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Abstract

Protein coding genes have been extensively studied in both plant and
animal genomes, while non-coding portions of the genomes were
considered not relevant for a long time. This was due to the fact that non-
coding led immediately to not functional, until the discovery of let-7, the
first conserved miRNA, in Caenorhabditis elegans. From here on, several
studies on small RNAs (sRNAs) were performed, while long non-coding
RNAs (IncRNAs) have risen to attention in the last two decades, also
because of their usage as diagnostic biomarkers in cancer. Studies to
assign function to RNAs have progressed more slowly in plants compared
to the animal kingdom and there is still a lot to explore even in the protein
coding space, above all if we consider huge genomes like Norway spruce
and Scots pine, so the non-coding part of the genome still represents an
abyss to discover. In my PhD | mostly focused on a subclass of non-coding
RNAs in Norway spruce and aspen.

Long non-coding RNAs are considered arbitrarily longer than 200
nucleotides (nt) and can have one small open reading frame (sORF, length
< 300 nt) coding for a short peptide (not a complete protein). IncRNAs
tend to be expressed at lower levels than genes, but with precise spatio-
temporal patterns. They are mostly expressed in particular tissues, stages
of a biological process and/or particular conditions, that are often related
to biotic or abiotic stresses. They have low levels of sequence homology
conservation, even in close related species. In particular, | studied the
class of IncRNAs located in the intergenic space, the long intergenic non-
coding RNAs (lincRNAs).

In the first part of this thesis, | developed a pipeline to identify lincRNAs.
This pipeline allows to identify in silico bona fide lincRNAs starting from
an RNA-Sequencing dataset. It is an ensemble method, considering
different tools and the characteristics of lincRNAs.
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In the second part of this thesis, | focused on functionally annotating
lincRNAs. To achieve this challenge, | decided to use the guilt-by-
association strategy. This method relies on a co-expression network
containing both lincRNAs and protein coding genes. Through a functional
enrichment of the protein coding genes, it is possible to transfer the same
annotation to a lincRNA co-expressed in the same module. | have also
tried to relate lincRNAs to a possible function in the de novo methylation
of DNA via the RdDM pathway in Norway spruce.

In the last part of this thesis, | identified lincRNAs expressed during leaf
development in aspen and produced CRISPR-Cas9 mutants lacking the
sequence of two lincRNAs in order to provide a functional validation.

In general, RNA-Sequencing has enabled and advanced the identification
of lincRNAs, and this thesis demonstrates an implemented strategy to
identify and assign putative functional information to lincRNAs,
deepening the knowledge in the non-coding abyss.
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Sammanfattning

Proteinkodande gener har studerats i stor utstrackning i bade vaxt- och
djurgenom, medan icke-kodande delar av genomen under lang tid inte
ansags vara relevanta. Detta berodde pa att icke-kodande delar ansags
vara funktionslosa, tills upptackten av let-7, den forsta konserverade
miRNA:n, i Caenorhabditis elegans. Fran och med det, har flera studier pa
sma RNA (sRNA) utforts. Medan langa icke-kodande RNA (IncRNA) har
uppmarksammats under de senaste tva decennierna, dels pa grund av
deras anvandning som diagnostiska biomarkérer vid cancer. Studier for
att tilldela funktion till RNA har gatt langsammare i vaxter jamfért med
djurriket och det finns fortfarande mycket att utforska aven i det
proteinkodande utrymmet. Sarskilt hos arter med enorma genom som
gran och tall, s representerar de icke- kodande delarna av genomet
fortfarande en avgrund att upptdcka. | min doktorsexamen fokuserade
jag framst pa en underklass av icke-kodande RNA i gran och asp.

Langa icke-kodande RNA anses godtyckligt [angre an 200 nukleotider (nt)
och kan ha en liten 6ppen open reading frame (sORF, langd < 300 nt) som
kodar for en kort peptid (inte ett komplett protein). IncRNA tenderar att
uttryckas pa lagre nivder an gener, men med exakta spatio-temporala
monster. De uttrycks oftast i sarskilda vavnader, stadier av en biologisk
process och/eller sarskilda tillstand, som ofta ar relaterade till biotiska
eller  abiotiska  pafrestningar. De har laga  nivder av
sekvenshomologikonservering, dven i narbesldktade arter. | synnerhet
har jag studerat klassen av IncRNA som finns i det intergena utrymmet,
de langa intergena icke-kodande RNA:erna (lincRNA).

| den forsta delen av denna uppsats utvecklade jag en pipeline for att
identifiera lincRNA. Denna pipeline gor det magjligt att identifiera i silico
bona  fide lincRNA med utgangspunkt fran en  RNA-
sekvenseringsdatauppsattning. Det ar en ensemblemetod som tar hansyn
till olika verktyg och egenskaperna hos lincRNA.



| den andra delen av denna uppsats fokuserade jag pa funktionell
annotering av lincRNA. For att klara den har utmaningen bestamde jag
mig for att anvanda strategin guilt-by-association. Denna metod bygger
pa ett samuttrycksndatverk som innehaller bade IlincRNA och
proteinkodande gener. Genom en funktionell anrikning av de
proteinkodande generna ar det mdjligt att dverféra samma anteckning
till ett lincRNA samuttryckt i samma modul. Jag har ocksa férsokt relatera
lincRNA till en mgjlig funktion i de novo-metylering av DNA via RdDM-
vagenigran.

| den sista delen av denna avhandling identifierade jag lincRNA uttryckt
under bladutveckling i asp och producerade CRISPR-Cas9 mutanter som
saknade sekvensen av tva lincRNA for att ge en funktionell validering.

Generellt sett har RNA-sekvensering mdjliggjort och avancerat
identifieringen av lincRNA, och denna avhandling visar en implementerad
strategi for att identifiera och tilldela formodad funktionell information
till lincRNA, vilket fordjupar kunskapen om den icke-kodande avgrunden.
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Introduction

The central dogma of biology.

The “central dogma” of molecular biology states that genetic information
passes from DNA to protein through and intermediate, the RNA. It is a two
steps process: the first step is known as transcription, while the second
one as translation (Crick 1970). The RNA directly involved in this process
as an intermediate is the messenger RNA (mRNA). There are other classes
of RNA participating as actors in the process of translation: transfer RNAs
(tRNAs) and ribosomal RNAs (rRNAs).

While this flow is often represented and considered as a one-way journey,
there are numerous feedback mechanisms where one layer of the central
dogma can influence previous levels. Other classes of RNAs act as
regulators influencing different layers of the central dogma (Miller et al.
2023).

Classes of non-coding RNAs.

When RNAs do not have the capacity to code for proteins, they are
categorised as non-coding RNAs. Considering this statement, it can be said
that all the categories of RNAs, apart from mRNAs, are non-coding RNAs.

The set of ncRNAs are grouped into two classes: housekeeping ncRNAs
and regulatory ncRNAs. Housekeeping ncRNAs, including ribosomal RNAs
(rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs) and small
nucleolar RNAs (snoRNAs), are usually expressed constitutively.
Regulatory ncRNAs are classified into two subclasses: small RNAs (SRNAs)



including microRNAs (miRNAs) and small interfering RNAs (siRNAs), and
long non-coding RNAs (IncRNAs) (Derrien et al. 2012; Santosh et al. 2015).
Circular RNAs (circRNAs), an additional class of ncRNAs, were discovered
in the early 90s (Nigro et al. 1991), but their investigation in plants is still
at the first steps. Circular RNAs are generated during post-transcriptional
processes via backsplicing of precursor messenger RNAs (pre-
MRNAs)(Zhao et al. 2019). To date their function and contribution to the
central dogma remains elusive, especially in plant species.

C-value and coding vs non-coding.

The C-value, or the amount of DNA in the haploid genome (i.e., genome
size), has been known to exhibit a low correlation with organism size or
species, even among closely related organisms. This poor relationship
between biological complexity and DNA content was described as the “C-
value paradox” (Thomas 1971). The paradox was eventually resolved by
demonstrating that a huge part of many genomes does not encode
protein-coding genes. In higher organisms, less than 3% of the genome is
coding for proteins (Carninci et al. 2005; Palazzo and Lee 2015; Palazzo
and Koonin 2020), while the remaining regions are attributed to non-
coding space, which was previously often termed “junk DNA” (Comings
1972; Ohno 1972) due to the presence of what were considered non-
functional DNA elements such as transposons, pseudogenes, and simple
repeats.

The concept of pervasive transcription.

There has been a commonly proposed, and often still present, notion that
even a majority of non-coding RNAs (ncRNAs) represent “transcriptional
noise”, stating that lack of function is the proper null hypothesis (Kung et



al. 2013). Notably, the initial discovery of miRNAs was met with similar
scepticism when first described. Supporting this idea, Struhl observed that
the initiation of transcription by RNA polymerase Il (Pol Il) in eukaryotes
can be spurious and arise as a result of non-specific binding of Pol Il (Struhl
2007; Yang et al. 2014).

Since ncRNAs are characterised by a lack of sequence conservation, even
among closely related species, they were also thought to have a lack of
function. If we consider the example of a hypothetical positive, rather
than negative, and where positive selection prevailed, any such ncRNAs
could be related to adaptive evolution (Pang et al. 2006; Ponjavic et al.
2007). Following this point of view, ncRNAs can be seen as functional
transcripts. In this way, the developmental and physiological complexity
of an organism relates to both the complexity of the protein coding and
the ncRNA content of the genome (Mattick 2001).

Wandering in the non-coding pit: discovery of the first
IncRNA and miRNAs.

The first ncRNA discovered was a IncRNA, H19, in 1989 in the pre-genomic
era. It was initially classified as an mRNA related to the phenomenon of
genomic imprinting. Two imprinted genes were identified: the paternally
expressed protein coding gene Igf2r and the maternally expressed H19.
Both genes were both localised in proximity to each other on mouse
chromosome 7, forming a cluster (Barlow et al. 1991; Bartolomei et al.
1991). H19 contained small open reading frames but was strangely not
translated. It had high sequence conservation in mammals and features
of mRNAs (Brannan et al. 1990). The expression of H19 in transgenic mice
was lethal in prenatal stages, having an important role in embryonic
development. The function of H19 was elucidated later thanks to the
discovery of another IncRNA, Xist (Borsani et al. 1991; Brockdorff et al.
1991; Brown 1991).



miRNAs were discovered in 1993 in Caenorhabditis elegans through a
genetic screening identifying defects in temporal development (Lee et al.
1993). It was discovered that lin-4, (a repressor of lin-14 with the crucial
control of the L2 phase of larval development), did not code for a protein
(Ambros and Horvitz 1984). It was shown that lin-4 produces a pair of
small RNAs having the length of around 22 nt and 61 nt, with the longest
proposed to be the precursor of the shortest. The RNA /in-4 was also
discovered to have antisense regulation on lin-14 (Lee et al. 1993;
Wightman et al. 1993). Nowadays /in-4 is considered as the founding
member of miRNAs.

The second miRNA discovered was let-7 in 2000. It produces a 21nt small
RNA controlling the transition from the L4 stage to the adult stage of C.
elegans and works antisense similarly to lin-4 (Reinhart et al. 2000). let-7
was noticed to be evolutionary conserved (Pasquinelli et al. 2000). The
discovery of the conserved let-7 was the starting point for miRNA studies.

Characteristics and biogenesis of IncRNAs.

IncRNAs are present in all eukaryotic genomes (Kung et al. 2013). They are
broadly studied in medicine as they have been shown to play a role in
cancer development and can also be seen as diagnostic biomarkers (Bolha
et al. 2017). In plants, however, studies regarding IncRNAs only started in
the last two decades, and details about their purpose and functions
remain largely unknown (Chen and Zhu 2022). IncRNAs are defined as
being arbitrarily longer than 200 nucleotides (nt) and containing no more
than one short (< 100 amino acids) open reading frame (Mercer et al.
2009). In the recent years, many studies have been performed to
ascertain whether IncRNAs might have a coding potential. What emerged
from these works is that IncRNAs can have one small open reading frame
(sORF, length < 300nt) coding for a short peptide (not a complete protein),
some of which have been confirmed to have biological function (Choi et



al. 2019). Recently, a newer and broader definition of IncRNAs has been
introduced. Wierzbicki et al. stated that “a IncRNA is an RNA that has a
function independent of its protein-coding potential and that is produced
by a mechanism other than molecular ruler—based dicing or trimming”,
thus including IncRNAs producing small peptides and distinguish them
from sRNAs because of their biogenesis mechanism instead of using an
arbitrary cut-off in nucleotide size (Wierzbicki et al. 2021).

IncRNAs are usually shorter than protein-coding mRNAs, containing fewer
exons and having a lower GC content. IncRNAs tend to be expressed at
lower levels than protein coding genes, but with precise spatio-temporal
patterns (Chen et al. 2020). IncRNAs are mostly expressed in specific
tissues, stages of a biological process and/or particular conditions. Those
particular conditions are frequently related to stress, which can be biotic
or abiotic (Jin et al. 2023). IncRNAs also have characteristically low levels
of sequence homology conservation (Palos et al. 2022; Traubenik et al.
2024), suggesting that they are evolutionarily young and rapidly evolve
after speciation. IncRNAs are characterised by secondary structures and
they can have interacting sites and structural sites (Fabbri et al. 2019).
Most IncRNAs are localised in the nucleus, while some of them
overlapping protein coding genes are present in the cytoplasm (Chen et
al. 2020).

The majority of IncRNAs are transcribed by RNA polymerase Il (Pol Il)
(Wang and Chekanova 2017). Pol Il IncRNAs undergo post-transcriptional
processing and, like mRNAs, they are polyadenylated, capped and spliced
(Ulitsky and Bartel 2013). In addition to IncRNAs produced by Pol Il, a
number of IncRNAs are produced by Pol lll. For example, Wu et al.
described the AtR8 IncRNA, in Arabidopsis thaliana (Arabidopsis from this
point) as being responsive to hypoxia (Wu et al. 2012). Plants additionally
have RNA polymerase IV and V (Pol IV/V), two plant-specific RNA
polymerases that evolved from Pol Il and that can produce IncRNAs
(Wierzbicki et al. 2008). It has been shown that those transcripts are



involved in RNA-mediated DNA methylation (RADM), a mechanism able
to ensure genomic stability by controlling DNA methylation-based
silencing of repetitive elements (Matzke and Mosher 2014). Pol Ill derived
transcripts are non-polyadenylated and lack a 5'cap or being a mixture of
capped/5’ triphosphates and 5" monophosphates (Zhou and Law 2015).

Origin of IncRNAs.

Among the various hypotheses regarding the origin of new IncRNAs, there
are three non-mutually exclusive evolutionary scenarios: decay or
pseudogenisation of protein-coding sequences or of duplications of
protein coding genes; divergence after duplication of an existing IncRNA;
de novo evolution from sequences previously noncoding or derived from
transposable elements (TEs) (Kapusta and Feschotte 2014). Two other
possible ways in which IncRNAs originated are: stabilisation of cryptic
transcripts by mutation that enhance splicing and exaptation of
previously non-coding sequence (Ulitsky 2016). In particular, TE
domestication to IncRNAs has been demonstrated in both mammalian
and plant genomes (Kapusta et al., 2013; De Quattro, Enrico Pé and
Bertolini, 2017; Cho, 2018) and is thought to represent an important
mechanism of genomic novelty and adaptation.

Classification of IncRNAs based on their genomic
location.

IncRNAs can be classified based on their relationship to protein coding
genes as sense, intronic, intergenic, antisense, on the side of transcription
start or terminate sites, and inside enhancer regions (Figure 1; Wang and
Chekanova, 2017).



Long intergenic non-coding RNAs (lincRNAs hereafter) are located
completely in the intergenic space, not overlapping with protein coding
genes (Figure 1A). They are typically expressed at low levels and in a
tissue-specific manner (Chen and Zhu 2022). It has, interestingly, been
noticed that lincRNAs have a positional conservation despite a lack of
sequence conservation (Mohammadin et al. 2015). These positionally
conserved lincRNAs are subject to higher expression levels and acting in
response to stresses, suggesting a functional activity (Nelson et al. 2016).
Being located in the intergenic space, a large proportion of them are
hypothesised to have been derived from TEs or to contain remnants of
TEs (Lv et al. 2019). Many lincRNAs are differentially expressed in abiotic
stress responses, for example drought (Shuai et al. 2014; Li et al. 2017),
cold (Li et al. 2017, 2022) and salinity (Deng et al. 2018), implying their
role in plant stress resilience (Jha et al. 2020). Interestingly, lincRNAs also
have an important role in biotic response to stress, like in the case of
ELF18-INDUCED LONG NONCODING RNA 1 (ELENA1) in Arabidopsis (Seo
et al. 2017). APOLO (Auxin regulated Promoter Loop RNA) is an example
of a plant lincRNA in Arabidopsis. It is transcribed by Pol Il and Pol V and
induces the silencing of the neighbouring auxin transport regulator PID
(PINOID). APOLO mediates expression of the PINOID gene by an
epigenetic silencing mechanism: chromatin folding, loop formation and
promoter methylation (Ariel et al. 2014).

IncRNAs derived from an intron of a protein-coding gene, which can be
transcribed in any orientation relative to protein-coding genes, are known
as intronic IncRNAs (incRNAs) (Figure 1B; Rai et al., 2019). An example of
intronic INncRNA in Arabidopsis is COLDAIR (COLD Assisted Intronic non-
coding RNA), which regulates silencing of the floral repressor FLC
(Flowering Locus C) through the enrichment of PRC2 (Polycomb
Repressive Complex 2) at the locus. Flowering in spring is enabled by the
silencing of the FLC locus upon vernalisation or prolonged cold exposure
(Heo and Sung 2011).



Sense IncRNAs are transcribed from the sense strand of protein-coding
genes and overlapping it, also sharing the same promoter (Figure 1C; Rai
et al.,, 2019). An example of a sense IncRNA is AK370814 in barley. Its
relative expression levels are up-regulated in response to salt stress
conditions, while the ones of the overlapping gene AK372815, related to
the vitamin B6 salvage pathway, are down-regulated (Karlik et al. 2019).
Overall, sense IncRNAs have been noticed to be present in a small number
compared to other IncRNA classes (Zhao et al. 2024).

Antisense IncRNAs (Figure 1C) and long non-coding natural antisense
transcripts (IncNATs) are transcribed from the opposite strand to a
protein-coding gene. IncNATs are expressed when the sense strand
expression is suppressed (Figure 1D). They mediate transcriptional or
post-transcriptional regulation that can involve interaction, via
complementary base pairing, with the corresponding sense strand
transcript (Wang et al. 2014). An example of a cis- acting antisense
IncRNA in Arabidopsis is provided by a group of IncRNAs called COOLAIR.
These direct histone modifications that contribute to the establishment
of an epigenetic memory that is required in the regulation of flowering.
In this way the transition of FLC gene from an actively transcribed to a
stably repressed state is ensured (Csorba et al. 2014).

Furthermore, various types of IncRNAs are also transcribed near
transcription start sites (TSSs) and transcription termination sites (TTSs)
or from enhancer regions (eRNAs) and splice sites (Figure 1E; Figure 1F).
These classes of IncRNAs have been reported in plants, but not deeply
detailed yet like in animals (Wang and Chekanova 2017). Thanks to the
usage of recent high-throughput sequencing (HTS) technologies like GRO-
Seqg and pNET-Seq (Kindgren et al. 2018; Zhu et al. 2018), more studies on
nascent RNA have been conducted. Those methodologies allow in
particular to deepen the knowledge in the intergenic space and start to
detect more eRNAs and TSSs promoter associated IncRNAs (Xie et al.
2022).
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Figure 1. Classification of IncRNAs based on their genomic location and relationship to
protein-coding genes.

Genes are represented in green, while IncRNAs correspond to pink lines. The direction
of transcription is pointed out by blue arrows. In each panel is represented a subtype of
IncRNAs: lincRNAs (A), incRNAs (B), antisense and sense RNAs (C), NATs (D), eRNAs (E),
promoter associated RNAs (F). Figure drawn in Affinity designer, modified from (Wang
and Chekanova 2017).

IncRNAs mechanisms of action.

IncRNAs can be classified based on their functions, as a decoy, scaffold,
guide, or signal (Figure 2; Imaduwage and Hewadikaram 2024). Signals
function as molecular signs, precisely starting transcription at certain
times and places, being able to respond to different stimuli (Figure 2A).
Decoys bind RNA-binding proteins, like transcription factors, and
sequester them away from their targets, inhibiting these proteins from
performing their actions (Figure 2B). Guides bind to specific regulatory
proteins and direct them to specific target genomic loci to regulate gene
expression (Figure 2 C). Scaffolds bind to multiple small molecular



components simultaneously and assemble them into large regulatory
complexes, being able to activate or inhibit gene expression (Figure 2D).
Among the already mentioned examples, COLDAIR represents a guide
RNA, while APOLO is a scaffold RNA. Another way to classify their
functions depends on their interactions with their targets, such as DNA
(Figure 2E), RNA (Figure 2F) or protein (Figure 2G) interactions, and on
their structural features (Budak et al. 2020). IncRNAs can modulate
chromatin structure and function and the transcription of neighbouring
and distant protein coding genes, and affect RNA splicing, stability and
translation. When regulating the transcription of neighbouring protein
coding genes they act in -cis, while for distant ones they act in -trans
(Zhang et al. 2019; Palos et al. 2023). It is important to consider that a
single function model does not always apply to IncRNA function. A IncRNA
might exhibit more than one function, which is usually linked to the other
ones (Budak et al. 2020).
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Figure 2. Mechanism of action and interactions of IncRNAs.
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A IncRNA is represented in red. IncRNAs can act as signals (a), decoys (b), guides (c) and
scaffolds (d). They can also bind DNA (e), RNA (f), and protein (g) to regulate gene
expression at multiple levels. Figure drawn in Affinity designer, modified from (Cheng et
al. 2019).

An example of a trans-acting and decoy mechanism is represented by
endogenous target mimicry (eTM) IncRNAs, also called competing
endogenous RNA (ceRNA). In the eTM process, INcRNAs act as a ‘sponge’,
or decoy, sequestrating miRNAs, thereby blocking the interaction of the
miRNAs with their canonical target mRNAs. As such, increased expression
of the IncRNA results in a relative increase the abundance of the target
MRNA and, therefore, the amount of protein translated (Zhang et al.
2019). The IncRNA IPS1 (INDUCED BY PHOSPHATE STARVATION1) is
involved in phosphate uptake through target mimicry. Due to a bulge for
a mismatch at the 10-11 base position of miR399, IPS1 is not cleaved by
the miRNA, and can mimic miR399 target genes, binding miR399 without
being degraded. Subsequently, the activity of miR399 is inhibited and the
expression of the target gene PHOZ is increased, maintaining the normal
growth of the plant under phosphate starvation conditions (Franco-
Zorrilla et al. 2007). Related to sRNAs, IncRNAs can also function as
miRNAs or siRNAs precursors (Zhang et al. 2019).

An interesting case of IncRNAs having more than one function and
different interactions is represented by the canonical RNA-directed DNA
methylation (RdADM) pathway in angiosperms (Figure 3). RADM is an
epigenetic modification process that primarily relies on two core proteins:
Dicer-like 3 (DCL3), which cleaves long double-stranded RNA to produce
small interfering RNAs (siRNAs), and Argonaute 4 (AGO4), being able to
bind siRNAs to function. In the canonical RADM pathway in angiosperm:s,
a group of IncRNAs transcribed by Pol IV are cleaved into 24 nt siRNAs by
DCL3 and are methylated and bind Argonaute (AGO) protein, in most
cases AGO4 or AGO6 proteins, generating an AGO-siRNA complex. Pol V
generates IncRNAs that function as scaffolds for the siRNA-Ago complex
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through sequence complementarity and then recruit the complex to the
chromatin target site (Matzke and Mosher 2014).

@ RNA methylation
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transcription transcription

Pol IV-dependent siRNA biogenesis Pol IV-dependent de novo methylation
Figure 3. Canonical RADM pathway in angiosperms.

In the left part of the figure, it is represented the siRNA biogenesis dependent on Pol IV.
A IncRNA single-stranded (ssRNA) is transcribed by Pol IV and copied into a double-
stranded RNA (dsRNA) by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) helped by
chromatin remodeller CLASSY1 (CLSY1). DICER-LIKE 3 (DCL3) processes the dsRNA into
24nt siRNAs, then methylated at their 3’ by HUA ENHANCER 1 (HEN1) and incorporated
into ARGONAUTE 4 (AGO4). In the right part of the figure, there is the de novo
methylation mediated by Pol V. A scaffold IncRNA is transcribed by Pol V and base-paired
with AGO4-bound siRNAs. The recruiting of AGO4 is mediated by the interaction with
AGO hook regions in the carboxy-terminal domain (CTD in the drawing) of the largest
subunit NUCLEAR RNA POLYMERASE E1 (NRPE1) of Pol V and with KOW DOMAIN-
CONTAINING TRANSCRIPTION FACTOR 1 (KTF1). RNA-DIRECTED DNA METHYLATION 1
(RDM1) links AGO4 and DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2),
responsible for the de novo methylation of DNA. Pol V recruitment to target sequences
may be aided by SUVH2 or SUVH9, that can bind to methylated DNA. Pol V transcription
and association with chromatin are facilitated by the DDR complex, composed by the
CLSY1-related putative chromatin remodeller DEFECTIVE IN RNA-DIRECTED DNA
METHYLATION 1 (DRD1), DEFECTIVE IN MERISTEM SILENCING 3 (DMS3), and RNA-
DIRECTED DNA METHYLATION 1 (RDM1). Figure drawn in Affinity designer, modified
from (Matzke and Mosher 2014).
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Several genes involved in the RADM pathway have been found to be also
conserved in gymnosperms (Ausin et al. 2016), while other ones have not
been detected yet (Li et al. 2023). In particular, while genes related to the
formation of 24 siRNAs are present, important genes involved in the
generation of the AGO-siRNA complex and related to methylation are
absent. This mechanism represents the major actor inducing the silencing
of TEs in angiosperms. TEs are silenced in gymnosperms, but it appears
that this is not achieved via the canonical RADM mechanisms defined in
angiosperms as essential genes required for this are missing in
gymnosperm genomes (Nystedt et al. 2013; Matzke and Mosher 2014).

IncRNAs identification and functional annotation.

Through RNA-Sequencing (RNA-Seq) it is possible to assay the entire
transcriptome of an organism, including all the classes of RNAs expressed
in a particular moment. Furthermore, the expression of those transcripts
can be quantitatively quantified, for example in order to study how the
transcriptome of the study organism is altered in response to external
stimuli or in order to track gene expression changes during development
(Wang et al. 2009). With this enormous amount of data derived by RNA-
Seq, IncRNAs have been identified more easily through pipelines that
integrate their characteristics and different algorithms (Palos et al. 2023).

Due to IncRNAs lack of sequence conservation, it is challenging to provide
functional annotation. One of the most applied methods to pursue this
objective is the guilt-by-association strategy (Figure 4). The general
concept on which this method is based on is the logical premise that the
function of a molecule can be inferred from the functions of other
molecules it interacts with. This concept was later extended to predict the
functions of several IncRNAs based on co-expression with protein-coding
genes (Tian et al. 2008). Considering a co-expression network containing
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IncRNAs and protein-coding genes, if a IncRNA and a set of protein-coding
mMRNAs are co-expressed in the same module, they are assumed to
participate in the same biological function. Through the enrichment of
specific biological functions or pathways among the proteins encoded by
the mRNAs, it is possible to functionally annotate the corresponding
IncRNAs (Chen and Zhu 2022; Palos et al. 2022, 2023; Liu et al. 2023).

Co-expression network Guilt-by-association Functional annotation
transfer

GO enrichment

ODOEOOEED

Figure 4. Explanation of the strategy of guilt-by association drawn in Affinity
designer.

Protein coding genes are represented by squares, while IncRNAs by circles. In green
there are annotated elements and in orange not annotated ones. In this example,
through the Gene Ontology (GO) enrichment of the first degree protein coding genes of
a IncRNAs, it is possible to transfer the functional annotation of the annotated protein
coding genes to the IncRNA and not annotated protein coding genes.

IncRNASs functional characterisation.

IncRNAs can be functionally characterised using forward and/or reverse
genetics. It is not easy to assess this characterisation, because the
function of the IncRNA and its genomic locus should be distinguished.
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Since most of IncRNAs are identified by RNA-Seq and other high
throughput technologies, reverse genetics (i.e., T-DNA insertional
mutagenesis, overexpression, RNAi, CRISPR/Cas9), is the most used
technology to study IncRNA functions. Considering intergenic regions,
CRISPR/Cas9 deletions can modify the expression of close protein coding
genes, not inhibiting only the lincRNA but also affecting regulatory
elements within lincRNA loci. In case of antisense, sense, or intronic
IncRNAs, these approaches might modify splicing of the associated
protein-coding genes. The RNAI technology is often causing off-targeting
that may initiate RdDM, thus leading to a misinterpretation of function of
the target IncRNAs (Chen et al. 2020; Palos et al. 2023). Despite those side
effects, IncRNAs have already been characterised using CRISPR/Cas9, like
the intergenic IncCOBRA1 (Kramer et al., 2022).

Methylation in plants.

Methylation in Arabidopsis has been extensively studied and discussed,
while in gymnosperms there are still a lot of details to elucidate. In plants,
DNA methylation is found at cytosines (C) in three sequence contexts: CG,
CHG, and CHH (H is any nucleotide, except G). Overall, levels of CG
methylation are higher, followed by CHG and the least abundant is CHH
(Bartels et al. 2018). In order to methylate the genome, plants have
developed different enzymes and mechanisms. In Arabidopsis the
maintenance of CG methylation is ensured by DNA METHYLTRANSFERASE
1 (MET1), CHG methylation by CHROMOMETHYLASE (CMT) 3, a subset of
CHH methylation by CMT2, while de novo DNA methylation in all three
contexts and the maintenance of the rest of the CHH methylation is
mediated by the RADM mechanism and its employment of DOMAINS
REARRANGED METHYLTRANSFERASE 2 (DRM2). All these mechanisms
have also been found in other flowering plants (Bartels et al. 2018). It has
been noticed that non-CG methylation mediated by CMT2 and CMT3
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regulates H3K9 histone methylation. In particular, CMT2 preferentially
binds H3K9me2, while CMT3 has no preferences between H3K9mel, -
me2 or -me3. It has also been reported that CMT2 preferentially
methylates CHH sites, but can also methylate CHG sites, while CMT3
methylates only CHG sites (Stroud et al. 2014).

In gymnosperms and mosses CG methylation is maintained by MET1,
while CHG, CHH and de novo methylation are more elusive. Detailed
studies have been performed on Physcomitrella patens (hereafter
Physcomitrella) to elucidate the regulation of methylation pathways. DNA
METHYLTRANSFERASE (DNMT) 3 is a methyltransferase that has been
found in animals but lost in flowering plants, while it is present in
Physcomitrella. This enzyme is responsible for CHH methylation (Yaari et
al. 2019; Domb et al. 2020). Maintenance of CHG methylation is targeted
by CMT, of which only one homolog is present in Physcomitrella. It has
also been reported that de novo methylation is mediated by both DNMT3
and CMT, rather than using DRM2 and the RdDM machinery, which, in
common with gymnosperm species, is also missing some important genes
in Physcomitrella (Domb et al. 2020).

In gymnosperms CG and CHG sites are highly methylated, with CHG
methylation higher than in reported angiosperm species, while CHH sites
are often not methylated or methylated less than 20% (Ausin et al. 2016).
A homolog of CMT3 has not been found in gymnosperms and important
elements of the RADM mechanism are also not present, while DNMT3 has
been detected (Li et al. 2023). Maintenance of methylation remains
elusive in gymnosperms and there is the need of more studies to fully
understand the mechanisms responsible.
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Tree model species.

The two most abundant and commercially important gymnosperm tree
species in the Scandinavian Forest are Picea abies (Norway spruce) and
Pinus sylvestris (Scots pine), while Populus tremula (European aspen) is a
keystone angiosperm in this boreal forest. Norway spruce represents
more than 40 % of the total volume of productive forest land in Sweden
and it is now considered as the model conifer tree plant (Dobrowolska et
al. 2017). Its 19,6 Gb genome was the first gymnosperm genome to be
assembled. The majority of its genome is composed by TEs and other non-
coding elements (Nystedt et al. 2013). Scots pine has a genome size of
23,6 Gb and it has not yet been assembled (Tyrmi et al. 2020). However,
in coming with Norway spruce, its genome has a huge portion of TEs and
non-coding elements. Both species also serve key ecological roles and are
globally important as carbon stores (Nystedt et al. 2013; Tyrmi et al.
2020). Norway spruce is a shade tolerant tree and is often found on more
nutrient rich sites with higher water availability. It is the main species in
the boreal and subalpine conifer forests, and it has a wide distribution
range extending from the mountains in central Europe to northern and
eastern Europe, until the Ural Mountains (Caudullo et al.,2016) . Scots
pine is a light-demanding tree and is considered a pioneer species. It is
often found dominating on relatively dry and nutrient poor sites,
characterised also by good frost resistance. It is very common in the
boreal forest but because of its adaptation capacity can also be found in
many areas of central Asia and southern Europe, having southern Spain
and far east of Russia as “extremes” (Durrant et al., 2016).

European aspen has a substantially smaller genome with less TEs
compared to the two gymnosperms (Lin et al. 2018). It is extensively used
in short-rotation forestry, is popular for use in saunas, and it is also
appreciated for landscaping, with abundant variation in leaf colouration
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during spring and fall. It is an important model species for forest tree
genomics due to its ease of clonal propagation, genetic transformation
and well-established genomics resources (Robinson et al. 2024). In
particular, its clonal regeneration capacity it is positively seen in case of
environmental perturbation, like fires (Robinson et al. 2024). It is a light-
demanding tree, native to boreal regions of Europe and Asia with a
distribution range extending from Iceland and Ireland to Kamkatcha,
having its most southern individuals in Spain, Turkey, Democratic People’s
Republic of Korea and northern Japan (Caudullo and de Rigo, 2016).
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Materials and Methods

Cold stress experiment on Scots pine seedlings.

Two years old Scots pine seedlings provided by Holmen Skog AB were
grown at 18 °C/15 °C light/dark in a 16-h light period in a glass house. Two
weeks before starting the experiment, 45 seedlings were shifted to
controlled environment rooms with 18 °C/15 °C light/dark in a 16-h light
period. Two days before initiating a cold treatment by shifting the
temperature to 5 °C (16-h light period kept), needles and roots were
collected as controls and samples were then collected 6 h, 24 h, 3 days
and 10 days after the start of the cold treatment. After this 10-day cold
acclimation period at 5 °C, the seedlings were transferred to subzero
freezing temperature at -5 °C (16-h light period) and samples were again
collected after 6 h, 24 h, 3 days and 10 days. Samples at each sampling
time were taken from previously unsampled seedlings. Needles were
collected from the most recent shoots and roots from actively growing
fine roots. Five seedlings were sampled at each time point. Samples were
collected into liquid nitrogen and then stored at -80 °C.

Drought stress experiment on Norway spruce
seedlings.

One year and four month old Norway spruce seedlings provided by
Holmen Skog AB were grown at 18 °C/15 °C light/dark in a 16-h light
period in the greenhouse. Being small seedlings, we pooled six of them
together, with a pool serving as a single biological replicate. Roots and
needles of five pools were sampled as control before stopping watering
the plants. We inspected the growth of the seedlings and used the LI-Cor
6400 (model LI-6400XT; Licor, Lincoln, NE, USA) to evaluate stomatal
conduction in order to decide when to proceed with the sampling. After
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one week without being watered, we sampled five replicate pools
responding to a mild stress treatment, while after two week we sampled
five replicate pools to represent severe drought stress. Samples were
taken from previously unsampled seedlings. Needles were collected from
the most recent shoots and roots from actively growing fine roots.
Samples were freshly frozen in liquid nitrogen, stored temporarily on dry
ice and then transferred to -80 °C.

RNA extraction and RNA sequencing (RNA-Seq).

Total RNA and sRNAs were extracted from the two stress experiment
samples. Samples were prepared using the CTAB method (Chang et al.
1993) with the following modifications: Reduction of starting material,
Addition of 1 mg/ml of Proteinase K to lysis buffer, Incubation of ground
samples with lysis buffer 10 min at 65 °C before Ch:IAA addition.
Precipitation with 2.0 volume EtOH took place at 4 °C for 1 h and RNA was
then harvested by centrifugation at 14 000 rpm for 20 min and 4 °C. The
total RNA was further purified using the RNeasy mini kit (Qiagen) and the
sRNAs using RNeasy MinElute Cleanup (Qiagen). The protocol for isolating
total RNA and sRNAs simultaneously is published in the miRNeasy Mini
Handbook. A DNase Digestion with the RNase-free DNase set (Qiagen)
was included in the procedure for total RNA extraction. We modified this
step elongating it to 30 minutes. All samples that passed quality control
were sent for RNA-Seq. When the data was delivered by the sequencing
company, it included the sequences of the reads plus a quality score for
each base, which indicates how trustworthy the result is. During the
preprocessing, several rounds of quality assessment were performed.
This included the quality check of the sequence, removal of residual rRNA
sequences, elimination of contaminations and trimming of adapters. To
estimate expression levels, the reads were pseudo-aligned to a reference
transcriptome, using Salmon (Patro et al. 2017). The counts were
normalized in order to avoid biases in sequencing depth and length of a
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gene. Thanks to a metric called “Transcripts per Kilobase Million” (TPM),
it is possible to compare different samples. Furthermore, a variance
stabilizing transformation (VST) was performed to correct for the fact that
there is a mean-variance relationship. After these normalisation and
transformation steps, the data was ready to be analysed, for example
plotting heatmaps of genes and/or a Principal Component Analysis (PCA).

Assay for Transposase-Accessible Chromatin
Sequencing (ATAC-Seq)

Spruce root tissue from the drought experiment in control and at
maximum stress was used. The nuclei were purified using the Percoll
gradient method as detailed in Sikorskaite et al. (2013). In brief, 2 g each
of grounded tissues were resuspended in 20 ml of 1X nuclei isolation
buffer (NIB) [ 10 mM MES-KOH (pH 5.4), 10 mM NacCl, 10 mM KCI, 2.5 mM
EDTA, 250 mM sucrose, 0.1 mM spermine, 0.5 mM spermidine, 1 mM
DTT] supplemented with 2 % (w/v) Polyvinylpyrrolidone-40 (PVP-40,
Sigma-Aldrich) and 0.1 % Protease inhibitor cocktail (Roche) just before
extraction. The homogenates were gradually filtered through two layers
of pre-wetted cheesecloth and one layer of Miracloth. In filtrate, Triton-
X100 was added in a dropwise manner to make the concentration 1 %
(v/v) and incubated for 20 min at 4 °C under gentle rotation. The
homogenates were centrifuged 1900 g for 10 min at 4 °C to collect the
nuclei. Then pellets were resuspended in 5 ml 1X NIB with the help of a
paint brush. The crude preparation of nuclei suspension was carefully
loaded on the top of the pre-assembled density gradient (3 ml 60 %
Percoll in 1x NIB and 3 ml of 2.5 M Sucrose) by slowly releasing the
solution onto the side of the tube above the 60 % Percoll layer with the
help of Pasteur pipette. The assembled gradient was subject to
centrifugation in a swinging bucket rotor at 1200 g for 30 min at 4 °C
without breaks. The rest of the nuclei purification steps were kept as
described for Rosaceae in Sikorskaite et al. (2013). The DAPI (0.5 pg/ml)
stained nuclei were counted using a Neubauer chamber (Sigma-Aldrich)
under an Axioplan 2 (Ziess) microscope with DAPI filter.
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The ATAC-seq libraries were prepared at UPSC after optimising the
amount of Tn5 and time of incubation, using 30000 nuclei tagmented for
30 min at 37 °C with 3 pl of adapter loaded-Tn5. Tubes were flipped after
each 10 min of incubation. The tagmented DNA was purified using
MinElute PCR Purification Kit (Qiagen Cat. No. / ID: 28004) and eluted in
12 pl nuclease free water. The eluted DNA was used for sequencing library
preparation using indexing primers supplied in lllumina Nextera Library
Prep Kits and the size selected libraries were sequenced on NovaSeq 6000
in pair end mode.

All the libraries were quality accessed before sequencing by measuring
library concentrations using Qubit DNA-high sensitivity assays and
fragment size distribution by running a DNA high sensitivity assay kit on
an Agilent 2100 Bioanalyzer system (Agilent Technologies).

Chromatin Immunoprecipitation Sequencing (ChlP-

Seq)
Nuclei isolation
Buffer Components
10x HB Tris, KCl, EDTA, Spermidine, Spermine, NaOH
1x HB 10x HB, sucrose
Triton X-100 mix Triton X-100, 10x HB, sucrose
Nuclear Isolation Buffer (NIB) | 1x HB, Triton X-100 mix, B-mercaptoethanol, PVP-40

**All solutions supplemented with final concentration of 0.1 mM PMSF and 1 Tablet /100 ml of
Protease inhibitor cocktail.

Table 1. Buffers used for nuclei isolation
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We used the same samples as for the ATAC-Seq (see above). To isolate
the nuclei, we followed the protocol by Zhang et al. (2012). The powdered
plant material was placed in a 50 ml Falcon tube and homogenized
with 1x NIB (Nuclear Isolation Buffer), using 10 ml of buffer per gram of
tissue. The homogenate was filtered through four layers of gauze and two
layers of Miracloth and centrifuged at 4 °C for 20 minutes at 1900 g. The
supernatant was discarded, and the pellet was resuspended in 1 ml 1x
NIB using a paintbrush, carefully avoiding vortexing.

After centrifugation, the pellet was washed three to five times until the
supernatant was clear. Nuclei were stained with DAPI (0.5 pg/ml) and
counted using a Neubauer chamber (Sigma-Aldrich) under an Axioplan 2
(Ziess) microscope with DAPI filter.

Nuclei cross linking

The nuclei were re-collected by centrifugation at 1900 g for 10 minutes
and resuspended in 5 ml of 1x PBS. Formaldehyde (2 % v/v) was added to
crosslink the proteins to DNA, and the reaction was quenched with
Glycine (0.125 M). The fixed nuclei were collected by centrifugation and
the supernatant was discarded. The fixed nuclei were resuspended in 1x
NIB (without b-ME and Triton-100) to the concentration of 1 million
nuclei/ml and dispensed in different microfuge tubes having 1
million/tube, pelleted by centrifugation and stored in -70 °C after flash
freezing until further use.

Chromatin isolation and fractionation by sonication

Fixed nuclei were thawed, and nuclei lysis buffer (150 pL) was added. The
chromatin targeting 200 bp in size was obtained by ultarsonication with
Covaris E220 focused-ultrasonicator (PerkinElmer), in 1 ml tube
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(milliTUBE 1 ml AFA Fiber, Covaris) having settings of Peak power,150;
Duty factor, 30; Cycles/Burst, 200 for 300 seconds.

After sonication, the chromatin was collected in fresh tubes as
supernatant after centrifugation at 16000 g for 5 min, 4 °C. To access
fragment size and yield of the chromatin, an aliquot of 30 pL was reverse
crosslinked by adding 70 pL 1XTE and 4 ul, 5 M NacCl solution and 1 pL,
Protinase K (25 mg/ml) and incubated for overnight at 65 °C, followed by
purification with the ChIP DNA clean and concentrator kit according to
the manufacturer’s protocol (Zymo Research Corp. D5205) and eluted in
20 ul water. The concentration was measured by qubit HS-assay and the
fragment distribution by running 1.5 % agarose gel.

Chromatin immunoprecipitation

Approximately 20-25 ug of chromatin from both time points were used
per histone mark (H3, H3K4Me3, H3K27Me3 and H3K9ac). Solutions used
during the ChIP procedure are detailed in Table 2.

Solution Components

Nuclei Lysis Buffer Tris, EDTA, SDS, PMSF, protease inhibitor cocktail

ChIP Dilution Buffer Tris, NaCl, EDTA, Triton X-100, PMSF, protease inhibitor cocktail

TBST Tris, NaCl, Tween-20

Low Salt Buffer (LST) 150 mN NaCl, SDS, Triton X-100, Tris, EDTA

High Salt Buffer (HST) | 500 mM NaCl, SDS, Triton X-100, Tris, EDTA

LiCl Buffer (LiCB) LiCl, IgePal, Deoxycholate, Tris, EDTA
TE Tris, EDTA
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Elution Buffer NaHCO3, SDS

Table 2. Solutions used for the ChlP.

The chromatin was diluted with ChIP Dilution Buffer and incubated with
antibodies specific to the histone marks overnight at 4 °C. The antibodies
used included: Anti-H3 antibody (abcam-ab1791), Anti-H3K27Me3
antibody (Merck-07-449), Anti-H3K4Me3 antibody (Catalog No: 39159,
Active Motif), and Anti-H3K9ac antibody (Catalog No: 39137, Active
Motif). Protein A-magnetic beads (40 pL) were added to bind the
chromatin-antibody complexes, followed by a series of washing steps
with low-salt (LST), high-salt (HST), LiCl, and TE buffers. The ChIP reaction
was then eluted with elution buffer in two steps, first at room
temperature and then at 65 °C.

Deproteination and reverse crosslinking

To reverse the crosslinking, 5 M NaCl and proteinase K were added to the
ChIP samples, which were incubated at 65 °C overnight. The DNA was
purified using the Qiagen MinElute PCR cleanup kit, and DNA
concentration was measured using the Qubit HS-dsDNA kit.

ChIP-Seq library preparation

The ChlIP-seq libraries were prepared, cleaned and size selected as per
instruction for Accel-NGS 2S Plus DNA Library Kit Workflow. An equal
amount of ChIP-ed dsDNA (3.75 ng) from each reaction and the input
control were resuspended in 40 ul of Low EDTA TE buffer as input DNA
for the library preparation. The library preparation was carried out as
explained in the kit manual in the following steps, end repair-I , repair-Il,
ligation-1 and ligation-II. The libraries were indexed by ligation (Table 3)
and PCR-amplified to produce enough library for sequencing. The number
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of PCR-cycles required for a specific library were estimated by running
gPCR on aliquoted (10 pl) PCR reactions.

All the libraries were quality accessed before sequencing by measuring
library concentrations using Qubit DNA-high sensitivity assays and
fragment size distribution by running a DNA high sensitivity assay kit on
an Agilent 2100 Bioanalyzer system (Agilent Technologies).

Library I7 Index sequences
TO_input CCGTCC
TO_H3 TGACCA
TO_H3K4Me3 ACAGTG
TO_H3K27Me3 GCCAAT
TO_H3K9ac CAGATC
T2_input CTTGTA
T2_H3 AGTCAA
T2_H3K4Me3 AGTTCC
T2_H3K27Me3 GTCCGC
T2_H3K9ac GTGAAA

Table 3. Indexes for ChIP-Seq libraries.

Pipeline to identify intergenic long non-coding RNAs

We developed a pipeline to identify lincRNAs, taking in consideration
their expected characteristics. We used RNA-Seq datasets, pre-processed
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them and then started to filter using lincRNAs features. We considered
expression, nucleotide length and used a consensus of tools to retrieve
only transcripts classified as non-coding. Moreover, we retained only
transcripts not having any overlap with protein coding genes, thus
considered purely intergenic (more details on the pipeline are described
in Paper | ).

Design and application of CRISPR-Cas9

The term CRISPR-Cas9 stands for Clustered Regularly Interspaced Short
Palindromic Repeats-CRISPR associated protein 9. It is a system acting in
prokaryotic natural defence and able to cleave the DNA of invaders.
CRISPR repeats are copies of small pieces of viral DNA that have been
integrated in the host genome during a previous infection. The pieces of
viral DNA allow the recognition in case of a repeated infection. They are
transcribed into RNAs, which are bound and processed by Cas9, an
enzyme that can cut the DNA. The complex CRISPR-Cas9 can target and
cleave foreign DNA that is identical in sequence. To protect the host
genome from cleavage by its own defence system, an additional
protospacer adjacent motif (PAM) sequence is required for the system to
work. This NGG (the PAM sequence) must be located adjacent to the
recognition site in the non-host DNA but is absent in the host genome
(Hille et al. 2018). From 2012 a technique based on the bacterial CRISPR-
Cas9 was developed and made applicable to other organisms (Jinek et al.
2012). Nowadays it is possible to design a single guide RNA (sgRNA), which
will lead the Cas9 protein, an endonuclease, to the desired spot in the
genome and induce a double strand break. The natural DNA repair system
is error prone in these cases and will likely insert or delete a few bases at
the cutting site. The requirement for this technique to work is having the
PAM sequence close to the sgRNA target. Our aim was to completely
remove the nucleotide sequence of a lincRNA, so we used two sgRNAs at
the same time to cause two double strand breaks, one in the beginning of
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the lincRNA and one at its end (Figure 5) with the aim that the intervening
section of DNA would be removed, generating a non-functional mutation.
Deletion of a large section of the lincRNA is important as it could be
expected that a lincRNA will remain functional if only minor changes are
induced at a single DNA cleavage site. This is in contrast to targeting
protein coding genes where small changes can result in non-synonymous
substitutions or, for example, the creation of a premature stop codon.

sgRNA1 sgRNA2

Figure 5. CRISPR design drawn in Affinity designer.

Green boxes represent two different genes, while the yellow box is a lincRNA. Dotted
blue lines show sgRNA target and cutting site by CRISPR-Cas9 complex.
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Objectives

The main aim of this thesis was to identify and characterise lincRNAs in
tree species belonging to the Boreal forest. To identify lincRNAs, | first
studied different tools and chose the ones more suitable, then |
developed a computational pipeline using the selected methods and
taking in consideration lincRNAs characteristics. Starting from RNA-Seq
datasets, the pipeline allowed to identify in silico bona fide lincRNAs. In
order to functionally annotate lincRNAs, | decided to use the guilt-by-
association approach, starting from a co-expression network containing
lincRNAs and protein coding genes. The initial assumption was that we
could translate the function of protein coding genes to lincRNAs being co-
expressed. This methodology proved to be effective and also supported
by NewGOA (New Gene Ontology Annotation). The last step to achieve
lincRNAs functional characterisation was to create CRISPR-Cas9 mutants
to validate the function of the lincRNAs. We successfully generated two
mutants in hybrid aspen with the deletion of a lincRNA. My hope is that
the approach we used in this thesis helped in deepening the knowledge
of lincRNAs and can be a solid base for follow-up studies.
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Results and Discussion

Identifying and functionally annotating lincRNAs
involved in spruce somatic embryogenesis (SE) (Paper

).

Through the pipeline | designed, | identified lincRNAs in a dataset of
Norway spruce profiling eight sampled stages (S1 — S8) during somatic
embryogenesis (SE). The transcript assembly comprised 387,368
sequences, of which 23,211 were considered putative bona fide lincRNAs.
Applying expression filters, | then considered 1,774 lincRNAs for further
analysis (Paper I; Figure 1).

Taking into account lincRNAs and protein coding genes characteristics,
this study was in agreement with what has previously been reported
(Chen et al. 2020). In particular, protein coding genes had higher average
expression levels and were less stage specific than lincRNAs (Paper I;
Figure 2A,B). Protein coding genes also contained a greater number of
exons and a higher GC content than lincRNAs (Paper I; Figure 2C,D).

| also performed a Principal Component Analysis (PCA), which revealed
similar structure for both protein coding genes and lincRNAs. There was a
group of samples representing stage S1 and S2, a second group from S3
to S6, and a final group with S7 and S8 (Paper |; Figure 3A,C). There was
only a small difference for samples at stage S6, which were more distinctly
separated from S4 and S5 in the lincRNAs compared to protein coding
genes (Paper |; Figure 3A,C). This difference in S6 might be due to lincRNAs
more specific for S6, having a role in the somatic embryogenesis process.

| identified differentially expressed genes (DEGs) between progressive
stages of the development series. For both protein coding genes and
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lincRNAs there were major transitions in the transcriptome between
stages S2-S3 and S6-S7. However, there were differences in the balance
of up- and down-regulated genes, with a higher proportion of up-
regulated lincRNA between stages S2-S3, in common with protein coding
genes, and more down-regulated lincRNA genes at S6-S7, which was in
contrast to the higher number of up-regulated protein coding genes
(Paper I; Figure 3B,D). This dissimilarity in up- and down-regulation
between lincRNAs and protein genes may represent a different way they
have to regulate the somatic embryogenesis process at S6-S7.

PCA and DEGs observations indicated that lincRNAs are under active
regulation to a similar extent than are protein coding genes, with
regulated expression providing circumstantial evidence of biological
function.

Investigating the relationship between lincRNAs and miRNAs, | found that
14 pre-miRNAs were sequence-similar to 12 predicted lincRNAs. These
were subsequently classified as precursors of those 14 miRNAs. There was
also one lincRNA predicted to function as a miRNA sponge (Paper I; Figure
S5). Considering the expression profile of the sponge and the related
miRNA, | noticed that there was a general pattern of lower miRNA
expression (abundance) during stages where the sponge lincRNA was
more highly expressed, even though the correlation of expression
between the sponge and associated miRNA was not significant. This may
indicate that a linear correlation test is not indicative of the regulatory
relationship or that such a correlation based approach or is not a suitable
method to elucidate the regulatory relationship.

To investigate the role of lincRNAs, | calculated a co-expression network
that included 28,697 protein coding genes, 1,774 lincRNAs and 329
miRNAs. | then used the guilt-by-association method to assign lincRNAs
functional descriptions based on their co-expression with expressed
protein coding genes. | also employed New Gene Ontology Annotation
(NewGOA), a method that simultaneously considers both a co-expression
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network graph and the graph relationship of assigned Gene Ontology
(GO) terms, to support the lincRNAs functional annotation. NewGOA
allowed us to infer putative function for 731 lincRNAs.

| performed functional enrichment tests of co-expression clusters using
the pre-existing annotation of protein coding genes and focused on the
(arbitrarily) fifteen largest clusters. For each cluster | examined the
proportion of protein coding, lincRNA and miRNA genes and the number
of each type assigned an annotation using NewGOA (Paper |; Table 1,
Figure S7). Cluster 6 and cluster 2 had distinct expression profiles: cluster
6 contained genes with expression at the later desiccation and
germination stages (S6-S8), while cluster 2 contained genes with
expression in all stages except S6, representing desiccation and embryo
dormancy. This confirmed that in S6 there was a regulation of the somatic
embryogenesis process. The enrichments for cluster 6 of photosynthesis
(G0O:0015979), plastid (GO:0009536), chlorophyll binding (GO:0016168),
and thylakoid (G0O:0009579) were consistent with physiological process
expected to occur during germination. The enrichments for cluster 2 were
for categories including cell cycle (G0O:0007049), cell division
(GO:0051301) and DNA replication (GO:0006260), that likely represented
the repression of these processes.

| also examined network connectivity metrics of the different gene classes
to determine whether lincRNAs tended to be less centrally integrated into
the gene expression network. The expectation was that lincRNAs would
be less central as they are evolutionarily young and typically have low and
narrow expression. However, the global distribution of several centrality
measures for lincRNAs was highly similar to that of protein coding genes
with some lincRNAs being ranked as highly for centrality or betweenness
measures as transcription factor genes.

| further considered the five lincRNAs with the highest network
connectivity as indicated by their PageRank score (Paper I; Table 2). To
indicate the potential biological processes that these could be involved in,
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| examined their annotation assigned by NewGOA and functional
enrichment results of their first-degree network neighbours and network
cluster. To note that TRINITY_DN96496_c0_g1_il, the lincRNA with the
highest PageRank score, had a defined profile with a peak at S3. The
enrichments indicated a response to abscisic acid and hormone transport,
being coherent with what it is known about the somatic embryogenesis
process, which has an addition of abscisic acid in the medium between S2
and S3.

Methylation and RADM pathway in spruce (Paper II).

In paper Il | performed a phylogenetic analysis to identify Arabidopsis and
Pinus tabuliformis (Chinese pine) orthologous genes involved in the RdADM
pathway in Norway spruce. | reported the presence or absence of those
genes in the following species: Arabidopsis thaliana, Populus tremula,
Picea abies, Pinus sylvestris, Pinus tabuliformis, Ginkgo biloba,
Physcomitrella patens and Welwitschia mirabilis (Paper Il; Table 1). As
previously reported by Li et al. (2023), | did not find orthologs of RDM1,
KTF1 and NRPE4 in the gymnosperm species considered or the moss used
in our analysis. In particular, NRPE4 was detected as a gene specie specific
only present in Arabidopsis. No orthologs of NRPE5 were identified in
Norway spruce, ginkgo or Physcomitrella. It is possible that the absence
in Norway spruce might be due to something still missing in the improved
annotation. However, the absence of these genes would negate the
formation of the AGO-siRNA complex and the consequent CHH
methylation of the DNA. Non-canonical RADM pathways also terminate in
the AGO-siRNA complex and interacting with subunits of Pol V (Cuerda-
Gil and Slotkin 2016) that are not present in Norway spruce, suggesting
that both canonical and non-canonical RADM do not function in Norway
spruce.
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Moreover, | identified genes related to DNA cytosine methylation (Paper
II; Table 1) with MET1, CMT2 and DNMT3 being present, while | did not
detect CMT3, as previously reported by Li et al. (2023).

| also plotted a heatmap with the expression of RdADM and methylation
genes in the SE and zygotic embryogenesis (ZE) datasets (Paper Il; Figure
8A-C). Concerning SE, MET1 was always expressed, with a peak of
expression in the last two stages, S7 and S8. This suggests that CG
methylation is kept in all the stages of the SE process. DNMT3 was not
expressed in this dataset, while CMT2 had only minimal expression in S1,
S7 and S8, with a low expression in S2 and S5, expressed in S4 and with a
peak of expression at S3 and S6. This suggests that CHH methylation is
established in particular at stages S3 and S6, the stages that were already
detected as involved in important processes in paper I.

Regarding ZE, MET1 was always expressed, with maximum expression in
the whole seed samples, while it had only minimal expression at the last
stages of the embryo compared to the gametophyte. This suggests that
CG methylation is kept in particular in the seed and in the latest stages of
the gametophyte. DNMT3 was expressed in this dataset, with strong
expression in the seed and minimal expression in the other
developmental stages of the embryo, while it was expressed in the central
stages for the gametophyte. CMT2 was expressed in the seed and in the
central stages of the development, with low expression in the latest
stages of the development for both gametophyte and embryo. This
suggests that CHH methylation is established in particular in the seed and
in the central stages of development for both embryo and gametophyte.
In general, | noticed that there is high methylation in the seed for both CG
and CHH, with the gametophyte samples having higher CG methylation in
the last stages and higher CHH methylation in the central stages
compared to the embryo. This suggests that there is more methylation in
the gametophyte compared to the embryo.

34



With the RADM pathway not working and CMT3 not identified, de novo
methylation, part of the CHH methylation, and maintenance of CHG
methylation still remain elusive in Norway spruce and gymnosperms
more generally.

Describing and functionally validating lincRNAs in
terminal leaves of aspen using the AsplLeaf dataset
(Paper Il and IV).

In paper Il and IV | used the pipeline developed for paper I to identify
lincRNAs in European aspen, considering two already existing datasets:
terminal AspLeaf (Mahler et al. 2020) and AspWood (Sundell et al. 2017),
which profile leaf and wood development using RNA-Seq, respectively. As
for paper |, | generated a co-expression network with lincRNAs and
protein coding genes.

In paper lll | produced a first overview of lincRNAs involved in the
development of the leaf as a resource present in the latest version of the
aspen genome.

| described in particular two lincRNAs, TRINITY_DN4521 c0 g1 _i4 and
TRINITY_DN12299_c0_i2, being part of the 205 first degree neighbours of
Potra2n10c20533 in the co-expression network (Paper 3; Figure 5B).
Potra2n10c20533 is a gene that harbours a SNP associated to the
standard deviation of leaf indent width in ScotAsp (Paper IlI; Figure 5A). It
is a putative transport protein Sec24A, and the functional enrichment of
the co-expressed genes identified GO categories for cell expansion. | then
explored the expression of the two lincRNAs present in the first degree
neighbours within a co-expression network generated using the AsplLeaf
dataset. Both lincRNAs were expressed in older leaves (leaf5 and leaf6)
and, in particular TRINITY_DN12299 c0_i2 had a peak of expression in
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leaf5 (Paper Ill; Figure 5D). Their expression revealed that the two
lincRNAs were negatively correlated to more than 100 of the first-degree
neighbours of Potra2n10c20533, suggesting that they may have an
opposite regulation.

In paper IV we included 1,349 lincRNAs in the terminal Aspleaf co-
expression network and 2,252 in the AspWood one. As noticed in paper |,
there was a higher number of bona fide lincRNAs, respectively 6,142 in
AspLeaf and 33,197 in AspWood. Considering the transcript assembly
dimensions of the Norway spruce SE dataset from paper | and the two
aspen datasets analysed, it is interesting to note that proportionally there
were fewer lincRNAs in AspLeaf, while in AspWood and SE numbers were
equivalent. This showed that, considering these datasets, the number of
lincRNAs can vary depending on the specificity they have in the dataset,
rather than being a feature of the species studied.

Moreover, | found 111 lincRNAs expressed in both the AsplLeaf and
AspWood datasets that represent an interesting set of potentially broadly
acting lincRNA genes to consider for future studies.

The Principal Component Analysis (PCA) revealed that there was similar
structure for both protein coding genes and lincRNAs (Paper IV; Figure
1A,C). There was a group of samples representing the apical region, a
second group with samples from the medial region (from leafl to leaf4),
and another one with samples from older leaves (leaf5 and leaf6).
Samples from leaf4 were separated from the other samples in the medial
region, meaning a process of regulation can happen at this developmental
stage. This might represent a process of transition between medial leaves
and old leaves. Furthermore, the patterns of differential expression were
similar for lincRNA and protein coding genes, with the same two major
transitions in the transcriptome present at apical leaf-leafl and leaf4-
leaf5 (Paper IV; Figure 1B,D). These transitions also matched with the
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transitions between the three different group in the PCA, suggesting
there are processes of regulation acting via modulation of the
transcriptome causing those shifts. | also noticed that there were only a
few DE lincRNAs compared to the numbers of DE protein coding genes.

The aim of paper IV was to functionally characterise lincRNAs. In order to
do this, we decided to use the network metrics relative to centrality and
to characterise the most central lincRNAs in the co-expression network
on the assumption that disruption of these would induce the largest
phenotypic effect. As centrality metrics, we considered PageRank,
Betweenness and Strength. PageRank and Betweenness are based on
node connections, while Strength depends on edge importance.
Analysing the three network metrics for protein coding genes and
lincRNAs in our co-expression network, | noticed that the global
distribution for PageRank and Betweenness were highly similar (Paper IV;
Figure 2A,B), while values for Strength were divergent between the two
gene classes (Paper IV; Figure 2C). | interpreted this difference with the
explanation that lincRNAs are less central than protein coding genes
considering the sum of connections. We then decided to proceed with the
functional characterisation of LINK1 and LINK2, the two most central
lincRNAs based on PageRank.

Furthermore, | extracted the first-degree neighbours of LINK1 and LINK2
in the co-expression network and performed functional enrichment
analysis, assigning guilt-by-association functional annotation to LINK1 and
LINK2.

LINK1 had only 25 first degree neighbours (Paper IV; Figure 3A,B) enriched
in categories for photosynthesis and chlorophyll processes. Due to the
low number of first degree neighbours, the enrichment was not
significant, but still provided a first description of the processes LINK1 may
be involved in. LINK1 also had a peak of expression in leaf3 in the medial
stages of the leaf development, where numerous photosynthetic
processes still are on act.
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LINK2 had 239 first degree neighbours (Paper IV; Figure 3C,D) significantly
enriched in categories for RNA biosynthetic process, DNA-templated
transcription and DNA binding. It had peaks of expression in leafl and old
leaves, while it was not expressed in the other medial developmental
stages. This expression profile might associate LINK2 to be a responsive
gene in the transition from the three different groups in the leaf
development.

Furthermore, LINK1 and LINK2 were supported by a peak in the RNA-Seq
coverage and in the open chromatin, as identified using the
corresponding information tracks in Jorowse 2.0 in PlantGenlE (Sundell et
al. 2015). Their upstream and downstream genes on the genome were
detected and inspected for functional annotations. LINK1 neighbouring
genes were involved in transcriptional regulation that acts to increase the
accessibility of DNA to transcription factors. This annotation, and the
guilt-by-association terms, might suggest LINK1 to be associated to the
regulation of photosynthetic processes. LINK2 neighbouring genes were
involved in transcriptional regulation to control the chromatin structure.
This annotation and the guilt-by-association terms might suggest LINK2 to
be associated to transcriptional regulation from the three different
groups in the leaf development.

A phylogenetic analysis was performed and LINK1 was found in Populus
nigra, while LINK2 in Populus trichocarpa, Populus euphratica, Populus
nigra and Populus tomentosa. In all the cases, LINK1 and LINK2 were
described as IncRNA in the other species. Those evidence showed that
LINK2 was well conserved among Populus species, and it was generated
after the split of Salix and Populus from their last common ancestor.

Then we used CRISPR-Cas9 to generate mutants for LINK1 and LINK2 in
hybrid aspen. For LINK1 we found a null mutant with a homozygous
deletion and two heterozygous lines out of ten transformed lines, while
for LINK2 we found twenty heterozygous lines out of thirty transformed
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lines. This might suggest that the homozygous deletion for LINK2 can be
lethal.
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Conclusions and future perspectives

In this thesis | developed a pipeline to identify lincRNAs and investigated
how to characterise their role in Norway spruce and aspen.

In Paper |, | established a robust approach to identify and assign
putatively functionally annotation to lincRNAs starting from an RNA-Seq
dataset. In particular, | deployed the developed pipeline to detect
lincRNAs under active regulation during the process of somatic
embryogenesis in Norway spruce. | also used the guilt-by-association
strategy to transfer functional annotation from functional enrichments of
protein coding to lincRNAs co-expressed in the same cluster. The same
method was used to functionally annotate the five most central lincRNAs
based on the PageRank metric through the functional enrichment of the
protein coding genes in their first degree neighbours. All those
enrichments were also supported by NewGOA, providing additional
evidence to the strategy | adopted.

Through this study | detected five potential candidates that can be further
investigated in future studies. In particular, it would be interesting to
functionally characterise TRINITY_DN96496_c0_gl1_il, with a defined
peak of expression in S3 and a response to abscisic acid in the functional
enrichments. It is known that between S2 and S3 abscisic acid is added to
the medium during the SE process. With a characterisation of
TRINITY_DN96496_c0_g1 il it would eventually be possible to validate
lincRNA functions in the SE process. Another interesting candidate to
validate would be the lincRNA predicted to function as a miRNA sponge.
Development of reverse genetic technology is in constant progress and
my hope is that in the near future it will be possible to select the best
technology to employ for a functional validation in Norway spruce.

Paper Il provided an improved annotation of the Norway spruce genome
and the first annotation of Scots pine. My contribution to this paper was
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to investigate the dynamics of genes associated with the establishment
and maintenance of DNA cytosine methylation. Regarding the RdDM
pathway, utilising a phylogenetic analysis, | found genes involved in the
production of 24 siRNAs, while genes involved in the generation of the
AGO-siRNA complex and related to methylation were absent. The RADM
pathway is involved in de novo methylation and silencing TEs via CHH
methylation. | found other genes responsible for CHH methylation not
related to TEs, DNMT3 and CMT2. MET1 maintaining CG methylation was

also present, while CMT3 considered responsible of CHG methylation was
not detected (Figure 6).

Figure 6. Summary figure of methylation in Norway spruce drawn in Affinity designer.
CG methylation is kept by MET1, found and expressed in Norway spruce. CHH
methylation is kept by DNMT3 and CMT2, found and expressed in Norway spruce. CHH
methylation in RADM is mediated by DRM2, found and expressed in Norway spruce, but

other genes driving it to the methylation target site are not present. CHG methylation is
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kept by CMT3, not found in Norway spruce. There is the hypothesis that CMT2 can keep

also CHG methylation as noticed in Arabidopsis.

In order to relate sSRNAs and lincRNAs and their way to silence TEs through
RdDM, | performed a drought stress treatment, extracting total RNA and
sRNAs, performing also ChIP-Seq and ATAC-Seq on the same sample
material. There was not sufficient time to perform lincRNAs identification
using the new genome annotation in the time frame of this PhD, so this
data resource can be used in further analyses to relate them to the RdDM
pathway until the production of 24 siRNAs. Other studies can be done to
identify an alternative and possible mechanism that might function to
silence TEs via CHH methylation, that can be another non-canonical
RdDM pathway not discovered yet. Another option for the de novo
methylation is that DNMT3 and CMT genes are causing it without
adopting an RdDM system, as in Physcomitrella. Furthermore, it would
be interesting to identify the responsible gene for CHG methylation and
to see if it can also be performed by CMT2 as in Arabidopsis. It is also
intriguing to understand if, and to what extent, lincRNAs are involved in
the maintenance of methylation.

In paper Il we provided an improved annotation of the aspen genome
and associated genomics and populations genetics data. My contribution
to this paper was the annotation of lincRNAs in the dataset of terminal
AspLeaf. In particular, I described two lincRNAs,
TRINITY_DN4521_c0_g1_i4 and TRINITY_DN12299 c0_i2, being part of
the 205 first degree neighbours of Potra2n10c20533 in the co-expression
network. The gene Potra2n10c20533 is a putative transport protein
Sec24A, harbouring a SNP identified using genome wide association that
is significantly associated with variation in leaf shape. This opens new
insights in investigating lincRNAs related to SNPs for future works.

In paper IV | further investigated lincRNAs in the terminal AspLeaf leaf
development dataset and identified lincRNAs expressed during wood
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development. The main focus of this paper was the validation through
the generation of null mutant using CRISPR-Cas 9 of the two most central
lincRNAs in the co-expression network, LINK1 and LINK2. | found that
there were only a few DE lincRNAs, and these represent interesting
targets for future characterisation. It would also be interesting to validate
lincRNAs involved in wood development and the ones that were
commonly expressed in the two datasets.

| also performed a cold stress treatment on Scots pine seedlings to be
added to the genome annotation. The stress was performed using the
same experimental design as a previous study in Norway spruce (Vergara
et al. 2022) in order to facilitate comparative genomics studies. The Scots
pine annotation proved to be complex and was only available late in my
PhD. As such there was not sufficient time to perform lincRNAs
identification using the new genome annotations for both species, thus
future studies can be performed to complete this work. First of all, an
analysis evaluating the importance of lincRNAs in response to this stress
can be performed. Furthermore, also an analysis of lincRNA conservation
between the two species can be done. It would be interesting to study
lincRNAs conserved by sequence, but also to explore whether there are
more lincRNAs that are positionally conserved.

When | started my PhD, the available genome assemblies for aspen and
Norway spruce were highly fragmented, thus we decided that identifying
lincRNAs was the safest option. With the new improved annotations, it
will also be possible to update the pipeline in order to identify and
investigate additional classes of IncRNAs, for example intronic or
antisense ones.

In conclusion, this PhD work took a bold first step into the abyss of the
non-coding genome of two iconic forest tree species, providing an
improved understanding of lincRNAs and implementing a methodology
that can be expanded to include additional classes of non-coding RNAs.
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Grazie mille ai miei amici e famiglia in Italia! Non e stato facile, ma siamo
rimasti vicini nonostante la lontananza. Grazie mamma e papa, perché se
ce I’ho fatta e sono come sono, e soprattutto merito vostro. Grazie a
Giulio, il mio fratellino piu alto di me, perché siamo persone di poche
parole e piu fatti; quindi, la lontananza non e stata facile! Un pensiero
particolare va al mio zio preferito, che spero sia finalmente sereno.

| think that’s the end. | really hope | did not forget anyone! It was an
almost 6 years journey, shared for 4 years with Gin and Cannella, my two
cats (thanks to all my cat sitters as well!), that will move with me. | will bring
2 pieces of Sweden to my next destination!
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