family. Both full-length
and truncated copies were validated, as no TE length fil-
ter was applied.

The human dataset consisted of 148 TIPs obtained
from a human individual (NA12891, SRA accession
SRX207113) [44]. Original sequencing coverage of the
human genome was down sampled to 20X.

TIP prediction

Predictions of transposon insertions were done using the
12 tools shown in Table 2 using the default parameters
and / or following the recommendations of the authors.
The scripts used for running each of the tools are shown
in Additional file 1.

Evaluation parameters
We used the following parameters for evaluating the
ability of each tool to detect MITEs and LTR-
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retrotransposons: True positives (TP): Insertions de-
tected by any tool matching with our curated dataset of
TPs. False positives (FP): Insertions detected by any tool
matching with our curated dataset of FPs. False nega-
tives (FN): Insertions present in our curated dataset of
TPs, not detected by the evaluated tool. These primary
parameters were used for calculating the final bench-
marking ratios that have been previously used for asses-
sing the performance of similar tools [41].

Sensitivity = TP/ (TP+ EN).

Precision = TP/ (TP + FP)

Fl-score = 2 x [(Precision x Sensitivity) / (Precision
+ Sensitivity)]

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513100-019-0197-9.
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Discussion and complementary results

The work presented in the previous article has been useful to the lab to properly detect
TIPs and compare the TE landscape between different samples in several species. For
example, we used the knowledge extracted from this study to compare different samples
of P. patens as it can be seen in the chapters 2 and 3 of this dissertation. We also used it
to perform a comparison of the transposition landscape in 1059 Oryza sativa varieties
(Castanera et al., 2021) (See Annexes), work in which I also participated annotating part
of the TIPs in the different varieties. This work has also been useful to other members of
the lab to find the best approaches to compare the transposition events between different

samples of peach and almond (Alioto et al., 2020).

This work indicated the need of a medium to high coverage (more than 10X) to properly
identify the TIPs. Low coverages may be useful to identify SNPs but they make it difficult
the proper identify TIPs as only a small fraction of them can be detected. We also
identified the main limitations of these approaches, that explain that even at relative high
coverages there is an important fraction of TIPs that cannot be identified, mostly those
found in highly repetitive regions. Therefore, when using these approaches there is a bias
towards non-repetitive regions of the genomes. This can be relevant to consider when
performing some studies, such as the comparison of the preference of integration of

different TEs.

Thanks to this study we also identified the need to normalize the short-reads coverage
among samples to not bias the results to compare the number of polymorphisms between

different samples.

Moreover, we also identified that other approaches can be used depending on the goal
that one may have in his study. For example, when trying to detect the maximum number
of TIPs in a population. In this case, it is possible to combine different tools and filter
them using the criteria explained in the benchmark. We have followed this approach in

chapter 3 to identify the maximum number of TIPs on P. patens.

As supplementary results, we also benchmarked the only available tool, at the moment
that this work was done, that use Long Reads to detect TIPs; LORTE (Disdero & Filée,
2017). We took the opportunity that there were long-reads data available for the MH63
variety to test the performance of this tool. We ran LORTE using a coverage of 20X of
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Pacbio long-reads (SRA: SRR5456657). LORTE only managed to detect a 22.2% of the
manually curated TIPs of LTR-RTs between MH63 and the Nipponbare present in Chr05,
while using short-reads we manage to resolve up to 41% of them. Moreover, 97.7% of
the TIPs detected by LoRTE were also detected by short reads. From this data we
concluded that, for the moment the use of long-reads to detect TIPs can still be
challenging. It is expected than in the future long-reads data will outperform short-read
data to call TIPs, but at the moment there is still a lack of tools to call TIPs using this data
and most of the publicly available data are based on short-read data for this reason is it
still important to know which the best tools and approaches are to detect TIPs using short-

reads resequencing data.

Another relevant information that we realized after performing the benchmark is that the
preparation and the kind of short-read libraries used for sequencing may bias the results.
For example, in the annotation of the 1059 varieties Raul Castanera identified the
presence of a bias between two libraries (CAAS and IRIS) that were prepared using the
same methodologies but in different locations. Similarly, the use of paired-end libraries
that have different paired-end fragment sizes can affect the obtained result. This is
especially relevant when using Nextera Illumina short-reads libraries that do not have a
separation between the two paired-end reads. We realized that in these libraries there was
a decrease in the number of discordant reads that directly affected the performance of the

tools to properly call TIPs on these samples.

Moreover, it is important to consider in which organism the study is going to be developed
and if there are tools previously developed and optimized for this organism, to call the
TIPs. In each organism it should be taken into account the resources necessary to call the
TIPs depending on the TE content, the genome size and complexity. Despite that, in this
work we proved that the best performing tools could be a good option when working with
a non-model organism without prior knowledge of their TIPs as the best performing tools
had a good performance in the different tested organisms (Homo sapiens, Drosophila
melanongaster and Oryza sativa) that have wide differences in terms of TE content and
TE distribution. It should also be considered that the benchmark was done comparing two
different rice varieties where, apart from the TIPs, there will be other differences in the
genome, such as SNPs, INDELs and other structural variants that can difficult the
mapping of the reads. The methods benchmarked in this study could have a better

performance, probably, when comparing the same sample sequenced different times on
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different conditions (control vs mutant or different tumor samples, for example). As we

would not expect that many differences on the genomes as in our case.

Overall, the results presented in this study are a good guide for users interested into the
detection TEs insertion polymorphism using short-read data. Although we tried to
incorporate to the benchmark the most relevant tools that existed at that time, we could
not include all the tools that were available. Moreover, since then, new tools have been
published. Despite that, the dataset published in this article can be useful to benchmark
and compare these tools to the ones already benchmarked by us, indistinctly if they use

short-reads or long-reads technologies as both libraries are available for this dataset.

We can conclude that to properly detecting TIPs from sequencing data is challenging
process. It requires high resequencing coverage to detect an important fraction of the
polymorphisms and despite that, it is still representing a fraction of the total of
polymorphisms present in the population. That this is probably due to the results are
biased towards the non-repetitive regions of the genome and this explains the difference
on performance between different TE orders such as LTR-RT that are usually located far
from genes mostly found in repetitive regions (in particular those of the Gypsy

superfamily) from MITEs that are located at the gene vicinities in unique sequences.
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Chapter 1.4: Detection of Transposable Element transcription
from short-read data

Introduction

One of the first steps required for the mobilization of a TE is the expression of the
molecular machinery necessary to produce a transposition event. We can use RNAseq

approaches to identify TE transcription.

RNA seq data has been reliably used to analyze gene transcription. This is quite
straightforward as an important fraction of the gene content in a genome is unique and
there are well-stablished protocols to align the reads, estimate the abundance and compare
the levels of expression between different conditions (Love et al., 2014; M. D. Robinson
et al., 2009). However, it is not as easy to estimate the expression of TEs. Most TEs can
be found in multiple places in the genome as highly similar copies, resulting in a difficult
process to properly assign the transcription to these regions of the genome. Moreover, the
biggest fraction of TEs in eukaryote genomes are truncated and degenerated copies (Ou
et al., 2019). These copies, although they may not be able to transpose, may be included
in transcripts, for example, as a readthrough from genes.

When looking for the transcription that can lead to a new transposition event, we should
distinguish between the different classes of TEs:

In the case of Class I transposons, the expression of a transcript covering most of the
complete sequence of the TE would be required. This transcript will be then
retrotranscribed and integrated into a new place of the genome.

The main active class I TEs of plant genomes, LTR-RTs, initiate their transcription within
the 5’ LTR and terminate it within the 3’LTR, generating a transcript that does not cover
the whole element, but contains all its sequence. The transcription of the TE starts at a
region localized inside the 5 LTR known as region R followed by a region known as U5
and finish at the 3’ LTR transcribing a region known as U3 and a second and identical
sequence of the region R (Figure 9A). The complete sequence of the two LTRs is
reconstituted during reverse transcription generated using the r-US and the r-U3 regions
of the transcript as a template to synthesize two identical LTRs (Boeke et al., 1985). In
the case of the non-LTR retrotransposons, specifically in LINEs, to mobilize an

autonomous copy they require the transcription of all the TE until the poly A tail (Figure
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9B). Then, the encoded reverse transcriptase and nuclease will be associated to their
encoded mRNA and reintroduced to the nucleus. The endonuclease will produce a single
strand cut into the genomic DNA. At this point the associated reverse transcriptase will
start retrotranscribing the TE from the 3° polyA tail of the TE transcript. Finally, the

second strand of the DNA will be produced, generating a new TE copy in the genome.

DNA TEs do not transpose through an RNA intermediate, and therefore the whole TE
sequence does not need to be transcribed (Figure 9C). However, to transpose they need
to expression of a transposase or other TE-encoded proteins, such as an helicase in the

case of Helitrons, to mobilize the TE from one position to another.

A) LTR-Retrotransposon transcription:

5'LTR ¥LTR

BB LTR-RT [

us kK Us u3

Transcript: ARA

B) LINEs transcription:

EN RT
ARAN

Transcript: Fr

C) DNA transposon transcription:

i Trans posase i

Transcript:

Figure 9: Example of different orders of TE transcription. On A) transcription of an LTR-RT that could
potentially produce a new transposition event being transcribed from the R region of the 5 LTR to the R
region of the 3° LTR. On B) the transcript that should be detected from a LINE Retrotransposon. On C)
example of a transcription of a DNA TE, that will express the machinery necessary to mobilize the

transposition, in this case a transposase.
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Distinguishing between the truncated and degenerated copies expression and the
transcription that could lead to a transposition event is not straightforward. Reads can
map indistinctly to the truncated copies and to complete copies of a genome, especially
when using short-reads data, hampering the analysis of the TE transcription that could

lead to a new transposition event.

It should be noted that, even when detecting the transcription of all the required machinery
to generate a transposition event we cannot directly deduce that a new transposition event
will occur. This should be used just as an indication of under which conditions the TE
could transpose. There are other mechanisms, such as transcriptional and
posttranscriptional gene silencing, or other postranscriptional control mechanisms that
can interfere in the mobilization of the TE, regulating the transpositional process (Fultz
et al., 2015). Moreover, in some cases there could be other mechanisms of replication of
TEs that do not require the transcription of any protein derived from the machinery of any
TE, such as the mechanisms that have been proposed for the amplification of some TEs
like MITEs (Izsvak et al.,1999), not being possible to predict their mobilitzation based on

the transcription of any TE derived sequence.

To try to overcome the different challenges related to TEs expression, multiples tools
have been developed such as TEtranscripts(Jin et al., 2015) , TEtools (Lerat et al., 2017)
,TEsalmon (Jeong et al., 2018) or LIONS (Babaian et al., 2019).

In this part of the chapter, we will focus on the identification of the best approaches to
identify the TE expression that could potentially lead to a transposition event. We used
three different methods to detect TE transcription in P. patens, focusing on the expression
of LTR-RT, which represent the 51.4% of all the genome (Lang et al., 2018). Moreover,
LTR-RT are better annotated than the other TE orders in this genome, as most of the other

TEs from the other orders are old and degenerated TEs.

Among the different RNAseq data available for P. patens, we decided to use the heat
shock RNAseq experiment published in Perroud et al., 2018 as a test case, as there seem
to be a general association of stress and TE activation (Grandbastien, 1998), and in
particular heat shock has been shown to induce the activation of some retrotransposons

in other plant species, such as in Arabidopsis thaliana (Cavrak et al., 2014).
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We used three different approaches to analyze the TE transcription. The first approach is
based on the mapping of the reads mapped to the reference genome and counting then all
these reads that are mapped to the TE fraction to estimate their expression. Although there
are different methods that have been published based on this approach, such as
TELESCOPE or TEsalmon (Schwarz et al., 2022), we decided to use TEtranscripts (Jin
et al., 2015) as it is one of the most used tools to quantify TE expression and we have
previous experience using the tool in the laboratory to quantify TE expression in P.

patens(Lang et al., 2018).

TEtranscripts was published in 2015 to estimate simultaneously gene expression and TE
expression from RNAseq data aligned to the reference genome. To do that, TEtranscripts
estimates the number of reads mapped to the genes, considering only the reads that map
in a single position in the genome (uniquely mapped reads), and at the same time
estimates the number of reads mapped to TEs. To estimate the number of TEs reads, it
counts the uniquely mapped reads and applies an expectation-maximization algorithm to
estimate the contribution of each TE copy to the multimapping reads. The program
assigns to each TE copy where the multimapping reads are mapped a value based on the
effective length of the reads and the number of mapping places of the reads, and calculates
the expression level of the given TEs clusters or families that the user has previously
defined. The program will not provide information of the expression at the TE copy level.
After that, with all the counts assigned to the TE families and the genes, a differential
expression analysis can be done using the same methods used in a classical RNAseq
experiment (such as DESeq2 or EdgeR) having at the end the differentially expressed

genes and TE clusters as an output of the analysis.

The second selected approach ,TEtools (Lerat et al., 2017), does not require the alignment
of the reads to the genome and can quantify the TE transcription by mapping to a selected
TE library. This tool has also been used for non-model organisms and we though that
could potentially help us overcome the problem of the identification of the TE

transcription on the highly repetitive regions of the genome.

TEtools was designed to analyze only TE expression and not gene expression. This tool

is divided in two modules: The first module known as TEcount maps the raw reads to the
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sequence of the different TE copies and counts the total amount of reads mapped to each
TE cluster, family or subfamily previously defined by the user. The second module,
TEdiff, analyzes the TEs that are differentially expressed using DESeq2. This tool does
not require the mapping of the reads to the reference genome. This may facilitate the
identification and quantification of TE transcription in genomes that have complex and
nested TE structures where is difficult to identify the TE copies, only mapping to a

selection of the copies previously defined by the user.

Finally, we developed a third approach based on the de novo assembly of the reads
mapping to the TE fraction of the genome. We used this approach to identify all the
possible TE complete transcripts that can arise a new transposition event and overcome

the main limitations that we identified when using the other approaches.
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Results

Quantifying LTR-RTs transcription using TEtranscripts

TEtranscripts allows the study of gene expression and TE expression at the same time.
As introduced previously, we used the libraries of P. patens RNA-seq of protonemata
treated with heat shock and protonemata not treated, grown on the same medium (Perroud
et al., 2018).

To estimate TE expression, TEtranscripts counts the fraction of reads mapped to the TE
annotated sequences of the reference genome. In this case, we used the published LTR-
RT annotation from the last version of the genome (Lang et al., 2018). This annotation
classified the LTR-RT in 5 different families: 3 Gypsy LTR-RT families (RLG1, RLG2
and RLG3) and 2 Copia LTR-RT families (RLC4 and RLCY).

Using this method, we observed that the LTR-RT family RLG1 was detected as highly
expressed in both conditions while the other TE families were detected as lowly expressed

in both conditions (Figure 10):
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Figure 10:Expression of the different LTR-RT families detected by TEtranscripts expressed in normalized

Deseq2 normalized values (BaseMean) between control condition (dark grey) compared to heat stress

(light grey).

Moreover, we observed that 4 of the 5 families (RLG1, RLG2, RLG3 and RLC5) were
detected as differentially expressed, detecting a small overexpression of the RLGI,

RLG2, and RLG3 families under heat stress, and an induction of the RLCS5 family in heat
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stress with a Log2FC value of 1.46(Table 1). This is barely visible in Figure 10 due to

their low expression.

Table 1: Differential expressed LTR-RT families detected between protonemata samples treated with heat
shock and protonemata control samples expressed in Log2 Fold Change (Log2FC) values detected by
TEtranscripts. Positive Log2FC correspond to samples that are overexpressed in heat stress, negative values
samples that are repressed in the heat stress treatment. Differential expressed clusters were selected using

a padjusted value of less than 0.05. padjusted value are shown in the right column for each cluster.

LTR-RT
log2FC padj
Family
RLG1 0,22 3,25E-02
RLG2 0,54 4,48E-07
RLG3 0,77 4,03E-12
RLCS 1,46 2,28E-05

The output of TEtranscripts does only give a normalized value of expression for all the
genes and TE families and the differentially expressed genes and TEs. But the TE
expression value is at the level of the given TE family annotation. In this case we used a
LTR-RT annotation that does not separate between the truncated and degenerated fraction
of the LTR-RT families that comprised more than half of the genome from the putative
complete copies for each family, that are only a small fraction of the TEs in the genome
(Table 2).

Table 2: Total number of TEs by each TE family compared to the number of LTR-RT that have a minimum
length of 3 Kbp.

LTR-RT Family Total TEs LTR-RT >3kb
RLG1 77987 13489
RLG2 19108 2277
RLG3 22708 4252
RLC4 2569 413
RLCS 7786 975

60



Although we can visualize the alignments of the reads to the reference genome, it is not
possible to discriminate between the expression of the truncated or degenerated copies
from the expression of complete TEs that could lead to a new transposition event. For this
reason, to try to accurately assign the transcription to a given number of possible complete
elements, we defined clusters for the different LTR-RT families of the genome to try to

define the possible complete copies and estimate the expression only over these elements.

Clustering of the identified LTR-RT families to improve the LTR-RT transcription
detection

As explained previously, the published annotation does not distinguish in each family the
putatively complete copies from the truncated or degenerated TE copies present in the
genome. Moreover, in the annotation there are unclassified copies that could not be
assigned to any of the 5 families in the reference TE annotation as they lack part of the
domains that could allow a classification to a given family. It is possible that part of these
unclassified elements are non-autonomous copies of the TE families. To try to distinguish
which groups of copies are transcribed in each family, we have further divided all the
different families into clusters using all the copies of the annotation. The clusters were
defined based on a threshold of similarity of 80% of identity over 80% of the sequence,
with a minimum of three TE copies per cluster. We performed the cluster using SILIX.
In total we obtained 47 different clusters. To classify the obtained TE clusters into the
previously published TE families, we aligned the consensus sequence obtained by each
cluster and using the reverse transcriptase sequence we built a phylogenetic tree. We built
one tree for the Copia TEs and one tree for the Gypsy TEs, using the Tos17 rice LTR-RT
as an outgroup for the Copia LTR-RT tree and the CRR rice LTR-RT as an outgroup for
the Gypsy LTR-RT tree. We observed that some clusters that contained previously
unclassified elements with the published TE families (RLG1, RLG2, RLG3, RLC4 and
RLCS5) could now be associated to some of these TE families (Figure 11 and Figure 12).
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Figure 11:Phylogenetic tree of the different LTR-RTs clusters of the Copia superfamily.
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Figure 12: Phylogenetic tree of the different LTR-RT clusters of the Gypsy superfamily .

Quantifying the transcription using TEtranscripts with an

improved LTR-RT

classification

We quantified the transcription using the new annotation that only contains copies

belonging to the 47 clusters of the 5 LTR-RT families. Using this approach, we detected
32 clusters as expressed of all the 5 LTR-RT families (Figure 13).
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Figure 13: Expression of the different LTR-RT clusters detected by TEtranscripts expressed in normalized
Deseq2 normalized values (BaseMean), comparing the expression in the control condition (dark grey) with

the heat stress conditions (light grey).

Most of the 32 clusters that were detected as expressed had a low level of expression
(Figure 13). The only clusters that were detected with a higher expression belong to the
RLGI family, as previously found, although the expression values are now much lower
when compared to the quantification against the complete TE annotation.

We observed an increase of expression between the control condition and the heat stress
condition for 10 clusters (Figure 13), but only 5 clusters were detected as differentially
expressed between the two conditions from the analysis using DESeq2, belonging to the

RLG2, RLG1 and RLG3 families (Table 3).

Table 3: Differential expressed LTR-RT clusters detected between protonemata samples treated with heat
shock and protonemata control samples expressed in Log2 Fold Change (Log2FC) values detected by
TEtranscripts. Positive Log2FC correspond to samples that are overexpressed in heat stress, negative values
samples that are repressed in the heat stress treatment. Differential expressed clusters were selected using

a padjusted value of less than 0.05. padjusted value are shown in the right column for each cluster.

TE Cluster log2FC Padj
RLG2_grp3 2,43 4,00E-02
RLGU_grpl 18,85 1,84E-11
RLG1_grp2 1,45 1,03E-03
RLG1_grpl 0,81 1,43E-05
RLG3_grp2 -1,24 7,71E-05
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The highest induction was observed for the cluster RLGU grp1 belonging to the RLG1
family. The only cluster that was detected as repressed was the cluster RLG3 grp2 from
the RLG3 family that was detected as repressed under heat stress.

Using this approach, we could limit the quantification to a given number of elements from
the LTR-RT annotation belonging to the most probable complete elements. Despite that,
although it is possible to visualize the mapping of the reads to the regions of the reference
genome that belong to the selected elements of each cluster and check if the reads cover
most of the TE copies, is nearly impossible to do it for all the clusters due to the high
number of elements that are represented in each cluster (for example the cluster
RLG1 grpl contains at least 3189 elements). When we manually inspected a group of
copies, visualizing the mapping of the reads to individual copies of the clusters around
the genome, we realized that most of the copies were not completely covered by reads.
These copies were only partially covered by unique reads and multimapping reads

mapping to multiple positions around the genome.

We also realized that following this approach, the multimapping reads that map to the
complete copies of the clusters but at the same time map to truncated copies were not
included now on the counting. This underestimates the quantification of the expression
of these clusters as the value of expression was distributed between all the copies

(truncated or not). An example is given in Figure 14:
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Figure 14:The panel A) represents the first approach used considering the use of the published TE
annotation and classification. Represented in black the RLGI elements, and in grey a degenerated RLG1
element. Under this scheme a representation of the alignment of the paired-end reads. Represented in black
the uniquely mapped reads and in green the multimapping reads. When using the complete annotation and
counting the expression of all the reads mapping to the RLG1 elements we include the reads mapping to
the degenerated copy that is the byproduct of readthrough from a gene leading to an overestimation of the
RLG1 expression. Panel B represents the second approach used, using only the annotation and classification
of the different clusters. After counting the expression over the cluster RLG1 grpl we do not count the
reads mapping to the degenerated copy located at the end of the gene, as they uniquely map to a copy that
is no longer consider part of the annotation, but the multimapping reads that maps to the copies of the
cluster they can also map to highly similar but truncated copies that are not considered as part of the
annotation now, leading to an underestimation of the expression when counting the TE expression over this

cluster.

For the above limitations, we decided to test TEtools (Lerat et al., 2017), which is a
reference free approach to assess the TE expression. It counts only the reads that mapping
to the selected copies of the 47 clusters and performs a differentially expression analysis

only for the 47 different clusters between the two conditions.

Quantifying LTR-RT transcription using TEtools

To use TEtools to quantify the TE expression we first mapped the RNAseq reads to the
individual copies belonging to the 47 LTR-RT clusters. TEcounts, the first module of
TEtools, estimates the number of reads mapped to each TE cluster. Using the second
module, TEdiff, we estimated the number of clusters that are differentially expressed

between the two conditions (heat stress vs control).

As the normalization of the reads in this case only considers the number of reads mapped
to the selected copies and not to the reference genome, the normalized values are not
directly comparable to the ones obtained by TEtranscripts. However, as in this case the
reads are only mapped to individual copies (all the copies of each cluster), it is possible
to check the alignment of the reads to the individual copies and validate if the reads cover

most of the LTR-RT sequences.
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Using this method, we observed that 2 clusters, belonging to the families RLGI
(RLG1 _grpl) and RLG2 (RLG2_ grp13) seemed to be highly expressed compared to the
other clusters in both conditions (control and heat stress) (Figure 15). Although we
detected expression for 30 LTR-RT additional clusters, the level of expression for these

clusters was very low in the two conditions (Figure 15):
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Figure 15: Expression of the different LTR-RT clusters detected by TEtools expressed in normalized
Deseq2 normalized values (BaseMean). In dark grey the expression in the control condition and in light

grey the expression in heat stress.

Among the clusters that were detected as highly expressed, only RLG1 grpl was detected
as differentially expressed between the two conditions (Table 4) being repressed under
heat stress. Regarding the 30 clusters expressed at low level, 13 were detected as
differentially expressed between heat stress and the control condition. 7 clusters were

repressed under heat stress while 6 of them were induced under heat stress conditions.
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Table 4: Differential expressed clusters detected between protonemata samples treated with heat shock and
protonemata control samples expressed in Log2 Fold Change (Log2FC) values detected by TEtools.
Positive Log2FC correspond to samples that are overexpressed in heat stress, negative values samples that
are repressed in the heat stress treatment. Differential expressed clusters were selected using a padjusted

value of less than 0.05.

TE cluster log2FC Padj
RLC4_grpl -2,320 1,06E-08
RLCS _grp4 -1,85 8,32E-29
RLX grp20 1,73 6,27E-03
RLG2_grpl -4,81 2,86E-03
RLGU_grp2 -3,30 3,39E-06
RLG1_grp3 -4,92 5,80E-08
RLGU_grpl -6,12 2,42E-06
RLG1_grpl -1,02 3,99E-05
RLGU_grp3 0,81 1,94E-03
RLG1_grp2 -4,85 8,22E-19
RLG3_grp9 1,60 4,31E-07
RLG3_grp6 1,04 1,72E-04
RLG3_grp4 0,93 2,86E-03

We then further investigated if for the clusters that were detected as expressed the reads
were covering most of the sequence of the individual copies in each cluster. We manually
inspected the mapping of the reads using IGV to the different clusters observing that in
some cases the reads were not covering the complete copies. For several clusters that were
detected as expressed the reads were only covering part of the sequences, such as the
LTRs. This manual curation is a time-consuming and nearly impossible to perform for
those clusters that contain many elements that are highly similar, such as the cluster

RLG grpl with 3189 elements.

The results obtained using TEtranscripts and TEtools are essentially not concordant. For
example, we detect expression in both cases for the RLGI grpl cluster but in
TEtranscripts we detect the cluster as being overexpressed under heat stress and in
TEtools as being repressed under heat stress. We observed other clusters that were
previously detected as expressed using TE transcripts that are now not detected as

expressed using TEtools. The results obtained between the two methods are not
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comparable and with the observed limitations for both methods it is not possible to
directly deduce which of the two methods is better to identify the transcription that could

arise a new transposition event.

RNAseq de novo TE assembly to identify TE expression

As the main objective of the work presented here is to reliably quantify the TE expression
that could be linked to transposition, the methods described above do not seem suitable.
For this reason, we opted to develop an approach based on the assembly of short-reads to
form contigs that could represent full-length transcripts of TEs, similar to what has
previously been used for the analysis of TE expression in humans (Guffanti et al., 2018).
These contigs were then compared to TE sequences potentially representing complete
TEs in order to select transcripts corresponding to the entire TE sequence (in case of LTR-
RTs) or the entire coding region (in case of DNA TEs).

Explained briefly, we first mapped all the RNAseq reads to the TE annotations in the
genome. We then extracted the reads that mapped and performed a de novo assembly to
form contigs. After that we selected contigs covering most of the length of the potentially
full-length elements, in the case of retrotransposons, by mapping the contigs to the TE
annotation or containing all the coding domains (such as the transposase sequences), in

the case of DNA TEs.

In order to maximize the possibility of identifying the full-length TE transcripts, we
pooled the reads from different RNAseq libraries from different developmental and stress
conditions available from Perroud et al., 2018. The reads were de novo assembled to
contigs using Trinity (Grabherr et al., 2011). We obtained a total of 696 assembled
contigs. To identify to which TE clusters or TE families they may belong, all the contigs
were aligned to the TE library using BLASTn. 94% of the contigs showed similarity to
previously annotated LTR-RTs. Most of the contings aligned to LTR-RTs (72%) had a
length of less than 1000 nucleotides and corresponded to degenerated or fragmented TE
copies such as solo LTRs. For the above reason we discarded all the assembled contigs
corresponding to LTR-RT of less than 1 kbp, discarding 524 contigs. We kept all the
contigs that mapped to other TE classes, such as DNA TEs and LINES, as they were only
representing a 0.3% of the total of assembled contigs (20 contigs) and could be easily

checked manually.
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One of the problems that we observed using this approach is the formation of contigs that
contained several repetitions of the same LTR-RT with the same sequence, which do not
correspond to structures present in the reference genome. This was an artifact introduced
due to the presence of reads covering both R regions of the LTR-RT. As the R regions
are identical, when assembling the reads mapping to these regions it leads to the formation

of repetitions of the same TE (Figure 16).

Gag Pol ‘:

Us R Us Us R U5

* Canonical transcript

wes Repeated R regions

l Assembly process

observed contigs

U3 R US Uz R U5 Us R Us

=== Observed contigs

Figure 16: Assembly of Tandem repetitions of LTR-RT using the de novo assembly approach. Complete
transcripts of the LTR-RT (from the R region of the first LTR to the R region of the second LTR) are

formed, leading to the formation of tandem repetitions were both copies had the same nucleotide sequence.

To solve this problem, we manually trimmed these cases discarding one of the two tandem
repetitions in our final selected contigs. The remaining 172 contigs were manually
inspected discarding assemblies corresponding to poorly annotated TEs (i.e. repetitive
genes like Leucine-Rich Repeat genes), solo LTR or chimeric TEs, ending up with 22

contigs.

As a last step, the RNA-seq short reads were mapped to the 22 selected contigs and we
discarded those with only antisense mapped reads as they cannot correspond to TE
transcription that can potentially lead to a transposition event. This reduced the number
of contigs to 9, which corresponded to 9 different potentially active TEs. Five of them
belonged to the RLG1, RLG2, RLC4 and RLCS5 previously characterized LTR-RT
families. Two LTR-RT contigs that were identified represented the complete RLC5
copies and the truncated RLCS5 copies. These 5 clusters belonged to the previously

defined clusters RLG1 grpl, RLG2 grpl13, RLC4 grpl and RLCS5 grp2 (containing
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both the truncated and the complete copies). The other 4 contigs corresponded to 2 LINEs
sequences and 2 DNA TEs (PpTcl and PpTc2).

We aligned the RNAseq libraries from the protonemata treated with heat stress vs
protonemata grown in control conditions to the 4 LTR-RT assembled contigs and

estimated their expression (Figure 17 and Table 5).
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Figure 17: Expression detected for the different families using the assembly approach. Number of reads
mapped to the different contigs divided by the total read number of the libraries (6 libraries). Observing a
high expression for the RLG1 grpl and RLG2 grpl3 clusters while almost no expression for the
RLC4 grpl and RLCS5_grp2 clusters.

Table 5: Differential expressed clusters detected between protonemata samples treated with heat shock and
protonemata control samples expressed in Log2 Fold Change (Log2FC) values detected by the TE assembly
approach. Positive Log2FC correspond to samples that are overexpressed in heat stress, negative values
samples that are repressed in the heat stress treatment. Differential expressed clusters were selected using

a padjusted value of less than 0.05.

TE Cluster log2FC padj
RLG1_grpl -1,37 1,68E-02
RLG2_grpl3 0,69 1,37E-01
RLC4 grpl -2,31 1,25E-20
RLCS _grp2 -0,79 4,33E-02

Two clusters belonging to the RLG1 and RLG2 clusters were detected as expressed under

both conditions with a repression of the expression for the RLG1 grpl under heat stress
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and an increase of the expression of the RLG2 grp13 cluster under heat stress. In both

cases the mapped reads of the RNAseq were mapping all over the complete contigs.

The other two LTR-RT Copia clusters that were detected from the TE assembly approach
had a low transcription level although in the case of RLC4 grp1, the reads were covering
all the element. This element seems to be expressed under control condition, and we
observed a decrease of expression under heat stress. In the case of the RLCS5_grp?2 cluster

only a few reads were detected and did not cover the entire sequence.

Finally, we compared the results obtained using this approach with those of TEtranscripts
and TEtools. The number of expressed clusters was reduced from 32 and 33 clusters (with
TEtranscripts and TEtools respectively) to only 5 LTR-RT. Moreover, we could detect
expression for other TE classes that were not detected by TEtools and TEtranscipts due
to that they were not properly annotated in the reference TE annotation, such as the LINE

TEs or the DNA TEs.
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Discussion

The detection of the transcription that can lead to a transposition event is not
straightforward. TEs are highly repetitive regions and the use of short-reads to detect the
transcription over these regions can be particularly challenging as most of the reads will
map to multiple positions in the genome. This multimapping reads hinders the capacity
to distinguish between the TE transcription that can lead to a transposition event from the
transcription of short TE fragments that are not related to the transposition. Therefore, it
requires the design of strategies to be able to distinguish between these two events using

short-reads data.

The detection of the TE transcription can also be highly influenced by the TE annotation
of the genome as we observed in our analysis when comparing the use of the annotation

of the published LTR-RT annotation (Lang et al., 2018) to our defined LTR-RT clusters.

As previously introduced, the TE fraction of the genome of P. patens has a high
complexity. P. patens presents an heterochromatin distributed all along the chromosome,
mainly composed of LTR-RTs of the Gypsy superfamily that are forming complex
structures of nested TE insertions (Lang et al., 2018), probably a fraction of these regions
are also misassembled. The presence of only a few LTR-RT families highly repetitive all
around the genome hinders the approaches that requires the mapping of the reads to the
genome. For this reason, we opted, to use TEtools, which does not require the mapping
of the reads to the genome. TEtools allows the quantification of the TE transcription using
previously defined TE clusters that may facilitate the quantification using only the
detected complete elements of these families, allowing an easier visualization of the
mapping of reads to these clusters.

Despite that, we observed that several clusters were detected as expressed, although they
did not correspond to a complete TE transcription. As in our case we were interested
mainly to find the transcription that could potentially lead to a new transposition event,

this was not the best approach for our goal.

For this reason, we opted to develop a method that allows an easier identification of the
transcripts that could potentially lead to a transposition event, based on the assembly of

the short-reads that was done to detect TE expression in humans (Guffanti et al., 2018).
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In this publication they describe a RNAseq de novo assembly approach using all the
RNAseq data to identify TEs copies that are active and chimeric transcripts between TEs
and genes in human samples with the goal to identify the impact that the TEs can have on
the gene regulatory networks. As we were not interested at that moment into the
identification of TE-gene chimeric transcripts and as a de novo transcriptome assembly
is a time consuming and needs high computational resources, we followed a different
approach by only assembling the reads mapping to TEs. This allows a decrease of the
CPU time as compared with the one required for a complete de novo assembly of a
transcriptome.

This approach allowed us to decrease the number of identified clusters as expressed from
the TEtranscripts and TEtools approach to only a few clusters. In the case of the LTR-RT
to only 4 different clusters. These clusters belonged to all those elements that had all the
TE coding sequence covered by reads and are probably more prone to be active copies.
This method also allowed us an easier visualization of the mapping of the reads to these
assembled transcripts to confirm their expression and under which conditions or stresses

they are induced.

Despite that, the TE de novo transcriptome assembly approach has some limitations such
as the formation of artificial LTR-RT repetitions of the same copy due to the presence of
reads covering the R regions that leads to the formation of these contigs. There is also a
need of a manual curation of the contigs to solve these repetitions that do not correspond

to the real transcripts.

Since the development of the de novo TE transcriptome assembly approach to identify
the expression of the TEs in P. patens, there has been further improvements by other
members of the lab to analyze the expression of TEs in other species (Amelie Bardil and
Carlos de Tomas in Prunus persica and Prunus dulcis and Raul Castanera in Arabidopsis
thaliana and Oryza sativa). One of the main limitations of the method was the need of a
manual curation of the contigs formed by the assembly approach. To solve this problem,
they aligned the assembled contigs to the annotation of TEs and selected for each contig
the most similar complete TE copy to posteriorly map the reads to this selected TE copies.
When this method was developed to normalize the expression, we were using a non-
canonical normalization based on FPKM values. We were normalizing the expression by

the total number of reads mapped to the assembly divided by the total length of the
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assembled contig and the total raw reads of the library. This method has been replaced
for the use of a standard method. They concatenated the selected expressed TE copies to
the gene transcriptome. In this way it was possible to quantify and normalize the
expression using FPKM or TMM values and analyze the gene expression and the TE
expression in the same experiment, and still, being easy to visualize the alignments of the

reads to the selected TE copies.

Overall, the work done in this chapter can be useful to identify the transcription of TEs
that could putatively produce a new transposition event from short-read data. Probably
these methods would be outperformed by cDNA or direct RNA long read sequencing that
can produce complete transcripts in a single read. Most of the generated data up to the
elaboration of this thesis is still based on short-reads and there are a few long-reads
libraries publicly available, with none of them for P. patens, up to date. For this reason,
this method can be useful to overcome the main limitations of the short-reads data to
identify active TEs and allow the identification of TE transcription from publicly

available short-reads dataset.
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CHAPTER 2: TEs DYNAMICS IN PHYSCOMITRIUM
PATENS

Chapter 2.1: Introduction

As already mentioned, P. patens is a model organism widely used to answer several
questions of life science and to understand the evolution of biological processes of land

plants.

Interestingly, with the publication of the most recent version of the genome during the
year 2018 (Lang et al., 2018) it was observed that the genome of P. patens has some
particularities when compared with the available genomes of vascular plants. Although,
the TE coverage is quite similar to other plant genomes of similar size, such as the one of
Cucumis melo (Castanera et al., 2020) or of Oryza sativa (Kawahara et al., 2013), the

distribution of TEs is different of what is typically observed in vascular plant genomes.

As introduced, the main component of the heterochromatic regions dispersed along the
chromosomes of P. patens are LTR-RT Gypsy elements, which represent a 48% of the
genome (Lang et al., 2018). The most prevalent Gypsy LTR-RT family is the RLG1 LTR-
RT, which constitutes the 25% of the genome and the 51% of all the P. patens TEs. The
other two LTR-RT Gypsy families described, RLG2 and RLG3, represent a 23% of all
the genome, from which RLG2 occupies a 5.6% and RLG3 a 9.26% of the genome. There
is a 7.2% of the genome that is occupied by unclassified Gypsy elements that are also
located mostly in these heterochromatic regions. Copia LTR-RTs only account for a small
fraction of the genome (3.5%). Interestingly, one of the two families of Copia elements,
RLCS5, is mostly found accumulated in a single position per chromosome that could
coincide with the centromere and it has been hypothesized that these elements may have
an essential structural role for the maintenance of the genome (Lang et al., 2018). RLC5
elements are present both as complete copies (with a complete ORF coding for all the
proteins necessary for the mobilization of the TEs) and as putatively non-autonomous
copies, called tRLCS (from truncated RLCS), that have identical LTRs but lack part of
the polyprotein sequence. These elements, share mostly the same structure and are

potentially mobilized by the autonomous RLC5 elements (Lang et al., 2018).
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With respect to other TE types, only one family of Helitron was identified in the first draft
genome published in 2008 (Rensing et al., 2008). In the following years it was described
4 families of MITEs, compromising 3718 elements, and occupying less than a 0.12% of
the genome (Chen et al., 2014). In addition, two families of DNA TEs were detected from
RNAseq data and were named as PpTcl and PpTc2 (Liu & Yang, 2014).

P. patens TEs accumulate histone marks related to gene silencing and typically marking
heterochromatic regions, such as the histone mark H3K9me2 (Lang et al., 2018; Widiez
etal., 2014). Moreover, as expected from what has been observed in other plant genomes,
TEs are enriched in methylation in the three methylation contexts (CG, CHG and CHH)
compared to genic regions (Lang et al., 2018). Moreover, recent results indicate that the
absence of the symmetric CG context and in the asymmetric (CHG and CHH) contexts
on the moss result in an increase of the expression of certain TE families (Domb et al.,
2020). Small RNAs (sRNAs) targeting the RLG1 and RLG3 LTR-RTs have been
detected (Coruh et al., 2015), these SRNAs could have a role in the silencing processes of
these families. All this data suggests that the main mechanisms of TE silencing are

conserved between P. patens and vascular plants.

Previous results obtained in the lab indicated that RLG1 elements are transcriptionally
active in protonemata (Vives et al., 2016). Moreover, the work of Cristina Vives and Jordi
Morata, previous members of the lab, also showed low expression of the RLCS5 family in
protonemata tissue (Lang et al., 2018). They also analyzed the presence of polymorphic
TE insertions between Gransden, the accession from which the reference genome was
assembled, and the Villersexel accession. Observing than most of the TIPs belonged to
the RLGI1 family, although some polymorphic RLG3 and RLCS5 insertions were also
detected.

The publication of a gene atlas with expression data from several development conditions
and stresses (Perroud et al., 2018) and the availability of two new genome resequencing
data corresponding to the P. patens accessions Reute and Kaskaskia opened the doors to
study the expression of TEs in several development conditions and stresses and look for
their potential mobilization during P. patens evolution. In this context, the development
of the methods explained in the previous chapter to improve our capacity to detect TE

expression and to study TIPs was essential. In this chapter we will focus on the use of
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these approaches to study the dynamics of P. patens TEs using the gene atlas database
and the different resequencing data to study the transcriptional and transpositional

landscape of P. patens.

As a result, we detected different families of Retrotransposons and DNA TEs that are
transcriptionally active in different development conditions and stresses and are
polymorphic among different P. patens accessions. This work constitutes the first part of
this chapter and was published in 2020 in Frontiers in plant science (Vendrell-Mir et al.,
2020). It was a collaborative work between our group and that of Dr. Fabien Nogué from
[JPB-INRA Versailles with the help of Dr. Mauricio Lopez-Obando that provided us with
sporophyte RNA samples. From this study, I performed all the experimental analysis
except for the sporophyte RNA extractions and I also performed the bioinformatic

analysis.

Hereunder, as part of the second chapter a copy of the published article is included. All
the supplementary material cited in the article can be access through the following DOI:
10.3389/1pl1s.2020.01274
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Chapter 2.2: Objectives

- Study whether some TE families are transcriptionally active and are

polymorphic in the population of Physcomitrium patens.
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Chapter 2.3: Expression and mobilization of TEs in Physcomitrium
patens

81



:\' frontiers

in Plant Science

ORIGINAL RESEARCH
published: 19 August 2020
doi: 10.3389/fpls.2020.01274

OPEN ACCESS

Edited by:

Meenu Kapoor,

Guru Gobind Singh Indraprastha
University, India

Reviewed by:

Matej Lexa,

Masaryk University, Czechia

Rita Sharma,

Jawaharlal Nehru University, India

*Correspondence:

Fabien Nogué
fabien.nogue@inrae.fr

Josep M. Casacuberta
josep.casacuberta@cragenomica.es

Specialty section:

This article was submitted to
Plant Systematics and Evolution,
a section of the journal

Frontiers in Plant Science

Received: 21 February 2020
Accepted: 05 August 2020
Published: 19 August 2020

Citation:

Vendrell-Mir P, Lépez-Obando M,
Nogué F and Casacuberta JM (2020)
Different Families of Retrotransposons
and DNA Transposons Are

Actively Transcribed and

May Have Transposed

Recently in Physcomitrium
(Physcomitrella) patens.

Front. Plant Sci. 11:1274.

doi: 10.3389/fpls.2020.01274

Check for
updates

Different Families of
Retrotransposons and DNA
Transposons Are Actively
Transcribed and May Have
Transposed Recently in
Physcomitrium (Physcomitrella)
patens

Pol Vendrell-Mir?, Mauricio Lépez-Obando?, Fabien Nogué®*
and Josep M. Casacuberta™

" Centre for Research in Agricultural Genomics CSIC-IRTA-UAB-UB, Campus UAB, Edifici CRAG, Barcelona, Spain,
2 Department of Plant Biology, Swedish University of Agricultural Sciences, The Linnean Centre of Plant Biology in Uppsala,
Uppsala, Sweden, 3 Institut Jean-Pierre Bourgin, INRAE, AgroParisTech, Université Paris-Saclay, Versailles, France

Similarly to other plant genomes of similar size, more than half of the genome of P. patens
is covered by Transposable Elements (TEs). However, the composition and distribution of
P. patens TEs is quite peculiar, with Long Terminal Repeat (LTR)-retrotransposons, which
form patches of TE-rich regions interleaved with gene-rich regions, accounting for the vast
majority of the TE space. We have already shown that RLG1, the most abundant TE in P.
patens, is expressed in non-stressed protonema tissue. Here we present a non-targeted
analysis of the TE expression based on RNA-Seq data and confirmed by gRT-PCR
analyses that shows that, at least four LTR-RTs (RLG1, RLG2, RLC4 and tRLC5) and one
DNA transposon (PpTc2) are expressed in P. patens. These TEs are expressed during
development or under stresses that P. patens frequently faces, such as dehydratation/
rehydratation stresses, suggesting that TEs have ample possibilities to transpose during
P. patens life cycle. Indeed, an analysis of the TE polymorphisms among four different P.
patens accessions shows that different TE families have recently transposed in this
species and have generated genetic variability that may have phenotypic consequences,
as a fraction of the TE polymorphisms are within or close to genes. Among the transcribed
and mobile TEs, tRLC5 is particularly interesting as it concentrates in a single position per
chromosome that could coincide with the centromere, and its expression is specifically
induced in young sporophyte, where meiosis takes place.
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TE Transcription in P. patens

INTRODUCTION

Mosses are one of the oldest groups of land plants, forming a
sister clade with vascular plants (Leebens-Mack et al., 2019).
Since the demonstration, in 1997, that gene targeting via
homologous recombination was possible in Physcomitrium
(Physcomitrella) patens (Schaefer and Zryd, 2001) this moss
has become a leading plant model for answering essential
questions in life sciences and in particular for understanding
the evolution of biological processes of land plants. The draft of
the P. patens genome was published in 2008 (Rensing et al.,
2008), and a chromosome-scale assembly of the P. patens
genome has been published (Lang et al., 2018), highlighting
the similarities and differences with other plant genomes.
Transposable Elements (TEs) account for the 57% of the
462,3 Mb of the assembled P. patens genome. This TE
coverage is not very different from that of other plant
genomes of similar size (Tenaillon et al., 2010). On the
contrary, the distribution of TEs in P. patens is unusual as
compared to other plants. TE-rich regions alternate with
gene-rich regions all along the P. patens chromosomes
(Lang et al., 2018) whereas in most plant genomes TEs
accumulate in pericentromeric heterochromatic region on
each chromosome. Interestingly, in spite of the general
patchy TE distribution, a family of retrotransposons of the
copia superfamily, RLC5 (comprised of full length, from now on
RLC5, and truncated, tRLC5, elements), clusters at a single
location in each chromosome that could correspond to the
centromere (Lang et al., 2018). The TE-rich regions distributed
all along the chromosomes are mainly composed of a single
family of LTR-retrotransposons of the gypsy superfamily
named RLG1 (Lang et al., 2018). RLGI integrase contains a
chromodomain, a type of protein domain that has been
previously found To direct retrotransposon integration into
heterochromatin (Gao et al., 2008), suggesting that RLG1 could
target heterochromatic TE islands for integration. Although
most TE copies are located in heterochromatic TE islands,
gene-rich regions also contain some TE copies, with some of
them that inserted recently and are polymorphic between
the Gransden and Villersexel accessions (Lang et al,
2018). Moreover, the RLG1 retrotransposon is transcribed in
P. patens protonema cells, suggesting that it can transpose
during P. patens development (Vives et al., 2016; Lang et al,
2018). Although these data suggest that TE activity may have
shaped the genome of P. patens and may continue to generate
variability that potentially impact P. patens evolution, the
global analysis of the capacity of P. patens TEs to be
expressed and transpose is still lacking. Here we present an
unbiased analysis of TE expression in P. patens based on RNA-
Seq analyses and confirmed by qRT-PCR, that has allowed
uncovering the developmentally or stress-related expression of
different TE families, including class I (retrotransposons) and
class II (DNA transposons) TEs. The data presented here
reinforce the idea that TEs have shaped the genome of P.
patens and show that they continue to drive its evolution.

MATERIALS AND METHODS

RNA-Seq Data Used

RNA-Seq data were obtained from the P. patens Gene Atlas library
(Perroud et al., 2018). In particular, we used RNA-Seq data
obtained from stress-treated tissues (protoplasts, ammonium
treatment, de- and rehydration, heat stress, and UV-B), different
developmental stages, including protonemata in BCD, BCDA or
in Knopp medium, protonemata in liquid and solid medium,
gametophores, leaflets, and sporophytes (green and brown stages)
and some hormonal treatments (Auxin, ABA or the Jasmonic acid
precursor OPDA). A complete list of the data set used can be
found in Supplementary Table 1.

Transposable Element Transcriptome
Assembly and Quantification

All selected reads where trimmed by quality using BBduk
(https://sourceforge.net/projects/bbmap/). Reads mapping to
the chloroplast, mitochondria or rRNA were discarded from
the analysis. The remaining reads were mapped to the
transposable element annotation (Hiss et al., 2017) using
Bowtie2 (Langmead, 2013). All the reads that mapped were
extracted using Samtools (Li et al., 2009). These reads were
assembled to contigs using Trinity (Grabherr et al., 2011). In
order to characterize and filter the assemblies, we aligned them to
the TE library described in (Lang et al., 2018) using BLASTn
(Altschul et al., 1990) with an e-value cutoff of 107>, For
transcripts corresponding to class I TEs, we kept only those
showing alignments longer than 1000 nt. Manual inspection
allowed discarding assemblies corresponding to poorly
annotated TEs (ie. repetitive genes like Leucine-Rich Repeat
genes), solo LTR or chimeric TEs. The potentially coding
domains of the selected assemblies were identified by a CDD-
search, which allowed defining the orientation of the potentially
expressed TEs (Marchler-Bauer et al., 2015).

In order to estimate the levels of expression of the elements
corresponding to the selected assemblies, RNA-Seq reads were
mapped to the selected assemblies using bowtie2 and only the
reads potentially corresponding to sense transcripts were kept.
To quantify the expression the number of mapping reads was
normalized by the length of the assembly (Kb) and the total
amount of trimmed reads for each condition without aligning the
reads to the genome. The normalized expression data of each
transcript and the sequence of the selected transcripts can be
found in Supplementary Table 1.

Plant Material
P. patens Gransden accession was used for all the samples used,
with exception of the protonema vs sporophytes induction test
where the P. patens Reute accession (Hiss et al., 2017) was used.
Protonemata were fragmented and plated on BCDAT medium
overlaid with a cellophane disk in long-day conditions (16 h light
15 W m ™ to 8 h darkness) at 24°C for 7 days. Samples were collected
at day 7 after 4 h of light. All the samples were frozen in liquid
nitrogen immediately after harvesting and were kept at —80°C.
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Protoplasts were isolated from 6 days old protonemal cultures
after 30 min incubation in 1% driselase (Sigma D8037), 0.48 M
mannitol. The suspension was filtered through two superposed
sieves of 80 and 40 um. Protoplasts where sedimented by low-
speed centrifugation (600g for 5 min) and washed in 0.48
M mannitol.

The ABA treatment was performed as previously described
(Perroud et al., 2018). Briefly, protonemal cultures were grown
for 6 days on a cellophane disk on BCD medium. At day 6, the
cellophane disks containing the protonemata tissues were
transferred to BCD medium as control or to BCD containing
50 uM abscisic acid (Sigma A1049) for 24 h before harvesting.

Sporophyte RNA was obtained from Reute P. patens. Seven
days old regenerated tissue from two consecutive rounds of a
week old grinded material grown on solid BCDAT medium
covered with cellophane was used as starting material. Six similar
size small dots of moss tissue were plated in a 25 mm height petri
dish (WVR international) containing BCD solid medium. They
were grown for 40 days at 30 pmol m? s™' constant white light
regime and 25°C in a Sanyo MLR chamber. Then, plants were
transferred to a Sanyo MLR chamber at an 8-h to 16-h light-dark
cycle, 30 umol m™? s~ light intensity and 15°C for reproductive
gametangia induction and sporophyte development. After
20 days of post-reproductive induction (dpri), plants were
submerged overnight in water to increase fertilization.
Sporophyte samples were collected at 45 dpri showing a green
round shape developmental stage. Each sporophyte was dissected
under a Leica MZ16 stereomicroscope. Gametophyte tissue was
discarded as much as possible and sporophyte was quickly frozen
in liquid nitrogen. 40 dissected sporophytes were collected and
used for RNA extraction.

RNA Extraction and cDNA Production
Sporophyte RNA was obtained using the QTAGEN RNeasy mini
kit following manufacturer’s protocol. DNA was removed by
treating the samples with Ambion™ DNAsel kit (AM2222)
following the manufacturer’s protocol. For all other tissues,
RNA extraction and DNAse treatment was done using the
Maxwell® RSC Plant Kit (Promega). 500 ng of total RNA was
used to synthetize the first-strand cDNA using the SuperScript
III reverse transcriptase (Thermofisher).

gRT-PCR
Quantitative real-time PCR were done in 96-well plates using the
Roche LightCycler II instrument. SYBER Green I Master Mix
(Roche Applied Science), primers at 1 um and 1/20 dilution of
the cDNA obtained from the reverse transcription were used for
the qRT PCR. Each sample was run per triplicate with
negative reverse transcriptase and non-template controls. The
amplification conditions were: 95°C for 5 min, followed by 95°C
for 10 s, 56°C for 10 s, and 72°C for 10 s, ending with the melting
curve to check the specificity of the qRT-PCR. The housekeeping
gene adenine phosphoribosyl transferase (APT) (Schaefer et al.,
2010) was used to normalize the QRT-PCR results.

The primers used to check TE expression were designed using
the Primer3plus software (Untergasser et al., 2012). The list of

the primers used in this study can be found in Supplementary
Table S2.

Detection of Potentially Expressed TE
Copies in the Genome and LTR-
Retrotransposon Age Estimation

The TE copies most similar to the RNA assemblies, potentially
representing the expressed elements, were identified by aligning
the assemblies to the genome using Blastn with an e-value cutoff
of 10E™°°. However, in many cases the RNA assembly is obtained
from the assembly of reads potentially generated by the
expression of similar but different copies, and therefore, this
approach may not be suitable. In order to identify the subset of
elements potentially expressed in those cases, we also searched
for elements showing a similarity of 80% over 80% of the
sequence of the assembly. In those cases, we estimated the age
of the subset of elements most similar to the assembled transcript
and compared it to the age of all the complete elements of the
same family annotated in the genome. To do that, we estimated
first the Kimura two-parameter distance (Kimura, 1980) between
the two Long Terminal Repeats (LTRs) and estimated the age
using the formula T = K/2 x r, where T = time of divergence,
K = divergence and r = substitution rate (Bowen and
McDonald, 2001). Taking into account an estimated
substitution rate of 9E-09 (Rensing et al., 2007).

Transposable Element Polymorphisms
Annotation

The publicly available DNA-seq resequencing data of three
accessions of P. patens (Kaskaskia, SRX2234698; Reute,
SRX1528135 and Villersexel, SRX030894) was used to look for
TE polymorphisms with respect to the Gransden reference
genome. Paired-end reads were mapped to the reference
genome using BWA SW (Li and Durbin, 2009). TE insertions
were detected using PoPoolationTE2 (Kofler et al., 2016) using
the separate mode. To perform the analysis we kept only the
non-reference insertions (insertions absent from the Gransden
reference genome) predicted with a zygosity of at least 0.7. To
establish the distance of these insertions to the closer genes the
polymorphic TEs positions were intersected with that of the
annotated genes using bedtools (Quinlan and Hall, 2010) using
the function closestBed.

Phylogenetic Analyses

To look for sequences similar to P. patens TEs in other genomes
we first performed a blastn search against the complete NCBI
nucleotide database. As this only retrieve sequences with
significant similarity to RLG1 element we complemented this
search with a blastx search of the P. patens TEs first against the
complete NCBI non-redundant protein sequence database
excluding P. patens and subsequently, in order to increase the
chance to detect plant sequences, to the NCBI green plant
database (taxid:33090). We performed the tblastx with the
default parameters with a maximum target sequence of 250.
The most similar sequence for each species was chosen as
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representative of the species. All the protein sequences were
aligned using Mafft (Katoh and Standley, 2013) and trimmed
using TrimAl (Capella-Gutiérrez et al., 2009). A phylogenetic
tree was constructed using FastTree (Price et al, 2010) and
visualized in iTOL (Letunic and Bork, 2019).

RESULTS

A New Approach to Measure the
Expression of P. patens Transposable
Elements

More than half of the P. patens genome (57%) is occupied by
TEs, a figure that is similar to that of other genomes of similar
size (Tenaillon et al., 2010). As an example, the P. patens TE
content is similar to that of two other genomes of similar sizes
and for which the TE content has been annotated using the same
REPET package (Flutre et al., 2011), such as rice (46.6%) (Ou
et al.,2019) and melon (45,2%) (Castanera et al., 2020). However,
P. patens has a very different TE composition as compared with
these two genomes. Indeed, class II TEs account for 21.06% of
the rice genome and 15.42% of the melon genome, in P. patens
they only represent 6% of the genome (Figure 1). More
strikingly, a single retrotransposon family, RLG1 accounts for

FIGURE 1 | TE content of the P. patens, rice, and melon genomes. Genome
coverage of class 1 and class 2 TEs is shown as red and blue boxes
respectively.

almost half (47.44%) of the genome space occupied by class I
elements (Lang et al., 2018). RLGI is actively expressed in non-
stressed protonema cells, and it may have transposed recently
during P. patens evolution, as some of its copies are polymorphic
between P. patens Gransden and Villersexel ecotypes (Vives
et al., 2016; Lang et al., 2018).

RLGI copies are concentrated in TE-rich heterochromatic
islands and RLGI transposition has therefore a limited capacity
to induce gene variability. In order to explore the possibility that
other TE families, apart from RLGI, could be expressed in
particular developmental stages or stress situations, and could
therefore generate new variability in gene regions, we took
advantage of the large collection of P. patens RNA-Seq data
available from the recently published P. patens gene atlas
(Perroud et al., 2018), which includes data from different
developmental stages and stress conditions. In addition of
complete TEs, eukaryote genomes, and in particular those of
plants, usually contain large amounts of defective and truncated
elements that may be included in transcripts that are not the
result of a genuine TE expression (Anderson et al., 2019). These
transcripts can be sense or antisense with respect to the TE
orientation and may in some cases participate in TE regulation,
but cannot be considered as productive TE transcripts
potentially involved in transposition. In P. patens, as it is
common in eukaryote genomes and in particular in plants
(Hoen et al., 2015; Bennetzen and Park, 2018), the fragmented
and degenerated copies of TEs outnumber the complete and
potentially functional copies. As a consequence, a quantification
of the level of expression based on the number of RNA-Seq
reads mapping to all TE-related sequences can lead to an
overestimation of the expression of the different TE families.
We have therefore decided to follow a strategy based on the
detection of potentially complete transcripts obtained from an
assembly of RNA-Seq reads, similar to what has previously been
described for the analysis of the expression of human TEs
(Guffanti et al., 2018). We used Trinity RNA-seq de novo
assembly (Grabherr et al., 2011) to assemble reads showing
similarity to annotated TEs (Lang et al.,, 2018). The 696
assemblies obtained were blasted back to the TE annotation to
classify them. The vast majority (94%) of these 696 assemblies
showed similarity to LTR-RT annotations, and an important
fraction of them (72%) were short (less than 1000 nt) and
corresponded to fragments of LTR-RTs, such as the LTRs. As an
example, the assembly TRINITY_DN331_c0_gl showed high
sequence similarity to the LTR of RLC5 elements. A search for
the genomic sequence most similar to that of the assembly
identified a RLC5 solo-LTR located in the downstream proximal
region of the Pp3c4_32070 gene annotation (Supplementary
Figure 1). Interestingly, an analysis of the expression data
available from the P. patens gene atlas (Perroud et al., 2018)
showed that both the RLC5 solo-LTR and the Pp3c4_32070
annotated are specifically induced in gametophores treated with
ABA, which strongly suggests that this solo-LTR is expressed as a
consequence of read-through transcription from the gene
promoter. In order to eliminate assemblies corresponding to the
expression of fragments of LTR-RTs, and taking into account that
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typical complete LTR-RTs are several kb long, we discarded all the
LTR-RT assemblies shorter than 1,000 nt. The remaining 172
transcripts were analyzed for the potential presence of regions
coding for the typical class I and class II TE protein domains and
their alignments to annotated TE sequences were manually
inspected to discard those showing similarities to poorly
annotated transposable elements, and truncated or chimeric
elements. As an example, Supplementary Figure 2 shows the
analysis of TRINITY_DN99_c0_gl_i5 that corresponds to a
complex region containing different degenerated TE fragments
that seem to be transcribed as a single transcription unit. Among
the 22 assemblies retained, some corresponded to the antisense
strand of annotated TEs. After manual inspection, some of these
were shown to correspond to LINE elements (see Supplementary
Figure 3 for an example). These transcripts may participate in the
control (e.g. silencing) of TE expression but cannot be considered as
genuine TE transcription. The assemblies corresponding to
potential antisense transcripts were discarded. An analysis of the
remaining assemblies showed that they corresponded to 9 different
potentially complete annotated TEs and were selected for
further analysis.

Both Retrotransposons and DNA
Transposons Are Expressed in P. patens
The analysis of the transcript assemblies showed that they
correspond to 9 different P. patens TEs: 2 LTR retrotransposons
of the gypsy superfamily (RLG1 and RLG2), two of the copia
superfamily (RLC4 and RLC5), with one of them potentially
corresponding to the two different forms of RLC5, the full-length
and the truncated form (RLC5/tRLC5) and two different DNA TEs
belonging to the Mariner superfamily, that were not properly
annotated in the P. patens TE annotation (Lang et al., 2018), but
had been previously identified as PpTcI and PpTc2 (Liu and Yang,
2014). In addition, the manual inspection of the alignments of the
transcript assemblies with the annotated TEs allowed refining the
annotation of two elements annotated as unclassified non-LTR
retrotransposon that we could identify as a potentially expressed
complete LINEs (LINE-1 and LINE-2). The RNA-Seq reads
obtained from the RNAs generated by the expression of a TE
family show a certain degree of sequence variability, and therefore,
they are not all of them identical to the assembly that represents the
complete RNA of the family. On the other hand, this assembly is in
most cases not identical to any of the of the TE copies of that
particular TE family. This suggests that, for most TE families,
different elements are concomitantly expressed and that the
RNA assembly should be considered as a consensus of the
expressed RNAs.

These results suggest that different families of both
retrotransposons and DNA transposons are transcribed in
P. patens.

P. patens Contains TEs Closely Related to Fungal TEs
A preliminary characterization of the two Mariner-like
elements found to be potentially expressed suggested that these
elements were different from other plant Mariner-like elements,
they being more closely related to fungal TEs of the

Mariner superfamily. As this result was somehow surprising,
we searched for sequences potentially corresponding to
transposases of similar elements in the phylogenetically related
liverwort Marchantia polymorpha and in well-characterized
dicotyledonous and monocotyledonous plants such as
Arabidopsis and rice. These searches did not retrieve significant
hits, suggesting that these genomes do not contain sequences
related to Mariner-like elements similar to those found in P.
patens. A phylogenetic analysis of the potential transposases of
Mariner-like sequences present in public databases more similar to
those of the two Mariner-like elements found in P. patens, and
including other Mariner-like sequences from plants, shows that
the P. patens elements are closely related to elements found in
fungal genomes, and are not related to Marchantia polymorpha or
other plant sequences (Figure 2). These results may indicate a
horizontal transfer of these TEs from fungi. In order to explore
whether other TEs may have also experienced a similar
phenomenon, we extended the phylogenetic analysis performed
for the two Mariner-like elements to the other P. patens TE
families here described. These analyses showed that, in contrast
to what happens for the two Mariner-like elements, databases
contain plant sequences with significant similarity to the rest of TE
families here described. However, the phylogenetic analyses
performed show that whereas the trees obtained for P. patens
RLG2, RLC4, LINE-1 and LINE-2 retrotransposons are congruent
with the phylogenetic relationships of the species, this is less
obvious for RLG1 and tRLC5 (Supplementary Figures 4-8).
This may suggest that, in addition to the two Mariner-like
elements, other P. patens TEs may have been transferred
horizontally from fungal species.

Developmental and Stress-Related
Expression of P. patens TEs

The availability of RNA-Seq data from different developmental
stages and stress conditions (Perroud et al., 2018) allowed us to
perform and unbiased analysis of the patterns of expression of
the different transcribed P. patens TEs. We have previously
shown that RLG1 is expressed in non-stressed protonema cells
and its expression is reduced in protonema-derived protoplasts.
RLGI seems thus to be repressed by stress, in clear contrast with
the stress-related expression of most TEs, as already discussed
(Vives et al., 2016; Lang et al., 2018). Here we confirm that RLG1
is expressed in protonema, its expression increasing as the
protonema develops and decreasing when gametophores
develop, and is repressed in protoplasts (Figures 3 and 4). On
the other hand, RLG1 does not seem to be expressed in other
tissues and it is repressed by several of the stresses analyzed, in
particular by heat shock and UV-B light (Figures 3 and 4). We
confirmed the RLG1 expression in protonema cells and
its repression in protonema-derived protoplasts by qRT-PCR
(Supplementary Figure 9). A comparison of the RLG1
assembled RNA with all the RLG1 genomic copies suggests
that only a subset of the RLG1 elements is expressed (Table 1).
An analysis of the putative ages of these elements, by analyzing
the sequence differences between the two LTRs of each element,
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and bacterial sequences in red.

FIGURE 2 | Phylogenetic analysis of the transposases potentially encoded by PpTc1 (A) and PpTc2 (B) with those potentially encoded by plant, fungal, animals and
bacterial Mariner-like elements. P. patens sequences are shown in dark green, plant sequences in light green, fungal sequences in brown, animal sequences in blue

suggests that only the youngest RLG1 elements are transcribed
(Figure 5A).

RLGL is the TE expressed at the highest level in P. patens but,
as already mentioned, we show here that other TEs are also
expressed during P. patens development or under particular
environmental conditions. The second Gypsy-like LTR-RT
family found to be expressed, RLG2, is also expressed in
protonema cells, and its expression increases in gametophores
(Figure 3). On the other hand, the expression of RLG2 is strongly
induced by ABA and heat stress in protonema, and repressed
when gametophores are submitted to dehydratation and
rehydratation (Figure 4). We confirmed the induction of RLG2
expression by ABA by qRT-PCR analyses (Supplementary Figure
10). Similarly, to RLG1, the comparison of the RLG2 assembled
RNA with the RLG2 genomic copies shows that only the youngest
RLG2 elements are transcribed in the conditions tested (Table 1
and Figure 5B).

The two copia retrotransposon families found here to be
expressed, show low levels of expression during P. patens
development. RLC4 seems to be particularly expressed in
gametophores, whereas tRLC5 seems to be more expressed in
sporophytes. RLC4 expression seems to be repressed in most
stress conditions, although the levels of expression are very low
in all cases.

tRLCS is a particularly interesting family of TEs, as tRLC5
copies have been proposed to mark the centromere and
participate in the centromeric function (Lang et al., 2018). The
data presented suggest that tRLC5 may be particularly expressed
in green sporophytes (Figure 3). In order to confirm this pattern
of expression we performed qRT-PCR experiments. As the
Gransden ecotype produces few sporophytes, which makes it

difficult to analyze sporophyte-specific expression, we used Reute
tissues, as this ecotype produces many more sporophytes in
laboratory conditions (Hiss et al., 2017). This analysis confirmed
that tRLC5 expression is induced in young sporophytes
(Supplementary Figure 11). A comparison of the tRLC5
assembled RNA with the tRLC5 genomic copies suggests that
only the youngest tRLC5 elements are transcribed (Table 1 and
Figure 5C).

LINE-1 seems to be expressed at a very low level in all
conditions and we have not detected any relevant change in
expression upon stress (not shown). On the other hand, LINE-2
is also expressed at a low level in most tissues but shows an
increased expression in sporophytes and germinating spores
(Figure 3). A comparison of the LINE-2 assembled RNA with
the genomic copies suggests that the expressed LINE-2 is located
in the close vicinity of an annotated gene (Pp3c16_3270) and the
mapping of the RNA seq reads to this region suggests that LINE-
2 could be expressed as the result of a readthrough transcription
of this gene (Supplementary Figure 12). Indeed, although there
are some minor differences, the patterns of expression of
Pp3c16_3270 and LINE-2 during development or under
particular stress conditions are mostly coincident (not shown).

Finally, of the two Mariner-like elements analyzed, only
PpTcl is expressed in non-stressed tissues, with a particularly
high expression in gametophores and leaflets (Figure 4), but
both PpTcl and PpTc2 are strongly induced by stress. PpTcl
expression is particularly induced by heat stress, whereas PpTc2
is only expressed after ABA induction or after dehydration or
rehydration of gametophores (Figure 4). A comparison of
the two Mariner-like assembled RNAs with their genomic
copies identified the two elements potentially transcribed. Both
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FIGURE 3 | Developmental expression of P. patens TEs. Normalized TE expression (see methods) in different developmental conditions selected from the P. patens
Gene Atlas library (Perroud et al., 2018).
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FIGURE 4 | P. patens TE expression under stress conditions. Normalized TE expression (see methods) under different stress conditions selected from the P. patens
Gene Atlas library (Perroud et al., 2018).
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TABLE 1 | Total number of complete elements (total), number of elements
showing 80% identity over 80% of the length of the corresponding RNA
assembly (80/80) for each indicated TE family.

Total 80/80
RLG1 5092 3636
RLG2 529 25
RLC4 96 75
tRLC5 332 88
PpTc2 22 22

elements are located close to a gene, and the analysis of the
patterns of expression of both genes provides information on the
possible expression of the two Mariner-like elements. In the case
of PpTcl the TE is only expressed in the conditions where the
gene (Pp3c20_23510V3.1) is expressed (Supplementary Figure
13), which suggests that the expression detected for PpTcl could
be the result of read-through transcription from the neighboring
gene. On the contrary, the expression of PpTc2 and the gene
located nearby (Pp3c9_17220V3.1) do not overlap. Indeed, only
PpTc2, and not the gene located nearby, is expressed in
gametophores submitted to dehydration and rehydration and
its expression is strongly induced in protonema treated with
ABA which is not the case for the close by gene (Supplementary
Figure 14). We confirmed the induction of PpTc2 by ABA by
qRT-PCR (Supplementary Figure 15). Therefore, whereas we
cannot rule out the possibility that PpTcI expression could be the
result of a readthrough expression from a neighboring gene, the
transcript corresponding to PpTc2 seems to be the result of a

genuine TE transcription. Moreover, the sequence variability of
the RNA-Seq reads corresponding to PpTc2, suggests that other
PpTc2 elements may also be expressed. Indeed, although the
PpTc2 copy located in the vicinity of the Pp3c9_17220V3.1 gene
is almost identical to the RNA assembly (99.4%), other PpTc2
copies also show high similarity to the assembly (Table 1) and
may also be expressed.

TE Mobility During Recent P. patens
Evolution
The transcription of a copy of the TE in case of retrotransposons,
and/or of the proteins necessary to mobilize the element, is the
first and obligatory step of TE transposition. Therefore, the
transcription of the different TEs reported here suggests that
different TEs may have recently moved during P. patens
evolution. We have already reported that this is indeed the
case for RLG1, as RLGI elements are polymorphic between the
Gransden and Villersexel accessions. Here we decided to expand
the analysis for possible insertion polymorphisms to all P. patens
TEs using data from 4 different P. patens accessions, Reute,
Kaskaskia, Villersexel, and the one from which the reference
genome has been obtained, Gransden. To this end we used
PopoolationTE2 to look for TE polymorphisms among these
accessions using paired-end short-read resequencing data from
Reute, Kaskaskia, Villersexel, that we mapped to the Gransden
reference genome.

We found an important number of RLG1 polymorphisms in
the three analyzed accessions with respect to Gransden (Table 2).

FIGURE 5 | Relative age of expressed TEs. Kimura-2-parameter distance between the two LTRs of all elements (white bars) or of elements similar to the
corresponding RNA assembly, and therefore potentially expressed (black bars) belonging to the RLG1 (A), RLG2 (B) and tRLC5 (C) families.
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The number of polymorphisms in Reute was much smaller than
in the two other accessions, which is in accordance with the close
genetic relationship between Gransden and Reute (Hiss et al.,
2017). Interestingly, in addition to polymorphisms related to
RLG1 elements, we also detected polymorphic insertions of
RLG2, RLG3, tRLC5/RLC5 and PpTcl (Table 2). In general,
the number of polymorphisms is higher in Villersexel and
smaller in Reute, as seen for RLG1.

The number of polymorphic insertions was particularly high
for RLG3 and tRLC5/RLC5. In order to start analyzing the
potential impact of the polymorphic insertions described here
in the phenotypic differences between the four P. patens
ecotypes, we analyzed the locations of the polymorphic TE
insertions (Supplementary Table 3) and found that 20% of
them are located close to genes, with potential consequences on
their coding capacity or expression (Table 3).

DISCUSSION

The Challenging Analysis of TE
Transcription

Different programs to measure TE transcription from NGS data
exist (Jin et al., 2015; Lerat et al., 2017). These programs usually
rely on mapping RNA-Seq reads to a TE annotation or a
consensus of a TE family. Although these programs can be
very useful for certain genomes and particular TE families,
they may not be adequate in others. Indeed, most eukaryote
genomes, and in particular those of plants, contain an important
number of fragmented or degenerated TE copies in addition to
full copies of TEs. As the TE fragments can also be included in
transcripts, and outnumber the complete copies (Hoen et al,
2015; Bennetzen and Park, 2018), an estimation of the expression
of TEs that would not discriminate between transcripts
corresponding to TE fragments or to complete elements will
overestimate the expression of certain families and will lead to
erroneous results. This is what we came across when starting to
analyze the expression of P. patens TEs. As an example, as
already explained, among the short assemblies discarded there
was one (TRINITY_DN331_c0_gl) corresponding to a RLC5
solo-LTR. An analysis of the RNA-Seq reads matching this
assembly showed their specific accumulation in ABA-treated

based solely on mapping RNA-Seq reads to the TE annotation
would have led to the wrong conclusion that RLC5 is induced by
ABA and drought stresses. On the contrary, the approach
described here, which is similar to the one previously described
for the analysis of the expression of human TEs (Guffanti et al.,
2018), allows for the assessment of the expression of RNAs
corresponding to complete elements potentially resulting from
genuine TE transcription.

Different Retrotransposon and DNA
Transposon Families Are Transcribed in

P. patens

The results presented here show that at least four LTR-RTs
(RLG1, RLG2, RLC4 and tRLC5) and one DNA transposon
(PpTc2) are expressed in P. patens. Among those, RLG1 and
RLG2 are highly expressed during normal P. patens
development, RLG1 being expressed mainly in protonema
tissues whereas the expression of RLG2 is increased in
gametophores. RLC4 seems also to be expressed in
gametophores, albeit at a low level, and tRLC5 is expressed in
young sporophytes. Therefore, during P. patens development,
there is an important expression of different transposons. In
addition, although RLGI seems to be repressed by most stresses,
different TEs are activated by stress. RLG2 is overexpressed
under heat shock and ABA treatment, and PpTc2 is induced by
ABA and by dehydration and rehydration treatments. Mosses
are known to be tolerant to dehydration and rehydration
(Cuming et al., 2007; Cui et al.,, 2012), which, together with
the associated changes of temperature, are part of their natural
lifestyle. The dehydration/rehydration stresses and the ABA
treatment, known to mediate the responses to those stresses
(Cuming et al., 2007), and to some extent heat stress, could thus
be considered as part of the normal development of P. patens or,
at least, frequent stresses P. patens has to face.

Recent Mobilization of P. patens TEs
The expression of different TEs in normal P. patens growing
conditions could allow the mobilization of TEs and the

TABLE 3 | Distance of polymorphic TE insertions to genes.

Accession Inside < 1kb closest gene > 1 kb closest gene Total

protonema cells and in gametophores under dehydration/ Genes
rehydration stress. The results presented here show that the
RLC5 solo-LTR is expressed as the result of read-through Reute 4 ¢ 19 2r

L. K Kaskaskia 12 27 140 179
transcription from the ABA-induced Pp3c4_32070 gene  \jersoxel 20 34 247 303
located just upstream of it. An analysis of RLC5 expression  Total 38 65 406 509
TABLE 2 | TE polymorphisms in the different P. patens accessions.
Accession RLG1 RLG2 RLG3 RLC4 tRLC5/RLC5 LINE-1 LINE-2 PpTc1 PpTc2 Total
Reute 18 0 4 0 5 0 0 0 0 27
Kaskaskia 147 0 15 0 17 0 0 0 0 179
Villersexel 229 2 48 2 21 0 0 1 0 303
Total 394 2 67 2 43 0 0 1 0 509
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generation of genetic variability that could potentially affect gene
expression/function in this haploid species. The analysis
presented here shows that many TE insertions are
polymorphic between different P. patens accessions. Indeed, we
have detected an important number of polymorphic insertions of
RLG1, RLG3 and tRLC5/RLC5 elements. The high number of
polymorphisms related to RLG3 is intriguing as we did not
detected expression. RLG3 may therefore be expressed under
different environmental conditions not tested here. Alternatively,
RLG3 may have lost the ability to transcribe and transpose
recently during evolution. In all cases, the highest number of
polymorphisms with respect to the Gransden accession is found
in Villersexel and the lowest in Reute, which is in accordance
with the number of SNPs these accessions show with respect to
the Gransden reference genome (Lang et al., 2018). We have also
found a small number of polymorphic insertions of RLG2, RLC4
and PpTcl. The number of detected TE polymorphisms with
respect to the Gransden reference genome in these accessions is
probably underestimated, as none of the programs available to look
for TE polymorphisms, including the one used here, can detect
polymorphic TE insertion sitting in repetitive regions (Vendrell-
Mir et al,, 2019). In any case, the polymorphisms detected here
illustrate the potential of TEs to generate genetic variability in P.
patens. Moreover, an important fraction of the polymorphisms
detected are within or close (less than 1 Kb) to a gene, which
suggests that TE movement may have impacted gene coding or
gene regulation, and therefore may have contributed to the
phenotypic variability of P. patens.

The Heterochromatic tRLCS Elements Are
Transcribed in Sporophytes

In addition to generate new alleles or new gene regulations, TEs are
also involved in chromosome structure and function. In plants, TEs
have been shown to provide origins of replication in
heterochromatic regions (Sequeira-Mendes et al., 2019), and are
frequently part of centromeres (Lermontova et al., 2015). Different
retrotransposon have been found to specifically accumulate in the
centromeres of the green algae Coccomyxa subellipsoidea (Blanc
et al., 2012) or the liverwort M. polymorpha (Diop et al., 2020) were
they could support centromere function. Interestingly, tRLC5 was
previously proposed to mark the centromere and participate to the
centromere function in P. patens (Lang et al., 2018). We show here
that tRLC5 is transcribed in P. patens. In spite of its heterochromatic
nature, centromere sequences have been shown to be transcribed in
yeast, animals and plants and this transcription seems vital for the
maintenance of the centromere chromatin identity and in several
aspects of centromere function (Chan and Wong, 2012; Perea-Resa
and Blower, 2018). Young sporophytes are a key developmental
stage of P. patens where meiosis takes place (Charlot et al., 2014).
We show here that most meiosis-specific genes (Mercier et al,
2015) are highly induced in green sporophytes (Supplementary
Figure 16), the developmental stage where tRLC5 is expressed. It
has been proposed that demethylation of centromeric DNA during
meiosis may allow the transcription of centromeric sequences,
which could serve as markers recognized by other factors and allow
centromere assembly (Liu et al., 2015). The expression of tRLC5 in

the centromere, at the moment meiosis takes place, could thus play
arole in centromere assembly and function during this key process.
On the other hand, the transcription pattern of tRLC5, specifically
activated in young sporophytes, is reminiscent of the expression of
the Athila retrotransposon of Arabidopsis, which also concentrates
in the centromere and is expressed in the pollen grain (Keith
Slotkin, 2010). It has been proposed that TE expression in the
vegetative nurse cells of the pollen may allow re-establishing its
silencing in the sperm cells (Martinez et al., 2016). The expression
of tRLC5 in the sporophyte could also fulfill a similar role. Further
experimental work will be required to explore any of these two
non-exclusive hypotheses.

Are Some of the P. patens TE Families the
Result of a Horizontal Transfer from
Fungal Species?

In addition to the characterization of the transcriptional activity of
P. patens TEs, the work presented also allowed us to better
characterize two Mariner-like elements. These P. patens elements,
that are transcribed and mobile, are more closely related to fungal
elements than to any Mariner-like element found in plants,
suggesting that they may have been horizontally transmitted from
fungi. Interestingly, another P. patens Mariner-like element already
described was also shown to be closely similar to fungal TEs
(Castanera et al,, 2016), which suggest that the horizontal transfer
of Mariner-like elements from fungi to P. patens may have been a
frequent event. The Mariner TE family is ubiquitous in the genomes
of virtually all extant eukaryotic species and seem to be particularly
prone to horizontal transfer, probably because they contain a
transcriptionally promiscuous “blurry” promoter (Palazzo et al.,
2019). Early land plants were aided by mutualistic interactions with
fungi and these symbiotic interactions with fungi have been
maintained in some bryophytes such as M. polymorpha
(Humphreys et al., 2010). Surprisingly, although P. patens
contains the strigolactone signaling pathway, which induce
mycorrhizal signaling, it has not been shown to establish
mycorrhizal interactions (Delaux et al, 2013; Field and Pressel,
2018; Rensing, 2018). The potential horizontal transfer of Mariner-
like elements could be a remnant of this lost interaction, although an
ulterior close contact between P. patens and different fungi may
have also be at the origin of these horizontal transfers. It is
interesting to note that P. patens is the only plant that shares with
fungi the traces of past infections of giant virus relatives (Maumus
et al., 2014), which also highlights the close relationship with fungi
that P. patens has maintained during its recent evolution.

CONCLUSION

In summary, the results presented here show that TEs have an
important activity in P. patens, with the transcriptional activation
of different TE families in normal P. patens growing conditions,
suggesting that TEs may have shaped P. patens genome and may
continue to contribute to its function, including adaptation to
stresses and the intraspecific genetic variability.
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Chapter 2.4: Complementary results and discussion

This analysis has confirmed that RLG1, as was observed in the previous data (Lang et al.,
2018; Vives et al., 2016), is expressed in protonemata and that the DNA TEs PpTcl and
PpTc2 are expressed in P. patens as was previously described (Liu & Yang, 2014). This
analysis has also identified the transcription of other families that were not characterized
as expressed, such as the RLC4 and RLG2 families. With this study we also characterized
under which conditions some TE families can be induced. It should be noted that the gene
atlas contained RN Aseq data for only two accessions, Gransden for most of the conditions
except for sporophyte development where the Reute accession was used, detecting
expression of the RLCS family. Since the publication of this article, we have analyzed the
expression of RLG1 in different samples of protonemata of other accessions (Kaskaskia

and Reute) confirming its expression also in these accessions.

Interestingly, we found TE families that are expressed under development conditions and
are repressed under stresses such as RLG1, that is repressed under all tested stresses and
is only expressed in protonemata tissue. We also identified other TEs that are only
induced under specific developmental stages, such as RLCS, that is induced in the
sporophytic phase of the development where meiosis takes places. Plant TEs expression
has usually been attributed to stress conditions (Grandbastien, 1998), but as observed
here, this can change widely between different TE families. However, we also observed
some TEs that are induced under specific stresses such as RLG2 and PpTc2 that are

induced under ABA treatment.

Regarding the transposition landscape, we detected some families that are highly
expressed but for which only a few polymorphisms among all accessions were detected,
such as the RLG2 family. On the contrary, we also found several polymorphic TE
insertions for the RLG3 family, when this family was not detected as expressed. As this
study is limited to a certain number of conditions, it may not fully reflect all the possible
conditions or stresses that the plant may undergo in nature and under which the TEs may
be expressed and transpose. In the same way, it is also possible that some of these families
are no longer able to transpose in the sequenced individuals and remain active in other P.

patens individuals.
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To test if some of these families that we detected as transcriptionally active are able to
transpose on the moss maintained in the laboratory, we took advantage that the group of
Fabien Nogué. our collaborators from [JPB-INRA had sequenced, using Illumina paired-
end short-reads, genomic DNA of the same clone maintained in the lab for the past 20
years at four different time points: 2007, 2011, 2016 and 2018 (Bessoltane et al., 2022).
These samples were mostly maintained by propagating them asexually during all this

time.

We used a combination of the results of PopoolationTE2 and Jitterbug to maximize the
chance to detect new transposition events that occurred during this period. However, we
could not detect any new transposition event. There are several reasons that could explain
this result. First, that one of the main limitations of the strategies to detect TE
polymorphisms from resequencing data is that they are unable to detect transpositions
events in highly repetitive sequences (Vendrell-Mir et al., 2019). Therefore, if the TEs
are preferentially targeting these regions, we may miss the transposition events that may
have occurred. Moreover, as P. patens has been propagated mostly asexually, it could be
possible that there have been some somatic transposition events that have not been
maintained in the consecutive propagation of the moss or that we could not detect as they
were only present in a small part of the total cell population. Finally, there could be
silencing mechanisms, such as the presence of small RN As targeting the RLG1 and RLG3
elements (Coruh et al., 2015) that could inhibit their transposition and, for this reason, we

were not able to identify any transposition event from this data.
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CHAPTER 3: IMPACT OF TEs IN PHYSCOMITRIUM PATENS
GENOME

Chapter 3.1: Introduction

In this third chapter we will focus on the impact of TEs in the structure of the genome
and the genes of P. patens. As already explained, the heterochromatic regions and the
genes of P. patens are distributed evenly among the chromosomes forming
heterochromatic regions interspersed with euchromatic regions. One of the main
components of these heterochromatic islands are RLG1 elements. In the first part of this
chapter, we will focus on the impact of this LTR-RT family in the structure of the genome,
particularly in the heterochromatin by removing heterochromatic regions mainly formed

by RLG1 elements.

The second part of this chapter focuses on the impact of TEs on gene expression. As we
observe in our study of the polymorphic TEs (Vendrell-Mir et al., 2020) and as it was
described in the publication of the reference genome (Lang et al., 2018), although most
of the RLG1 elements are located in these RLG1 islands, it is also possible to find RLG1
elements in the vicinities of genes. These RLG1 elements could have an impact on the
expression of these genes. To study the impact of these TE insertion polymorphisms

ingene expression we have selected a few cases of TEs close to genes.
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Chapter 3.2: Objectives:

- Study the potential impact of Transposable Elements in the structure of the

genome of Physcomitrium patens.

- Study the potential impact of Transposable Elements in the genic regions in

Physcomitrium patens.
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Chapter 3.3: Impact of Transposable Elements in the
structure of Physcomitrium patens genome

Introduction

As presented before, the genome of P. patens has heterochromatic regions distributed all
along the chromosome arms. These heterochromatic regions are mostly formed of Gypsy
elements, with the RLG1 LTR-RT being the main component, representing almost half
of the TE content of the genome and a 25% of the sequenced genome (Lang et al., 2018).
This percentage could be even higher as most of these RLG1 elements are forming nested
structures, generating highly fragmented structures that are difficult to annotate. In this
work we refer to all the heterochromatic regions that contain RLG1 elements as RLG1

islands.

We found these islands distributed homogeneously among the chromosomes (Figure 18),

ranging in size from 6.5 Kbp to up to 372 Kbp.

Figure 18: Example of the distribution of the RLGI islands in a chromosome, in this case in the

chromosome 27 of P. patens.
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To try to understand what the impact of these elements in the maintenance of the structure
of the genome is, we have designed different strategies to eliminate these RLGI islands

using genome editing technologies, in this case the CRISPR/Cas9 system.

The development of CRISPR/ Cas9 strategies has allowed the production of targeted
double strand breaks allowing gene editing of the genomes of several plant species in the
last decade (Bortesi & Fischer, 2015), including P. patens (Collonnier et al., 2017). This
tool has been widely used to produce targeted mutagenesis including deletions of several

Kbp in plant genomes, for example in rice (Zhou et al., 2014). Therefore, we decided to
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study the impact of removing heterochromatic RLG1 elements using the CRISPR/Cas9

system.

We have designed two strategies, both based on the use of CRISPR/Cas9, to produce
targeted deletions of RLGI1 elements in the P.patens genome. As a first strategy we
targeted the LTRs of the RLG1 elements to produce as many eliminations of these
elements as possible. The second strategy was to delete specific RLGI islands of the

smallest chromosome of P. patens, targeting the unique sequences flanking these regions.

Most of the P. patens transformations needed were performed by Florence Charlot from
the group of Fabien Nogué at the IJPB, and the phenotyping of the obtained clones was
also performed in the Lab of Fabien Nogué. I performed the design of the constructs in
collaboration with Nogue's group. I also performed the cloning of the different constructs
and the genotyping of the clones, including the PCRs and the qPCRs. I received the help
of the undergraduate student Amalia Moraté who worked under my supervision to
genotype part of the clones and to do some cloning steps for the constructs used over this
chapter. Jordi Morata from our group also helped me develop Perl script to find gRNA

sequences over the TEs of the genome.
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Results

Non-selective elimination of RLG1 elements using CRISPR/Cas9:

Selection of a guide RNA to target and eliminate RLG1 elements from P. patens using
the CRISPR/Cas9 system

The annotation of the published P. patens genome (Lang et al., 2018) has over 77987
RLG1 fragments and at least 5092 complete elements. The number of elements in the
genome is probably higher as there are parts of it that are still lacking and have not been

assembled to the reference genome.

To produce double strand cuts over the RLGI elements we used the Streptococcus
pvogenes CRISPR/Cas9 (SpCas9). The guide sequence of the SpCas9 requires a given
sequence of 20 nucleotides that matches the specific sequence of interest and the

Protospacer Adjacent Motive (PAM) NGG.

To look over all the RLG1 sequence and find which was the guide sequence that will
maximize the number of cuts produced inside the RLG1 elements, Jordi Morata, a postdoc
in our group during the time that the project was designed, developed a script to look for
all these possible sequences matching these criteria and classify them considering the

maximum number of cuts produced.

Filtering with a minimum of 2500 putative hits in the genome, we ended up with 27
gRNAs. Using these gRNAs we could produce targeted cuts in the RLG1 elements that
could affect between 1792 to 6293 RLGI elements, considering that a 100% of the
targeted sequenced is cut (Table 6).

103



Table 6: Sequences selected to produce elimination of RLG1 elements all over the genome filtered with a

minimum of 2500 cuts over the genome. In grey in the table the selected gRNA to proceed with the

elimination.
. Hits  Hits o Yo hits % hitsin
e A soenee 18 KO iy herdoma

S TEs regions g?enon‘:e affected
CTATCTAACTAGGGGCTACGTGG 2516 1887 213 21 2,420% 16,31%
TTTGTCCATCAGTTTGAGGATGG 2517 2505 183 14 3.212% 20,90%
TCTCTAGTTTTCTTGTCTTTTGG 2571 2046 265 53 2,624% 17,40%
TAATAATTACATATAGAAATAGG 2644 1792 223 44 2,298% 15,08%
ACCATGGTCTTCTGTTTCTATGG 2761 2750 176 23 3,526% 22,34%
TCCATAGAAACAGAAGACCATGG 2763 2752 11 23 3,529% 22,34%
ATTATTAGCTTACATGATTATGG 2970 1998 972 49 2,562% 16,53%
AGGCAAGTTTTTCTACGTGTGGG 3029 2306 723 43 2,957% 19,01%
AAGGCAAGTTTTTCTACGTGTGG 3181 2415 301 33 3,097% 19,67%
AACTAGACTAGAAGCAAGAAAGG 3335 2399 229 37 3,076% 19,68%
TGCTTCTAGTCTAGTTTCAAGGG 3390 2398 239 36 3,075% 19,62%
ATATATAGAGACAAGAGTGAAGG 3592 2455 302 43 3,148% 19,25%
TATATATACTATCTAACTAGGGG 3677 2793 369 43 3,581% 22,48%
TTGCTTCTAGTCTAGTTTCAAGG 3734 2644 285 42 3,390% 21,34%
TGAAGATCAAGCTAACTATGTGG 3766 2723 318 47 3,492% 21,42%
CCAATATGTGTTGACTTTGTAGG 3859 3250 383 61 4,167% 24,85%
CTATATATACTATCTAACTAGGG 3884 2949 390 42 3,781% 23,36%
TAGAAACGTGGTCAACAAGTTGG 4101 3082 389 44 3,952% 23,88%
GACTTTTTGGATTAGAAACGTGG 4113 3056 405 46 3,919% 23,82%
GACACATGCCTTGACTTACAAGG 4319 3272 408 52 4,196% 24,95%
TCTATATATACTATCTAACTAGG 4528 3480 471 51 4,462% 26,61%
ACAAAGTCAACACATATTGGAGG 4759 3624 444 76 4,647% 27,13%
CTAACAACATGTGTGGCACATGG 4824 3653 463 62 4,684% 27,35%
GGTGTCTTTAATTGACTTTTTGG 4875 3681 452 75 4,720% 27,88%
AAAACTTGCCTTGTAAGTCAAGG 4927 3751 461 65 4,810% 27,77%
CTTCAAGCTAACAACATGTGTGG 5102 3881 488 64 4,976% 28,55%
AGGAGTTGACAAGAGTGAAGAGG 6775 6293 464 18 8,069% 32.27%

With the goal of minimizing the effect on genic regions and avoiding direct cuts on genes
we looked for overlaps of the guide sequences with genic regions, discarding all these
gRNA sequences that have targets in genes. We ended up selecting the gRNA that
produce 6775 cuts in the genome. We look manually to all the possible cuts produced
inside gens for this gRNA observing that these sequences corresponded to genes that were

poorly predicted in the gene annotation and were actually LTR-RT sequences. Moreover,
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this sequence matched the LTRs of the RLGI elements that, after the cleavage, could
facilitate the recombination between the two LTRs of a single element or between LTRs
of different RLG1 of an RLG1 islands, removing part of these heterochromatic regions

of the genome.

To predict the efficiency of the CRISPR/Cas9 system using this gRNA we used the
CRISPOR software (Concordet & Haeussler, 2018). This online tool provides
information about the specificity of the gRNA (number off-targets in a given genome)

and predicts the efficiency of the cleavage (Table 7).

Table 7: Prediction by CRISPOR of the efficiency of the designed guide sequence.

Guide Sequence + PAM v C Predicted Efficiency |Outcome | Off-targets for | Genome Browser links to matches sorted by CFD off-target score £
! |+ Restriction Enzymes y |S L] : exons. L Chr10 only

Oony6- Oonly66- Cony A2 |Score &4 |5 mismatches
+next to PAM

AGGAGTTGACAAGAGTGAAG AGG 0 2 63 57 6775-4043 - a
Eraymes: Mpal 3762-3251-  [ocio

18885 off-targets

As expected, the specificity scores were low as the tool is designed for single cuts in the
genome. Despite that, the predicted efficiency scores were high enough for efficient
cleavage. This tool also gave us an estimation of all the possible additional cleavage sites.
With a minimum of 6775 without any mismatch and a maximum of 18885 cuts

considering 4 mismatches in the guide sequence.

Production of a P. patens line containing a stable integration of a CRISPR/Cas9
targeting the RLG1 element

In order to increase the efficiency of the approach, we decided to obtain first a transgenic
line expressing the CRISPR/Cas9 and the guide RNA against RLG1 elements. The
transgene that we designed contained two homology arms at each side of the construct
for integration at a specific location (between two highly expressed genes in chromosome
18, see Figure 19) by homologous recombination, it also contains the gRNA targeting the
RLGI elements, the CRISPR/Cas9 protein and a nptlI selective marker to be able to select

the clones that have integrated the complete locus using the antibiotic G418.
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Figure 19: Introduction of the cassette containing the nptll gene, the gRNA with the guide targeting the
RLGI elements and the Cas9 using two DNA homologous sequences to the 3° of the gene
Pp3cl6_6420V3.1 and at the 5’ of the gene Pp3c166440V3.1, Both genes are highly expressed. The same
strategy has been used previously by our collaborators to introduce transgenes using the same recognition

sequence without any problem.

We performed two independent transformations using this construct obtaining a total of
39 clones that were transiently resistant to G418 (21 from the first transformation and 18
from the second transformation). However, we did not obtain any clone stably resistant
to G418. This could suggest a detrimental effect of the expression of the insert although

it may also suggest that the strategy was not working as expected due to unknown reasons.

When compared to previous transformations with other constructs, the number of
transiently resistant clones was also low. In the transformation that we obtained the
maximum number of transiently resistant clones this was the 0,007% from the total of
transformed protoplasts, while in the previous transformations performed in the
laboratory we obtained an efficiency of transiently resistant clones between a 0,52% and

a 1.1% (Vives et al., 2016).

Although the obtained result suggested that no integration of the locus happened in the
clones that were transiently resistant to G418, it would be possible that the CRISPR/Cas9
system worked in these clones and had produced cuts over the RLG1 elements above the
genome. For this reason, we selected 22 clones that were able to regenerate, and we
extracted DNA to check if there had been changes on the population of RLG1 elements

in the genome.

As a first strategy, we selected 5 complete RLG1 elements flanked by unique sequences
and that had the gRNA recognition sequences in both LTRs to check for a deletion of the
RLG1 element. These RLG1 elements are located at: Chr01:5840024-5840024,

106



Chr08:8353455-8356012, Chrll: 6970182-6976693, Chr15:1092145-1098677 and
Chr22:8577002-864284.

Although in all the positive controls (Gransden Wt) we could amplify the TEs, in most
of the CRISPR/Cas9 transformed clones we could not amplify them. However, in most
cases we could not amplify either a band corresponding to the deletion. Interestingly, in
a single clone (Clone 18) we could detect a band that could correspond to the

deletion for the RLGI element located at Chr15:1092145-1098677 (Figure 20).
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Figure 20: Agarose gel of the PCR products of 5 different RLG1 elements located at 5 different
chromosomes. In Gransden Wt, a band of 6.5 kb is expected while a smaller band is expected in the different
clones that have been transformed with the CRISPR/Cas9 targeting the RLG1 elements. Only a smaller
band has been observed in clone 18 for the RLG1 element located at chromosome 15 (blue circle) while in

all the other clones no band was amplified, or it was amplified a band corresponding to the Wt locus.
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To test if the presence of the CRISPR/Cas9 targeting the RLG1 had an effect decreasing
the total number of RLG1 elements, we selected two lines (Clone 12 that we could never
amplify none of the TEs selected and Clone 18 that seemed to have at least a deletion) to
perform a qPCR to compare the number of RLG1 elements to the single copy gene APT
(Figure 21).
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Figure 21: RLGI quantification compared to the single copy gene APT for Gransden Wt compared to two
clones that have been transiently transformed with the CRISPR/Cas9 targeting the RLG1 elements.

Surprisingly, the number of RLG1 clones detected was slightly higher in these two clones,

and in any case, it was not lower.

Summarizing all the obtained results from these first transformations, we obtained a low
number of regenerated clones when transformed with the CRISPR/Cas9 system targeting
the RLG1 elements, none of them had stably integrated the CRISPR/cas9 system
targeting the RLG1 elements and in the clones that we performed a qPCR we did not

observe a decrease in the total number of RLG1 elements in the genome.

All this data suggests that producing double strand breaks over the RLG1 elements could
be detrimental for the cells and that the only clones that were able to regenerate were the

ones with a limited number of cuts or were the CRISPR/Cas9 system was not active.

As a way to select rare deletions, we designed a DNA template containing two homology
arms of the edited LTRs without the recognition sequence flanking a Hygromycin

resistance gene (Figure 22).
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Figure 22: Use of a DNA template to replace the RLG1 islands that have been cut by the CRISPR/Cas9
system for a donor template containing homology to the LTRs to be integrated by homologous
recombination after the cut took place and a HygR gene to select those clones that have been integrated the

construct.

With the help of Amalia Moratd, a former undergraduated student in the laboratory, we
performed a P. patens transformation with this recombination template together with the
CRISPR/Cas9 and the gRNA to target the RLG1 elements but unfortunately, we could

not obtain any clone stably resistant to Hygromycin.

Analyzing the impact of the production of targeted DSB over the RLG1 elements

To ensure that the CRISPR/Cas9 was producing the predicted double strand breaks into
the RLGI1 elements and evaluate its possible detrimental effect we designed a new
experiment. In this case we compared the effect of targeting a single copy gene with a
gRNA that was used previously by our collaborators and was known to efficiently cut at
the APT gene. We then compared the regeneration of the protoplasts where this single
copy gene was targeted and protoplasts where this was combined with the targeting of the

RLGI1 elements.

We decided to compare to the targeting of the APT gene as it encodes for the APRT
protein than in the normal function of a cell converts adenine to adenosine
monophosphate, but it can also convert adenine analogous compounds to toxic
components that will result in the dead of the cell, such as in the case of the use of 2-
Fluoroadenine (2FA) that will be converted to the toxic compound 2-FluoroAMP(Schaff,
1994). If the APT gene is mutated it would not be able to metabolize the 2FA and convert
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it to the toxic compound 2-FluoroAMP, being able to survive in a medium with 2FA. This
system has widely been used by our collaborators, Dr. Nogué Lab. (Collonnier et al.,
2017; Guyon-Debast et al., 2021; P.-F. Perroud et al., 2022). The limitation of this system
is that the APT mutated clones are sterile and have a strong phenotype (less

gametophores) when compared to Wt Gransden.

A)
adenine AMP

APT
2-Fluoroadenine 2-FluoroAMP

B)

Figure 23:A) Under normal conditions Adenine is metabolized by APRT protein to AMP but when 2-
Fluoroadenine (2FA) is present the APRT metabolize this compound converting it to the toxic compound
2-FluoroAMP that is lethal for the organism. B) Comparison of the regeneration after transforming with
the CRISPR/Cas9 system and a gRNA targeting the APT gene (left) compared to a transformation only
transformed using the CRISPR/Cas9 system without any gRNA (right) both under a BCDA medium
supplemented with 2FA. Only the clones that have the APT gene can survive (left) while without the edition
of the APT gene all the clones die (right). Figure provided by Dr. Fabien Nogué.

Florence Charlot from Fabien Nogué group performed two independent transformations.
From these transformations we confirmed that targeting the RLG1 elements has a huge

detrimental effect for the cells (Table 8).

Table 8: Results of the transformations comparing the regeneration transforming with the CRISPR/Cas9
targeting the APT gene compared to transforming with the CRISPR/Cas9 targeting the APT and the RLG1

elements at the same time.
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% Of
regeneration

Regenerating Clones
. . compared to the
Transformation protoplasts resistant to
total number of
after 1 week 2FA .
regenerating
protoplasts
CRISPR/Cas9 28400 1350 4,75%
+gRNA APT
lst
" CRISPR/Cas9
Repetition
+gRNA APT+ 15050 6 0,04%
gRNA RLGI
CRISPR/Cas9 o
) 1 gRNA APT 14001 759 5,42%
Repeition CRISPR/Cas9
+gRNA APT+gRNA 17113 18 0,11%
RLG1

We compared the development of the clones that were resistant to APT and where we
also targeted the RLG1 elements with those where we only targeted the APT gene (G2.4).
In three clones (K2, K6 and K15) we observed less elongation of the protonema when
compared to the G2.4 clone under the medium BCD (medium not supplemented with
ammonium widely used to phenotype in P. patens). This phenotype was particularly
strong in the clone K6 where the protonema was drastically reduced with less presence

of caulonema compared to the line G2.4 (Figure 24).

Mutated APT clone K6: Mutated APT+RLG1 clone

Figure 24: Phenotypic differences between the clone 6 transformed with the CRISPR/Cas9 system
targeting the APT+ the RLG1 elements (right) compared to the clone G2.4 that has only been edited the
APT gene both grown under BCD medium (left). A lesser presence of caulonema is observed in the clone

6 with a reduced growth compared to the clone G2.4.
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We managed to extract DNA of 12 different clones where we targeted both the APT and
the RLG1 elements. To check if there were major changes in the RLG1 content we
performed a quantification of the RLG1 elements by qPCR used the single copy gene
Pp3c10 20470V3.1 as an internal control. In general, we did not observe a substantial

reduction of the number of RLG1 elements in any clone (Figure 25).
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Figure 25: Relative quantification of the Number of RLG1 elements compared to the Pp3c10 20470V3.1
gene for the different samples that have been transformed with the CRISPR/Cas9 targeting the RLG1 and
the APT gene compared to Gransden Wt and to G2.4 (APT KO).

There is a slight decrease in the number of RLGI copies in some clones, such as K2 or
K17, but this result could also be explained by the variability of the qPCR technique.
Interestingly, the line that exhibit a strong phenotype K6 it seems to have a significant
increase of the number of RLG1 copies. This increase could be due to an induction of the
RLGI elements transposition or due to the repair of the deletions using RLG1 islands of
the genomes that are much bigger than the ones eliminated, increasing the number of
RLGI elements. To analyze whether of the two hypothesis is true we will need to
sequence these lines using long reads approaches and compare it with the not treated

samples.
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Selective elimination of Chromosome 27 RLGI1 islands

Although our results suggest that producing targeted cuts to many RLG1 elements in the
genome is detrimental for the host survival, we could not analyze in detail the effect of
these eliminations. For this reason, we designed an alternative approach to study the
impact of eliminating a selected number of RLGI islands from a single chromosome and
study the effect of these eliminations over the maintenance of the structure of this
chromosome. To do that, we decided to eliminate RLG1 islands from the smallest

chromosome of P. patens, chromosome 27.

We first defined the RLG1 islands of the chromosome 27 by searching all the RLG1-rich
repetitive regions that contained at least 2 RLG1 elements and that did not contain any

gene inside, obtaining a total of 110 RLG1 islands, representing a total of a 62% of the
Chromosome 27 (Figure 26A).

From these 110 RLG1 islands we selected the islands that contain the higher number of
RLGI elements, resulting in 15 islands that contain from 14 RLG1 elements to 30
RLG1 elements ranging in size from 40 kb to 160 kb (Table 9). The elimination of these
15 islands from the genome would result into the elimination of a 22% of the

chromosome and a 35% of all the RLGI1 islands of the chromosome (Figure 26B).
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A)

Figure 26:A) Chromosome 27 with all the RLGI islands, heterochromatic regions in blue. B) In blue 15
biggest RLG1 islands of chromosome 27 ranging in size from 40 kb to 160 kb.
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Table 9: Selected RLG1 islands from chromosome 27 with the position, number of RLG1 elements, bp
length and the name given to the island. In grey the RLG1 islands selected to produce the first deletions.

Start End N° RLG1 Length
Chromosome ooe ‘o Name
position  position Elements (bp)
Chr27 40521 80600 14 40079 iRLG1-A
Chr27 93408 162197 18 68789 iRLG1-B
Chr27 518269 640367 20 122098 iRLG1-C
Chr27 2182199 2231160 15 48961 iRLG1-D
Chr27 2567799 2629289 26 61490 iRLG1-E
Chr27 3424985 3481993 20 57008 iRLG1-F
Chr27 3486530 3556539 15 70009 iIRLG1-G
Chr27 3669583 3800246 20 130663 iRLG1-H
Chr27 3805377 3872512 30 67135 iIRLGI1-I
Chr27 4056396 4115748 17 59352 iIRLG1-J
Chr27 4135867 4212064 17 76197 iIRLG1-K
Chr27 4268903 4323290 20 54387 iRLGI-L
Chr27 4389190 4463172 21 73982 iRLG1-M
Chr27 4659508 4738773 19 79265 iRLG1-N
Chr27 4741208 4900930 25 159722 iRLG1-O

Our goal in this case was to perform various transformations eliminating in each
transformation two of these islands and check the effect of these eliminations at the

phenotypic level and on the expression of the flanking genes.

From the 15 islands we decided to start from the biggest (Island O on Figure 26.B) with
a total of 25 RLG1 elements and a genomic size of ~160kbp, and one of the smallest.,
The smallest one is island A, but it is located at the extreme of the chromosome and the
elimination could affect the telomeric regions of the chromosome. Therefore, we decided

to focus on island D that contains 15 RLG1 elements with a genomic size of 49 Kbp.

With the help of Amalia Moratd, a former undergraduate student in the laboratory, we
performed a transformation using the 4 gRNAs targeting the flanking sequence of the two
RLGI1 islands, the CRISPR/Cas9 and a plasmid containing a Nptll gene to transiently
select the clones that have been transformed. We obtained a total of 211 clones that were

transiently resistant to G418 (50mg/L).
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To analyze the potential elimination of the selected islands, we designed primers at the
unique sequences flanking the RLGI islands to amplify the empty locus for both islands.
We checked the clones for the amplification of a deletion, but we failed to amplify a band

in any of those clones.

As we could not amplify the deletion from any of the analyzed clones, we designed a
template to replace the RLG1 islands by an antibiotic resistant gene through homologous
recombination which would facilitate the selection of the clones where the RLG1 islands

had been eliminated (Figure 27).
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Figure 27: Replacement of Island D and Island O for two recombination templates containing a
Hygromycin resistant gene cassette in the case of island D and a Zeocin resistant gene cassette in the case
of Island O. Both recombination templates are flanked by 250 bp of homologous sequence to the gRNA

cutting sides for their respective RLG1 islands.

Using these recombination templates Florence Charlot from Fabien Nogué group
performed three independent transformations of P. patens: A first transformation with the
gRNAs to eliminate the island D, the CRISPR/Cas9 system and the DNA template to
replace this island for the HygR gene cassette; a second transformation with the gRNAs
to eliminate the island O, the CRISPR/Cas9 system and the DNA template to replace this
island for the ZeoR gene cassette; and a third transformation with the 4 gRNAs to replace
both RLGI islands, the CRISPR/Cas9 system and both recombination templates(Table
10).
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Table 10: Results of the transformations done to replace the Island D, island O or both islands at the same
time. At the first column the percentage of protoplast that regenerated after one week being similar for all
the transformations done, the second column describe the antibiotic used to select the clones that have
stably integrated the construct into their genome and the last column describe the number of clones that are

stably resistant to the antibiotics in each case.

% Regeneration

After 1 week Selection Resistant Clones

CRISPR/CAS9 +
gRNAs targeting Island
D+ DNA template to
replace Island D
CRISPR/CAS9 +
gRNAs targeting Island
O+ DNA template to
replace Island O
CRISPR/CAS9 +
gRNAs targeting Island
D and Island O+ DNA 20.00%
templates to replace
both

19.03% HygB 25 mg/L 92

19.86% Zeo 100 mg/L 26

HygB 25 mg/L

Zeo 100 mg/L 33

We genotyped the clones obtained by PCR using primers in the unique sequence flanking

the RLGI islands and internal primers inside the recombination templates.

We obtained 6 clones where we could amplify both flanking regions of the replacement
for Island D from the 50 clones genotyped and 4 clones for Island O over the 26 clones
obtained. However, we were not able to amplify any of the four locus corresponding to a

replacement of both islands from the 55 clones resistant to both antibiotics.

We sequenced the PCR product for both flanks of the replacements of 3 independent
clones of island D (clones 2,3 and 6) and 3 independent clones of island O (5,10 and 22)
(Figure 28), which confirmed that the replacement took place in both extremes as

expected in these clones.

1 5 10 22 16 23 1 5 10 22 16 23
D D/IO D D/Oo o D/O o D/O
Clones island D Clones island D Clones island O Clones island O
left flank right flank left flank right flank
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Figure 28: Selected clones of the Island D (D) and island O (O) and both replacements (D/O) selected for
sanger sequencing. We observe than in the case of the islands selected for both replacements they always
lack one of the extremes. We sequenced the clones 2,3 and 6 of island D and the clones 5,10 and 22 of
island O,

However, we could not amplify in any of the clones the complete replaced region. To try
to understand what happened in these we used the primers designed inside the
recombination template to discard multiple integrations of the recombination template.
To our surprise, in several clones we obtained bands of 3.5 kbp for both replacements
(Figure 29). After sequencing the PCR product, we observed that these bands
corresponded to the complete plasmids that contained the recombination template (the
HygR cassette for island D and the ZeoR cassette for island O). The multiple integration
of the complete plasmid at the replaced locus could explain the lack of amplification of a

single replacement at the locus D and O.

/
Recombination between two Homologs arms / \
T \\ Integration of all the plasmid
P
7%
r \
= > -« st i > = -
H1 HyzR H2 HyzR H1 H1 HyaR H2 H1 HyeR H2

32kn

b 3 § k¥ o

3-35kb  —

2d 3d 4d 6d 7d 16d 16od 230d 10 50 100 220 3od 160d 230d

Island D amplification Island O amplification

Figure 29: In top a scheme the two main hypothesis of integration of the constructs into the locus D. If
multiple replacements have taken place of only the recombination place, we expect amplification of a band
of 600bp while if there are multiple integrations of the plasmids, we expected bands of ~3.2Kb. At the
bottom PCRs using internal primers to verify the presence of the constructs observing bands of around 3

3.5 Kbp corresponding to the plasmids after sequencing of the PCR product.
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The sequence of the junctions of clones 2d, 3d, 50 and 100, were as expected for a
recombination event. Therefore, we decided to proceed with the analysis for these 4
clones, in spite of the possible complex integration of the plasmid containing the template.

In none of these 4 clones we observed any obvious developmental phenotype.

Impact of the RLLG1 islands replacement in their flanking genes

We then decided to analyze whether the elimination of the heterochromatic regions had
an impact on the expression of the surrounding genes. To analyze their expression, we
first looked under which conditions these genes are expressed. In the case of the genes
flanking island O, the gene Pp3c27 7919V3.1 was detected as lowly expressed in the
gene atlas and in the PEATmoss database (Fernandez-Pozo et al., 2020; P. F. Perroud et
al., 2018) it was only expressed in imbibed spores, a tissue that is difficult to generate..
Similarly, the other gene flanking island O, the gene Pp3¢27 8050V3.1 is also expressed

at very low level in most of the development condition of P. patens.

For this reason, we decided to analyze the expression of the genes flanking the RLG1
island D, Pp3c27 3930V3.1 and Pp3c27 3970V3.1 as both genes were reported as
expressed in protonema in the databases. We analyzed their expression in protonema after

7 days of growth (Figure 30).
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Expression Pp3c27_3970V3.1
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Figure 30: Relative expression of the genes Pp3c27 3930V3.1 and Pp3c27_3970V3.1 compared to the
60S ribosomal protein expression in protonemata of 7 days old. Both genes are flanked by the RLG1
island D of chromosome 27 that we have replaced by the recombination template in the clones d2 and d3,

as a control we used Gransden wild type material.

In both clones and for both genes we saw a small effect on the expression when compared
to the Gransden Wt. In the case of the expression of the gene Pp3c27 3930V3.1, the
replacement seems to increase the expression for the clone d2 although in the clone d3
we did not observe any difference. While in the other flanking gene (Pp3c27 3970V3.1)

there seems to be more expression in both clones when compared to Gransden Wt.
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Discussion

In this chapter we described different experiments that aim at studying the impact of
heterochromatic RLG1 elements on the genome of P. patens. We show that the non-
selective elimination of RLGI elements by producing targeted cuts at the LTRs of these
elements has a strong deleterious effect for the host survival. The high number of cuts
produced could have a lethality effect not directly related to the elimination of these TEs,
but could be a direct effect of the high number of DSB introduced, similarly to what has
been observed after treating the moss with mutagenic agents that cause random DSB,
such as bleomycin (Hol4 et al., 2013). In addition, introducing DSB at repetitive RLGI
elements could also induce recombination and genome rearrangements or eliminations of

essential genes which could explain its strong deleterious effect.

However, we obtained clones that were able to survive after targeting the RLG1 elements.
Those clones could be the ones that had a mild to weak effect, and probably those that
had less DSBs in the genome. When we checked the phenotype of these clones most of
them did not have a particular developmental phenotype. Moreover, we did not detect a
significant reduction of the number of RLG1 elements in the genome. The only exception
was clone K6, where we did not observe a reduction but an increase of the number of
RLGT1 copies in the genome. Two possible scenarios could account for an increase in
RLG1 elements. First, this could be due to an induction of RLG1 transposition by the
DSBs. It has been shown that retrotransposon sequences can be used to repair DSBs (Ono
et al., 2015) and it can be envisaged that DSBs induce transposition of some elements.
Alternatively, the DNA repair of the deletions by homologous recombination could
involve as a template RLG1 islands bigger than the one deleted leading to an overall

increase of the number of RLG1 copies.

An analysis of these clones using long reads may clarify this. However, although these
technologies are getting cheaper, it is still an expensive experiment. More important, to
be able to analyze the results we would need a reference genome with a good assembly
of the heterochromatic regions. The reference genome of P. patens (Lang et al., 2018) has

a chromosome level assembly but is still far in terms of quality of genomes such as the

122



last genomes published of 4. thaliana (B. Wang et al., 2021) or other plant species
published during the recent years (Sun et al., 2021)

These heterochromatic regions are prone to be misassembled and to accumulate assembly
errors. To properly compare the obtained results, we will need to probably produce a
better reference genome to be able to detect these events. Even in the case that we
resequence some of these lines we will depend on the need of high-quality reads with
enough read length in order to be able to characterize these events in the case that they

may have occurred.

Another aspect that we could analyze is to what extent the possible alteration of the
structure of the chromosomes may have altered the fertility and the ability to undergo
meiosis. The APT mutants are sterile so we cannot check the production of sporophytes
on the clones that we have produced DSB at the same time over the APT and the RLGI
copies. To do that we should probably repeat the first experiment done transforming
Gransden Wt and let the clones regenerate, perform the qPCR again and select a number
of these clones to generate sporophytes. However, the production of sporophytes in
Gransden is low (5-6% of the clones generate sporophytes while other accessions such as
Reute more than 75% of the gametophores produce sporophytes (Hiss et al., 2017). This

fact could difficult even more the analysis of the effect of targeting RLG1 elements.

It has recently been reported that targeting centromeric TEs in Cryptococcus neoformans
results in chromosome shuffling, an increase of the number of chromosomes and
formation of new telomeres and in most of the affected clones the strains were unable to
undergo meiosis (Yadav et al., 2020). Also, the targeting with CRISPR/Cas9 of the
HERV-W, LINEI and Alu TEs lead to the production of non-viable human cell lines
(Velasco, 2019)

Replacing specific RLG1 islands of the smallest chromosome a feasible but difficult

approach

To understand the effect over the structure of the genome of the RLG1 families we
designed an alternative approach to remove the biggest RLG1 islands of the chromosome
27 and study then the effect that this may have in the development and to the global

capacity to undergo mitosis or meiosis, or over the stability of the smallest chromosome.
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We though that this more conservative approach would allow us to control and understand
better the impact of the elimination of these heterochromatic islands. Unfortunately, we
obtained clones where we only replaced one of the 15 selected RLGI islands. In this case
we replaced in some clones the Island D of 47 Kbp and in other clones the Island O of

159 Kbp, but we could not eliminate both islands at the same time.

Moreover, in the clones that we manage to amplify the flanking sequence of the
replacement of the Island D or Island O for the recombination template we always failed
to amplify a clean replacement, and all the data point to multiple integrations of the
plasmids in the locus. These multiple integrations could also have an effect in the structure
of the genome as the introduced transgenic locus contains the antibiotic resistant genes
expressed under the control of a 35S promoter that can be targeted by the silencing
machinery of the cell and may not be comparable to a clean replacement of the RLG1

islands.

We could not observe major changes in the development of the cells in the clones that we
replaced the RLG1 regions. Although we observed slight changes in expression of the
flanking genes of the RLG1 islands between the clones that we replaced the island D.

To further study the effect of elimination of these RLG1 islands we will need to replace
several of these islands. With the approach used in this study although it may be feasible,
in terms of time and genotyping is not the optimal approach as it will require several
rounds of transformations, genotyping, and phenotyping to analyze the effect of these

replacements that may require several years of work to eliminate all these regions.

We expect that some of the limitations that we have found when trying to remove these
heterochromatic regions will be overpassed in the near future with the development of
new technologies such as the paired prime editing (Choi et al., 2022) to produce precision
genomic deletions. For the moment has been proved to produce targeted deletions of the
human cell lines of up to 10 kb. We expected that in the near future similar systems that
produce targeted deletions of bigger size will arise and will be adapted to plants. These
strategies could be used to perform the targeted deletions of these RLG1 regions to then
understand much better the impact of these eliminations and the role of these

heterochromatic regions over the genome structure.
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Chapter 3.4: Impact of Transposable Elements in genic
regions

Introduction

In chapter 2 we reported the identification of several polymorphic TEs insertion between
the different accessions of P. patens, most of them belonging to the RLG1 family,
followed by the RLG3 and the RLCS5 families. Most of these TIPs were located far from
the genic regions, as expected for their global distribution. Despite that, a small fraction
of these TIPs are located at the vicinity of genes, or even inside genes, and could have a
direct impact on their expression. These changes could lead to phenotypic differences

between the different accessions.

TE insertions can modify the expression of neighboring genes leading to phenotypical
changes (an extensive list of TEs associated with plant phenotypes can be found in the
review: Wei & Cao, 2016). Here we analyzed whether polymorphic TE insertions located
close to genes lead to changes in gene expression between different accessions. To do
that, we have selected different TIPs located close to genes that could lead to changes into

the expression of the genes.
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Results

In crops, such as rice, maize or tomato, that are of agricultural interest there is a high
number of varieties with phenotypical data available(such as seed number, seed length or
plant weight)and that have been resequenced (Alexandrov et al., 2015; Sauvage et al.,
2014; Y. Xiao et al., 2017). In these plants it is possible to perform Genome Wide
Association analysis (or GWAS) to make the link between genotype and phenotype. This
strategy has been used to characterize mutations, that may or may not be causal, that are
associated with different traits. This has been typically done using SNPs as genetic
information (Spindel et al., 2016). However, these approaches have also been done using
structural variants (Fuentes et al., 2019) and in the most recent years using TIPs
(Carpentier et al., 2019; Dominguez et al., 2020). In the lab we have also used this
approach to perform GWAS using TIPs in rice (Castanera et al., 2021).

In the case of P. patens the situation is diametral the opposite. There are only a few
varieties that had been sequenced and their phenotypic information, regarding their
differences in terms of development, for example, is less detailed than in crops. Therefore,
it is much more difficult to try to link genotypic differences to changes in the phenotype.
In chapter 2 we have identified several polymorphic TEs between the four accessions that
had resequencing datasets available. Belonging to samples collected from the following
locations: Gransden (United Kingdom), Villersexel (France), Reute (Germany) and

Kaskaskia (United States of America) (Figure 31).

Gransden

Kaskaskia
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Figure 31:Distribution of the different P. patens accessions that have been resequenced using short-reads.
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To maximize the chance to detect a TIPs in the different accessions that may have a
phenotypical impact, we decided to increase the number of TIP candidates and perform
an additional TIP search. To do that, we followed the strategies explained in the first
chapter of this dissertation and that were published in Mobile DNA (Vendrell-Mir et al.,
2019), which shows that the combination of PopoolationTE2 and Jitterbug increases the
sensitivity to detect non-reference insertions. We therefore combined these two programs
to detect non-reference insertions and we also used Pindel (Ye et al., 2009) to detect the
possible absence in the different accessions of the TE insertions that are present in the
reference genome. Finally, we filtered out the possible insertions that were supported with
less than a 70% of the reads in the region because, as P. patens is haploid during most of
the life cycle, we do not expect heterozygous insertions. We obtained 281 TIPs located at

less than 1kb from a gene (Table 11).

Table 11:Number of Genes with a TIPs in the three accessions Reute, Kaskaskia and Villersexel as
compared to the Gransden Reference genome.

Genes with TIPs Genes with TIPs at

inside their gene less than 1 kb from

body their gene body
Reute 10 44
Kaskaskia 19 111
Villersexel 37 178
TOTAL 58 281
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Selection of TIPs potentially affecting gene expression

We manually curated the 281 TIPs detected close to genes or inside genes by checking
individually the alignments of the reads to the reference genome. We discarded those
cases that may correspond to misassembled regions of the genome or other structural
variants.

We then prioritized the remaining genes based on the following criteria. First if the genes
were single copy in P. patens. We expected that in the case of multicopy genes it would
be much difficult to assess the impact of the transposon into the expression. Second, the
presence of potentially homologous genes in other species. This could help in the study
of the function of the genes by producing KO in other species or to use the previous
knowledge in other species to understand the role that the gene may have in P. patens.
Finally, the location of the TIP compared to the gene. We prioritized polymorphisms
located inside the gene or located close to the 5’ of the gene. Ending up with the list

described in Table 12:

Table 12:Selected TE Polymorphisms insertions between the different accessions selected based on the

previous criteria.
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TE information

Gene Information

Chr Start End Accession  TE family Chr Start End Name Distance Gene Information
TE/Gene
(bp)
Chr04 16620254 16620520 Villersexel RLGl1 Chr04 16620254 16623417  Pp3c4 24710V3.1 0 AP2-TF;regulation of transcription,sequence-specific DNA binding
transcription factor activity,Ethylene-responsive transcription factor
Chr04 17640810 17640993 Reute RLCS Chr04 17640435 17642026  Pp3c4 26220V3.1 0 Putative glucan endo-1,3-beta-glucosidase 3 precursor ((1->3)-beta-
glucan endohydrolase) ((1->3)-beta-glucanase) (Beta-1,3-
endoglucanase) (Beta-1,3-glucanase)
Chrl7 3098590 3098774 Reute RLGI, Chrl7 3095057 3102736 Pp3cl7 _3870V3.1 0 Tetratricopeptide repeat protein 39C
RLC5
,RLG3
Chr03 3480652 3481152 Villersexel RLGl1 Chr03 3481117 3482434 Pp3c3_5290V3.1 0 Encodes an alpha-tubulin isoform required for right handed helical
growth, only expressed under dehydratation/rehydratation in P.
Patens
Chr07 13111540 13112040 Villersexel RLG3 Chr07 13108373 13111845  Pp3c7_19020V3.1 0 L-serine biosynthetic process:oxidation-reduction process NAD
binding: phosphoglycerate dehydrogenase activity:amino acid
binding, D-3-phosphoglycerate dehydrogenase
Chr07 5987636 5988136 Villersexel RLCS Chr07 5987968 5992059 Pp3c7 9190V3.1 0 Methyltransferase PMT10-Related,dehydration-responsive family
protein
Chrll 11232822 11233322 Villersexel RLG3 Chrll 11232455 11233651  Pp3cll_17080V3. 0 DNA-dependent RNA polymerase 1I largest subunit
1
Chrl4 1661147 1661647 Villersexel tRLCS Chrl4 1659137 1662150  Pp3cl4_2320V3.1 0 Unknown function
Chrl4 1661147 1661647 Villersexel tRLCS Chrl4 1661432 1662150  Pp3cl4 2330V3.1 0 ODF3A_XENLA Outer dense fiber protein 3
Chr24 1027369 1027869 Villersexel RLGl1 Chr24 1025270 1028140  Pp3c24_1520V3.1 0 F14G6.8; expressed protein
Chrl1 1179003 1179503 Kaskaskia RLG1 Chrl 1 1178933 1179696  Pp3cll_2040V3.1 0 CASP-like protein UU2
Chrll 13931628 13932128 Kaskaskia tRLCS Chrll 13932110 13935805 Pp3cll_20830V3. 0 deSI-like protein,phosphorylation ATP binding:protein
1 serine/threonine kinase activity
Chrl2 16260712 16261212 Kaskaskia RLGl1 Chrl2 16258343 16260729  Pp3cl2 24800V3. 0 Encodes PIRL3, a member of the Plant Intracellular Ras-group-
1 related LRRs (Leucine rich repeat proteins)
Chrl4 5797944 5798444 Kaskaskia RLGl1 Chrl4 5795415 5797978  Pp3cl4_9040V3.1 221 Zinc-finger of C2H2 type (zf-met),histone-lysine N-
methyltransferase SETD1B isoform X1
Chrl6 8159332 8159832 Kaskaskia RLGl1 Chrl6 8159217 8159391  Pp3cl6_12810V3. 0 ribulose bisphosphate carboxylase small chain ¢ ribulose
1 bisphosphate carboxylase small chain
Chrl8 2013933 2014433 Kaskaskia RLGl1 Chrl8 2014361 2016806  Pp3cl8 2470V3.1 0 polyubiquitin containing 7 ubiquitin monomers:tetraubiquitin
protein:polyubiquitin
Chr25 6965680 6966180 Kaskaskia RLCS Chr25 6962577 6966547  Pp3c25_9800V3.1 0 Probable LRR receptor-like serine/threonine-protein kinase RKF3-
like
Chr04 7218652 7218662 Kaskaskia RLGl1 Chr04 7216339 7218898  Pp3c4_10010V3.1 Late Embryogenesis abundant hydroxyproline-rich glycoprotein
Chr07 3018411 3018421 Kaskaskia RLG2 Chr07 3017696 3021410 Pp3c7_4770V3.1 0 Mitogen-Activated protein kinase 1-related
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Chrl0 16972477 16972487 Kaskaskia RLG3 Chrl0 16968202 16972671  Pp3cl0_25170V3. 0 F-actin capping protein, alpha subunit
1
Chrl0 9609655 9609665 Villersexel RLG3 Chrl0 9609219 9620058  Pp3cl0_14060V3. 0 transmembrane transport voltage-gated chloride channel activity
1 integral component of membrane
Chrl7 5559790 5559800 Kaskaskia RLGl1 Chrl7 5558207 5565909  Pp3cl7_7260V3.1 0 tRNA dihydrouridine synthesis:oxidation-reduction process flavin
adenine dinucleotide binding:tRNA dihydrouridine synthase
activity
Chr24 1027599 1027609 Villersexel RLGl1 Chr24 1025270 1028140  Pp3c24 1520V3.1 F14G6.8; expressed protein
Chr24 10582473 10582483 Villersexel RLG3 Chr24 10582205 10583638  Pp3c24 _16070V3. Potassium inward rectifier (KIR)-Like channel 3 related
1
Chr25 1895694 1895704 Villersexel RLCS Chr25 1895437 1900638  Pp3c25_2840V3.1 0 probable arabinosyltransferase ARAD2
Chr06 2183479 2183489 Reute Unknown  Chr06 2181880 2183441 Pp3c6_3920V3.1 39 dephosphorylation:trehalose biosynthetic process trehalose-
LTR-RT phosphatase activity
Chr07 701728 702228 Villersexel RLG1 Chr07 700011 701683 Pp3c7_1110V3.1 46 Unknown function
Chrl10 9837955 9837965 Villersexel RLG1 Chrl0 9835527 9837878  Pp3cl0_14440V3. 78 signal peptidase complex subunit 1 (SPCS1)
1
Chr01 18218091 18218101 Villersexel RLG1 Chr01 18208996 18218010 Pp3cl 25070V3.1 82 pleiotropic drug resistance 3 (PDR3)
Chr20 14912741 14913241 Villersexel tRLC5 Chr20 14913422 14916551  Pp3c20 22950V3. 182 Protein folding:response to high light intensity:response to
1 endoplasmic reticulum stress:response to hydrogen
peroxide:response to hea
Chrll 10397162 10397662 Reute RLG3 Chrll 10397868 10400759  Pp3cll_15720V3. 207 RNA polymerase II second largest subunit
1
Chr02 1185244 1185744 Kaskaskia RLGl1 Chr02 1178938 1185019 Pp3c2 1770V3.1 226 tubulin-specific chaperone c-related tubulin-specific chaperone c-
related
Chrl3 5436794 5437294 Kaskaskia RLGl1 Chrl3 5433680 5436490  Pp3cl3_8060V3.1 305 charged multivesicular body protein 2a
Chr05 3329091 3329591 Villersexel RLG1 Chr05 3320271 3328744  Pp3c5_4990V3.1 348 RADS_ASPFU DNA repair protein
Chr04 17688741 17689241 Villersexel RLGl1 Chr04 17684478 17688289 Pp3c4 26240 453 ABC transporter I family member 17 gi
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From the previous list, we selected three potentially interesting cases based on the
described  criteria: the gene Pp3cl7 3870V3.1, Pp3c4 24710V3.1 and
Pp3cl4 9040V3.1.

Analysis of the potential effect of the TIP in the gene Pp3c17_3870V3.1

We identified a polymorphic insertion of a TE inside the eighth exon of the gene
Pp3c17 3870V3.1 (Figure 32). This polymorphism was only detected as present in the

accession Reute and absent in all the other accessions.

Gransden

Reute AEinsertion '\

,,,,,,,,,,,

Unknown size

Figure 32: Polymorphic TE insertion predicted in Reute inside the eighth exon of the gene
Pp3cl7 3870V3.1 compared to the gene structure in Gransden. In blue boxes, the 5’ and 3’UTR sequences,

in orange, boxes the exons. The arrow indicates the orientation of the gene.

The gene Pp3c17 3870V3.1 encodes for a gene similar to the human gene TTC39C or
the Tetratricopeptide repeat protein 39C. This gene is conserved in most vertebrates, has
been also found in invertebrates, although less conserved in structure, and has also been
detected in the fungi. Regarding the plant kingdom this gene has not been found in seed
plants but after a search done for this study we identified genes encoding similar proteins
in other Bryophytes, green algae’s and in Ferns. This gene has an unknown function in
humans but it has been hypothesized that it may be involved in the control of the anaphase

during the cell cycle by interacting with chaperones (Blatch & Lissle, 1999).
In the moss the gene is highly expressed specially in the archegonia and during the early

formation of the sporophytes according to the transcriptome atlas(Ortiz-Ramirez et al.,

2016) (Figure 33).

131



Phypa_160831 Pp1s26_279V6.1

Absolute

278.74
250,87
222,99
195.12
167.24
139.37
11.5

s
8¢
e |
o
o %)
/
I
v

Physcomitrella eFP Browser at bar.utoronto.ca Ortiz-Ramirez et al., Molecular Plant, 2015 / Winter et al., 2007

Figure 33: Expression of the gene Pp3c17_3870V3.1 during the development of P. patens image extracted
from the transcriptome atlas (Ortiz-Ramirez et al., 2016) that can be accessed through the following

webpage http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi.

To check if the polymorphism may have an impact in the gene expression we looked at
the public libraries available through PEATMOSS (Fernandez-Pozo et al., 2020). We
confirmed that the gene is expressed in Gransden and in Reute (the only accessions for
which there is expression data in PEATMOSS). Despite this, after aligning reads of
Gransden and Reute RNA libraries to the transcript sequence we observed that the
transcript in Reute is truncated at the eighth exon (Figure 34) and no reads were observed

at the 3’CDS after the insertion when compared to Gransden.
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Figure 34: Alignment of RNA-seq short reads to the gene in Gransden (upper part) and Reute (bottom
part). We observe the absence of reads at the end of the 3’CDS in reute while in Gransden we detect reads

covering all the transcript.

The group of Fabien Nogué performed a KO of the gene in Gransden by base editing
(Guyon-Debast et al., 2021). Unfortunately, the clones obtained did not have any

development difference when compared to the Gransden Wt lines.

The insertion predicted by Jitterbug did not point out to a single family of transposons,
instead, there were reads assigned to three different families RLG1, RLG3 and RLCS. To
confirm the presence of the polymorphism we designed primers flanking the polymorphic
side to amplify the transposon insertion. We could amplify the Gransden Wt band, but
we could not amplify any PCR product in Reute. All of this suggest that the predicted
insertion could be a structural variation involving multiple integrations of TEs or a

genome rearrangement.
Due to the lack of a development phenotype in the lines that had the gene truncated
compared to the Wt samples and the complex nature of the TIP we decided to focus on

the other genes potentially affected by a TE polymorphism.

Analysis of the potential effect of the TIP in the 3’ UTR of the gene Pp3c4 24710V3.1

This TE insertion polymorphism was only detected as present in the accession Villersexel
and absent in all the other accessions. This TIP consists in an insertion of a an RLGI

element at the end of the 3° UTR of the gene (Figure 35).

Gransden

I — _-

Villersexel

— — 3

Figure 35: Polymorphic TE insertion predicted in Villersexel at the end of the 3° UTR of the gene
Pp3c4 24710V3.1 compared to the gene structure in Gransden- In blue boxes, the 5* and 3’UTR sequences,

in orange boxes, the exons. The arrow indicates the orientation of the gene.
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The gene Pp3c4 24710V3.1 encodes an AP2 transcription factor, homolog of the gene
RAP2.1 in A. thaliana. Mutants of this gene in A. thaliana showed an improved tolerance
to drought and to cold stress (Dong & Liu, 2010). In P. patens this gene has been detected
as differentially expressed under several stresses such as UV-B radiation (Wolf et al.,

2010), cold stress (Tan et al., 2017) and dehydration stress (Arif et al., 2019).

During the development of the moss this gene is highly expressed in the protonema,
especially in the caulonema tissue and in the rhizoids of the plant, not being expressed in

the other development conditions (Ortiz-Ramirez et al., 2016) (Figure 36).
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Figure 36:Expression of the gene Pp3c4 24710V3.1 during the development of P. patens. Observing a
high expression in protonema, especially in caulonema, the rhizoids and in the protoplast. Image extracted
from the transcriptome atlas (Ortiz-Ramirez et al., 2016) that can be accessed through the following

webpage http://bar.utoronto.ca/efp physcomitrella/cgi-bin/efpWeb.cgi.

From the recently published gene atlas and through the PEATMOSS database
(Fernandez-Pozo et al., 2020; Perroud et al., 2018) we observed a similar profile of
expression, detecting the gene differentially expressed under the same development

conditions, under ABA treatment and UV-B treatment.

To confirm the presence of the insertion we designed primers to amplify by PCR the locus

both in Gransden and Villersexel. We expected a band of ~300bp in Gransden and a band
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of ~6.8 Kbp in Villersexel if it corresponded to a RLG1 insertion. We could confirm by
PCR (Figure 37) and sequencing of the PCR products that an RLG1 element is inserted
at the end of the 3° UTR in opposite transcriptional orientation with respect to the gene

Pp3c4 24710V3.1.

8kbp
6kbp

| LREECE

B

500 bp

250 bp

H>0O
Villersexel
Villersexel

Gransden
Gransden

Figure 37: Verification of the RLG1 insertion in the Pp3c7 24710V3.1 by PCR amplification, observing
a band corresponding to the empty locus in Gransden (~300bp) and a band corresponding to a RLG1
insertion in Villersexel (between 6 and 8 Kbp).

We checked whether the gene is differentially expressed between Gransden and
Villersexel by performing a qRT PCR on cDNA of protonemata of 7 days old and of
gametophores. The gene is more expressed in Gransden when compared to Villersexel

and is only expressed in protonemata (Figure 38).
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Figure 38: Relative expression of the gene Pp3c4 24710V3.1 between Gransden and Villersexel compared

to the housekeeping gene APT in protonemata and in gametophores.

As Gransden and Villersexel are the accessions that are more genetically distant
according to the number of SNPs and TEs (Lang et al., 2018; Vendrell-Mir et al., 2020)
and that both accessions have huge development differences, we decided to perform a
comparison in protoplasts, which should be a more comparable tissue. Also, in this case

the gene is more expressed in Gransden than in Villersexel (Figure 39).
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Figure 39: Relative expression of the gene Pp3c4 24710V3.1 between Gransden and Villersexel compared
to the houskeeping gene APT in protoplasts.
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For this reason, we performed a KO of the gene targeting the ATG of the coding sequence
and the end of the 3° UTR to produce a deletion of the gene by CRISPR/Cas9. After
performing the transformation and analyzing over 50 clones we obtained three

independent KO of the gene that had small indels interrupting the ATG starting codon.

We performed a first phenotyping by growing the clones for 30 days in the medium BCD,
but after this period we could not observe any difference in terms of phenotype between
Gransden and the clones that had a KO of the gene, although there were clear differences

between Gransden and Villersexel (which contains the RLG1 insertion) in terms of

production of rhizoids (Figure 40).

Figure 40: Independent colonies of Gransden, Pp3c4 24710V3.1 (Mutants lines 26, 29 and 30) and
Villersexel after 30 days of growth in BCD.

Moreover, Florence Charlot from the group of Fabien Nogué performed a phenotyping
experiment of the clones under different concentrations of ABA. No obvious differences
were seen between the different mutated samples and the Wt Gransden clones, although
differences were observed between Gransden and Villersexel under these conditions

(Figure 41).
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Gransden wnj-_m days

Figure 41: Growth differences between Gransden Wt and Villersexel Wt in BCD medium under different
concentrations of ABA (0 pg/L, 1 pg/L and 2 pg/L).

Due to the lack of phenotypical differences between Gransden and the KO clones we
decided to focus our attention on the last selected gene from the three selected genes

affected by a TIP between the different accessions.

Analysis of the potential effect of the TIP in the promoter region of the essential gene

Pp3cl4_9040V3.1

The last analyzed gene that has a TIP in their neighboring region is the gene
Pp3c14 9040V3.1, at 229 bp of the 5° UTR and at 400bp of the CDS. This TIP was only
detected in the accession Kaskaskia and absent in the other accessions including

Gransden. The TIP predicted corresponded to the family RLG1 (Figure 42).

Gransden
400 bp

229 bp
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ALG1 insertion
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Figure 42: Polymorphic RLG1 insertion predicted in Kaskaskia 229 bp of the 5° UTR of the gene
Pp3cl14_9040V3.1 and at 400 bp of the CDS sequence, compared to the gene structure in Gransden. In blue
boxes, the 5” and 3’UTR sequences, in orange boxes, the exons. The arrow indicates the orientation of the

gene.
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The gene Pp3c14 9040V3.1 encodes for a protein that contains two conserved domains:
a Zinc finger of C2H2 type and a DNA topoisomerase 2-like protein. This gene is highly
conserved in the plant kingdom (Figure 43), although its function remains unknown.
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Figure 43:Phylogenetic tree of the representative sequences of representative sequences of all the plant
kingdom. Representative sequence obtained from shoot.bio (Emms & Kelly, 2022). The obtained sequence
were aligned using MAFFT(Katoh & Standley, 2013) and a phylogenetic tree was built using iqtree
(Nguyen et al., 2015).

The gene is highly expressed in spores (Ortiz-Ramirez et al., 2016), although it could be

also detected as expressed in most of the tissues (Figure 44).
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Figure 44:Expression of the gene Pp3c14 9040V3.1 during the development of P. patens. Observing a
high expression in the spores. Image extracted from the transcriptome atlas (Ortiz-Ramirez et al., 2016)
that can be accessed through the following webpage http://bar.utoronto.ca/efp physcomitrella/cgi-
bin/efpWeb.cgi.

A similar result was obtained when looking at the development database deposited in
PEATMOSS (Fernandez-Pozo et al., 2020), where the highest expression was detected
in imbibed spores. Moreover, the gene is repressed under heat stress and under different

light conditions such as in darkness or under red or far-red light.

Five genes are coexpressed in the same development conditions with a correlation value
of a 97%.: Pp3cl 3590V3.1, Pp3c18 14790V3.1, Pp3c21 1450V3.1, Pp3c2 9490V3.1
and the gene Pp3cl16 20170V3.1

Pp3cl 3590V3.1 encodes the BOP1 ribosome biogenesis protein. When the miRNA
controlling this gene are knocked out, and this gene is overexpressed, there is an early
transition from protonemata to gametophores (Saleh et al., 2011). However, a KO of this
gene has no phenotype (Hata et al., 2019). The gene Pp3c18 14790V3.1 also encodes for
a Ribosome Biogenesis protein that is homolog to other BOP genes in other plants. The
genes Pp3c21 1450V3.1 and Pp3c2 9490 encode for a RIO1 kinase homologs protein.
RIO1 in yeast encodes for a cytoplasmic non-ribosomal protein that is required for the

processing of the 20S pre ribosomal RNA to the 18S ribosomal RNA in the pre-40S
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ribosomal subunit (Vanrobays et al., 2001). Although their function is not known in plants
a KO of this gene in yeast is lethal (Vanrobays et al., 2001). Finally, the gene
Pp3cl6 20170V3.1 encodes for a putative transcription factor containing a Zinc finger
CCHC domain. The homolog Arabidopsis thaliana gene encodes for the gene
AT5G52380, a transcription factor of unknown function.

Most of these genes are involved in the development control of the plants being expressed
in A.thaliana in the seeds shortly after imbibition during the germination (Klepikova et
al., 2016). Similarly, we detected that the homolog gene of Pp3cl4 9040V3.1 in
Arabidopsis thaliana (AT1G60640), is highly expressed during the germination of the
seed shortly after imbibition (Klepikova et al., 2016), a similar pattern was observed for

the homologous gene in Medicago truncatula (Benedito et al., 2008) (Figure 45).
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Figure 45: Gene expression over the development of Arabidopsis thaliana (Klepikova et al., 2016) and
Medicago truncatula (Benedito et al., 2008) homolog genes of Pp3cl4 9040V3.1, observing a high

expression during the germination of the seed in both species.

All this data suggests that the gene Pp3cl14 9040V3.1 may be a transcription factor
involved in the process of germination of the spores in P. patens, that may play a role in

cell cycle regulation and/or cell differentiation.
We confirmed the presence of the polymorphism in Kaskaskia and the absence in
Gransden by designing primers flanking the TIP predicted side and amplifying by PCR

the region, confirming the presence of an RLGI insertion at the expected place in

Kaskaskia (Figure 46).
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Figure 46: PCR amplification of the locus corresponding to the polymorphism in Gransden and in
Kaskaskia. If it corresponds to Gransden, we expect a band of 760 bp while in Kaskaskia as there the
insertion of a RLG1 LTR-RT we expect a band of 7kbp. The lanes correspond to independent DNA
extractions of Gransden Wt and Kaskaskia Wt. In some Kaskakia Wt extractions we could not amplify the

locus.

We sequenced the PCR amplification products of Gransden and Kaskaskia, confirming
the presence of an RLGI insertion in Kaskaskia, in the same orientation than the gene

and located at 229 bp of the 5° UTR and at 400bp of the start of the CDS sequence.

As a first approach to study if the polymorphism could have an impact on gene
expression, we performed qRT PCRs during the development of protonemata to study if
the gene is differentially expressed. We quantified the expression of the gene in
protonemata tissue at the days 4, 6, 8 and 10 of freshly generated protonemata, observing

the gene 1s more expressed in Kaskaskia (Figure 47).
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Figure 47: Expression of the gene Pp3c14 9040V3.1 when compared to the houskeeping APT (Top) and
the 60S ribosomal protein (Bottom).

On the other hand, the group of Fabien Nogué (IJPB-INRAE) designed gRNAs to target
the start codon of the CDS to produce a KO of the gene using a base editing approach,
and to produce deletions using CRISPR/Cas9.

Among the base edited clones obtained 77% had no mutations in the coding region
whereas a 23% had C to T or C to G changes within the coding sequence but, in all cases,
the ORF was conserved without being interrupted by a stop codon (data can be accessed

at Guyon-Debast et al., 2021).
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Among the 39 clones obtained in the CRISPR/Cas9 approach, 9 of them did not have any
change in their sequence, 19 clones had a deletion that in all cases was a multiple of 3
nucleotides without generating a stop codon, 4 had a deletion multiple of 3 nucleotides
and an nucleotide substitution that did not generate a premature stop codon, 5 clones had
nucleotide substitutions that did not generate a premature stop codon and finally two

clones had an insertion multiple of three nucleotides preserving the ORF (Table 13).

Table 13: Type of mutation for the 39 sequenced clones of the CRISPR/Cas9 transformation targeting the
Pp3cl4 9040V3.1 gene. In the third and sixth column, length of the nucleotide insertion or deletion

and/or sequence that has been substituted.

clone type Length ins/del & Sequence Clone type Length ins/del & Sequence
2 deletion 12 nt 28  substitution AT to GA
3 deletion 3 nt 29 No change
6 deletion 12 nt 30 substitution TCGATC to CGGACA
7  No change 31 deletion 12 nt
8 No change 32 Nochange
11  No change 33 deletion 48 nt
13 substitution AtoC 34  deletion 6 nt
14  deletion 9nt 37  substitution Tto A
15 substitution TTCGT to CAATG 41  deletiont+ 12 +A/G
substitution
16 deletion 9 nt 43 No change
17  deletion+ 12nt+Tto C 44  deletiont 3 nt +T to C substitution
substitution substitution
18 deletion 12 nt 45  deletion 9nt
19 deletion 9 nt 46  deletion 9 nt
20  deletion 12 nt 47  insertion 3nt
21  deletiont 15nt+AtoC 48  deletion 12 nt
substitution
22 deletion 12 nt 50 No change
24  insertion 6 nt 51 No change
25  deletion 15 nt 52 No change
26 deletion 21 nt 55 deletion 12 nt
27  deletion 18 nt

In summary, none of the clones obtained using the two different approaches was a KO of
the gene. The fact that all the mutations are multiple of three and are not generating a
premature stop codon in the coding region suggests that a KO of this gene in P. patens is
lethal. According to our collaborators, the clones that they manage to introduce small

indels had a strong development phenotype.

145



In order to study the potential impact of the RLG1 insertion on the expression of this
gene, we designed a strategy based on CRISPR/Cas9 and homologous recombination to
swap the gene upstream regions of Gransden and Kaskaskia (which contains the RLGI
insertion). We used the CRISPR/Cpf1 tool instead of the CRISPR/Cas9 classical system
as the promoter region had a low GC content which make it difficult to define guide RNAs
sequences inside this region. The CRISPR/Cpfl system track RNAs, named cRNAs, have
a protospacer adjacent motif that is much common in low GC regions such as 5’-TTTN-

3’ being possible for us to design the cRNAs in this region.

Therefore, we designed cRNAs to cut in the regions flanking the RLG1 element and used
as templates to repair in Kaskaskia a DNA containing the sequence of Gransden (without
the transposon), and in Gransden a DNA containing the RLGI transposon of Kaskaskia
flanked by two homologous arms matching the sequencing flanking the transposon (see

Figure 48).

Remove transposon from Kaskaskia and replace it for the locus of Gransden

0%\ RLG1 i’o

Kaskaskia Wt

Kaskaskia RLG1 deletion o i—

Integrate Kaskaskia RLG1 transposon locus to the same locus in Gransden

Gransden Wt | o om E—

" RiG1 |

Gransden RLG1 insertion 4,

Figure 48: Scheme of the replacement strategy used to swap the RLG1 TE between Gransden and
Kaskaskia. In red and accompanied by a scissors, the expected cut sides of the CRISPR/Cpf1 system, in
black, the TE, and in orange and blue, the gene Pp3c14_9040V3.1 In green, a representation of the primers
used to genotype the replacement after producing the deletion we expect a product amplification of 750 bp

and in Gransden if we manage to integrate the TE an integration of 1 Kbp.
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After performing the transformation of Gransden and Kaskaskia and selecting transiently
for the presence of the plasmids in the transformation, we genotyped by PCR using an
internal primer of the RLG1 and a unique primer flanking the RLGI insertion to check
for the presence of the transposon in Gransden and two primers flanking the transposon

in Kaskaskia to amplify the absence of the transposon in Kaskaskia.

We genotyped 80 clones of each transformation and obtained 5 clones in Gransden that
putatively contained the RLG1 element and 8 clones in Kaskaskia probably
corresponding to the deletion of the RLG1 element. In Kaskaskia, we obtained 34 clones
that had a smaller size that could correspond to a removal of the transposon but not to the

replacement for the expected Gransden locus.

Over the 5 clones that amplified a band corresponding to the RLG1 insertion in Gransden,
we repeated the PCRs using primers flanking the RLG1 insertion to amplify the complete
RLG1 element, and in two cases we confirmed the presence of a complete RLG1 (Figure

49),

Clones Kaskaskia RLG1 deletion

Hzo K1 K18 K19 K44 K46 K55 K61 K&6 KBE K89
& - _— — .."_'I-—- i Wi —.&u.
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Clones Gransden RLG1 insertion
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H2O  wit wt G2 G8& G15 G20 G483
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Figure 49: Verification of the RLG1 replacement in the 7 obtained clones of Kaskaskia (top) and the
insertion of the TE at the expected locus in transformed clones of Gransden (bottom). Underlined the

clones that we selected for analyzing the impact of the replacement.
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The sequencing of the PCR products confirmed the expected sequence for an insertion of
the RLG1 element at the locus. However, although we could amplify the complete RLG1
insertion we failed to amplify the region using primers located outside the recombination

template.

As we have observed in the previous part of the chapter, when inserting sequences using
CRISPR/Cas9 there is the possibility to integrate multiple copies of the template. To
analyze if this had happen we performed a PCR to check the presence of multiple
integrations by designing primers inside the recombination template but in opposite
direction to the RLGI insertion (primers 0xPV 129 - 0xPV 130 in the previous graph) that
should result in an amplification product in case multiple copies of the RLG1 template
have integrated. When using this approach, we amplified a band in the clones G2, G8,
G15, G20, but nothing in Gransden Wt, Kaskaskia Wt and in the clones G48 (Figure 50).
For this reason, we selected the clone G48 for sequencing and named as Gransden RLG1

insertion (G ins) for the posterior analysis.

G K
Hz0 wi wt G2 G8 G15> G20 G48

3.5Kbp ——

Figure 50: Verification by PCR of the presence of integration of multiple copies by using the combination
of primers 0xPV129 — 0xPV130. The observed bands of around 3.5 Kbp have the exact size expected if it
amplifies part of the plasmid that contains the RLG1 template used to integrate it in the genome, being an
indication than in the clones G2, G8,G 15 and G20 there are integrations of the plasmid in the genomic

DNA. Underlined the cloned used for the posterior analysis.
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We sequenced the PCRs products of three clones of Kaskaskia RLG1 deletion (K1, K18
and K19) and selected K19 to perform the next analysis as this clone has the predicted
sequence of the expected replacement, while the other had some SNPs not found either

in Gransden or in Kaskaskia.

The clones G48 and K19, together with Gransden and Kaskaskia wt, were grown in
parallel and we performed first a qRT-PCR using three biological replicates of
protonemata grown for 7 days in the medium BCDA. This analysis showed that the
presence of the RLG1 element seem to induce the expression of Pp3cl4 9040V3.1 in
Gransden. However, the presence of the RLG1 element did not induce a significant
change in the expression in Kaskaskia. There was a lot of variation between the different
biological replicates in the Kaskaskia samples that could explain the obtained result for

these samples (Figure 51).
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Figure 51: Relative expression of the gene Pp3c14 9040V3.1 compared to the housekeeping genes APT
(top) and 60S Ribosomal Protein (bottom) of protonemata 7 days old.

To check whether the polymorphic RLG1 insertion could influence the expression during
the development of the plant, we performed a time course over 14 days of development
of the protonemata taking samples at the day 4, 7, 10 and 14. We performed this
experiment in the lab with the help of Marc Pulido, a student in the laboratory, and
Svitlana Sushko, undergraduate student under my supervision. I performed the
protonemata manipulation while Marc and Svitlana performed the RNA extractions and
the qRT PCRs. At the time that this manuscript was written, only one biological replicate
had been analyzed. We observed that, an effect of the presence of the RLG1 insertion in
both Gransden and Kaskaskia, although the effect does not seem to be consistent among

samples and accessions (Figure 52).
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Figure 52: Relative expression of the Pp3c14 9040V3.1 gene when compared to the housekeeping gene

60S Ribosomal Protein, during 14 days of development of the protonemata,

We have also started to analyze the possible effect of the presence of the RLG1 insertion
on the phenotype, which is not straightforward. There are obvious differences in terms of
development between Gransden and Kaskasia. While Gransden generates much more
gametophores during the development, Kaskaskia generates less gametophores and much

more protonemata (Figure 53).

: 5
. G RLG1 ins
G RLG1ins K RLG1 del - K RLG1 del

G wt K wt

Figure 53: Images of the different clones after 21 days of growth in BCDA medium (ammonium rich
medium).

There seem to be slight differences between the Gransden and Kaskaskia wt clones and
the clones where we performed the replacement. In a first analysis done by Florence
Charlot, from Fabien Nogué group, it was observed an increase of the apical grown of the
protonemata in the Kaskaskia without the RLG1 insertion as compared to Kaskaskia wt
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under BCD medium (medium lacking ammonium). A deeper analysis will be required to
conclude what can be the impact of the replacement and the role of the gene in the

development of P. patens.
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Discussion

Analyzing the impact of TE insertions on genes is not straightforward. The vast majority
of the cases described in the literature started with the detection of a clear phenotype
which, after a molecular analysis turned out to be caused by a TE insertion. In this work
we attempted the reverse approach (e.g. looking for the possible phenotypic impact of a
characterized TE insertion) and selected three cases of genes that could potentially be

affected by polymorphic TE insertions.

In the first case, the gene Pp3cl7 3870V3.1, we observed a clear impact of a RLGI
insertion on its expression. The insertion of one or several TEs into a gene resulted in a
truncated transcript. However, this insertion was complex, involving several TE elements

or chromosomal rearrangements.

In the two other selected genes (Pp3c4 24710V3.1 and Pp3cl4 9040V3.1) we could
confirm the presence of a polymorphic RLG1 insertion, and in both cases, we detected
differences of expression in the two selected genes between the different accessions, that
could potentially be caused by the polymorphic RLG1 insertion. However, in both cases
we could not detect a clear phenotype linked to the presence of the RLG1 insertion.

This was particularly striking for Pp3c14 9040V3.1, as the different approaches to
generate mutants, which only generated weak alleles but no knockouts, suggested an

essential function for the gene.

The approach of swapping a transposon at the exact same place between different
individuals, up to our knowledge, has not been previously done in multicellular
eukaryotes. This is a very powerful approach to study the possible impact of the insertion.
Here, by exchanging the RLGI1 transposon between the different accessions we showed
that the presence of the transposon lead to changes in the expression of the
Pp3cl4 9040V3.1 gene both in Gransden, when integrating the transposon, and in
Kaskaskia, when eliminating the transposon. Despite this, when integrating the
transposon in Gransden does not lead to a similar expression pattern to the one observed
in Kaskaskia. In the same way, when removing the transposon from Kaskaskia does not
lead to a similar expression than in Gransden. We should consider that there are other

genes that could potentially regulate the network controlling the expression of the gene
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and that there could be differences in these genes between Kaskaskia and Gransden that
could explain the differences observed. There could also be epigenetic changes in the
affected locus between Gransden and Kaskaskia accessions that are not recovered after

doing the swapping in these samples, such as methylation or the chromatin status.

As said, at the moment that this manuscript is being written, we had not managed to
observe obvious phenotypical differences between the swapped locus clones compared
to their respective Wt lines. To try to clarify if there are any phenotypical differences the
members of the group of Fabien Nogué: Pierre-Frangois Perroud and Florence Charlot
are growing the different clones under different mediums to determine whether these

clones have phenotypical differences when compared to the Wt lines or not.

Moreover, they have also generated spores of the different clones to try to determine if
there is a difference in the germination of the spores, as the gene is highly expressed
during the process of germination of the spores (Fernandez-Pozo et al., 2020; Ortiz-
Ramirez et al., 2016). We could also observe there if there are differences in the
development of the progeny when compared to the paternal lines, as there could be

epigenetic changes after the generation of the progeny over the RLG1 polymorphic locus.

Julie Calbry another member of the group of Fabien Nogué¢ is performing the KO of the
homologous gene in 4. thaliana which could help us understand what the role of this

transcription factor is.

On the other hand, although the RLG1 insertion does not have an obvious phenotypical
effect in the moss grown in the laboratory it could have an impact on nature important for

the adaptation of the different individuals to the environment.

154



CHAPTER 4: AN ENDOGENOUS
VIRUS IN THE MOSS
PHYSCOMITRIUM PATENS






CHAPTER 4: AN ENDOGENOUS VIRUS IN THE MOSS
PHYSCOMITRIUM PATENS

Chapter 4.1: Introduction

Mobile genetic elements can be found in virtually all organisms. Viruses are a particular
type of mobile genetic elements that, as opposed to TEs, can move from cell to cell and
from organism to organism. They are described as infective agents with small genomes
that can only complete their life cycle within a living host cell.

Thus, viruses are mainly propagated through horizontal transmission, whereas TEs are
essentially transmitted vertically from the parent to the progeny. Despite that, some
viruses are also transmitted vertically (Martin et al., 2011), and transposons can also be
transmitted horizontally between individuals, as it has been shown, for example for the
recent invasion of the Drosophila species by the P-element (Kelleher, 2016).

From a structural and mechanistic point of view, some TEs and some viruses are
extremely similar. In fact, the LTR-RT copia transposons have been classified as
Pseudoviridae viruses and the LTR-RT gypsy transposons have been classified as the
Metaviridae virus. Similarly, Retroviruses have also been classified as a superfamily of

Retrotransposons in TE classifications (Wicker et al., 2009).

Both Retroviruses and LTR-RTs share a common ancestor, although their origin has not
been resolved as it is possible that Retroviruses originated from a LTR-RTs that captured
an envelope protein, or that LTR-RTs evolved from Retroviruses that lost the envelope
protein (Hayward, 2017). Probably both processes may have occurred multiple times
during the evolutionary processes.. This phenomenon has not only been observed
between LTR-RTs and Retroviruses. For example, Caulomiviridae are closely related to
LTR-RTs but are double stranded DNA viruses that do not need to integrate into the
genome to replicate (Krupovic & Koonin, 2017) .

On the other hand, genomes contain integrated sequences that are remnants of past viral
infections, such as the Endogenous Pararetrovirus sequences of plant genomes, although
in this case it has been suggested that they may be active viruses that use the genome as
a reservoir (Chabannes & Iskra-Caruana, 2013). As we can see, the limits between what

we can define as a transposon and a virus may be somehow blurry.
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As we have introduced in the general introduction, the study of transposons and their
impact and dynamics in plant genomes has been mostly developed in angiosperms,
especially in crop species and the model species Arabidopsis thaliana, with much lesser
knowledge in other species such as bryophytes. A similar situation can be found for the
study of plant viruses, where most of the studies are done in crops, mostly due to their

economical relevance.

In the last recent years there have been efforts to expand our knowledge on viruses
infecting any organisms including all plants (Wu et al., 2022). Despite that, there are still
few known viruses identified that are naturally infecting non-seed plants, such as algae

and bryophytes.

In the case of Physcomitrium patens, previous studies proved that, as expected, the plant
can be infected in the lab by viruses (Hiihns et al., 2003; Sola et al., 2022). Moreover,
traces of past viral infections on the genome have been detected, in particular of
nucleocytoplasmic large DNA virus relatives (Maumus et al., 2014), which can also be
transcribed (Lang et al., 2018). However, no viruses naturally infecting P. patens have

been described to date.

During the time that we were developing the tools used in chapter one to detect the
expression of P. patens TEs we decided to check for the presence of viral RNA in the
RNAseq data already available that could reflect a viral infection of P. patens. We used
an approach similar to the one used by Gilbert et al., 2019. To do that we assembled the
reads from the RNAseq gene atlas database ( Perroud et al., 2018) that did not map to the
P. patens genome, and we then analyzed the contigs for similarities to RNA dependent
RNA polymerases using HMM profiles. This allowed us to describe the first virus to
naturally infect the moss, that we named Physcomitrium patens Amalgavirus 1
(PHPAV1). This was a collaborative project between our group, Fabien Nogué’s group
in France and Stefan Rensing’s group in Germany, and was published last year in Plant

Journal (Vendrell-Mir et al., 2021).
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From this work I performed the viral detection from the RNAseq gene atlas database, all
the qRT-PCRs described in the paper and the different phylogenetic analysis and
comparisons to other families, whereas Pierre-Frangois Perroud, who works now at the
laboratory of Fabien Nogué and previously in the laboratory of Stefan Rensing,
performed the crosses described in the paper. The different accessions, and the different
transgenic lines described in the paper were provided by Fabien Nogué and Stefan
Rensing and were cultured and developed by Florence Charlot and Pierre-Frangois
Perroud from Fabien Nogué's group and the members of Stefan Rensing’s group. Part of
the experiments of the growth of the moss were done in our lab, such as the time course
during all the development of the moss described in the paper and the initial detection of
the virus in the lab. Stefan Haas, Rabea Meyberg and Stefan Rensing provided several
RNAseq libraries and helped us with the analysis.

After the objectives section and as the main body of this chapter, a copy of the published
article is included. All the supplementary material cited in the article can be access

through the following DOI:

10.1111/tpj.15545
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Chapter 4.2: Objectives

The main objective of this Chapter is:

- Detect and validate the possible presence of viruses infecting Physcomitrium

patens.

160



Chapter 4.3: A vertically transmitted amalgavirus is present in certain
accessions of the bryophyte Physcomitrium patens
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SUMMARY

In the last few years, next-generation sequencing techniques have started to be used to identify new viruses
infecting plants. This has allowed to rapidly increase our knowledge on viruses other than those causing
symptoms in economically important crops. Here we used this approach to identify a virus infecting Physco-
mitrium patens that has the typical structure of the double-stranded RNA endogenous viruses of the Amal-
gaviridae family, which we named Physcomitrium patens amalgavirus 1, or PHPAV1. PHPAV1 is present
only in certain accessions of P. patens, where its RNA can be detected throughout the cell cycle of the plant.
Our analysis demonstrates that PHPAV1 can be vertically transmitted through both paternal and maternal
germlines, in crosses between accessions that contain the virus with accessions that do not contain it. This
work suggests that PHPAV1 can replicate in genomic backgrounds different from those that actually contain
the virus and opens the door for future studies on virus-host coevolution.

Keywords: Physcomitrium patens, Physcomitrella patens, amalgavirus, vertical transmission, ribosomal fra-
meshift.

INTRODUCTION
As a consequence, there is still a clear bias in the data-

bases towards viruses infecting angiosperms, with the only
exception of the unicellular algae Chlorophyta, which have

Since the seminal works of Martinus Beijerinck and Dmitri
Ivanovsky in the late 19th century that allowed the charac-

terization of tobacco mosaic virus (Scholthof, 2004), thou-
sands of viruses have been discovered in organisms
across the three domains of life. Both DNA and RNA
viruses infect plants. However, whereas unicellular chloro-
phyte algae seem to be infected mainly by large DNA
viruses, RNA viruses and small DNA viruses seem to be
the major classes of viruses infecting angiosperms
(Mushegian et al., 2016).

Although most plant virus infections are asymptomatic
in the wild (Roossinck, 2015), the vast majority of viruses
have been discovered analyzing the lesions or symptoms
they induce in economically important crops. Only
recently, thanks to the development of next-generation
sequencing (NGS) techniques, this has been comple-
mented by a more systematic screen for the presence of
viruses in wild and cultivated plants (Villamor et al., 2019).

1786

a relatively well-studied virome (Mushegian et al., 2016;
Yamada et al., 2006). In particular, the knowledge on
viruses infecting bryophytes, which include liverworts,
mosses, and hornworts, is very limited, with only few viral
related RNA-dependent RNA polymerase (RdRP)
sequences described in some species (Mushegian et al.,
2016).

Physcomitrium patens, formerly known as Physcomi-
trella patens, has been widely used as a model species to
study plant evolution and development (Rensing et al.,
2020). However, in spite of the wide range of tools and
information available for this species, no viruses naturally
infecting P. patens have been described to date. The only
viral-related sequences described in P. patens are
sequences likely acquired horizontally from nucleocyto-
plasmic large DNA virus relatives (NCLDVs) (Maumus

© 2021 The Authors.
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et al., 2014). These sequences, which are remnants of past
infections, are transcribed in P. patens and it has been pro-
posed that they might protect gametes from viral infection
via small interfering RNA-mediated silencing (Lang et al.,
2018). Moreover, although no virus has been described to
infect P. patens in the wild, it has been shown that P.
patens can be infected in the laboratory with viruses such
as the tomato spotted wilt virus (Hiihns et al., 2003). Here
we used the NGS-based approach described in (Gilbert
et al.,, 2019) to look for viral sequences in available P.
patens RNA sequencing (RNA-Seq) libraries (Haas et al.,
2020; Kamisugi et al., 2016; Perroud et al., 2018) and we
describe the first P. patens-associated virus, P. patens
amalgavirus 1 (PHPAV1).

RESULTS
Searching for a P. patens virus

As most viruses infecting plants are either single-stranded
RNA (ssRNA) or double-stranded RNA (dsRNA) viruses we
decided to take advantage of the large amount of RNA-Seq
data available for P. patens (Perroud et al., 2018) to screen
for the possible presence of viral sequences that may cor-
respond to P. patens-infecting viruses. We screened the
RNA-Seq libraries for sequences not mapping to the P.
patens reference genome. These sequences were then
assembled into a total of 184 184 contigs, corresponding
to 135 766 independent sequences, as some of them repre-
sented different isoforms of the same sequences. The
length of these contigs ranged from 200 nucleotides (nts)
to 12 470 nts. We then looked for sequence similarities of
these contigs to known viruses using different approaches.
We first used blastx to look for similarities between the
proteins potentially encoded by the RNA contigs and those
of the reference viral database (Refseq) from NCBI (on 23
November, 2018). Six contigs gave significant similarity
with annotated viruses: four to the same isolate of the
tobamovirus pepper mild mottle virus, one to another
tobamovirus (tropical soda apple mosaic virus [TSAMV]),
and one to RNA segment 3 of the bromovirus brome
mosaic virus (Table S1). However, in five of these cases,
the P. patens contigs were short (close to the lower thresh-
old of the contig size, i.e., 200 nt) and matched a small
fraction of the corresponding viral sequences (Table S1).
Moreover, in all cases the sequence obtained from P.
patens RNA-Seq data was almost identical to that of the
virus isolate reported (Table S1), even when these viruses
infect Solanaceae plants or cereals, which are phylogeneti-
cally very distant from P. patens. All this suggested that
the presence of these viral sequences was due to a possi-
ble contamination during library preparation or sequencing
processes rather than to the presence of viruses infecting
some of the P. patens samples. The contig showing simi-
larity to TSAMV had a size similar to that of the virus (6318
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nt). The sequence of this contig was also almost identical
(99.8% identity) to that of the original virus isolated from
Solanum viarum (Adkins et al., 2007), suggesting that the
presence of the corresponding sequences in P. patens
RNA-Seq libraries may also be the result of a laboratory
contamination. Consistent with this possibility the reads
corresponding to the contig showing similarity to TSAMV
were present in only one out of the three replicates of the
two positive samples, which were obtained from pro-
tonema of the Gransden accession (Table S2). The pres-
ence of spurious reads in NGS samples used for viral
detection is a known problem (Cantalupo and Pipas, 2019).
The sources of contamination can be manifold, including
viruses contaminating the laboratory reagents (Naccache
et al., 2013) and human viruses present in the laboratory
personnel. In this respect, it is interesting to note that
plant-infecting viruses, including TSAMV, are frequently
found in the human oropharynx and gut as a result of
plant consumption (Aguado-Garcia et al., 2020; Balique
et al., 2015), which may suggest a possible source of con-
tamination.

The second approach followed was to look for similari-
ties of the obtained RNA contigs to viral RdRPs using
HMM profiles, a strategy recently used with success to
identify new RNA viruses in fungi (Gilbert et al., 2019).
Two contigs showed significant similarity to RARP. One of
them corresponded to the contig showing sequence simi-
larity to TSAMV, which was already discarded as a possi-
ble contamination (see above). The second contig showing
similarity to RdRPs (TRINITY_DN26323_c4_g7_i1), which is
3597 nts long, contains a sequence giving significant simi-
larity to an RdRP HMM profile. A search for sequence simi-
larities showed that the nucleotide sequence of this contig
was not significantly similar to any sequence deposited in
public databases, including the P. patens genome, but that
the potentially encoded polypeptide did show significant
similarity with RdRPs from amalgaviruses and parti-
tiviruses (Figure 1a). The absence of nucleotide sequence
similarity to sequences deposited in the databases sug-
gested that the corresponding RNA-Seq reads present in
the P. patens libraries were not the result of a contamina-
tion with a known virus and that they may correspond to a
previously undetected P. patens virus. Moreover, the distri-
bution of the RNA-Seq reads corresponding to this contig
among the P. patens samples, with reads present in all
replicates of only few samples of similar tissues (Table S2),
also suggested that the presence of the reads was not the
result of a contamination and was consistent with the pres-
ence of a virus in the specimen being sequenced.

Characterization of the first P. patens amalgavirus

The viruses of the Amalgaviridae family are small dsRNA
viruses (around 3400 bp) containing two partially overlap-
ping ORFs (Figure 2a). ORF1 encodes a product whose
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Figure 1. (a) Neighbor-joining phylogenetic unrooted tree of the RARP encoded by PHPAV1 and the most similar sequences deposited in databases, including
RdRPs from amalgaviruses and partitiviruses. The RARP putative sequence of the P. patens PHPAV1 virus is labeled with an asterisk. RARP sequences obtained
from plant, fungus, oomycete, and animal viruses are shown in green, brown, red, and violet, respectively. (b) Neighbor-joining phylogenetic unrooted tree of
the RdRP proteins encoded by PHPAV1 and representative viruses of the nine amalgavirus species and the single zybavirus species using the same color code
used in (a).
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Figure 2. (a) Schematic representation of the ORFs
encoded by PHPAV1 compared with those of
already characterized amalgaviruses. (b) Compar-
ison of the putative ribosomal frameshift sequence
of PHPAV1 with the consensus translation frame-
shift motif of amalgaviruses.

function has not been established yet, although it has been
proposed to function as a nucleocapsid protein (Krupovic
et al., 2015) or a replication factory matrix-like protein (Iso-
gai et al., 2011). ORF2 is encoded in the +1 frame with
respect to ORF1 and it is supposed to be translated as part
of an ORF1-ORF2 fusion protein by means of a specific
ribosome frameshift (Martin et al., 2011; Nibert et al.,
2016). The ORF2-encoded part of the ORF1-ORF2 fusion
protein shows sequence similarity to partitivirus RdRPs.
The Amalgaviridae family has been divided into two gen-
era: amalgaviruses, which include nine viral species, all
infecting plants, and zybaviruses, with only one viral spe-
cies, infecting budding yeast. Apart from the different
types of host, the viruses belonging to the two genera also
differ in their genome size, which is smaller for the zyba-
virus (3.1 kbp) than for the amalgaviruses (3.4-3.5 kbp)
(Tzanetakis et al., 2021).

The sequence of contig TRINITY_DN26323_c4_g7_i1 is
3597 bp long (Data S1) and contains two overlapping
ORFs, ORF1 and ORF2, with ORF2 being encoded in the +1
frame with respect to ORF1 (Figure 2a). The two ORFs are
1119 and 2601 nts long, respectively. They are flanked by a
5 UTR of 8 nts and a 3' UTR of 15 nts, and the two ORFs
overlaps for 176 nts (positions 951 to 1127 in the
sequence). Interestingly, the ORF1-ORF2 overlapping
region contains the sequence UUU CGU that fits the con-
sensus of the +1 ribosomal frameshift motif described for
amalgaviruses (UUU CGN) (Nibert et al., 2016) (Figure 2b).
As already mentioned, ORF2 shows high sequence similar-
ity to RdRPs of amalgaviruses and partitiviruses, whereas
ORF1 does not show significant similarities to proteins in
public databases. Because of all the above, we propose
that the sequence of contig TRINITY_DN26323_c4_g7_i1
corresponds to the complete RNA of a new virus of the
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Amalgaviridae family. As this virus infects a plant and has
a genome size similar to that of characterized amal-
gaviruses and bigger than that of the only zybavirus char-
acterized (Tzanetakis et al., 2021), we named this virus P.
patens amalgavirus 1 (PHPAV1). Nevertheless, a phyloge-
netic analysis of the RdRP sequence of PHPAV1 and those
of the nine amalgavirus species and the single zybavirus
species shows that PHPAV1 RdRP seems more closely
related to that of the single zybavirus described than to
that of the characterized amalgaviruses (Figure 1b). A bet-
ter sampling of the viruses of the Amalgaviridae family
infecting plants and fungi will probably be needed to clar-
ify this apparent contradiction. In any case, PHPAV1 consti-
tutes not only the first virus of the Amalgaviridae family
described in P. patens but also the first virus described
infecting a bryophyte.

Presence of PHPAV1 in different P. patens accessions

Analysis of the reads assembled corresponding to PHPAV1
showed that they were all from the sporophyte libraries
analyzed. These libraries were the only ones obtained from
the P. patens Reute accession (Table S2). This suggested
that the virus may accumulate in sporophytes or that it
may be present in the Reute accession but not in Grans-
den, which was the accession all the other libraries were
obtained from. In order to analyze the pattern of accumula-
tion of PHPAV1 in the Reute ecotype we performed qRT-
PCR analyses using RNAs obtained from different tissues
and organs of the Reute accession. As shown in Figure 3,
the viral RNA was detected in all tissues analyzed and not
only in sporophytes.

In order to analyze the presence of PHPAV1 in P. patens
accessions we performed gRT-PCR analysis on RNA
obtained from gametophores of eight different P. patens
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Figure 3. Quantification of PHPAV1 RNA in different tissues of P. patens Reute. The levels of viral RNA are given relative to the mRNA levels of the gene encod-

ing the 60S ribosomal subunit.

accessions: Gransden, Reute, Villersexel, Kaskaskia, Wis-
consin, Uppsala, Trondheim, and Lviv, which have differ-
ent geographical origins (Figure 4a). We confirmed the
presence of the viral RNA in Reute and its absence in
Gransden, as the analysis of the RNA-Seq data already
suggested. Moreover, we detected the virus in two addi-
tional accessions, Kaskaskia and Lviv, whereas the virus
was not detected in the remaining four accessions, Viller-
sexel, Wisconsin, Uppsala, and Trondheim (Figure 4b). The
presence of the virus does not correlate with any symp-
tom, although the phenotypic differences between the
accessions make it difficult to rule out minor phenotypic
effects. Sequencing of the 308-bp PCR products indicated
that the sequence of the virus present in different acces-
sions is not identical. Indeed, we detected three different

base pairs in the sequence obtained from Kaskaskia and
one different base pair in the sequence obtained from Lviv
with respect to the sequence of the virus present in Reute.
RNA-Seq data from P. patens Kaskaskia and Villersexel
have been recently reported (Haas et al., 2020; Kamisugi
et al., 2016). We did not detect reads corresponding to
PHPAV1 in the Villersexel libraries, in line with the qRT-
PCR results discussed above, which suggests that PHPAV1
is not present in this accession. On the other hand, the
RNA-Seq data from the Kaskaskia accession gave us the
opportunity to deduce the complete sequence of the virus
present in this accession. Here we detected a total of 19
different base pairs over the entire 3597 bp of the virus
sequence compared to the sequence obtained from Reute
samples, including the one already detected based on the
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Figure 4. Presence of PHPAV1 in different P. patens accessions. (a) Geographical distribution of the P. patens accessions analyzed. The names of the accessions
containing the virus are shown in red and those not containing the virus are shown in black. (b) Quantification of the PHPAV1 levels in gametophores of differ-
ent P. patens accessions. The viral RNA levels are given relative to the mRNA levels of the gene encoding the 60S ribosomal subunit.

PCR analysis mentioned above (Table S3). These nucleo-
tide variations are outside the motif potentially linked to
the translation frameshift allowing the translation of the
ORF1-ORF2 fusion protein and would result in only five

© 2021 The Authors.

amino acid changes in the encoded polypeptides, two in
ORF1 and three in ORF2 (Table S3). Interestingly, sequenc-
ing of the PCR products from the three accessions that
contain the virus, as well as of the Reute and Kaskaskia
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RNA-Seq reads available, did not reveal any variability of
the virus sequence within each of these ecotypes.

PHPAV1 vertical transmission

Amalgaviruses are endogenous viruses thought to be
transmitted vertically (Martin et al., 2011). We analyzed the
transmission of the virus by means of crosses between
accessions containing or lacking the virus. In order to ana-
lyze its possible transmission through parental and mater-
nal gametes, we performed two different crosses. For the
first one, designed to assess the potential transmission of
the virus through the male germline, we took advantage of
the reduced male fertility of the Gransden accession (Mey-
berg et al., 2020) to cross it with the virus-containing Kas-
kaskia accession. We used a Kaskaskia line expressing a
YFP (Ka-YFP; Methods S1) to ensure selecting sporophytes
resulting from the cross. In the second cross, a Reute male
sterile Ppccdc39 strain (Meyberg et al., 2020), containing
the virus, was crossed with Villersexel-mCherry (Vx-red)
which does not contain the virus, acting as male progeni-
tor. As shown in Figure 5, the virus could be detected in a
pool of 10 individual plants resulting from a single sporo-
phyte from each of the two crosses, indicating that the

virus can be transmitted by both male (Figure 5a) and
female (Figure 5b) reproductive organs, antheridia and
archegonia. The sequence of the PCR products allowed
identifying the characteristic nucleotide differences of the
PHPAV1 sequence from Reute and Kaskaskia accessions,
confirming the origin of the identified sequences. Interest-
ingly, whereas the 10 individual plants resulting from the
Villersexel x Reute cross all showed the presence of the
virus (Figure 5e), only a fraction (6/10) of the plants result-
ing from the Kaskaskia x Gransden cross seems to contain
PHPAV1 (Figure 5d). As all the 10 plants come from the
same fertilization event, differences in the presence of the
virus should be due to a post-fertilization loss of the virus
in some plants. Whether this loss is a stochastic event dur-
ing cell division or it is due to genetic differences between
Kaskaskia and Gransden accessions affecting viral mainte-
nance remains to be analyzed. Moreover, as the virus pre-
sent in the Kaskaskia accession is not identical to the one
present in the Reute accession, the differences in the
prevalence of the virus in the offspring could also be due
to differences in the persistence of the virus itself. In order
to start investigating this aspect, we designed a cross
between Kaskaskia (Ka-YFP) acting as paternal progenitor

Figure 5. Detection of the PHPAV1 RNA in crosses of different accessions of P. patens. (a and d) Crosses between Kaskaskia acting as male and Gransden as
female. (b and e) Crosses between Kaskaskia acting as male and Reute as female. (c and f) Crosses between Villersexel acting as male and Reute as female. (a,
b, and c) Quantification of the RNA of the virus in a pool of 10 plants resulting from a single sporophyte obtained from each cross. (d, e, and f) Quantification of
the virus in each of the 10 independent plants. The viral RNA levels are given relative to the mRNA levels of the gene encoding the 60S ribosomal subunit.
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and Reute (Ppccdc39) acting as maternal progenitor. As
shown in Figure 5c, the virus could be detected in a pool
of 10 individual plants resulting from a single sporophyte
from the cross, and also in each of the 10 individual plants
resulting from this cross (Figure 5f). The analysis of the
sequence of the virus present in these 10 individual plants
showed that only the Reute virus was detected.

DISCUSSION

Amalgaviridae is a recently reported family of dsRNA
viruses, described as an amalgam between viruses of the
Totiviridae and Partitiviridae families, with a structure
more related to the former but encoding proteins phyloge-
netically related to the latter (Martin et al., 2011). The
Amalgaviridae family has been recently divided in two
genera: amalgaviruses, including nine viral species infect-
ing plants, and zybaviruses, including only one species
that infects budding yeast (Tzanetakis et al., 2021).
Whereas most amalgaviruses reported are plant viruses
(Goh et al., 2018; Martin et al., 2011; Park et al., 2018;
Sabanadzovic et al.,, 2009; Zhan et al.,, 2019), viruses
described as amalgaviruses and present in fungi have also
been reported (Koloniuk etal., 2015), and different
sequences potentially related to amalgaviruses and zyba-
viruses obtained from plant, fungi, oomycetes, and ani-
mals have been deposited in public databases. The host
species and the size of PHPAV1, which is more similar to
that of the viruses classified as amalgaviruses, prompted
us to tentatively classify PHPAV1 as an amalgavirus. How-
ever, the RdRP sequence of PHPAV1 seems more closely
related to that of the fungus-infecting virus that defines the
zybavirus genus than to that of the nine plant-infecting
viruses of the amalgavirus genus. Moreover, phylogenetic
analysis of the PHPAV1 sequence together with the most
similar sequences deposited in databases shows that
PHPAV1 falls into a not well-defined group of sequences of
viruses from fungi, oomycetes, and animals outside the
two main groups, of which one contains most plant viral
sequences and the other contains most fungal viral
sequences. The apparent lack of consistency of this phy-
logeny with that of the species these viruses infect could
simply be the result of a partial sampling. Amalgaviruses
have only been described recently and the fact that in most
cases these endogenous viruses do not seem to lead to
lesions or symptoms makes their discovery more difficult.
Therefore, it is very plausible that the picture we have at
present is incomplete and this could lead to apparently
incongruent phylogenetic relationships when comparing
these sequences. Indeed, whereas no amalgaviruses have
been described in bryophytes, sequences related to parti-
tivirus RdRPs, which are close relatives of amalgaviruses,
have been detected in different bryophytes (Mushegian
et al., 2016). Alternatively, although amalgaviruses are
thought to be transmitted vertically, the close proximity in
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nature of many of the species these viruses infect could
support their horizontal transfer. A more in depth sampling
and careful analysis would be required to answer this open
question.

The viruses of the Amalgaviridae family are vertically
transmitted endogenous viruses. As they are dsRNA virus
and they do not integrate into the genome of their hosts,
the dsRNA needs to be present throughout the life cycle of
the host. We show here that PHPAV1 is present in all tis-
sues tested, which are representative of the P. patens life-
cycle, including in the tissues and organs that will give rise
to the germline. In addition, we show that PHPAV1 is trans-
mitted through protoplasts, as the transgenic lines Ka-YFP
and Ppccdc39 were obtained by regenerating single trans-
genic protoplasts obtained from Kaskaskia and Reute
plants, respectively.

However, PHPAV1 is only present in certain P. patens
accessions. Among the eight accessions tested, PHPAV1
appears to be present in only three, Reute, Kaskaskia, and
Lviv, and to be absent from the other five, Gransden, Viller-
sexel, Wisconsin, Uppsala, and Trondheim. This distribution
of the virus does not fit the geographical distribution of P.
patens accessions, with the virus present in geographically
distant accessions and absent from closer ones. For exam-
ple, the virus is present in one of the two accessions from
the USA, Kaskaskia, and is present in Reute but not in Viller-
sexel in spite of these two accessions being from close geo-
graphical origins in central Europe. This distribution could
be the result of recent independent infections of the acces-
sions that contain the virus or the recent loss in some acces-
sions of the virus, which could have infected a precursor
individual of all P. patens accessions.

The results presented here show that the virus can be
transmitted through both paternal and maternal germlines
and that the virus can be detected in the offspring of
crosses between accessions, even when only one of the
parental accessions (either the parental or the maternal
progenitor) contains the virus. This suggests that although
the virus is only present in certain accessions, it can repli-
cate and be maintained in other P. patens genetic back-
grounds. However, it is interesting to note that in the cross
between Kaskaskia acting as the male strain and Gransden
acting as the female strain, only six out of the 10 plants
resulting from a single sporophyte showed detectable
levels of PHPAV1, suggesting that the virus was not main-
tained at a detectable level in all of them. This absence of
PHPAV1 could simply be the result of a stochastic loss of
the virus due to an uneven distribution of the virus present
at low level in the progenitor cell. But this result could also
indicate that certain genetic backgrounds, resulting from
the recombination of Gransden and Kaskaskia genomes,
may not allow the maintenance of the virus. In other
words, this result may suggest that one or several genetic
factors, variable among P. patens accessions, may restrict
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the proliferation of the virus. This would explain why the
virus can be present in a particular P. patens accession and
absent from another accession located geographically
close and potentially interfertile.

Finally, our results also show that in a cross between
two accessions containing the virus, the offspring does not
necessarily inherit the virus from both parents. Indeed, in
the cross analyzed here between Kaskaskia acting as pater-
nal progenitor and Reute acting as maternal progenitor,
the 10 plants resulting from a single sporophyte did con-
tain the virus, but in all cases the virus was inherited from
the maternal progenitor. This result could suggest that
viral transfer from the maternal and from the paternal pro-
genitor is not equally efficient, but it may also point to an
effect on viral persistence of viral variants, as the sequence
of the virus present in Kaskaskia and Reute accessions is
not identical. It is interesting to note that, whereas the
sequence of the virus from different accessions is different,
we have not detected any variability of the virus within
each of the accessions. RNA viruses are often characterized
by a high sequence variability known as quasispecies-like
structure (Holland et al., 1982). However, it has been sug-
gested that endogenous persistent viruses may be much
less variable (Safari and Roossinck, 2014). Although there
is almost no population study of persistent viruses in
plants, a recent report of two persistent endogenous
viruses from spinach (Spinacia oleracea), a partitivirus and
an amalgavirus, showed that they present very low
sequence diversity (Samarfard et al., 2020). Similarly, the
analysis of archeological samples has shown that a maize
(Zea mays) endogenous persistent virus belonging to the
family Chrysoviridae has undergone only about 3% diver-
gence after 1000 years of maize cultivation (Peyambari
et al., 2018). The reasons for the low variability of endoge-
nous persistent viruses are not fully understood, but may
be related to their stamped machine mode of replication,
which they share with most dsRNA viruses, and their par-
ticular lifestyle (Safari and Roossinck, 2014). Indeed, their
long coexistence with their hosts and not being targeted
by the host silencing mechanisms makes a quasispecies-
like structure much less advantageous. The absence of
sequence variability of the viral sequences within a single
accession, together with the sequence differences found in
PHPAV1 from different accessions, may suggest an
accession-specific evolution and adaptation.

Most infections of amalgaviruses in plants are asymp-
tomatic. Although in some cases the infected plants did
show symptoms, the correlation between the symptoms
and the presence of the virus could not be confirmed (Zhan
et al., 2019). In any case, the absence of symptoms does
not imply that the infections have no effect on the host. It
has been shown recently that the infection of tomato (Sola-
num lycopersicum) by Southern tomato virus, which
belongs to the amalgavirus family, results in changes of

expression of micro-RNAs that could modify the response
of the host to different stresses (Elvira-Gonzalez et al.,
2020). In fact, different reports point to beneficial effects of
persistent viral infections in plants, including protection
against acute infections of more harmful viruses, regula-
tion of nodulation, better tolerance to stress, and increased
plant height and fruit production (Takahashi et al., 2019).

Eukaryotic, and in particular, plant genomes contain
integrated sequences from endogenous viruses. For exam-
ple, plant genomes frequently contain sequences of cauli-
moviruses (Geering et al., 2014), and it has been shown
that the P. patens genome contains NCLDV sequences
(Lang et al., 2018; Maumus et al., 2014). These integrated
viral sequences may protect the plant against viral infec-
tions, as proposed for the integrated NCLDV in P. patens
(Lang et al., 2018), and may also contribute to the evolu-
tion of the genome acting as sources of novel genetic
material (Geering et al., 2014). As amalgaviruses do not
integrate in the genome of their hosts, a direct role in host
genome evolution is less obvious to imagine. However,
their potential beneficial effects remain a very attractive
field for future study. The report here of an amalgavirus
infecting only some P. patens accessions provides an inter-
esting model to study the potential function of these
viruses and their adaptation to their hosts.

EXPERIMENTAL PROCEDURES
Libraries used

We checked for the presence of PHPAV1 in Gransden and Reute
accessions using the RNA-Seq data available in the first release
of the P. patens gene atlas (Lang et al., 2018) and in Kaskaskia
and Villersexel accessions using RNA-Seq data deposited in NCBI
SRA in BioProjects PRINA601618 and PRUNA602303 (Haas et al.,
2020) and libraries SRX031156 and SRX031155 (Kamisugi et al.,
2016).

Contig formation and virus identification

All reads were quality-trimmed using bbduk (Bushnell, 2014). We
mapped all the reads to the P. patens genome (including the plas-
tid genomes) (Lang et al., 2018) using STAR (Dobin et al., 2013)
with the following flag to select the unmapped reads: ’-
outSAMunmapped’. Then, we searched for all these reads that did
not align to the reference genome using the samtools-1.12 pack-
age (Li et al., 2009) with the flag (-f 4). The selected reads from all
libraries were pooled to be assembled using Trinity (Grabherr
et al., 2011) with default parameters.

Two different approaches were followed to identify viral
sequences in the assembled sequences. First, we used blastx to
search for similarities between the putatively encoded polypep-
tides and viral proteins deposited at the reference viral database
from NCBI Refseq (Brister et al., 2015) with an e-value cutoff of
0.05 (done on 23 November, 2018). Second, we searched for RARP
signatures in all the polypeptides potentially encoded by the
assembled sequences using HMMscan (version 3.1b2), based on
hidden Markov models (HMMs), in an approach similar to the one
described by Gilbert et al. and using the same e-value cutoff of 10
(Gilbert et al., 2019). We used the HMM profiles from the
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following PFAM accessions: PF00680, PF00978, PF02123, PF05183,
PF07925, and PF17501.

Phylogenetic analyses

We took the best 50 hits from the blastx search done (19 April,
2021) using the nucleotide sequence of PHPAV1 against the non-
redundant protein sequences from the NCBI database to build the
phylogenetic tree. All these sequences were aligned using Mafft
(Katoh and Standley, 2013) (with --auto and -adjust_direction
parameters) and trimmed with TrimAL (Capella-Gutiérrez et al.,
2009) (with -automated1 mode). We inferred an approximately
maximum-likelihood phylogenetic tree using the FastTree pro-
gram (Price et al., 2010) with default parameters and visualized it
using iTol (Letunic and Bork, 2019).

Virus variability among different accessions

The reads corresponding to PHPAV1 from different accessions
were aligned to the Reute PHPAV1 sequence using bowtie2 (Lang-
mead and Salzberg, 2013) (with: —threads 8 —local —no-unal -k 2).

Plant material and culture

We used wild-type P. patens accessions of different origins:
Gransden (Gd) pedigree Gd_JP_St Louis (Haas et al., 2020) and
Reute-K1 (Re) (Hiss et al., 2017), which are routinely used in labo-
ratory settings, and Villersexel-K3 (Vx), Kaskaskia (Ka), Lviv (Lv),
Trondheim-K2 (Td), and Uppsala-K1 (Up), which were obtained
from the International Moss Stock Center (https:/www.moss-
stock-center.org/). In addition, we used the Wisconsin (Wi) acces-
sion, which has been recently isolated from the wild (Haas et al.,
2020). In order to facilitate the isolation of crossed plants, we used
transgenic P. patens expressing a fluorescent protein. Vx-red has
been established in a Villersexel-K3 background and accumulates
mCherry (Perroud et al., 2011). Re-mCherry is a Reute-K1 transfor-
mant that accumulates mCherry (Perroud et al., 2019). Ka-YFP has
been established in the Kaskaskia ecotype and accumulates eYFP
(Methods S1). For crossing analyses, a male sterile Re-mutant,
Ppccdc39, was used (Meyberg et al., 2020).

If not mentioned otherwise, mosses were grown at 24°C with a
cycle of 16 h of light (quantum irradiance of 60-80 pmol m=2 s~
light) and 8 h of darkness on plates containing BCDA medium (Cove
et al., 2009). Harvested samples were systematically flash-frozen in
liquid N, and stored at —80°C until further processing. For all com-
parisons between accessions as well as for the progeny analyses,
gametophores were harvested from plants grown for 1 month.

Protonema Reute samples were harvested from a 6-day-old
entrained culture grown on solid BCDA medium overlayed with cel-
lophane. Reute juvenile (asexual) gametophore samples were har-
vested from a 1-month-old culture grown on BCD medium (Cove
et al., 2009). Adult Reute gametophore (bearing gametangia) sam-
ples were harvested from culture grown for 1 month on BCD med-
ium and subsequently transferred to 15°C with a cycle of 8 h of
light (30 pmol m™2s7") and 16 h of darkness for 2 weeks (Hohe
et al., 2002). The presence of gametangia was visually confirmed
prior to harvesting. The sporophyte samples were obtained from
culture grown initially under the adult gametophore regime but
watered after the 2 weeks at 15°C to facilitate fertilization. After sub-
sequent growth in the same conditions, green and brown sporo-
phyte samples (Hiss et al., 2017) were collected after 5-7 weeks.

Crossing experiments were performed by coculture of two par-
ental strains as previously described (Perroud et al., 2011). Mature
sporophytes (brown) displaying fluorescence developed on a
gametophore devoid of fluorescence were manually isolated and
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stored at least for a week in the dark at 4°C before performing the
germination assay. For each tested sporophyte, 300 to 400 spores
were germinated (Perroud et al., 2019) and the predicted 1:1 seg-
regation of the fluorescent marker was confirmed to ensure cross-
ing prior to further work. Then, 10 sporelings were isolated per
crossed sporophyte and their tissues were amplified to perform
subsequent analyses.

RNA extraction and cDNA library preparation

RNA extraction and DNase treatment were done using the
Maxwell® RSC Plant Kit (Promega, Ref #AS1500) following the
manufacturer’s instructions. RNA was resuspended in 30 pl of
sterile water. We used 200 ng of total RNA for first-strand cDNA
synthesis using a 5'-modified oligo-dT primer (Casacuberta et al.,
1995) and a specific primer complementary to the PHPAV1
sequence (oxPV63: 5-CCCACCTCCCTTCACAGACGATC-3) with
SuperScript™ Il reverse transcriptase (Thermo Fisher). As a con-
trol we performed a reaction with the same amount of RNA (200
ng) without adding the SuperScript™ Ill reverse transcriptase.

qRT-PCR

Quantitative real-time PCRs were performed in 96-well plates
using a Roche LightCycler Il instrument. We used SYBR Green |
Master Mix (Roche Applied Science) with primers (oxPV64: 5'-
CAAAAGCCTATTCCTCTGCATGG-3, oxPV65: 5-CTGAGAGAAACT
GTCCCGTAACT-3') at 1 um and 40 ng of cDNA obtained from the
reverse transcription to conduct the qRT-PCR analysis. Each sam-
ple was run in triplicate with negative reverse transcriptase for
each sample and negative controls (H,0). The following PCR con-
ditions were used: 95°C for 5 min, followed by 95°C for 10 sec,
56°C for 10 sec, and 72°C for 10 sec. For normalization we used
the relatively highly expressed gene encoding the 60S ribosomal
subunit as previously described (Le Bail et al., 2013). The PCR
products were purified using the Macherey-Nagel Nucleospin®
Gel and PCR cleanup kit (Ref #740609.50) and sequenced.
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Chapter 4.4: Complementary results and discussion

The work presented here has allowed us to detect and characterize the first virus that
infects in the wild the moss P. patens, the amalgavirus PHPAV1. We could demonstrate
that the virus is transmitted vertically through both the paternal and maternal linages. A
similar result, has been observed in the master dissertation of Sevgi Coskan on the
transmission of the Amalgavirus Southern Tomato Virus (Coskan et al., 2016), where
they observed that the virus could also be transmitted through the paternal and maternal

linages to the progeny.

As discussed on the article, in one of the crosses that we established between Gransden
and Kaskaskia we observed an uneven distribution of the virus in the progeny, where in
some cases the virus was not present. All the progeny was originated from different spores
that were formed in a single sporophyte and therefore from a single zygote. The virus
consequently had to be present in the early stages of the embryo and be lost in some cells
during the formation of the spores. As said, this could be due to stochastic reasons, such
as the low concentration of the virus in the first cells after the cross, leading to an
heterogenous distribution in the progeny, or that in some genetic backgrounds from the
cross the virus may not be allowed to be maintained. To check which of the two
hypothesis is true we would need to grow more spores from single capsules and check
the presence of the virus in the progeny. If the second hypothesis is true and there is a
genetic background that does not allow the maintenance of the virus, the study of the
different crosses could allow the identification of key components involved in the

maintenance or silencing of the virus.

It should be noted that this virus is a dsSRNA virus and that dsSRNAs are one of the main
targets of the silencing machinery (Béclin et al., 2002). Therefore, the study of the
backcrosses of these lines could allow the identification of new mechanisms involved in
gene silencing and allow the understanding of how the Amalgaviruses are maintained

without being silenced in the progeny.

Finally, we also tried to explore if we could generate an infective clone of the virus in P.

patens. With this goal we designed two different constructs: a fusion of the virus with a
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Green Fluorescence Protein (GFP) to try to track the virus during the development of the
moss and a virus with slight changes in the nucleotide sequence that does not alter the
aminoacid sequence of the encoded proteins. In both constructs we used a 35S promoter

prior to the sequence of the virus in order to induce the transcription (Figure 54).

5

355-Modified PPAV 1:

Wt PPAV]:

Introduced SNPs

355 Promoter

GFP fused to the 35S-PPAV:

GFP fusion

355 Promoter

Figure 54: At the top structure of the PPAV1 wt virus, where the two blue boxes represent the two Open
Reading Frames (ORF) of the virus. After this, the two different constructs that were developed in the lab.
In the mid of the figure, the construct that we modified that had slight changes in the nucleotide sequence
located at the second ORF that does not lead to any aminoacid change (marked in a red box). To induce the
expression, we fused the sequence of the virus to a 35S promoter (in green). At the bottom the second

construct that we developed with a fusion of a GFP at the end of the second ORF in the same frame.

We transformed the two constructs independently to the Gransden accession and
although we could get clones that were transiently resistant to the antibiotic present in the
plasmid, we failed to detect the presence of any of the modified virus in these lines. We
could not observe the presence of the constructs for any of the two strategies, neither by
fluorescence nor by PCR. As said previously, from the crosses between Gransden and
Kaskaskia we observed that in some progenies of the cross the virus was absent and that
there could be the possibility that the virus cannot be propagated in the Gransden
accession. We repeated the transformation in Reute obtaining the same result without any
transformant line that contained the modified virus but observing the presence of the Wt

virus. One hypothesis that could explain the observed result is that the introduced
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mutations affect the stability of the virus, not being able to replicate although the construct
could be expressed. Another possibility is that the main path of transcription of these
viruses is not through the RNA polymerase II and therefore the induction using the 35S
promoter may not lead to a viable transcript.

As there were RN Aseq libraries produced from P. patens Reute Wt samples using a polyA
purification (therefore the transcripts were produced by the RNA polymerase II) and for
the same samples they also produced RNAseq libraries using a depletion of the total RNA
present for the samples, we could compare the presence of the virus for the two different

RNA purifications procedures (Table 14).

Table 14: Read counts and Transcripts per Million (TPM) normalized counts of the different RNAseq
libraries mapped to the Amalgavirus sequence of juvenile gametophores with libraries produced with a

polyA purification and a total RNA purification (Total RNA).

Sample Tissue Replicate n° Reads TPM
BBTWW juvenile gametophore (polyA library) Rep 1 6.00 0.35
BBTWY juvenile gametophore (polyA library) Rep 2 10.00 0.63
BBTWX juvenile gametophore (polyA library) Rep 3 5.00 0.28
BXHHX juvenile gametophore (Total RNA) Rep 1 1574.00 396.38
BXHHZ juvenile gametophore (Total RNA) Rep 2 1898.00 472.52
BXHHY juvenile gametophore (Total RNA) Rep 3 1491.00 243.37

We observed that the virus is detected in high quantities in the Total RNA libraries but
lowly expressed or not detected in the polyA libraries. This could explain why we did not
detect the modified virus in the transformed lines with the virus constructs as we used a
35S promoter that is transcribed by the polymerase II and probably is not the best

promoter based on the above data to transcribe and introduce the modified virus.

To conclude, through this work we have identified the virus PHPAV1, the first known
virus known to infect P. patens, that apparently does not cause any symptom to the
infected mosses. Moreover, we could get insights into the distribution of the virus across
the population of the moss collected around the world, that it can be found during all the
life cycle of the moss and that the virus can be transmitted vertically through the maternal

and the paternal lines.
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GENERAL DISCUSSION AND FUTURE PRESPECTIVES

General discussion

Mobile genetic elements, and in particular TEs, are an important source of genetic
variability, shaping eukaryotic genome structures. In this thesis we have developed
different approaches to study the impact and dynamics of mobile genetic elements in the

model organism Physcomitrium patens.

In the first chapter we identified the main problems that may arise when working with
short-read libraries to identify TIPs from DNA-resequencing data and to determine the
transcription of TEs from short reads RNA-seq data. We have evaluated and developed
tools and methods that allowed us to analyze the transcriptional and transpositional
landscape in different organisms. In this thesis we have combined the two approaches to
identify the transcriptional and transpositional landscape of P. patens (Vendrell-Mir et
al., 2020). These methods are also being successfully used to perform other projects in
our group in other plant species. such as Oryza sativa, Arabidopsis thaliana or Prunus

dulcis and Prunus persica (de Tomas et al., 2022).

Through the work done in P. patens we have identified four families of LTR-RT (RLG1,
RLG2, RLC4 and RLCS5), a LINE and two DNA transposon families that are
transcriptionally active. The copies more similar to the detected transcripts were young
TEs and in some cases were polymorphic in the population of resequenced samples of P.
patens, proving that there has been recent TE activity in the moss for these families.
Although we could not detect transposition events during the last period of 20 years of

the moss maintained in the lab.

To try to understand the impact that the TEs may have in the maintenance of structure of
the genome of P. patens, especially the role of the LTR-RT family RLG1. In this thesis
we have developed two different approaches to eliminate RLGI rich regions by using the
CRISPR/Cas9 system. We could not remove a substantial part of these heterochromatic
regions, but we could prove that producing nonselective cuts at RLG1 elements have a
strong deleterious effect in P. patens. This could be due to the removal of these sequences
or to the consequences of introducing a high number of DSBs in the genome. Despite
that, some clones were able to regenerate. In these clones we observed only a slight
decrease, or even an increase in the number of RLG1 elements. In some cases, we also

observed development phenotypes in these clones when compared to the untreated
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samples. To try to dig deeper into the effect of these eliminations across all the genome
we would need to sequence the genomes of these clones and compared it to the untreated
genome samples. However, our results suggest that this is probably not the best strategy
to study the potential role of the heterochromatic RLG1 elements in the genome of P.

patens.

As an alternative, we developed a second strategy that consisted in the removal of specific
RLGI1 islands from a single chromosome. We were able to delete two of these islands,
island D of 49 kb and island O of 160 kb, although the replacement of the deleted region
with a selective marker did not result in the simple insertion of the marker sequence and
probably consists of multiple insertions of the marker and the plasmid sequences.
Surprisingly, in spite of removing an heterochromatic region of an important length, they

had a small effect on the expression of the neighboring genes.

At the moment that this study was conceived there was only the chromosome scale of this
bryophyte. The publication of more genome assemblies of bryophytes, and in particular
of mosses or even other strains of P. patens could allow in a near future a comparison of
the genome architecture to study indirectly the impact over these TEs heterochromatic
regions on the global genome structure. We also expect that the improvement of the
genome editing technologies will result on an increase of the efficiency of the production
of targeted deletions. This will facilitate the study of these heterochromatic islands using

a similar approach to the ones described on this dissertation.

Concerning the impact of the RLG1 elements on genic regions, we selected three
polymorphisms located close to genes of potential interest. Of the three, the one
potentially most interesting was the RLG1 TIP between Gransden and Kaskaskia located
at the promoter region of the gene Pp3cl4 9040V3.1, a transcription factor. Our
mutagenic analysis of Pp3c14 9040V3.1 suggests that it is an essential gene, as the host
organism cannot survive when a KO is produced. We could also confirm that the presence
of the RLG1 TIP in the promoter region alters the expression of the gene. The preliminary
analyses performed within the framework of this thesis did not allow us to determine what
could be the phenotypic consequence of this change in expression. More work will be
needed to phenotype the different clones in the lab. However, it is possible that the RLG1
polymorphic insertion has evolutionary consequences on the fitness and survival of the
different accessions in their environments which may not be easy to replicate in the
laboratory.
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In the course of this thesis, I have studied the impact that heterochromatic and
euchromatic insertions of the RLG1 element, the most prevalent TE in P. patens, may
have in this genome. Surprisingly, although we managed to eliminate RLGI1
heterocromatic islands of as much as 160 kb, and we eliminated and introduced RLG1
elements sitting very close to an essential gene, we did not detect a major phenotypic
consequence of these insertions. As already discussed, most of the work that has showed
the important phenotypic consequences of TE insertions started from the analysis of an
obvious phenotype (e.g. fruit color in different crops), and not from the characterization
of a TE or a polymorphic insertion. It may well be that most TE insertions, even those
located within or very close to genes, may have a weak effect on gene expression and the
phenotype, which only manifests in particular environmental conditions. In fact, this will
ensure the maintenance of active TEs and the possibility to adapt to rare environmental

conditions.

I had also the chance to try to identify other mobile genetic elements, a part from TEs,
that could be active in P. patens. In particular, I looked for the presence of viruses on the
moss, identifying the first virus naturally infecting P. patens. This virus, PHPAVI,
belongs to the Amalgaviridae group of viruses, which are endogenous viruses that, as
transposons, are transmitted vertically. The analysis of this virus and its transmission
through the parental and maternal lineages, opens several interesting questions. We
identified the virus in 3 different accessions, Reute (Germany), Kaskaskia (USA), and
Lviv (Ukraine), but not in other accessions located geographically close, suggesting that
there may be host genetic determinants for its maintenance. This was also the conclusion
we reached when analyzing the transmission of the virus in crosses between accessions
that contain the virus with others that do not. Analyzing these crosses in more detail may
also allow the study of how these endogenous viruses manage to scape host control and

be maintained in the germ line.
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Future perspectives

Studying the preference of Integration of LTR-Retrotransposons

As outlined in the introduction, the distribution of TEs in the genome is the result of a
balance between the preference of insertion of the some TEs and the posterior process of
selection of these insertions (Sultana et al., 2017). In general, in plants the LTR-RTs of
the Copia superfamily are found close to genes while the transposons of the Gypsy
superfamily are found in heterochromatic regions. A typical example of the former is the
Copia LTR-RT of tobaco, Tntl, that has been identified to target genic regions in its host
and when introduced in different species (Courtial et al., 2001; Vives et al., 2016; Kwon
etal., 2019). A typical example of the later are the centromeric retrotransposons of grasses
(Sharma & Presting, 2014). However, the preference of insertion may vary extensively
between different families of transposons within the two superfamilies. For example, the
Tall Copia LTR-RT from Arabidopsis lyrata targets the centromeric repeats (Tsukahara
et al., 2012) while the most similar transposon in A. thaliana ATCOPIA93 targets genic

regions, in particular regions enriched in the histone mark H2A.Z (Quadrana et al., 2019).

Through the work done during this thesis we have studied two different LTR-RT from P.
patens that have completely different distributions among the P. patens genome. RLGI
is found mostly accumulated in the heterochromatic regions while RLCS is found mostly
in a single position that are the putative centromeric regions. One of the questions our
group would like to study is how these, and other, LTR-RTs are target specific regions of
the genome for integration. A close inspection of the sequence of RLG1 showed that at
the end of the 3’ integrase of the RLG1 there is a chromodomain. These chromodomains
in other species have been identified as the responsible of the targeting of the Gypsy LTR-
RT to the heterochromatic regions (Gao et al., 2008). In the case of the RLG1 elements,
to try to identify if the transposons are preferentially integrating into these
heterochromatic regions, Cristina Vives, a former PhD student in the lab, and the former
master student Pedro Pastor designed a non-autonomous version of the RLG1 elements.
This strategy was based on the approach previously developed by the group to elaborate
a non-autonomous elements from the tobacco Tntl LTR-RT (Vives et al., 2016). They
build a non-autonomous copy, named miniRLG1 containing a nptll gene in opposite
direction to the transcription of the transposon, containing an intron oriented in the same

direction than the transcription of the transposon, truncating the nptlII gene. The nptll gene
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confers resistance to Kanamycin or Geneticin. In the case that there is a transposition
event of the construct the intron will be eliminated in the new copies, and the clones could
be selected by the presence of Geneticin Resistant clones. Moreover, a 7 nt changes were
introduced at the 5° LTR at the U5 region to be able to differentiate the new copies. We
expected that as the transposon is expressed during the development of P. patens the
expressed copies of the genome could deliver the machinery necessary for the
mobilization of the non-autonomous copy. During the thesis, we performed three
independent transformations using this construct, but we could never identify new
transpositions of this miniRLG1 construct. Although this could be due to the non-
autonomous copy that we build was not functional, as seen in chapter 2 we could not
either identify new transpositions events in samples that have been maintained in the

laboratory for the last 20 years.

Due that we could not identify new transpositions events to solve this question we
designed an alternative approach. To try to identify if the RLG1 are targeting the
heterochromatic regions and if this pattern of integration is maintained in other species,
together with the former master student Marc Pulido we identified different RLG1 copies
that have recently been active, according to their transcription, the identity of their LTRs,
and their polymorphic TE absence in the closest accession Reute. We have cloned one of
these RLG1 elements and replaced part of the 5> LTR with a 35S enhancer to induce the
expression in other plant species. A similar strategy has been previously done to mobilize
the transposons Tntl of tobacco (Mhiri etal., 1997) and Ty1 of yeast (Curcio & Garfinkel,
1991). This strategy, apart from inducing the expression of the transposon, allow the
identification by PCR of new transposition events, as the 5° LTR in the new copies will
be fully reconstructed, being possible to identify these events through a PCR from the 5’
LTR to the coding region of the transposon. We designed and built the constructs to
transform A. thaliana. Plant transformations have been done using these constructs but at
the time that this dissertation is being finalized we have still not verified if the transposon
has been mobilized or not. A similar approach is being designed to mobilize the P. patens
RLCS5 transposon into 4. thaliana and check whether it goes to the centromeric regions

in this species or not.

In our group we are also interested into the study of the mechanisms related to the
preference of integration of LTR-RT of other species, such as the Tntl LTR-RT Copia

element from Nicotiana tabacum, which mechanisms of transposition have been studied
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in the lab for a long time (Beguiristain et al., 2001; Gonzalvo, 2006; Hernandez-Pinzon
etal., 2009, 2012; Vives et al., 2016) or the LTR-RTs of Oryza sativa, work that has been

recently started in our group.

In the case of the Tntl LTR-RT the former PhD. Student Cristina Vives with the help of
the former Master student Pedro Pastor and myself, during the time that I did my bachelor
practices in the lab, performed two transformations of the miniTnt1 system (Vives et al.,
2016) into A4. thaliana. Transforming in one case with the miniTnt1 system complemented
with the Wt proteins of Tntl and as a control with the miniTnt1 system with a modified
proteins of the Tntl transposon that had mutations in the three aminoacids that forms the
catalytic domain of the integrase, responsible of producing the DSB into the genomic
DNA to integrate the transposon. Interestingly, when compared to P. patens (Vives et al.,
2016), in A. thaliana we observed that we had a few integrations when using the miniTnt1
+ the proteins with the mutated catalytic domain of the integrase that were never observed

in the case of P. patens (Table 15).

Table 15:Number of clones obtained by transforming with the miniTntl system combined with the Wt
proteins of Tntl or the proteins with the mutations over the catalytic domain of the integrase of Tntl in A.

thaliana and on P. patens.

Constructs N° lines with N° lines with
transpositions  transpositions
Arabidopsis  Physcomitrium

thaliana patens
Tntl Wt proteins + miniTntl 130 163
Tntl mutated catalytic domain 10 0

integrase + miniTntl

We thought about two hypothesis that could explained the observed results: Or the
introduced mutations at the catalytic domain were not producing a completely defective
protein, and there was still some catalytic activity, or the miniTntl elements were able to
integrate into DSBs present in the genome. This phenomenon has been observed in other

species such as in yeast (Moore & Haber, 1996) or in mammals (Ono et al., 2015).

To test this second hypothesis we performed transformations in P. patens using the
miniTntl with the two constructs of proteins (Wt and Mutated integrase) in lines mutants
for RADS1 (Schaefer et al., 2010) and in Wt lines. Our collaborators, the group of Fabien
Nogué, observed that these lines had more double strand breaks when compared to the wt

lines. After performing the transformation, we observed for the first time clones that had
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the transposon integrated in P. patens when using the Tntl proteins that had the catalytic

domain mutated, but only on the mutated RADS51 background (Table 16).

Table 16:Number of clones obtained by transforming with the miniTnt1 system combined with the Wt
proteins of Tntl or the proteins with the mutations over the catalytic domain of the integrase of Tntl in

Wt P. patens and in ARad51 P. patens.

Constructs Wt P. patens ARad51
Line P. patens Line
Tntl Wt proteins + miniTnt1 12 32
Tntl mutated catalytic domain 0 6

integrase + miniTntl

This suggest that the transposon could indeed integrate into the DSBs without the need
of a functional catalytic domain. Despite that, the number of obtained clones was
relatively low. Further transformations and further characterizations of the integration
sides (such as the presence of target sides duplications) will be required to confirm the
hypothesis and conclude how frequent is this phenomenon and which are the mechanisms

behind these transposition events.

During these years I have been involved in different projects dealing with the dynamics
and impact of TEs in plants. In particular, I have been involved in the study of the
dynamics and impact of TEs on 1059 varieties of rice (Castanera et al., 2021). This work
gave us the possibility to compare the different integration pattern of the different LTR-
RT of the copia family that we annotated over these 1059 varieties. We also aligned and
compared the different LTR-RT copia families using the aminoacid sequence of the
Integrase and the Reverse transcriptase. We observed that there are families of LTR-RT
that are closely related that have different TIPs distributions among the genome (Figure

55).
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Figure 55: Phylogenetic tree of the different LTR-RT of the copia family using the alignment of the
Integrase and the reverse transcriptase of the different LTR-RT Copia families using the Tntl TE as an
outgroup. In the table as a first column the name of the TEs, the second column the percentage of TIPs
found at less than 1 kbp from the genic regions and the third column the median frequency of the TIPs
detected in the population. Marked in red in the figure an example of two TE families that have similar TIP

frequencies in the population but different patterns of integration.

These differences could be due to differences in the activity of the transposons over time,
or due to differences among the preferences of insertions of the transposons. For this
reason, we compared transposons that had similar TIP frequencies in the population. We
observed that even among closely related families with similar TIP frequencies there are
differences in distribution. After comparing the aminoacid sequence of the recent copies
of these families, we observed that the differences between these families were in a

variable sequence at the end of the integrase protein (Figure 56).

1 20 40 60 80 100 120 140 180 200 220 2 260 280 300 320 340 380 380 400 420 440 460 4 20 540 560 580 600 620 640658
o1+ NN 1 0 N O

Core domain

Figure 56: Protein alignment of the Integrase and Reverse transcriptase of two Copia families of LTR-RTs
(R1418 and P116) that are closely related (marked in a red box in the previous figure) and have different
pattern of integrations in the population. At the top, in dark grey the sequences that are highly conserved in
the alignment, in light grey the sequences that are poorly aligned between the sequences. In white the GAPs

in the alignment. Under this, represented in Orange the sequence belonging to the Integrase sequence, and
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in blue the sequence corresponding to the Reverse Transcriptase. We observe that the Core domain of the
integrase and the reverse transcriptase are highly conserved, while the end of the integrase is not conserved

between this two Copia LTR-RT families.

In Saccaromyces cerevisae it has been proved that a sequence located at the end of the
integrase of the Tyl TE interacts with the AC40 protein of the RNA polymerase III
complex, targeting the insertion of the TE to the promoter region of the genes transcribed
by these complex (Bonnet & Lesage, 2021). They proved that by eliminating these
sequence of the Tyl TE it loose the specificity of integration and after integrating this
sequence at the end of the integrase sequence in the Ty5 TE, they observed that this TE
acquired the same pattern of integration than the Tyl TE (Asif-Laidin et al., 2020).

We designed a similar approach by introducing the variable sequences detected between
the different LTR-RT Copia families of Oryza sativa to the end of the Tntl integrase
sequence, using the miniTntl system to check whether the introduction of these

sequences changes the pattern of integration of the miniTnt1 TE.

We started by replacing the Tntl 3’ Integrase sequence by the integrase variable sequence
of the Copia transposon R7389 of rice that is one of the most active copies in the
population of rice. We also designed a Tntl that had a deletion at the end of the 3’
Integrase with the goal to check if the removal of this sequence alters the insertion pattern
of the miniTntl system. At the moment that this dissertation is being finished we managed
to mobilize the miniTnt]1 combined with the use of the wt Tntl proteins, the Tntl proteins
with the deletion at the 3’ integrase sequence and, with less efficiency, the Tntl with the
R7389 rice Int 3° sequence. The current efforts of the laboratory are into increasing the
efficiency of transposition of the miniTnt1 system to have enough insertions to compare

if there are changes in the integration pattern.

The study of the mechanism’s differences between closely related LTR-RT families could
help to understand how LTR-RT contributes to shape the different genomes architectures
between the population of a given species, being a key contributor to the evolution of the
genome’s structures. Moreover, a better understanding of the interaction between the
transposons proteins with the host proteins has also a potentially biotechnological interest.
For example, these interactors could be fused to a gene editing system (such as the

CRISPR/Cas9) to target the insertion of a desired DNA sequence to a given place of the
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genome, using LTR-RT as vectors. The engineering of LTR-Retrotransposons could also
be transmitted to the closely related LTR-Retroviruses to produce LTR-Retroviruses
vectors to deliver DNA to specific regions of the genome, avoiding the mutagenic effects

over genic regions.
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CONCLUSIONS






CONCLUSIONS

e The detection of polymorphic TEs insertions and TEs transcription through next
generation short-read sequencing approaches requires dedicated strategies to

accurately assess both processes.

e We have developed tools and approaches that allow for a reliable detection of

TIPs and an accurate measurement of TE expression.

e There are different families of retrotransposons (RLG1, RLG2, RLC4, RLCS and
the LINE-2 family) and DNA transposons (PpTcl and PpTc2) that are

transcriptionally and transpositionally active on Physcomitrium patens.

e The RLG1 LTR-RT family of Physcomitrium patens may have important impact
in the maintenance of the structure of the genome and although is mainly found
in heterochromatic regions it can alter the expression of genes through their

movement.

e Physcomitrium patens Amalgavirus I is an endogenous virus that infects different
accessions of the moss Physcomitrium patens around the globe, being transmitted

vertically through both maternal and paternal linages to the progeny.
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MATHERIALS AND METHODS

Chapter 1: Development of bioinformatic tools to identify transposable
elements mobilization and transcription

Chapter 1.3: Comparison of different available tools to detect Transposon Insertion
polymorphisms using short-read data. Supplementary results:

LorTE: Long reads TIP detection

We have run LorTE (Disdero & Filée, 2017) (20X coverage), a PacBio structural
variation caller specifically developed to identify TE presence-absence polymorphisms
on the PacBio reads that were used to assemble MH63 genome (SRA:SRR5456657). We
have run LorTE with a E-value for the BLASTn and Megablast used by the tool of 1e-40
and a minimum read coverage of 10. The results were intersected with the curated library

of polymorphic LTR-RT that we generated between MH63 and Nipponbare.

Chapter 1.4: Detection of Transposable Element transcription from short-read
data

Libraries used for the analysis:

The RNAseq data used for this study was obtained from the P. patens Gene Atlas library
(Perroud et al., 2018). For the analysis done using TEtranscripts and TEtools we used the
libraries from the Heat shock experiment (SRA: SRX712882, SRX712881, SRX712747,
SRX712763, SRX712750).

The libraries used for the TE transcriptome assembly approach were a selection of
different development conditions and stresses from the P. patens Gene atlas approach.
(SRX712744, SRX712739, SRX712754, SRX712856, SRX712865, SRX712884,
SRX713928, SRX713945, SRX713938, SRX713921, SRX713947, SRX713922,
SRX712755, SRX712749, SRX712748, SRX712855, SRX712857, SRX712859,
SRX712878, SRX712862, SRX712863, SRX712864, SRX712877, SRX712867,
SRX712868, SRX712858, SRX712747, SRX712763, SRX712750, SRX712736,
SRX712756, SRX712737, SRX712743, SRX712753, SRX712882, SRX712881,
SRX712879, SRX713924, SRX713933, SRX713927, SRX713907, SRX713936,
SRX713943, SRX712760, SRX712765, SRX712758, SRX713937, SRX713935,
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SRX713942, SRX713920, SRX713919, SRX713911, SRX712880, SRX712874,
SRX712876, SRX712873, SRX712883, SRX712877, SRX712866, SRX712870,
SRX712871).

All the raw reads used in this study were quality trimmed using bbduk
(https://sourceforge.net/projects/bbmap/). Before mapping the reads using the three
different approaches, we discarded all the reads mapping to the plastid genome

(chloroplast or mithocondria) and the rRNA.

TE clustering
All the analysis was done based on the TE annotation described in Lang et al., 2018. LTR-

RTs families of the annotation were further classified in clusters. To do that we classified
all the LTR-RT to clusters using Silix (Miele et al. 2011) with an 80% of homology over
80% of the length of the sequence. We consider as a cluster each group that had at least
three TE copies. LTR-RT consensus sequence of each cluster was obtained by aligning
all the sequence of each cluster using Mafft (Katoh & Standley, 2013) with the default
parameters. The poorly aligned sequences were trimmed using Trimmal (Bushnell, 2015)
and a consensus of each sequence was build using the cons tool of the EMBOSSpackage
(Rice et al. 2000).

A phylogenetic tree was build based on the alignment of the reverse transcriptase
sequence of each consensus separated between Copia and Gypsy TEs using as an
outgroup the Oryza sativa LTR-RTs Tos17 as a Copia outgroup and the LTR-RTs CRR
as a Gypsy outgroup.

TETranscripts pipeline:

To launch TEtranscripts, RNAseq data was aligned to the V3.3 P. patens genome (Lang
et al., 2018) using STAR (Dobin et al., 2013) with the default parameters except for the

parameter --outFilterMismatchNoverLmax that was set to 0.04.
TETranscripts (Jin et al., 2015) was launched with the default parameters and using

different TE annotation files, depending on if it was launched with the classifications

done in Lang et al.,2018, if it was done using the custom LTR-RT clusters.
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The command line used was the following one:

TEtranscripts -tc -t Ppatens heat stress repl.out.bam Ppatens heat stress rep2.out.bam Ppatens heat stress rep3.outbam -c
Ppatens_control repl.out.bam Ppatens control rep2.out.bam Ppatens_control rep3.out.bam --GTF $gene annotation.gtf --TE

$TE_annotation.gtf

TETools pipeline

TEtools was used following the instructions provided by the TEtools manuscript (Lerat
et al., 2017) using the copies of the genome classified into the clusters that we previously
defined.

To count the reads belonging to each cluster, the raw reads were aligned to the copies
using Bowtie2 (Langmead and Steven L Salzberg, 2013) with the following command

line:

bowtie2 -p 4 --time --very-sensitive -x TE_sequence.fasta.index2 --dovetail -X 273 -1 Ppatens_seq_1.fastq -2 Ppatens_seq_1.fastq -
S Ppatens_seq.sam;

The counting was done using the first module of TEtools: TEcount with a custom rosetta
file to analyze the transposable element using the copies of the previously defined clusters
provided for P. patens.

To check the differential expressed TE families we used the second module of TEtools,
TEdiff that relies on the DESeq2 package (Love et al., 2014) to estimate the differentially
expressed TEs.

TE transcripts assembly

To assemble the TE transcripts, we first mapped all the reads from all the RNAseq
libraries to the TE annotation provided in the P. patens V3.1 genome using Bowtie2, with
the previous provided command line. All the reads that mapped were extracted using
samtools (H. Li et al., 2009) samtofasta. All the remaining reads were combined and

assembled using Trinity (Grabherr et al., 2011) using the following command line:

Trinity --seqType fa --single TE reads.fa --CPU 8 --max_memory 60G

To identify to which copy or TE family each assembly transcript corresponded all the
assembled contigs were aligned to the TE copies using BLASTn with a e-value cutoff of
10°. For LTR-RT transcripts we kept all the alignments with a minimum length of 1000
bp, we then manually curated all the LTR-RT transcripts that were longer than 1000 bp
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and all the other TE family transcripts. To curate them we looked for TE coding domains
using CD-search (Marchler-Bauer et al., 2015). Finally, we curated the remaining contigs

that had TE coding domains and that were not chimeric or truncated copies.

To estimate the expression of the different selected TE assembled contigs, RNA-seq data
were mapped to the assemblies using Bowtie2. To count the number of mapped reads we
counted only those reads that belonged to sense expression. Expression data was
normalized by counting the total number of mapped reads to each transcript normalized
by the length of the transcript (Kbp) and the total number of raw reads per each library
before mapping to the genome and the differentially expressed clusters were obtained
using Deseq2 (Love et al., 2014) following the same pipeline used by TEtools (Lerat et
al., 2017).

Chapter 2: TEs dynamics in Physcomitrium patens

2.3: Complementary results and discussion

To assess if there has been recently mobilization of TEs we used Illumina short-reads of
samples maintained in the lab that were stored during the years 2007, 2011, 2016 and
2018 (Bessoltane et al., 2022) facilitated by Fabien Nogué group.

We mapped the short-read data Paired-end reads to the reference genome using BWA
SW (H. Li & Durbin, 2010). TE insertions were detected using PoPoolationTE2 (Kofler
et al.,, 2016) using the separate mode with the default parameters. We filtered for a
frequency of the insertions in the population of 0.3 from the output of PopoolationTE2
and discarded all these insertions that were intersecting with a TE in the reference genome
annotation (Lang et al., 2018). The remaining results were filtered by manually inspection

of the alignments to the reference genome using IGV (J. T. Robinson et al., 2011).
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Chapter 3: Impact of TEs in Physcomitrium patens genome

Chapter 3.3: Impact of Transposable Elements into the structure of Physcomitrium
patens genome

Non-selective elimination of RLG1 elements using CRISPR/Cas9

ogRNA design to target RLG1 elements

A fasta file with all the annotated RLGI1 elements in the genome was extracted using
bedtools(Quinlan & Hall, 2010) bedtofasta from the Main TE annotation (Lang et al.,
2018). To look for all the possible gRNAs targeting the RLG1 elements a script was
designed by Jordi Morata looking for all the possible 20 nucleotide+ NGG sequence in
the set of RLG1 and ordering them by the number of times that appeared over all the list
of RLG1 elements. We looked for all the possible off targets by using BLASTn-short
(BLAST, 2009) using all the different and using bedtools intersect (Quinlan & Hall,
2010)to look for intersected positions between the possible gRNAs matching sequences
to the positions of to the genes and other TE families. To predict the efficiency of the
CRISPR/Cas9 system using these gRNAs we used the CRISPOR software (Concordet &
Haeussler, 2018).

Plasmids cloning

The sequence of the gRNA containing the P. patens U6 promoter the selected RLGI
targeting gRNA sequence and the gRNA scaffold was synthetized by IDT with the attB1
and attB2 flanking sequences. This fragment was cloned to the plasmid pDONR207 using
the Gateway ™ BP reaction in a plasmid named as pPENTRY-PpRLG1#1. Finally, the
construct was cloned to the plasmid pLand#1-Sp-Cas9 by digesting the plasmid
pENTRY-PpRLG#1 using the enzymes BsiWI and Xbal and the destination plasmid with
Xbal and Aac65I, to obtain the final plasmid pLand#1-PpRLG1#1-Cas9 that contains the
gRNA cassette targeting the RLG1 locus, the CRISPR/Cas9 and a nptII R gene cassette.

To replace the RLG1 elements affected by the CRISPR/Cas9 targeting. A template was

synthetized by Twist bioscience and cloned to a plasmid named as pAM1 containing a
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homologous sequence of part of the LTR of the RLGI1 elements and containing two
unique restriction sides (Sall and Notl) to clone the HygR gene from the plasmid BZRf.
We cloned the HygR gene to pAM1 by digesting with Sall and NotlI the plasmid pAM1
and ligating to the product of the restriction of the plasmid BZRf with Sall and Notl to
generate the final plasmid pAM2.

The other plasmids used to perform the transformations targeting the APT gene were
facilitated by Fabien Nogué group, using the plasmids p164 containing the gRNA that
targets the APT gene and the p165 containing the CRISPR/Cas9 system.

Plant material

To perform all the experiments, we used the P. patens Gransden accession. The plants
were grown at 24°C with a cycle of 16 h of light (quantum irradiance of 60—80 pmol m™
s'! light) and 8 h of darkness on plates containing BCDA medium for propagation and
BCD or BCDA medium for phenotyping (Cove et al., 2009).

Plant transformation

Moss transformation were transformed with 20 pg of the pLand#1-PpRLG1#1-Cas9
plasmid following the protocol described in (Charlot et al., 2022). Explained briefly
Gransden was grown over BCDA medium overlayed with a cellophane and fragmented
and regenerated in a new medium every 6-7 days. After two rounds of fragmentation, the
protonemata tissue was treated with Driselase™ (Ref:85186-71-6) for 30 minutes to
digest the cell wall and we purified the protoplasts by filtering and transformed 20 ug of
the plasmid by PEG transformation. protoplasts dissolved in a solution of alginate were
plated in a BCDA medium supplemented with mannitol and glucose and enriched in
calcium overlayed in a cellophane. After one week of growth the plants were selected for
the presence of the plasmid transiently in the cells by transferring the cellophane to a new
BCDA medium containing 50mg/L of G418. The clones that were able to grow after one
week of growth were individualized and checked for the presence of stably resistant

clones to G418 and grown at the same time in BCDA without any antibiotic.
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The transformation done targeting the RLG1 elements and trying to replace the RLG1
elements by the DNA template with the HygR gene was performed using the same
protocol described previously but using instead the plasmids p165 (CRISPR/Cas9, pAM2
(HygR RLG1 recombination template) and the plasmid pENTRY-PpRLGI1#1. The
samples were selected transiently for the resistance to Hygromycin (at 20mg/L) and to
look for stably resistant clones, the clones were moved permanently to BCDA medium

containing the same antibiotic at the same concentration.

The last described transformations were performed by doing two times two
transformations in parallel following the same protocol but using in one case the plasmids
pl64 (gRNA targeting the APT gene) and p165 (CRISPR/Cas9) in one transformation
and in the other the same plasmids adding the plasmid pENTRY-PpRLG1#1 that contains
the gRNA targeting the RLGI elements. After one week of regeneration in BCDA
supplemented with mannitol and glucose the cellophane was transferred to BCDA
medium with 2FA at a concentration of 10uM to select the clones that had the gene APT
edited, estimating in each transformation the number of regenerated protoplasts after one

week of growth and the number of resistant clones to 2FA in each transformation.

DNA extraction:

All DNA extractions were performed from tissue of protonemata or gametophores frozen
in liquid nitrogen and stored at -80°C. We followed an adapted protocol of DNA
extraction based on Doyle & Doyle, 1987. The extraction buffer was prepared using 0.16
g CTAB,2.24 ml 5M NaCl, 800 pl IM Tris pH8,320 ul 0.5 M EDTA and 16 pl B-
mercaptoethanol dissolved in 4.624 ml of double distilled water. To extract DNA of each
sample, the buffer was heated at 60°C before using it. 50 to 100 mg of tissue frozen sample
was powdered in a mortar and transferred to a 1.5 ml tube. 600uL of the buffer were
immediately added and the tubes were kept at 60°C for 40 minutes mixing gently every
10 minutes. After this the samples were treated with RNAseH for 30 minutes at 37°C.
600 pl of Chloroform-isoamyl alcohol (24:1, v:v) were added to the tube, mixed and
centrifugated for 15 minutes at room temperature at 13.000 rpm. The supernatant was
transferred to a new 1.5 ml tube containing 600 ul of cold isopropanol. The tube was mix

by inversion and centrifugated at 13.000 rpm at room temperature for 30 minutes. The
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supernatant was discarded and 200 pL of 70% of Ethanol was added, the tubes were
centrifuged at the same speed for 10 minutes. All the supernatant was discarded. The
remaining pellet was dried at room temperature and 50 uL of TE buffer was used to
resuspend the DNA. The DNA was resuspended overnight in the fridge at 4°C, quantified

using the Thermo Scientific ™ Nanodrop ™ and stored at -20°C.

PCR over RLGI1 elements

The PCR was performed using the NEB™ polymerase LongAMP® Polymerase (New
England BioLabs™, REF #M0323S) according to manufacturer’s instructions with a Tm
of 52°C and an elongation time of 8 minutes. The PCRs were done in a total volume of

20ul using 20uM of each primer, 0.25uM of ANTPs and 1puL of the polymerase.

The primers used were the following ones (Table 17):

Table 17: Primers used to genotype different RLG1.

Name Primer sequence Description
oPV45 CTAATTTGGCTCTCTACTTGGTGAA

oPV46 GTCAAAATCAAACCTCCAGCTACTA

oPV47 CCACTTGCTCTCAAATCTCCTAATA

oPV48 CAAATTCCCATAGAGCTAATGTCAC

oPV49 GTATGTGGTGAGAAGAAAGGAGCTA

oPV50 GTTCTCTCACTCTCAAAATCACTCA

oPV51 GTTGATAAGATGTTGTTAGGCAAGG

oPV52 CAAGTATGAATTAAGTCGTCCAAGC

oPV53 GTTGACTGTAATCAACGTAGAGCAA
oPV54 GGCTATCTATATCAGCACGGCAATA

Check locus RLG1 Chr01

Check locus RLG1 Chr08

Check locus RLG1 Chrl1

Check locus RLG1 Chrl5

Check locus RLG1 Chr22

gPCRs quantifications of RLGI elements:

Quantitative real-time PCR were done in 96-well plates using the Roche LightCycler II
instrument. SYBER Green 1 Master Mix (Roche™ Applied Science, REF #
03003230001), primers at a concentration of 1 pm and 10 ng of the DNA obtained were
used for the qPCR. Each sample was run per triplicate with non-template controls. The
amplification conditions used were 95°C for 5 min, followed by 95°C for 10 s, 56°C for
10 s, and 72°C for 10 s, ending with the melting curve to check the specificity of the
gPCR. We used first the housekeeping gene adenine phosphoribosyl transferase (APT)
(Schaefer et al., 2010) to relativize the number of copies of the RLG1 elements to a single
copy gene of the genome. The primers over the RLG1 elements used were oCV5 and
oCV6 (Vives et al., 2016).
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The samples obtained that had the gene APT edited we followed the same protocol but
using the primers over the single copy gene BRCA#2, using the couple of primers

0BRCAS and 0BCRAG, to relativize the number of RLGI copies.

Selective elimination of RLG1 elements using CRISPR/Cas9

Selecting RLG1 islands from chromosome 27

We used the published Main TE annotation (Lang et al., 2018) and bedtools coverage
(Quinlan & Hall, 2010) to obtain the regions with higher RLG1 TE content of the
chromosome 27 located at the intergenic regions. We selected the regions that had the
highest number of RLGI1 elements and extracted a fasta sequence of each of these

intergenic regions including the flanking genes with bedtools bedtofasta.

2RNASs and plasmids design

We searched for all the possible gRNAs using the intergenic region and unique sequence
flanking the selected RLGI islands of chromosome 27. We used the software CRISPOR
(Concordet & Haeussler, 2018) to select unique gRNAs inside these sequences that do
not have off-targets in other places of the genome with a high cut efficiency predicted by

the software (Table 18).

Table 18: gRNAs used to eliminate RLG1 islands of chromosome 27.

Name gRNA Sequence Description
D#1 AAATCCTGTAGATCACAACA AGG gRNA used to eliminate RLG1
D#2 ACCGGATTACTGGCTACGGG CGG island D of chromosome 27
O#1 ATGTCAACTACATGTCAAAG TGG gRNA used to eliminate RLG1
O#2 CTGTCAAAATAAAGAGGCC AGG island O of chromosome 27

The gRNA sequences were introduced by mutagenic PCRs to the plasmid p312 (pEntPp-
gRNA-APT#23). Explained briefly, two primers were designed containing 20 bp with
homology to the p312 plasmid flanking the old gRNA sequence and at the 3’ of each
primer the new gRNA was introduced (Figure 57).
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2) Digest the PCR product with Dpnl to get rid of the original
1) Change the gRNA by mutagenic PCR plasmid

Figure 57:Replacement of the gRNA sequence by using two mutagenic primers. In 1) We designed two
gRNAs that had homology to the flanking sequence of the gRNA (20 bp) per flank and that had at the 3’
sequence the gRNA of interest. A PCR was done over the plasmids with 15 cycles. 2) The product of the
PCR was digested using Dpnl. Dpnl only cuts methylated sides, getting rid of the original plasmid and
keeping the PCR product that is not methylated. 3) E. coli was transformed with the PCR product obtaining
the new plasmid with the gRNA of interest.

Then the following mix was prepared for each mutagenic primers: 31.5 ul H>O,5x
Phusion™ Buffer HF (Thermofisher #F-530XL) 10 pul,10mM dNTP 1 pl, mutagenic Fw
primer (10 pM) 2 pl, mutagenic Rev primer (10 pM) 2 pl, Phusion DNA polymerase 0.5
ul (Thermofisher #F-530XL) and 1 pl of p312 (10 ng/ul). Then the following PCR was
done A first step at 98°C for 30 seconds then the next three steps were repeated 15 times
98°C for 10 seconds,54°C for 30 seconds and 72° C for 3 minutes and finally a last step
at 72°C for 5 minutes was done. Following this step 1 ul of Dpnl was added to the mix
and incubated at 37°C digest all the remaining plasmid. The Dpnl was heat inactivated at
80°C for 20 minutes. Finally, 2 pl of the mix were used to transform Top10 E. coli cells
transforming by chemical transformation and plated in LB+Gentamycin. The colonies
that were able to growth were checked by colony PCR for the presence of the expected

gRNA and sanger sequencing.

The plasmids developed to replace the RLGI islands D and O by a DNA template
containing an antibiotic resistance gene were synthetized by Twist bioscience with the

names plsland D and plsland O. Each of them had two homologous arms of 250 nt with
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homology to the unique sequences flanking the RLGI1 islands. Between the two
homologous arms we cloned the HygR cassette from BHR{ to build the plasmid pPV27
and the ZeoR cassette from the plasmid BZRf to build the plasmid pPV28.

Plant material

To perform all the experiments, we used the P. patens Gransden accession. The growth

conditions were the same than the explained in the plant material of the previous section.

Plant transformation

P. patens were transformed as described in the previous section but using instead the
plasmids pBNRf that contains a Neomycin resistant gene to select for the presence of the
plasmids transiently, p165 that contains the CRISPR/Cas9 system and the plasmids that
contains the gRNAs targeting the RLG1 islands; p321 (RLG1#D1) and pRLG1#D2 to
target RLG1 island D or pRLG1#01 and pRLG1#02 to target RLGI island O. We also

transform using a combination of all the gRNAs targeting the 2 islands at the same time.

To replace the RLG1 islands D and O for the DNA designed templates containing the
desired antibiotics (HygR cassette for RLG1 island D and ZeoR cassette for RLG1 island
O) another round of transformations were performed using three different combinations

at equimolar concentrations to up to 20pg of DNA per transformation:

- The plasmids p165, p321, pRLG1#D2 and the plasmid pPV27 to replace RLG1 island
D for the HygR cassette, selecting after one week using BCDAT medium containing

Hygromycin 25mg/L

- The plasmids p165, pRLG1#01, pRLG1#02 and the plasmid pPV28 to replace RLG1
island O for the ZeoR cassette, selecting after one week using BCDAT medium

containing zeocin 100mg/L

- The plasmids p165, p321, pRLG1#D2, pRLG1#01, pRLG1#02, pPV27 and pPV28 to
replace both RLG1 islands at the same time. Selecting after one week using BCDA
medium containing Hygromycin 25mg/L and a second round of selection using BCDA

medium containing Zeocin 100 mg/L.
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Plant genotyping

DNA extractions were performed using the protocol described in the non-selective

elimination of TEs.

Plants were genotyped for the presence of changes in the islands D and O using a

combination of the following primers (Table 19):

Table 19: Primers used to check the modifications over the selected RLG1 islands of chromosome 27.

Name Primer sequence Description
dlisland fw  GAGAGTGTAAGCTTGAGAGATAAGT Primers used to check the
modification over the RLG1 island
d1 island rev GTTGACATCCACTAAACAGAAG D, left flank
d2 island fw CATTAAAGATGGAGGTGATGTC Primers used to check the
modification over the RLG1 island
d2 island rev CAGGATGAATCAGTTCAGAAG D, right flank
olisland fw  ACTTAAGTCGCTACGCTTAGTAG Primers used to check the
modification over the RLG1 island
ol island rev AGCAGTTCTAACACTCCAAGAT O, left flank
o2islandfw  GGTCACAACTAACTTTTGTCTATC Primers used to check the
modification over the RLG1 island
02 island rev AGAACTCTCTCTTTGGGTTAAG O, right flank
oxPV8&9 GAGAGTGTAAGCTTGAGAGATAAGT check insertion homology arml
oxPV90 GTTCCCAGATAAGGGAATTAGGGTT island D( HygR)
oxPV91 ACCACGTAGCCTGATACCTCT check insertion homology arm?2
oxPV92 CCCTTTGGTCTTCTGAGACTGT island D (HygR)
0xPV93 ACTTAAGTCGCTACGCTTAGTAG check insertion homology arm1
oxPV94 CTCGGTACCATAACTTCGTATAGCA island O (ZeoR)
oxPV95 CCCCACTCATGATTTTATAGGGTCT

check insertion homology arm2
oxPV96 CGCTTAAAAATTGGTATCAGAGCCA island O (ZeoR)

All the genotyping’s were done by PCR using the DreamTaq™ polymerase
(Thermoscientific: REF #EP0703) using the manufacturers protocol adapting the Tm and
the elongation time for each PCR. The amplification conditions were the following ones:2
min at 95 °C, 35 cycles of 30 seconds at 95 °C, 30 seconds at the annealing temperature
and 1 min per kbp at 72 °C with a final step of 5 minutes at 72 °C. When needed the PCRs

products were sanger sequenced by CRAGs facilities.

RNA extraction and cDNA production

Plant material for RNA extraction was collected from protonemata grown for 1 week in
BCDA medium overlayed with a cellophane. The plants were grown at 24°C with a cycle

of 16 h of light (quantum irradiance of 60-80 umol m? s™! light) and 8 h of darkness on
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plates. The plant material was collected 4 hours after the lights turn on and immediately

frozen in liquid N>.

To extract RNA 20 to 100 mg of P. patens material were grinded using a mortar. We
followed the manufacturer’s instruction described in the Maxwell® RSC Plant Kit
(Promega, Ref #AS1500) to perform the RNA extraction and the DNase treatment. The
RNA was resuspended in 50 pl of sterile water, the RNA was quantified using the

Nanodrop™ device and visualized the integrity in an agarose gel electrophoresis.

1 ng of total RNA was used to perform the first-strand cDNA synthesis using a modified
oligo-dT primer (Casacuberta et al., 1995), using the SuperScript™ III reverse
transcriptase (Thermo Fisher, REF #18080093). As a control we performed the same

reaction with the same amount of RNA without adding the Reverse transcriptase.

gRT- PCR

Quantitative real-time PCRs were performed in 96-well plates using a Roche LightCycler
II instrument. We used SYBR Green I Master Mix (Roche Applied Science) with primers
over the genes Pp3c27 3930V3.1 and Pp3c27 3970V3.1 (Table 20) to estimate their
relative expression at a final concentration of 1 uM and 50 ng of cDNA obtained from

the reverse transcription to conduct the qRT-PCR analysis.

Table 20: Primers used to do the qRT PCRs over the genes Pp3c27 3930V3.1 and Pp3c27 _3970V3.1.

Name Primer Sequence Description
oxPV118 TTGGAGCCTGGGCTATGAAC Primers QRT PCR over the gene
flanking island d
oxPV119 TGGATGTGTTGGACACCAGG Pp3c27_3930V3.1
oxPV120 GGTTCTGCGGCTATGGATGA Primers qRT PCR over the gene
flanking island d
oxPV121 GGGACACCTTCCCTCAGTTG Pp3c27_3970V3.1

Each sample was run in triplicate with negative reverse transcriptase for each sample and
negative controls (H2O). The following PCR conditions were used: 95°C for 5 min,
followed by 95°C for 10 sec, 56°C for 10 sec, and 72°C for 10 sec. For normalization we
used the relatively highly expressed genes. Encoding for the 60S ribosomal subunit and
the APRT, using the primers previously described in Le Bail et al., 2013.
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Chapter 3.4: Impact of Transposable Elements into the genic regions

TIP detection

We used the publicly available DNA-seq resequencing data of the three accessions of P.
patens (Kaskaskia, SRX2234698; Reute, SRX1528135 and Villersexel, SRX030894) to
detect the TIP polymorphisms. We combined the TIP annotation that we performed in
Vendrell-Mir et al., 2020 with a new annotation. For this new annotation we ran Jitterbug
(Hénaff et al., 2015) to improve the number of non-reference insertion polymorphisms

and Pindel(Ye et al., 2009) to detect the polymorphic reference TE insertions.

To run both tools the reads were aligned to the reference genome using BWA-Aln (H. Li

& Durbin, 2010), using the following script:
bwa aln -t 12 -n 4 -0 1 -e 3 -f $1.sai name_sample fastq 1

bwa aln -t 12 -n 4 -0 1 -e 3 -f $2.sai name_sample fastq_2

bwa sampe nample_sample fastq_1.sai fastq_2.sai fastq_1l fastq_2 >
name_sample.sam;

samtools view -bS name_sample.sam > name_sample.bam;

samtools sort name_sample.bam > name_sample_sorted.bam;

Pindel was run with the following command:

pindel -f ppatens_genome.fa -i pindelconfig.tab -T 12 -c ALL -x 5 -r false -t
false -A 35 -o ppatens_sample/

The deletions detected by Pindel were filtered with a minimum length of 100 bp and a
maximum length of 25000 bp keeping all the ones that were overlapping with annotated

TEs with the goal to detect the polymorphic TE insertions.

Jitterbug was run with the following command:

jitterbug.py --psorted name_sample_sorted.bam -t TE_annotation.gff3 -1
sample_name -n TE_family -q 15 -o sample_TE_jitterbug
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All the results were combined to a final gff3 that was filtered for a minimum TIP zygosity

of 70%.

In silico expression analysis:

The profiles of expression in different development conditions and stresses of P. patens
were analyzed through the microarrays over the development published on Ortiz-Ramirez
et al., 2016 and the development conditions and stresses published on Fernandez-Pozo et
al., 2020; Perroud et al., 2018. The RNAseq libraries from Reute and Gransden when
available from Fernandez-Pozo et al., 2020 and Perroud et al., 2018 were aligned to the

genes using SRA BLASTn (BLAST, 2009).

Search of homologous genes in other plant species

We looked for homologous genes using the protein sequence of the different genes over
the Phytozome database (Goodstein et al., 2012) and the Refseq non-redundant protein
database of NCBI using a reciprocal Blastp. We performed the phylogenetic analysis over
the gene Pp3c14 9040V3.1 using the online tool SHOOT (Emms & Kelly, 2022).

Material used

To perform all the experiments, we used the P. patens Gransden, Villersexel-K3 (Vx),
Reute-K1 (Re) and Kaskaskia (Ka) accessions. The plants were grown at 24°C with a
cycle of 16 h of light (quantum irradiance of 60—80 umol m s! light) and 8 h of darkness
on plates containing BCDA (Cove et al., 2009) overlayed with a cellophane.

To genotype the insertions protonemata of 7 days old were fragmented of each accession
and used to extract DNA following the protocol described in the Materials and methods
of chapter 3.3: non-selective elimination of RLG1 elements using CRISPR/Cas9, DNA

extraction.

To analyze the expression in protonemata for the different plants, we fragmented
protonemata of the moss for the different accessions every 7 days letting it grow during
this time in BCDA medium overlayed with a cellophane. After two rounds of
fragmentation, we let the moss grow in BCDA medium overlayed in a cellophane and
collected the samples at the time point of interest, collecting them always at 12 am and

immediately keeping the sample in liquid Nitrogen. To collect gametophores, we let a
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small fragment of protonemata grow in BCDA medium without a cellophane, after 21
days, gametophores were collected. Protoplasts were collected following the same
protocol used to transform (Charlot et al., 2022), after digesting with Driselase™ and
filtering the protoplasts the protoplasts were moved to a 1.5ml tube and immediately

frozen in liquid nitrogen.

Polymorphism verification

Primers (Table 21) flanking the selected TE polymorphisms were designed and checked
between Gransden and the accession where the TE insertion was detected. The following
mix was prepared for each couple of primers: 30.5 ul H>O,5x Phusion™ Buffer HF
(Thermofisher #F-530XL) 10 pul, 10mM dNTP 1 pl, Fw primer (10 pM) 2 ul, Rev primer
(10 pM) 2 pl, Phusion DNA polymerase 0.5 pl (Thermofisher #F-530XL) and 2 pl of
genomic DNA (50 ng/ul). Then the following PCR was done A first step at 98°C for 30
seconds then the next three steps were repeated 15 times 98°C for 10 seconds, the
annealing temperature of the couple of primers for 30 seconds and 72° C for 8§ minutes

and finally a last step at 72°C for 16 minutes.
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Table 21: Primers used to confirm the insertion over the different polymorphic TEs Pp3c14 9040V3.1 and
Pp3c7 24710V3.1 and to genotype the KOs and the TE replacement in the different P. patens accessions.

Name Primer Sequence Description

oPV84 ACCTCTTCATTCTCCTCATCAGAGT

oPV85 GGTAATGGAATGTTTCAATTGTTTG
0xPV104 TCCGCAACTTCTAATGCGCT Primers used to genotype the
oxPV105 AGTATATCGTGTGACTGACAATGC polymorphic RLGI insertion over
oxPV106 GAGAGGCGCTCAAAGCTCTA the P103f1 14_9t940Vh3-1 prlomoter
0xPV107 GGTCTTCTCGCCCTGGAATG region and confirm the replacement

oxPV129 TTATTTACACACACACACATGTATG
oxPV130 GACAATAATAGCCTTAAATAACAGTG

oPV66 ATTGAGCCCATCCTTGAGGT

oPV67 TCCCAAACCTTCAGTCTTCAG Primers used to genotype the

oPV68 GTGGATTTTGAATGGATTGC polymorphic RLGI insertion at the
3> UTR of the gene

oPV69 AGACCCTGAATGGAGTGGTG Pp3c4 24710V3.1 and confirm the

oPV70 GAGAGAGTGATTGTGGATTTTGAAT editing of the gene

oPV71 AGAAAGATACTCGACCCAGAAAGAT

In the cases that we could amplify both locus we sanger sequenced the PCR products.
The PCR amplification corresponding to the RLGI insertion in Villersexel located at the
end of the 3° gene Pp3c4 27410V3.1 was cloned using the pPGEM®-T easy vector system
(Promega #A1360). The PCR amplification corresponding to the RLGI1 insertion in
Kaskaskia located at the promoter region of the gene Pp3c14 9040V3.1 was cloned to a
plasmid using the pPENTR™/D-TOPO™ system (Thermofisher #K240020). After that
both fragments were sanger sequenced using the primers M13 fw and M13 rev flanking

the integration of the PCR product and using primers over the RLG1 elements.

dRT-PCR Analysis

Quantitative real-time PCRs were performed in 96-well plates using a Roche LightCycler
IT instrument. We used SYBR Green [ Master Mix (Roche Applied Science) with primers
over the genes Pp3c4 24710V3.1 and Pp3cl14 9040V3.1 (Table 22) to estimate their
relative expression at a final concentration of 1 uM and 50 ng of cDNA obtained from
the reverse transcription to conduct the qRT-PCR analysis. Each sample was run in
triplicate with negative reverse transcriptase for each sample and negative controls (H20).
The following PCR conditions were used: 95°C for 5 min, followed by 95°C for 10 sec,
56°C for 10 sec, and 72°C for 10 sec. For normalization we used the relatively highly
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expressed genes. Encoding for the 60S ribosomal subunit and the APRT, using the

primers previously described in Le Bail et al., 2013.

Table 22: Primers used to perform the qRT-PCRs over the genes Pp3cl4 9040V3.1 and
Pp3c7 24710V3.1.

Name Primer Sequence Description
ogPV15 CAGTTTTGGAGCCGTTAGGA Primers qRT PCR over the gene
oqPV16 ATAACCCACGACGTGAAACC Pp3c4_24710V3.1
oqPV28 GAGGAGTGGAGTGCTTTTCG Primers qRT PCR over the gene
flanking island d
oqPV29 GCCGCTCAGAGTGAGTTTCT Pp3cl4 9040V3.1

KOs of the genes and TIPs replacement

Knock Outs of the genes were produced using CRISPR/Cas9 over P. patens Gransden
accession transforming the plants using the protocol described in Charlot et al., 2022.
Using the plasmids p164 (CRISPR/Cas9 system) and the gRNAs plasmids, using the
BNRf plasmid to select transiently for the presence of the plasmids. The obtained clones

were genotyped by PCR using primers flanking the targeted deletions.

To replace the TE over the Pp3c14 9040V3.1 we used the CRISPR/Cpfl system due to
the promoter where we wanted to produce the replacement had a high A/T enrichment
that did not allowed to find matching guide RNAs on these sequences. The cRNA
sequence were introduced to a plasmid backbone using the mutagenic PCR technique
previously described. The polymorphic side of Gransden without the TE was synthetized
by Twist Bioscience ® introducing the SNPs found in Kaskaskia to the Gransden empty
locus, the synthetic product was delivered by Twist bioscience ® as a plasmid named
pGransden_locus. The locus of the insertion that was used was directly the cloned PCR
product cloned to the the pENTR™/D-TOPO™ system named pKaskaskia locus. The
gRNAs and cRNAs sequence used to target the edition of the different genes were the

ones described in Table 23.
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Table 23: gRNAs and cDNAs used to perform the KOs and the RLG1 replacement in the different
accessions.

Name gRNA Sequence or cRNA Sequence Description
gPp3cd#l GATAGAAATGAAGGTATGAG gRNA used to to target the
gPp3ca#l CGGTAAATATGCCTGACTTG Pp3c4_24710V3.1

gPp3cl7#1 AAAACTCCGAAAGACACCAGT gRNA used to target the
gPp3cl7#2 TAGTTTCAACCCATTCAGCAC Pp3cl7_3870V3.1 gene
gPp3cla#l CTACCGAAGCCTCAGCCGACT gRNA used to target the
gPp3cl4#2 ATGGAGGTTTTAGAGCTTTGA Pp3cl4_9040V3.1 gene
cPp3cl4#l ATTCTATTGGTAATGGAATGTTT cRNA to eliminate the RLG1
polymorphic TE from
cPp3cl4#2 ACATCCACTACTCACGAATATTT Pp3cl4 9040V3.1 in Kaskaskia
cRNA to introduce the RLG1
cPp3cl4#3 TAATTGACAAAATACTTGTTGAC polymorphic TE from

Pp3c14 9040V3.1 in Gransden

P. patens Gransden accession was transformed using the protocol described in (Charlot
et al., 2022) using a plasmid containing the CRISPR/Cpfl system, a plasmid containing
a cRNA targeting the promoter region were we wanted to introduce the RLG1 element,
the plasmid pKaskaskia locus and the plasmid BNRf to transiently select the clones that
had been transformed after one week of regeneration using BCDA medium containing

G418 (50 mg/L).

P. patens Kaskaskia accession was also transformed using the same protocol using the
same plasmids (CRISPR/Cpfl and BNRf) except for the cRNAs. We used two cRNAs
flanking the RLGI insertion and the pGransden_locus. Plants were also selected after one

week of regeneration using BCDA medium containing G418 (50mg/L).

The obtained clones were genotyped using the primers described in the Table 21 selecting
the clones of Gransden that had the RLG1 insertion and the ones of Kaskaskia that had

the expected deletion. The selected PCR products were sanger sequenced.

Phenotypical analysis of the obtained KO clones and of the TE replacement clones

The KOs of Pp3c4 24710V3.1 were grown in BCD and BCDA to check the presence of
any difference between Gransden Wt and Kaskaskia Wt. We also checked the phenotype
in BCD supplemented with different concentrations of ABA (0 pg/L, 1 ng/L and 2 pg/L).

The clones were we performed the TE replacement and the control lines were grown on

BCD and BCDA medium to check if there was any development difference between
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them. We induced the production of sporophytes to check whatever they had a difference
in the development over this stage growing initially the different lines under BCD
medium 1 month on BCD medium and subsequently transferred them to 15°C with a
cycle of 8 h of light (30 pmol ™2%1) and 16 h of darkness after 2 weeks at 15°C the plants
were watered to facilitate the generation of sporophytes (Hohe et al., 2002).

We collected protonemata samples of the different TE replacement clones, Gransden Wt
and Kaskaskia Wt after two rounds of fragmentation and grown over BCDA with a
cellophane during the days 4,7,10 and 14 to perform the quantification of the expression
of the Pp3c14 9040V3.1 gene at the different time points using the protocol and primers

previously described.
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Chapter 4: An endogenous virus in the moss Physcomitrium patens

Chapter 4.4: Complementary results

Plasmids construction and transformation

The sequence of the virus was synthetized by Twist Bioscience®. As the limit of sequence
that can be synthetized are 5 Kbp. We divided the virus on two different constructs; The
construct PTwist-Amalga-5’ that contains the 35S promoter, half of the PPAV1 fused to
the GFP and the construct pTwist-Amalga-3’ that contains the 35S terminator and the 3’
of the PPAVI1. A version containing only the Amalgavirus fused to the GFP was done
with a ligation of the Amalga-3' digesting the construct with the enzymes Bgl2 andNcol
to the Amalga-5' digested with the enzymes Pcil and Bcll. A version containing only the
modified Amalgavirus was done with a ligation Amalga-3' digested with Bgl2 and Ncol
to the Amalga-5' digested with Pcil and Bgl2.

The plasmids were transformed to Gransden and Reute accessions using the protocol
described in Charlot et al., 2022 using the plasmid BNRf to select transiently for the
clones that had been transformed selecting for 1 week in BCDA containing G418 (50
mg/L). After that it was checked for the presence of the constructs by RNA extraction
and cDNA production as described on the manuscript of Vendrell-Mir et al., 2021 and
checked by PCR using primers flanking the modified product.

RNAseq libraries analysis

The PPAV1 sequence was concatenated to the P. patens transcriptome sequence in
FASTA file format. We used the SRA libraries BBTWW (SRX3364034), BBTWY
(SRX3364009), BBTWX (SRX3364005), BXHHX (SRX3364085), BXHHZ
(SRX3364083), BXHHY (SRX3364082) and mapped them to the modified transcriptome
using Bowtie2 (Langmead and Steven L Salzberg, 2013), we estimated the normalized
expression for the different genes and the PPAV1 for each library using RSEM (B. Li &
Dewey, 2011).
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T-lex3: an accurate tool to genotype and estimate
population frequencies of transposable elements
using the latest short-read whole genome sequencing
data
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Abstract

Motivation: Transposable elements (TEs) constitute a significant proportion of the majority of genomes
sequenced to date. TEs are responsible for a considerable fraction of the genetic variation within and among
species. Accurate genotyping of TEs in genomes is therefore crucial for a complete identification of the genetic
differences among individuals, populations, and species.

Results: In this work, we present a new version of 7-lex, a computational pipeline that accurately genotypes and
estimates the population frequencies of reference TE insertions using short-read high-throughput sequencing data.
In this new version, we have re-designed the 7-lex algorithm to integrate the BWA-MEM short-read aligner,
which is one of the most accurate short-read mappers and can be launched on longer short-reads (e.g. reads >150
bp). We have added new filtering steps to increase the accuracy of the genotyping, and new parameters that allow
the user to control both the minimum and maximum number of reads, and the minimum number of strains to
genotype a TE insertion. We also showed for the first time that 7-lex3 provides accurate TE calls in a plant
genome.

Availability: To test the accuracy of 7-lex3, we called 1,630 individual TE insertions in Drosophila melanogaster,
1,600 individual TE insertions in humans, and 3,067 individual TE insertions in the rice genome. We showed that
this new version of 7-lex is a broadly applicable and accurate tool for genotyping and estimating TE frequencies
in organisms with different genome sizes and different TE contents. 7-lex3 is available at Github:
https://github.com/GonzalezLab/T-lex3

Contact: josefa.gonzalez@ibe.upf-csic.es

Supplementary information: Supplementary data are available at Bioinformatics online.
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Amplification dynamics of miniature inverted-repeat
transposable elements and their impact on rice trait
variability

Raiil Castanera'* (©2), Pol Vendrell-Mir' (1), Amélie Bardil' (%), Marie-Christine Carpentier? (%), Olivier Panaud? (%) and
Josep M. Casacuberta’*

TCentre for Research in Agricultural Genomics CSIC-IRTA-UAB-UB, Campus UAB, Edifici CRAG, Bellaterra, Barcelona 08193,
Spain, and

2L aboratoire Génome et Développement des Plantes, UMR CNRS/UPVD 5096, Université de Perpignan Via Domitia, 52
Avenue Paul Alduy, Perpignan Cedex 66860, France

revised 31 March 2021; accepted 8 April 2021; published online 18 April 2021.
*For correspondence (e-mail raul.castanera@cragenomica.es; josep.casacuberta@cragenomica.es).

SUMMARY

Transposable elements (TEs) are a rich source of genetic variability. Among TEs, miniature inverted-repeat
TEs (MITEs) are of particular interest as they are present in high copy numbers in plant genomes and are
closely associated with genes. MITEs are deletion derivatives of class Il transposons, and can be mobilized
by the transposases encoded by the latter through a typical cut-and-paste mechanism. However, MITEs are
typically present at much higher copy numbers than class Il transposons. We present here an analysis of
103 109 transposon insertion polymorphisms (TIPs) in 738 Oryza sativa genomes representing the main rice
population groups. We show that an important fraction of MITE insertions has been fixed in rice concomi-
tantly with its domestication. However, another fraction of MITE insertions is present at low frequencies.
We performed MITE TIP-genome-wide association studies (TIP-GWAS) to study the impact of these ele-
ments on agronomically important traits and found that these elements uncover more trait associations
than single nucleotide polymorphisms (SNPs) on important phenotypes such as grain width. Finally, using
SNP-GWAS and TIP-GWAS we provide evidence of the replicative amplification of MITEs.

Keywords: miniature inverted-repeat transposable element, transposable elements, genome-wide associa-
tion studies, traits, rice, transposition, genetic factor.
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Summary

¢ CRISPR-Cas9 has proven to be highly valuable for genome editing in plants, including the
model plant Physcomitrium patens. However, the fact that most of the editing events pro-
duced using the native Cas9 nuclease correspond to small insertions and deletions is a limita-
tion.

e CRISPR-Cas9 base editors enable targeted mutation of single nucleotides in eukaryotic
genomes and therefore overcome this limitation. Here, we report two programmable base-
editing systems to induce precise cytosine or adenine conversions in P. patens.

¢ Using cytosine or adenine base editors, site-specific single-base mutations can be achieved
with an efficiency up to 55%, without off-target mutations. Using the APT gene as a reporter
of editing, we could show that both base editors can be used in simplex or multiplex, allowing
for the production of protein variants with multiple amino-acid changes. Finally, we set up a
co-editing selection system, named selecting modification of APRT to report gene targeting
(SMART), allowing up to 90% efficiency site-specific base editing in P. patens.

¢ These two base editors will facilitate gene functional analysis in P. patens, allowing for site-
specific editing of a given base through single sgRNA base editing or for in planta evolution of
a given gene through the production of randomly mutagenised variants using multiple sgRNA
base editing.
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