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Summary

Transposable elements (TEs) are an important source of genome variability, playing
many roles in the evolution of eukaryotic species. Besides well-known phenomena, TEs may
undergo the exaptation process and generate the so-called exapted transposable element genes
(ETEs). Here we present a genome-wide survey of ETEs i the large genome of sunflower
(Helianthus annuus L.), n which the massive amount of TEs, provides asignificant source for
exaptation.

A library of sunflower TEs was used to build TE-specific Hidden Markov Model
profiles, to search for all available sunflower gene products. In doing so, 20,016 putative ETEs
were identified and further investigated for the characteristics that distinguish TEs from genes,
leading to the validation of 3,530 ETEs.
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The analysis of ETEs transcription patterns under different stress conditions showed a
differential regulation triggered by treatments mimicking biotic and abiotic stress; furthermore,
the distribution of functional domains of differentially regulated ETEs revealed a relevant
presence of domains involved in many aspects of cellular functions. A comparative genomic
mvestigation was performed including species representative of Asterids and appropriate
outgroups: the bulk of ETEs resulted specific to the sunflower, while few ETEs presented
orthologues i the genome of all analysed species, making the hypothesis of a conserved
function.

This study highlights the crucial role played by exaptation, actively contributing to

species evolution.

Significance statement: The molecular domestication of transposable elements leads to the
formation of novel genes through exaptation. By setting up a protocol for systematically
discovering exapted transposable elements (ETEs) in large genome species, we identified and
validated 3,530 ETEs in sunflower genome. The identification of ETEs in Helianthus annuus
can be considered further proof of the fundamental contribution that TEs had in the rismg of
genetic novelties, probably influencing different biological processes during the evolution of

the sunflower.

Introduction

Transposable elements (TEs) are genomic sequences that can transfer themselves from
their original chromosomal site to different ones; they constitute a substantial component of
most eukaryotic genomes and play a key role in defining genome structure, function, and evo-
lution (Rebollo et al., 2010; Fedoroff, 2012; Bourque et al., 2018; Dubin et al., 2018).

TEs are divided mnto two classes. Class I TEs transpose via a replicative mechanism,
which requires the formation of an RNA mtermediate, and Class II TEs transpose through a
‘cut & paste’ conservative model. TIR elements are Class Il TEs characterised by the presence
of termmnal mverted repeats (TIRs) and a transposase (TPase) as their only coding domain.
Long termmal repeat retrotransposons (LTR-REs) are Class I TEs, characterised by the pres-
ence of long terminal repeats (LTRs) that flank the GAG-POL nternal coding region, consti-
tuted by group-specific antigen (GAG), protease (PROT), reverse transcriptase (RT), ribonu-
clease H (RH), and integrase (INT). Elements belonging to this LTR-RE order are found in
plant genomes divided into two superfamilies, Copia and Gypsy, which present the same cod-

ng domains that are displayed in a different order.
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Due to their peculiar capability of moving from one locus to another, TEs may cause a
wide range of conspicuous modifications in gene expression and function, such as the model-
ling of new regulatory networks and the creation of new genes (Feschotte, 2008; Cosby ef al.,
2021). In addition to the well-known exon shuffling activity (Moran et al., 1999; Feschotte and
Wessler, 2001; Morgante et al., 2005), another way TEs can originate novel genes is through
the mechanism of exaptation (Joly-Lopez and Bureau, 2018). This process mediates the for-
mation of new genes or sequences with new functions called Exapted Transposable Elements
(ETEs) (Hoen and Bureau, 2015). Although transposition can be detrimental to the host ge-
nome stability, under particular circumstances these events may also produce positive effects,
Le., when the activity of a TE provides a selective advantage to the host, the TE may stop
behaving as a self-replicative separate entity and begin to be keptin vertical mheritance through
phenotypic selection. In some cases, TE-exaptation does not lead to the production of new
complete genes (full molecular domestication): transduplication, for instance, is a mechanism
by which a TE incorporates and mobilises a gene or gene fragments into a new genomic posi-
tion leading often to the production of pseudogenes (Lisch, 2013). Another mechanism by
which TEs can participate in molecular exaptation is called exonization, which occurs when a
TE inserts into a gene or near a gene and it can be incorporated as a novel cassette exon (Hoen
and Bureau, 2012). Other exaptation events affect gene regulation, leading to the production of
new transcription factors or cis-regulatory sequences, that contribute to the establishment of
novel patterns of gene expression (Wray, 2007).

Joly-Lopez and Bureau (2018) proposed a phased model to describe the TE exaptation
mechanism. According to this model, a TE may eventually provide a phenotype beneficial to
the host, and because of positive selection is then fixed in the genome over a short evolutionary
time and finally undergoes persistence and diversification. A TE that, throughout evolution,
has overcome all phases could be considered exapted.

In this context, ETEs can play important roles in host physiology. In plants, they are
mvolved in flowering (Cowan et al., 2005; Joly-Lopez et al., 2012), development (Bundock
and Hooykaas, 2005; Knip et al., 2012; Knip et al., 2013), light signaling (Hudson et al., 2003;
Lin et al., 2007), and stress response (McClintock, 1984; Chénais et al., 2012; Wheeler, 2013;
Makarevitch et al., 2015). For instance, Arabidopsis FARI1(far-red impaired response 1), the
first ETE discovered in plants, derives from an ancient Mutator-like transposase, and modulates
phyA-signaling homeostasis (Lin ef al., 2007). DAYSLEEPER, another ETE identified i A.

thaliana (Bundock and Hooykaas, 2005), encodes a protein including conserved domains from
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the hAT DNA transposon family (hobo, Ac, and Tam3) which acts as a transcription factor
regulating several genes.

Class II TEs are particularly prone to be exapted (Feschotte and Pritham, 2007). This
is because the transposase enzyme encoded by Class II elements contains DNA binding do-
mains (DBDs) that bind to regulatory regions of the TE itself, thus modifying the expression
of neighboring genes and giving rise to new regulatory elements and pathways (Feschotte,
2008). The exaptation of transposases has indeed occurred numerous times during the evolu-
tion of fungi, plants, and animals (Cowan et al., 2005; Quesneville et al., 2005; Babu et al.,
2006; Casola et al., 2008).

One of the first systematic approaches aimed at identifying ETEs was developed by
Hoen and Bureau (2015) for A4. thaliana; their method exploits the different genetic attributes
between TEs and ETEs, both from a structural and functional pomt of view. Some features
remain common between a TE and its derived ETE; for example, highly conserved regions of
the TE coding domamns are also conserved in the derived ETE. The level of similarity that an
ETE shares with its ancestral TE is sufficient to allow its identification but not to maintain the
function of the TE. Moreover, ETEs are generally present in the genome with a lower number
of copies than TEs, and most TEs are not expressed but silenced, commonly by small mterfer-
ng RNAs (siRNAs), while ETEs are stably expressed and tend not to be a target for siRN As
(Cowan et al., 2005; Jiao and Deng, 2007). However, no single genomic feature alone would
allow a robust identification of ETEs. Because of this, the validation of putative ETEs should
consider several parameters.

Despite the great importance for the evolution of genomes, the majority of known ETEs
have been discovered mostly by chance, as single events (Hoen and Bureau, 2015), except for
the work of Cowan et al. (2005) on Oryza sativa and that of Hoen and Bureau (2015) on 4.
thaliana, whereas the availability of an entirely sequenced high-quality genome allows this
type of study to be conducted on a genome-wide level

To address this paucity of genome-scale surveys of ETEs, in this work, we followed
the Hoen and Bureau (2015) method, to devise an ad hoc bioinformatic pipeline, to investigate
the exaptation events involving Class I TE LTR-REs, and Class II TE TIR elements of the
cultivated sunflower (Helianthus annuus L.) whose genome size (3.6 Gbp, Badouin et al.,
2017) is by far larger than those of Arabidopsis or rice. Although a reference genome for sun-
flower was only recently completed (Badouin et al., 2017), it has been known for many years
that the sunflower genome (3.6 Gbp) is composed of a large percentage of repeated sequences,
mostly represented by TEs, estimated from a mnimum of 62% (Cavallini et al., 2010) up to a
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maximum of 81% (Mascagni et al., 2015). LTR-REs constitute a very large fraction of the
genome of sunflower (Giordan ef al., 2014; Mascagni et al., 2017a), thus making these ele-
ments more subject, on a quantitative basis, to the phenomenon of exaptation.

The goals of this work were to (1) test a bioinformatic method to identify TE exaptation
events leading to full molecular domestication in a species with a large genome, the sunflower;
(2) localise the identified fully domesticated ETEs along the genome and investigate their ex-
pression pattern to gain insight into their potential function; (3) infer the evolutionary history
of the identified ETEs.

Results
Genome-wide discovery of sunflower full-length TEs

The identification of ETEs was carried out by creating HMM profiles for LTR-REs and
TIR elements coding domains starting from a comprehensive collection of 6,163 full-length
LTR-REs and 7,472 full-length TIR elements. LTR-REs were divided into two main super-
families, Copia and Gypsy, which in turn were arranged into nine lineages and five lineages,
respectively (Wicker et al., 2007; Neumann et al., 2019; Mascagni et al., 2020; Table 1). The
annotation of TIR elements refers to the superfamily level, classifying them into five main
superfamilies: CACTA, hAT, Mutator, PIF-Harbinger, and Tcl-Mariner (Wicker et al., 2007
Table 1).

The estimation of the insertion time of sunflower LTR-RE Copia and Gypsy lincages
(Supporting Information Fig. S1), shows that all lineages had a proliferation burst about one
million years ago, except for the Copia lineage Bianca, whose elements appear to still be active

and mobile.

Identification of ETEs n the sunflower genome

A complete autonomous element was selected for each lneage of LTR-RE and each
superfamily ofthe TIR order (Supporting Information Table S2). For each of these prototypical
elements, the translated sequences of their coding domains were retrieved. Altogether thus ob-
taning 14 GAG-POL sequences for the LTR-RE order, one for each lineage, and 5 TPase
sequences for the TIR elements, one for each superfamily. It is to be noted that LTR-REs and
TEs are highly variable in sequence, and that variations occur even within LTR-RE lineages
and TIR superfamilies. However, the transposon coding portions are quite conserved, in fact
they are used to efficiently assign an element to one lineage or another (Mascagni ef al., 2017b;

Ventimiglia et al., 2019). In this sense, the use of a prototypical sequence for each LTR-RE
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lineage or TIR superfamily should ensure to cover most of the intra-lineage and intra-super-
family variations, respectively.

To build the HMM profiles, the GAG-POL and TPase aminoacidic sequences were split
nto fragments of 100 amino acids each, as shown in Figure 1. Each fragment was used as a
query in similarity searches against the collection of TEs belonging to the same lineage/super-
family. All the positive matches were retrieved and aligned separately for each lineage/super-
family. Altogether 188 multiple sequence alignments were created and used to build the corre-
sponding HMM profiles. The amino acid sequences of 75,390 sunflower nuclear gene products
corresponding to 61,327 nuclear genes were then searched using the 188 HMM profiles.

The scan provided 27,178 matches in 21,841 sunflower nuclear genes, therefore con-
sidered as putative ETEs. 18,107 ETEs were derived from precursors belonging to the LTR-
RE order and 1,909 from the TIR order. For 1,825 of these ETEs, it was not possible to infer
the origin because they showed similarity with HMM profiles built on both TE orders, due to
a possible artifact. This inconsistent subset was excluded from the further analyses, thus taking
into consideration 20,016 genes as putative ETEs.

The 20,016 putative ETEs were evaluated based on their 1) repetitiveness, i) similarity
with already known TEs, i) siRNA coverage, and iv) expression, assigning scores ranging
from a mnimum of -2 to a maximum of +1, as reported in Supporting Information Table S1.
In Figure 2, scores assigned to putative ETEs for each feature considered are reported.

All attrbute data were summarised into a single total score per putative ETE. Only
3,530 ETEs (ie., those scoring at least +3) were considered validated, corresponding to 5.8%
of the 61,327 sunflower nuclear genes (Supporting Information Table S3). The highest possible
score of +4 was reached by 954 of the validated ETEs (1.56% of all nuclear genes; Table 2).
ETEs appeared to have been generated from any of the TE superfamilies considered in this
study. For 409 (11.59%) of the validated ETEs, it was not possible to infer their superfamily
of derivation; these not classifiable (NC) ETEs showed similarity with more than one LTR-RE
superfamily (395 ETEs classified as LTR-RE NC) or TIR superfamily (14 elements classified
as TIR_NC). Figure 3 reports the distribution of scores and the proportion of the superfamilies
from which the ETEs most likely originated.

Distribution of ETEs in sunflower chromosomes
In Figure 4, an overview of the distribution of validated ETEs across the 17 sunflower
chromosomes is reported. The density of ETEs in 3 Mbp intervals, spanning the H. annuus
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HanXRQ genomes (Badouin et al. 2017), was compared with the chromosomal localisation of
sunflower repeats.

ETEs displayed distinct chromosomal distribution profiles compared to sunflower repeats. The
difference resulted as significant by Pearson correlation (R squared = 0.3896, pvalue= 0.0001;
Supporting Information Table S4 and Figure S2).

Functional characterisation of validated ETEs

The 3,530 validated ETEs encode 3,906 protein products of sunflower, 2,347 of which
are assigned to at least one GO term (Conesa et al., 2005; Usai et al., 2017). The GO annota-
tions were inspected separately for each principal class, namely Molecular Function, Biological
Process, and Cellular Component (respectively MF, BP, and CC). Most of the MF terms were
binding (GO:0005488) and catalytic activity (GO:0003824), whereas BP terms were not as
skewed to few terms, with the most abundant being cellular process (GO:0009987) and meta-
bolic process (GO:0008152). Regarding CC terms, most of ETEs are annotated as cell
(GO:0005623) and cell part (GO:0044464) (Figure 5a). By means of enrichment analysis, the
GO terms of the ETEs were compared to those of the entire transcriptome of H. annuus. Over-
all, nine GO terms were significantly overrepresented in sunflower ETEs (Figure 5b).

Possible regulation of ETEs in response to stress mimicking biotic and abiotic stimuli
in sunflower roots was evaluated (Figure 6). A total of 1,499 ETE genes were detected as dif-
ferentially regulated during the biotic/abiotic stress on sunflower roots (Supporting Information
Table S5). Interestingly, especially IAA, ABA, and MeJA affect over and under expression of
ETEs with respectively 898, 536, and 249 differentially regulated genes. On the contrary, some
treatments showed no effect on ETEs regulation such as BRA, GA3, and STRI.

Finally, concerning the 1,499 differentially expressed ETEs, the distribution of func-
tional protein domains was analysed using the PFAM database. Overall, we detected a major
occurrence of “pentatricopeptide repeat (PPR) repeat” (87 ETEs), “PPR repeat family” (81
ETEs), and “protein kinase domain” (51 ETEs) as reported in Table 3.

Reconstructing the evolutionary patterns of ETEs

To mfer the evolutionary history of sunflower ETEs we performed a comparative
genomic investigation using lettuce and artichoke as representatives of Asterids II, coffee for
Asterids I, and grapevine and Arabidopsis as outgroup species. From this synteny analysis, the
bulk of ETEs resulted specific to sunflower and closely related species (ie., lettuce and

artichoke), indicating that ETEs dynamics are related to speciation events (Figure 7a).
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Considering the ETE orthologs distribution across the genomes, 1,833 ETEs resulted specific
to the sunflower, and closer species showed more orthologous ETEs, such as sunflower and
lettuce (398 ETE orthologs) and sunflower and artichoke (265 ETE orthologs). Few ETEs
orthologs were discovered in other situations. For instance, 24 ETE orthologs were found in
each of the six analysed species (Figure 7b), an observation which might suggest they
originated ancestrally and display conserved functions.

Discussion

Out of the many roles played by TEs in the evolution of eukaryotic genomes, one of
the less nvestigated is their capability to provide raw material to originate new genes through
the process of exaptation (Hoen and Bureau, 2015). In this work, we identified 20,016 putative
ETEs, of which 3,530 were validated as ETEs, ntegrated into the sunflower genome with spe-
cific cellular functions. The few previous studies that aimed at the identification of ETEs on a
genome-wide scale were conducted on A. thaliana and O. sativa, which have smal/medium-
sized genomes, and identified low numbers of ETEs (Cowan et al., 2005; Hoen and Bureau,
2015). The high number of ETEs identified i this study probably reflects the large size of the
sunflower genome and its abundance of TEs (Badouin ef al., 2017, Mascagni et al., 2015, Na-
tali et al., 2012)

Compared to the genomic composition of TEs in sunflower, ETEs displayed a distinct
relative abundance. For instance, the highly abundant Mutator superfamily gave rise to a low
number of ETEs; in contrast, the Copia superfamily, moderately abundant, seemed to have
given rise to many ETEs. This data raised the question of whether some TE domains were more
inclined than others to undergo exaptation events and/or to be retained. Indeed, we observed
that within our set of ETEs, the domains of Copia LTR-RE were the most prone to being ex-
apted, showing an inverse correlation to the abundance of these superfamilies in the sunflower
genome. This result was quite unexpected, as we know that most known ETEs are derived from
DNA TEs (Hoen and Bureau, 2015), but it could be related to the huge abundance of retrotrans-
posons in sunflower (Mascagni et al., 2015).

The distribution of ETEs was assessed along sunflower chromosomes, and compared
with the density of TEs, revealing how ETEs are enriched in euchromatic regions where the
frequency of TEs is lower, whereas a high presence of repeats is related to a lower abundance
of ETEs. It may be hypothesised that ETEs derived from TEs inserted in a euchromatic site are
more prone to be evolutionary retained than those derived from elements inserted in the heter-

ochromatin.
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The functional characterisation of ETEs performed through GO enrichment analysis
allowed us to highlight significant enrichment mn the functional binding category and disparate
other cellular functions. This heterogeneity suggests that, during the evolution of the sunflower
genome, ETE genes have helped to fix several important biological processes in this species.
It is known that ETEs played a crucial role in various biological systems, such as the control
of development i plants (Bundock and Hooykaas, 2005; Knip et al., 2012; Knip et al., 2013).
In eukaryotes, ETEs can also be mnvolved in chromosome segregation, centromere binding,
heterochromatin formation, meiotic recombination, TE silencing, chromosome stability, pro-
grammed chromosomal rearrangements, and translational regulation (Feschotte and Pritham,
2007; Sinzelle et al., 2009). This underlines the importance of ETEs in genome evolution and
function.

By probing ETEs expression in cDNA libraries from sunflower roots under different
conditions, we were able to highlight the association of ETEs expression with stress response.
We report a total number of 1,499 differentially expressed ETEs, that were investigated at the
level of functional domains: the search of similarity to Pfam families in differentially expressed
ETEs revealed that most of them are related to PPR domains, which are sequence-specific
RNA-binding proteins present in large numbers in plant genomes (O'Toole et al., 2008) and
are mvolved mn many aspects of RNA editing (Delannoy ef al., 2007; Nakamura and Kobayashi,
2012). Other highly represented categories are leucine-rich repeat (LRR) domain-containing
proteins, found m a large gene family mnvolved i plant defense (McHale et al., 2006), and
pentatricopeptide-repeat containing proteins, a very heterogeneous class of proteins, nvolved
mn RNA editing, with pleiotropic effect related to plant development and environmental adap-
tation (Barkan and Small, 2014). The fact that both these highly represented categories are
nvolved i plant response to environmental stimuli is in line with the hypothesis that ETE
formation and fixation is adaptive. Furthermore, also ETEs showing functional domain belong-
ing to F-box protein (PF00646) could possibly be involved in plant defense since these motifs
are capable to bind and cooperate with LRR (Kiperos and Pagano, 2000), nevertheless possible
functions related to this functional domain could also be implied in signal transduction and
regulation of cell cycle (Craig and Tyers, 1999). Fally, we retrieved specific domains in-
volved in cellular response to stimuli, especially signal transduction and transcription factor
activity. Several ETEs coding for protein tyrosine and serine/threonine kmase (PF07714) were
found amongst differentially expressed genes, these elements are probably involved in trigger-
ing molecular signaling cascade deriving from growth (especially hormone stimulation) and

physiological variations in response to stress as observed in Arabidopsis thaliana, Dacus
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carota, and Pisum sativum (Hardie, 1999; Ghelis, 2011). In addition, Pfams related to tran-
scription factor families, different from those retrieved in A4. thaliana (Hoen and Bureau, 2015)
and O. sativa (Cowan et al., 2005) were retrieved: in particular, PF00249, representing a Myb-
like DNA-binding domain conserved in plants (Kranz et al., 2001). This is consistent with data
reported for other species, i.e., about half of eukaryotic ETEs with putative or known functions
are transcription factors (Feschotte and Pritham, 2007).

Finally, we attempted to reconstruct the evolutionary patterns of sunflower ETEs in
related species representatives of Asterids. The bulk of ETEs resulted specific to the sunflower,
suggesting that most sunflower putative ETEs origmated after Heliantheae separation. As a
matter of fact, the presence of orthologous ETEs correlates with the taxonomic distances of'the
species investigated, as lettuce and artichoke display a high number of shared orthologs which
are not found in coffee and the outgroups. Moreover, there were a few ETEs shared among all
species, likely representing ETEs formed ancestrally and vertically inherited in the descend-
ants.

In conclusion, the identification of sunflower ETEs can be considered further evidence
of the fundamental contribution that TEs had to the rise of genetic novelties, probably influ-
encing different biological processes during the evolution of sunflower, which seems to have
resulted from the functional analysis of the identified genes. The results obtained could be used
in future studies to screen candidate targets, also assessing the phenotypical effects of specific

ETE disruption.

Experimental procedures
Collection of TEs

A collection of LTR-RE and TIR eclements was isolated from the HanXRQr2.0-SUN-
RISE version of the H. annuus genome, deposited in NCBI (https:/www.ncbi.nlm.nih. gov/as-
sembly/GCA 002127325.2), using software that are based on the identification of TE struc-
tural characteristics, as following: LTR-REs were first retrieved by LTRharvest (included in

GenomeTools v1.5.9 (Ellinghaus et al, 2008) with the following parameter settings: ‘-
minlenltr 100 -maxlenltr 10000 -mindistltr 1500 -maxdistlr 25000 -mintsd 5 -maxtsd 5 -motif
tgca -vic 10’ and subsequently characterised at lineage level by searching coding domains
within the sequences, using the tool Domain based ANnotation of Transposable Elements
(DANTE) on the Galaxy platform (http//galaxyproject.org). The collected information was
then parsed using an in-house built script to detect and fiter out nested elements. Only LTR-
REs complete of all coding domains were included in the library.
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TIR elements belonging to the five major plant TIR superfamilies were identified using
the software TIR-Learner, mcluded in the EDTA package, with default options (Ou et al.,
2019).

The abundance of each LTR-RE lincage and each TIR superfamily was estimated by
mapping [Mlumina reads of sunflower (SRR5004633, available at
https//www.ncbi.nlm.nih. gov/sra/SRR5004633) onto the reference TE library. Mapping was
performed using CLC Genomics Workbench v9.5.3 (CLC-BIO, Aarhus, Denmark), with the

following parameters: mismatch cost = 1, deletion cost =1, insertion cost= 1, similarity = 0.9,
and length fraction = 0.9. Abundance values were reported as the percentage of mapped reads
per total reads.

The msertion time of LTR-REs was estimated by comparing the two LTRs of each
element (SanMiguel et al., 1998). The two LTRs were first aligned using the Stretcher program
(EMBOSS package v6.6.0.0; Rice et al., 2000), and then the nucleotide distances between the
LTRs were measured using the Kimura two-parameter method (K2P; Kimura, 1980), imple-
mented in the Distmat program (EMBOSS package; Rice ef al., 2000), applying a synonymo us
substitution rate that is twice that calculated for sunflower genes ie., 2*10® (Mascagni et al.,
2017a), according to SanMiguel et al. (1998).

Prediction of ETEs

To identify and retrieve the sequences of GAG-POL proteins encoded by LTR-REs and
TPase proteins encoded by TIR elements, we used the Pfam search tool v33.1 (Bateman ef al.,
2004); examning the TEs belonging to our library, the Pfam protein domain prediction tool
was used to choose 19 prototypical sequence elements: 14 (one for each LTR-RE lineage) pre-
senting a GAG-POL region complete of all the protein domains, and 5 (one for each TIR su-
perfamily) with an intact TPase domain.

The prototypical sequences were then split into segments of 100 amino acids in length
then used to perform a tblastn search with the BLAST tool v2.6.0+ (Altschul et al., 1997) on
the pool of elements of the same lineage/superfamily (threshold e-value 1e-5).

The significant matches were retrieved and aligned using MUSCLE v3.8.31 (Edgar,
2004). The multiple sequence alignments were then processed using the tool hmmbuild (with
default options), which is part of HMMER v3.3 software (Finn et al., 2011), generating a Hid-
den Markov Model (HMM) profile for each multi-alignment. The HMM profiles were used to

search all the gene products of sunflower (retrieved from https//www.ncbi.nlm.nih.gov/ge-

nome/?term=txid4232[orgn]) using hAmmscan (HMMER), thus identifying the sunflower genes
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showing correspondence with the HMM profiles. Of these, only the nuclear genes which
showed similarity to a single order of elements (LTR-REs or TIR elements), were retained as

putative ETEs.

Validation of ETEs

To figure out the reliability of ETE predictions, a score was computed evaluating four
attributes for each putative ETE: repetitiveness, similarity with already known TEs, siRNA
coverage, and expression (Supporting Information Table S1). The scores of each attribute were
added up for every ETE giving a cumulative score, then compared to a significance threshold
to distinguish the validated ETEs.
Repetitiveness: Genomic reads of sunflower (SRR5004633,
https//www.ncbi.nlm.nih. gov/sra/SRR5004633) were mapped with CLC Genomics Work-

bench v9.5.3 (mismatch cost 1, insertion cost 1, deletion cost 1, length fraction 0.9, similarity
fraction 0.9) onto the DNA sequences of the putative ETEs. As a comparison, our TE library
was analysed to obtain the average coverage values used as an estimate of the repetitiveness
(Natali et al., 2013). The thresholds were chosen as follows: as 4 and B correspond to the first
and third quartiles of the average coverage distribution resulting from the mapping that oc-
curred on TEs only, ETEs with average coverage < A were assigned a score of +1, those be-
tween 4 and B were assigned a value of 0, and those resulting > B were assigned a score of -1.
For putative ETEs with higher average coverage we also evaluated the repetitiveness of the
specific region, which showed similarity with an HMM profile (and therefore with a TE), also
called a ‘matching region.” The HMM matching regions of each ETE were then retrieved and
searched through tblastn in the sunflower genome. Matching regions with significant align-
ments (identity percentage 70.00, length 70, e-value le-5) were assigned a further penalty (-2).
Similarity with known TEs: Three BLAST searches (thresholds: identity 70%, length 70%, e-
value le-5) were performed: i) blastn of putative ETEs against the TE library to identify which
of the putative ETEs had similarities with known TEs over the majority of its length (putative
ETEs not showing similarity with TEs were assigned score +1); i) blastn using as queries the
exons of putative ETEs providing significant hits in 1). Putative ETEs whose exons provided
at least one significant match were considered to possess similarity along the coding portions
(score -1), otherwise the similarity was limited to the intronic regions (score 0). i) tblastn of
the HMM matching regions of putative ETEs providing significant hits in i) against the TE
library. ETEs showing high similarity with TEs within the exon portion corresponding to the

matching region were assigned a score of -2.
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siRNA coverage: 482 siRNAs identified by Badoun ef al. (2017) were mapped onto all sun-
flower ETEs using BWA v0.7.17-r1188 (aln/samse algorithm with the -n parameter set to 500)
(Li and Durbin, 2009). Putative ETEs not targeted by siRNAs were assigned a score of +1. For
the others, it was determined whether mapping occurred in the intronic regions (score 0) or the
exonic regions repeating the BWA mapping using only exon regions. We chose to penalise a
putative ETE that mapped a siRNA in the exonic regions (score -2).

Expression: Putative ETE expression was evaluated based on the average RPKM (reads per
kilobase per million mapped reads) value calculated using three cDNA libraries of sunflower
leaves (SRR4996792, SRR4996801, SRR4996807) that are publicly available at NCBI SRA
(accession number SRP092742, available at
httpsy//trace.ncbi.nlm.nih. gov/Traces/sra/? study=SRP092742). The cDNA reads were mapped
on a reference constituted by all sunflower genes and the TE library using the CLC Genomics
workbench v. 9.5.3 with the following settings: mismatch cost 1, insertion cost 1, deletion cost
1, length fraction 0.9, similarity fraction 0.9). ETEs with RPKM > 1 were assigned a score of
+1; ETEs with RPKM between 0 and 1 were assigned a score of 0; ETEs with RPKM =0 were
assigned a score of -1.

Finally, the TE domains that were more prone to be exapted were identified by report-
ing the percentage of the domains of Copia, Gypsy, and TIR elements mvolved in exaptation
processes. ETEs derived by Copia LTR-REs, Gypsy LTR-REs, and TIR elements were inves-
tigated separately.

Genomic localisation of ETEs

To analyse the genomic localisation of ETEs along sunflower chromosomes, ETE dis-
tribution was correlated with the abundance of repeated sequences. First, the genome assembly
was split mto 3-Mbp bins using BEDTools v2.27.1 (Qunlan and Hall, 2010). Then the genome
was masked using RepeatMasker v4.0.3 (Smit ef al., 2013-2015) fed with the obtained sun-
flower repeat libraries (Mascagni et al., 2015). The process was run with default parameters.
Finally, ETE locations were itersected with the masking results using BEDTools. Pearson
correlation on ETE and masking data was performed using GraphPad Prism v9.0.0 (GraphPad
Software, Inc., La Jolla, CA, USA). A graphical representation of the data was produced using
the "ggplot2" R package (Wickham, 2016).

Functional characterisation of ETEs
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Gene Ontology (GO) term annotation of all sunflower gene products was obtained by
submitting the sequences to InterProScan v5.45-80.0 (Jones et al., 2014) against the Pfam da-
tabase (Sonnhammer et al., 1997). The distribution of GO terms associated with validated ETE
was visualised with WEGO v2.0 (Ye et al., 2018). In addition, Fisher’s exact test was per-
formed comparing the GO terms of validated ETEs against the complete GO set of sunflower
genes using Blast2GO (Conesa ef al., 2005), hence, in order to reduce the complexity arising
from the GO terms, we performed REVIGO (Supek ef al, 2011) using the ‘tmy similarity’
parameter and selecting only GO terms that had a distribution higher than 10%.

Expression of ETEs was analysed in available Illumina ¢DNA libraries from roots ex-
posed to treatments mimicking stress, available under project accession SRP092742 of SRA.
In particular, the libraries concerning the treatments of sunflower roots with abscisic acid
(ABA), ethylene (ACC), brassinosteroids (BRA), gibberellic acid (GA3), auxin (IAA), methyl
jasmonate (MeJA), sodium chloride (NaCl), polyethylene glycol (PEG), salicylic acid (SA),
strigolactones (STRI) and kinetin (KIN), along with 6 control libraries were chosen. Reads
from cDNA libraries were trimmed using Trimmomatic v0.38 (Bolger et al., 2014), removing
low-quality reads and adapters. Then, high-quality reads were mapped on the sunflower tran-
scriptome using the CLC Genomics Workbench with the following parameters: mismatch pen-
alties =2, gap open penalties =3, length fraction = 0.9, and similarity fraction =0.9. Expression
values for reads mapped for each gene were normalised with reads per kilobase of exon per
million mapped reads (RPKM) (Mortazavi et al., 2008).

Differentially expressed genes (DEGs) were retrieved by comparing treatments versus
respective control libraries. DEGs were obtained using EdgeR (Robinson et al., 2010) with a
quasi-likelihood statistical test. Genes with an absolute fold change value over 2 and false dis-
covery rate (FDR)-corrected p-value under 0.05 (Benjamini et al., 1995) were considered dif-
ferentially expressed. Transcripts that showed an RPKM value < 1 in each library were not
considered for differential expression analysis.

Finally, we examined the distribution of the Pfam families of differentially expressed
ETEs.

Phylogenetic inference of orthology

A comparative analysis was performed between sunflower and three species represent-
atives of Asterids: Lactuca sativa (Reyes-Chin-Wo et al., 2017), Cynara cardunculus var.
scolymus (Scaglione et al. 2016), and Coffea arabica (Denoeud et al., 2014). Furthermore,
Vitis vinifera (Jaillon et al., 2007) and Arabidopsis thaliana (Pucker et al., 2016) were used as
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outgroups. The ETEs’ orthology relationships were investigated using OrthoFinder version
2.5.4 (Emms and Kelly, 2019). Only sequences displaying shared synteny, as computed with
MCScanX (Wang et al., 2012), were considered orthologs.
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Short legends for Supporting Information

Figure S1 Insertion time estimated for Copia (a) and Gypsy (b) LTR-RE lineages in H. annuus
genome Figure S2 H. annuus ETEs’ distinct chromosomal distribution profiles compared to
sunflower repeats. Pearson correlation between the percentage of TE masked bases in the ge-
nome, and the density of ETEs in 3 Mbp itervals.

Table S1 Genetic attributes and scoring system. (i): evidence associated with the intron; (e):
evidence associated with the exon; (!): evidence associated with the region sharing similarity
with the HMMs profile.

Table S2 Prototypical sequence elements chosen for each lineage of the LTR-RE order and
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each superfamily of the TIR order in H. annuus.

Table S3 List of 3,530 validated ETEs discovered in H. annuus genome.

Table S4 Pearson correlation between the density of ETEs in 3 Mbp intervals ofthe H. annuus
genome, and the chromosomal localisation of sunflower repeats. The difference between the
distribution profiles resulted significant (R squared = 0.3896, pvalue= 0.0001).

Table S5 Differentially expressed ETEs in response to biotic/abiotic stresses n H. annnus

Toofts.
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Tables
Table 1 Number and genomic abundance of LTR-RE and TIR elements included in the TE
library used for ETE identification in H. annuus.

No. of Genomic
Transposable elements ) abundance
elements
(% of
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mapped
reads)

Order  Superfamily  Lineage

LTR-
RE 6,163 31.03
Copia 1,745 8.28
Ale 443 0.89
Alesia 7 0.002
Angela 266 1.04
Bianca 65 0.21
Ikeros 462 1.35
Ivana 197 0.34
SIRE 179 3.98
TAR 50 0.20
Tork 76 0.27
Gypsy 4,418 22.75
Chromovirus|CRM 88 0.15
Chromovirus| Reina 190 0.25
Chromovirus|Tekay 407 9.26
non-
Chromovirus|OTA|Athila 603 2.40
non-Chromovirus|OTA|Tat 3,130 10.69
TIR 7,472 15.10
CACTA 924 1.90
hAT 2,197 2.00
Mutator 4,076 10.43
PIF-
Harbinger 205 0.52
Tcl-Mariner 70 0.25

Table 2 Result of the validation process for putative ETEs in H. annuus genome. Evaluated
genes were subdivided according to the TE superfamily from which they putatively orignated.

LTR-
Copia Gypsy RE_ CACTA AT Mutator 00" ver o ifn'er & TOTAL

Nr. of

evaluated 8357 4867 4883 96 482 108 616 39 568 20016

genes

Nr. of

excluded 6460 3827 4488 71 384 89 585 28 554 16486

genes

Nr. of

candic 1897 1040 395 25 98 19 31 B 14 3530

date

ETEs
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(of which  (505) (302) (91) &) (35) (6) 4) 3) 3) (954)
having
max
score)

Table 3 Most represented PFAM codes in differentially expressed H. annuus ETEs. The num-
ber of ETEs carrying each PFAM domain is reported.

PFAM accession PFAM corresponding name Number of ETEs showing
code PFAM domain
PFO1535 PPR repeat 87
PF13041 PPR repeat family 81
PF00069 Protein kinase domain 51
PF00076 RNA recognition motif. (a.k.a. RRM, 28
RBD, or RNP domain)
PF00249 Myb-like DNA-binding domain 27
PF12854 PPR repeat (additional variant) 22
PF13855 Leucine rich repeat 22
PF00646 F-box domain 21
PF07714 Protein tyrosine and serine/threonine ki- 21
nase
PF13812 Pentatricopeptide repeat domain 21

Figures & Figure legends
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Figure 1 Representation of the strategy adopted to split GAG-POL (a) and TPase (b) amino

acid sequences into fragments
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Figure 2 Scores assigned to putative ETEs for each term of validation in H. annuus genome.
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Figure 3 Distrbution of the validation scores of putative ETEs in H. annuus genome; colours

shown in the legend refer to the superfamilies that likely generated the putative ETEs.
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respective id between brackets are shown. Colours scale is based on adjusted PValue (FDR),
whereas balloon size reflects percentage distribution of gene per each GO class. Only signifi-
cant GOs overrepresented in ETEs (P< 0.05) are reported (b).
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Figure 6 Volcano plots showing ETEs differentially expressed in roots of H. annuus plantlets
treated with different substances (ABA: abscisic acid; ACC: ethylene; BRA: brassinosteroids;
GA3: gbberellic acid; IAA: auxin; MeJA: methyl jasmonate; NaCl: sodium chloride; PEG:
polyethylene glycol; SA: salicylic acid; STRI: strigolactones; KIN: kinetin).
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Figure 7 Evolutionary conservation of ETE orthologs. The phylogenetic tree describes the
relationships among sunflower (H. annuus), artichoke (Cynara cardunculus var. scolymus),

lettuce (Lactuca sativa), coffee (Coffea arabica), grapevine (Vitis vinifera), and Arabidopsis
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thaliana. In each leaf, the ideograms report the location of ETE orthologs in each chromo-
some (a). The histogram reports the number of ETE orthologs that are shared in each combi-

nation of species (b).





