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Abstract

Long terminal repeats (LTR) retrotransposons have a major role in determining genome size, structure and function, thanks
to their ability to transpose. We performed a meta-analysis of LTR-retrotransposon expression in roots of sunflower plantlets
treated with different plant hormones, chemicals and NaCl. By using Illumina cDNA libraries, available from public reposi-
tories, we measured the number of reads matching the retrotranscriptase domains isolated from a whole genome library of
retrotransposons. LTR-retrotransposons resulted in general barely expressed, except for 4 elements, all belonging to the Alell
lineage, which showed high transcription levels in roots of both control and treated plants. The expression of retrotransposons
in treated plants was slightly higher than in the control. Transcribed elements belonged to specific chromosomal loci and were
not abundant in the genome. A few elements resulted differentially expressed depending on the treatment. Results suggest
that, although most retrotransposons are not expressed, the transcription of such elements is related to their abundance, to

their position in the chromosome and to their lineage.
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Introduction

Transposons are mobile DNA sequences, widespread
throughout eukaryotic species, which can change their posi-
tion in the genome through transposition, a process oper-
ated by enzymes encoded by the transposon itself. Among
transposons, retrotransposons (REs) change their location
through a replicative mechanism that involves the transcrip-
tion of an RNA intermediate followed by retro-transcrip-
tion and insertion in the genome (Wicker et al. 2007). This
mechanism has allowed REs to become the largest portion of
genomes in most eukaryotic species (SanMiguel et al. 1998;
Vicient et al. 1999).
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In plants, the most abundant REs are characterized by
two long terminal repeats (LTRs) at their ends. Long ter-
minal repeats contain promoter elements, polyadenylation
signals, and enhancers, which regulate RE transcription
(Bennetzen 2000). The portion of RE internal to the two
LTRs contains two protein-encoding domains, the Gag and
the Pol. Gag proteins are similar to virus-like particles, Pol
contains enzyme domains necessary for transposition, as
the reverse transcriptase (RT), which produces a double-
stranded DNA, the RNAseH, the protease, and the integrase
(Bennetzen 2000). A primer binding site and a poly-purine
tract are other structural features of LTR-REs involved in the
transposition process (Bennetzen 2000).

Transposition of LTR-REs (retrotransposition) starts
with the transcription of the element. LTR-RE RNAs can
be polyadenilated (when destined to be translate to pro-
duce RE enzymes) or not (when subjected to be reverse-
transcribed) (Chang et al. 2013; Meignin et al. 2003). In
the latter case, the transcripts are retro-transcribed by the
RT and double-stranded DNAs are produced, after the
RNA templates are degraded by the RNAseH; then, the
integrase inserts the double-stranded DNAs into the host
genome. LTR-REs transposition is limited by the host
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genome due to its potential mutagenic action. The mecha-
nisms to control transposon activity include chromatin
silencing by methylation of histones and cytosine residues
(Dieguez et al. 1998) and RNA silencing, which produces
both RNA degradation and chromatin specific methylation
(Slotkin and Martienssen 2007; Lisch 2013; Ito 2013).

Retrotransposition determines large variations in the
genome size and structure of plants, even at intraspecific
level (Springer et al. 2009; Vitte et al. 2014). Besides
structural changes in the genome, retrotransposition can
often cause changes in gene expression regulation, with
consequent phenotypic changes (Slotkin and Martienssen
2007; Butelli et al. 2012; Falchi et al. 2013; Lisch 2013).

Plant LTR-REs are mostly subdivided into two super-
families, Gypsy and Copia (Wicker et al. 2007), accord-
ing to the order of encoding domains within the Pol and
on sequence similarity. Superfamilies have been further
subdivided into lineages, based on the structure of the ele-
ment, on DNA sequence similarity, and on the occurrence
of specific sequence motifs. Such lineages can be recog-
nised in many plant species.

Sequence similarity of LTR-REs among species is often
minimal and limited to the coding regions (Wicker et al.
2007). In Angiosperms, many Gypsy and Copia lineages
have been identified (Wicker and Keller 2007; Llorens
et al. 2011; Barghini et al. 2015; Usai et al. 2017; Buti
et al. 2018; Neumann et al. 2019). The main Gypsy line-
ages are Chromovirus, a lineage of REs carrying a chro-
modomain at the 5’ end of the coding portion, which is
especially abundant in centromeres (Gorinsek et al. 2004;
Llorens et al. 2011); Athila, reported also in Gymnosperms
(Neumann et al. 2019); and Ogre, represented by large
elements with an open reading frame located upstream of
the gag gene (Neumann et al. 2003). Chromovirus line-
age, on its turn, is often subdivided into four sublineages,
Galadriel, Tekay, CRM, and Reina (Weber et al. 2013).
Also Copia LTR-REs can belong to many different line-
ages, the most diffused being Ale, on its turn often dis-
tinguished into Alel/Retrofit/Hopscotch and Alell, Ivana,
Angela, Bianca, TAR and Tork (often considered as a
unique lineage), and SIRE (Wicker and Keller 2007; Neu-
mann et al. 2019).

During the last years, LTR-REs of sunflower (Helianthus
annuus), a species belonging to the largest Angiosperm fam-
ily (Asteraceae) have been the subject of many studies. Gen-
eral surveys of LTR-REs and other repetitive DNAs in the
genome of H. annuus have been performed using Illumina
and 454 sequencing techniques and assembling the rela-
tive sequence reads (Staton et al. 2012; Natali et al. 2013;
Giordani et al. 2014). These studies revealed the occurrence
of many different transposable sequences, which amount
approximately at 80% of the sunflower genome, recently
fully sequenced (Badouin et al. 2017).
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The importance of LTR-REs in the evolution of Helian-
thus genus was shown by comparing the abundance of dif-
ferent lineages in Helianthus species. Retrotransposition on
the one hand and recombinational loss on the other have pro-
duced changes in the genome size among species and even
within H. annuus (Mascagni et al. 2017a; 2017b). The extent
of interspecific and intraspecific LTR-RE abundance was
related to the different accumulation of specific superfami-
lies and lineages: for example Gypsy REs are much more
abundant than Copia REs (Mascagni et al. 2015; 2018). At
lineage level, Chromoviruses are by far the most represented
Gypsy REs in the sunflower genome; among Copia lineages
the most abundant belong to SIRE lineages, while other line-
ages are rare (Mascagni et al. 2015).

In this study we measured the expression (i.e., the first
phase of retrotransposition) of the LTR-REs of sunflower
in relation to their lineage in order to evaluate if different
lineages are differently transcribed. With this aim, we per-
formed a meta-analysis using a comprehensive library of
RT encoding sequences previously identified in sunflower
LTR-REs (Vangelisti et al. 2019). The expression of these
RT sequences was measured by mapping with a number of
[llumina cDNA read libraries, available in a public reposi-
tory, produced by Badouin et al. (2017) from RNAs iso-
lated by roots of plantlets of sunflower subjected to different
treatments (hormones, chemicals, salt) to mimic abiotic and
biotic stresses.

Materials and methods
Sequence collection

Reverse transcriptase, integrase, and RNAseH encoding
sequences from LTR-retrotransposons of H. annuus were
identified in a sequence set, representing a whole-genome set
of assembled sequences (Natali et al. 2013) and collected.
Briefly, genomic Illumina DNA reads from sunflower inbred
line HA412-HO were obtained and assembled following
several procedures (Natali et al. 2013). The occurrence of
the domain sequences in the available genome sequence of
H. annuus (Badouin et al. 2017) was verified by BLAST
analysis.

The collection of assembled sequences were then sub-
mitted to RepeatExplorer (Novék et al. 2013) protein
domain search tool. Repbase database enclosed in the
RepeatExplorer tool was exploited to perform domain
searches. The following parameters were used: 60% mini-
mum similarity, 40% minimum identity; proportion of the
hit length from the length of the database sequence =0.3;
maximum allowed frameshifts = 3. Such relaxed param-
eters, compared to default ones (i.e., 90% minimum sim-
ilarity and 55% minimum identity) were used because
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Repbase database contains only a few sunflower LTR-
REs and using such parameters allowed us to isolate a
larger number of RT sequences. However, we validated
all isolated RT sequences by BLAST analysis against the
nr Sequence Database at NCBI and against an in-house
library of LTR-REs (Mascagni et al. 2015).

In addition three genes of H. annuus were down-
loaded from NCBI repository (https://www.ncbi.nlm.
nih.gov/); these three sequences encode a Z-carotene
desaturase (Z-Des, FR671183.1, Giordani et al. 2011), a
Lipid Transfer Protein (LTP, FR671365.1, Giordani et al.
2011) and an Actin (HanXRQChr11g0323331, Badouin
et al. 2017). The expression of RT domain sequences and
of the three selected genes was analysed in H.annuus
plantlets root after different treatments. Overall, 16
Illumina cDNA libraries from roots of HanXRQ line,
publicly available (Badouin et al. 2017), were down-
loaded from SRA repository (https://www.ncbi.nlm.nih.
gov/sra/, accession nr. SRP092742). Ten libraries were
obtained from roots of plantlets treated for 14 days with
auxin (IAA, 0.1 uM, SRA code SRR4996845), ethylene
(ETH, 0.25 pM, SRR4996811), gibberellic acid (GA3,
10 uM, SRR4996797), salicylic acid (SA, 0.05 uM,
SRR4996847), kinetin (KIN, 0.5 uM, SRR4996844),
abscisic acid (ABA, 10 uM, SRR4996816), strigolac-
tones (STRI, 1 uM, SRR4996826), brassinosteroid (BRA,
1 uM, SRR4996803), polyethylene glycol (PEG, 100 g/L,
SRR4996815) and NaCl (100 mM, SRR4996819). Con-
versely, the 6 remaining libraries were obtained from
untreated sunflower roots (ID codes SRR4996805,
SRR4996818, SRR4996820, SRR4996828, SRR4996846,
SRR4996852) and used as control (Badouin et al. 2017).

Mapping procedure and statistical analysis

Quality check of cDNA reads was performed by FastQC
(v. 0.11.3), and overall quality was improved by Trimmo-
matic (Bolger et al. 2014) removing Illumina adapters and
trimming the sequences (HEADCROP:10; CROP:56; MIN-
LEN:50) (Table 1).

Additional ribosomal filter for all libraries was performed
by mapping against H. annuus rDNA sequences downloaded
from NCBI repository. Default parameters were used for
ribosomal filtering except for length fraction=0.5 and simi-
larity fraction=0.8.

Trimmed cDNA reads were mapped onto the RT libraries
and the three chosen gene sequences using the CLC Genom-
ics Workbench (v. 9.5.3; CLC-BIO, Aarhus, Denmark) using
stringent parameters (length fraction=0.9 and similarity
fraction=0.9) but retaining mismatch penalties =1 and gap
penalties = 1. The software assigns randomly non-uniquely
matching reads (i.e., reads that align at more than one posi-
tion with an equally good score) to different sequences.
Raw counts per sequence after alignment were normalized
as fragments per kilobase per million reads mapped (FPKM,
Trapnell et al. 2010), including the selected genes in the
analysis, in order to establish gene and RT expression level.
A single transcript was considered expressed if showed at
least 1 mapped fragment per million in at least one library.
Fold change was reported as positive when values where
higher in treated than in control plants, and as negative for
the opposite case, leading to “+” and “—‘“annotation for
expressed elements. Pairwise analysis for differentially
expressed genes between control and treatments was per-
formed using Baggerley’s statistical test, based on count
proportion and working on binomial distribution (Bagger-
ley et al. 2003). A sequence was considered differentially

Table 1 Percentage of cDNA reads matching 1133 RTs of the Copia superfamily and 1001 RTs of the Gypsy superfamily, and three selected
genes encoding an actin, a Z-carotene-desaturase (Z-des) and a lipid-transfer-protein (LTP)

CDNA libraries Total number of reads % of mapped reads

RTs (overall) Copia RTs Gypsy RTs Actin Z-des LTP
Controls 218,878,770 0.022 0.019 0.003 0.006 0.0003 0.00002
Indol-acetic acid 63,006,388 0.009 0.008 0.001 0.002 0.0001 6.35x107%
Kinetin 54,445,226 0.034 0.031 0.003 0.005 0.0004 1.47 x 107%
Gibberellin 52,020,586 0.040 0.036 0.004 0.005 0.0004 0
Ethylene 41,012,542 0.027 0.024 0.003 0.004 0.0003 439 x 107%
Salt 21,813,710 0.027 0.023 0.004 0.005 0.0003 6.88 x 107
Polyethylene glycol 37,849,316 0.023 0.020 0.003 0.005 0.0003 1.06 x 107%
Abscisic acid 43,105,042 0.038 0.036 0.002 0.004 0.0009 0.001926
Salicylic acid 45,066,892 0.027 0.024 0.003 0.004 0.0003 6.66 x 107%
Strigolactones 49,097,546 0.033 0.031 0.003 0.004 0.0004 8.15 x 107%
Brassinosteroids 54,559,166 0.027 0.024 0.003 0.005 0.0005 5.50 x 107%
All treatments 461,976,414 0.028 0.025 0.003 0.004 0.0004 0.000192
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expressed when absolute log fold change > 1 and false dis-
covery rate (FDR) corrected p value < 0.05.

In order to assess genomic abundance of REs, DNA Illu-
mina reads of Helianthus annuus inbred line HanXRQ were
downloaded from SRA public repository (SRR5004633).
Paired end reads were trimmed removing adapters and
improving overall quality with following parameters: SLID-
INGWINDOW:4:20, HEADCROP:15, MINLEN:86.

Additional filter was made for organelle DNAs, aligning
reads on chloroplast and mitochondrial sequences of H. ann-
uus (NCBI accession numbers NC_007977 and KF815390,
respectively). Unmapped reads were retained.

Finally, trimmed reads of 86 bp were mapped onto refer-
ence retrotransposon domains library using CLC with same
parameters described above.

Localization of expressed REs along the sunflower
genome

Each of the 17 linkage groups (LGs) of the currently avail-
able sunflower genome sequence (HanXRQ inbred line,
Badouin et al. 2017), were subdivided into 3-Mbp-long
genome regions. Then, the DNA reads mapped onto the RE
domain library (see above) were collected using the CLC
Genomics Workbench (v. 9.5.3). Such reads were used for
masking the 3-Mbp-long fragments of the HanXRQ genome
using RepeatMasker (http://www.repeatmasker.org) under
default parameters, in order to perform genome localiza-
tion of RE sequences. A putative sunflower centromeric
sequence, HAGO02P01 (Cavallini et al. 2010) was also
used for masking the fragmented genome, separately, using
the same procedure. The number of masked bases was then
counted for each of the 3 Mbp fragment using another in-
house perl script.

In other analyses, the cDNA reads (from roots of control
or treated plantlets) matching the retrotransposon domains
library (see above) were collected and mapped onto the
3-Mbp-long genome regions using the CLC Genomics
Workbench (v. 9.5.3) in order to localize the expressed REs
in the genome.

Results
Overall expression of LTR-REs in sunflower roots

The expression of LTR-REs in the roots of sunflower was
measured by mapping Illumina cDNA reads onto a collec-
tion of sunflower RT encoding sequences, identified in a
whole genome set of assembled sequences (Natali et al.
2013; Vangelisti et al. 2019) and validated through BLASTX
analysis against the NCBI nr sequence database and an in-
house sunflower LTR-RE library (Mascagni et al. 2015).
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After validation, the collection of RT domains was com-
posed of 2134 sequences. We performed a BLASTN search
of these sequences against the available sunflower genome
assembly (Badouin et al. 2017) and found that 2118 over
2134 sequences occurred in the genome assembly, with a
96.3% average sequence identity. We also validated and
analysed the expression of other domains (encoding inte-
grase and RNAseH) and obtained similar results (data not
reported).

Retrotranscriptase-encoding sequences were subdi-
vided as belonging to 7 lineages of Copia and 3 lineages
of Gypsy elements. Illumina cDNA libraries were obtained
by Badouin et al. (2017) from roots of control plantlets (6
libraries) and from roots of plantlets treated with abscisic
acid, ethylene, brassinosteroids, gibberellic acid, indole-
acetic acid, kinetin, NaCl, polyethylene glycol, salicylic acid
and strigolactones, respectively (10 libraries).

The expression level of each RT was evaluated by meas-
uring the FPKM and compared with those of three single
copy gene sequences, encoding two proteins involved in
lipid metabolism (a LTP and a Z-Des) and a housekeeping
protein (an actin). CLC-BIO assigns randomly nonspecifi-
cally matched reads, i.e., reads aligning at more than one
position with an equally good score. However, in our experi-
ments, the number of non-specific reads was quite low. For
example, the average percentage of non-specific matches in
control leaves was 12.59+0.63. Similar percentages were
observed for all treatments (data not shown). Such multi-
reads were included in the analysis because this strategy cor-
rectly estimates the expression of paralogous RT sequences
(see Mortazavi et al. 2008).

Table 1 reports the percentage of cDNA reads match-
ing 1133 RTs of the Copia superfamily and 1001 RTs of
the Gypsy superfamily, and the percentages of reads map-
ping onto the three selected genes. Overall LTR-RE expres-
sion was very low compared to the three single copy gene
sequences. Copia REs were much more expressed than
Gypsy ones and increased their overall expression in stressed
plants.

To estimate the expression level of each RT sequence we
arbitrarily established FPKM threshold: we considered as
untranscribed or barely expressed those sequences mapped
by less than 1 fragment per million, which corresponded, in
our experiments, to FPKM = 1500. FPKM values higher than
1500 were subdivided into 3 classes: from 1500 to 15,000,
RT sequences were considered as lowly expressed; from
15,000 to 40,000, as expressed; and > 40,000 (i.e. higher
than that of the most expressed reference gene, encoding
the actin) as highly expressed.

Considering single RT sequences, the vast majority of
RTs of both Copia and Gypsy superfamilies resulted barely
expressed or untranscribed (Table 2). In the roots of con-
trol plants, only 28 RTs (20 Copia and 8 Gypsy) showed
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Table2 Mean FPKM of RT-sequences by using 6 and 10 cDNA Illu-
mina libraries from roots of control and treated plants, respectively

Mean FPKM  Control plants Treated plants
Number of Number of Number of Number of
Copia RTs  Gypsy RTs Copia RTs Gypsy RTs
> 40,000 3 0 2 0
15,000-40,000 1 0 2 0
1500-15,000 16 8 17 7
< 1500 1113 993 1112 994

an FPKM > 1500 and only 3 RTs (of the Copia superfam-
ily) showed FPKM > 40,000. In the roots of treated plants
(considering all treatments), the expression levels of single
elements were similar to those of the roots of control plants
(Table 2). The average FPKMs of the actin sequence were
34,124 and 23,165, those of Z-des sequence 3983 and 5505,
and those of LTP sequence 552 and 4140, in the controls and
in the treated plants, respectively.

The localization of expressed RTs in the 17 chromo-
somes of Helianthus annuus was determined by map-
ping the LTR-RE-matching Illumina cDNA reads on the
available genome sequence of H. annuus HanXRQ line
(Badouin et al. 2017) (Fig. 1). In Fig. 1 are also reported
the chromosomal localization of LTR-REs and of cen-
tromeres, determined by masking the H. annuus linkage

groups with the library of retroelements of sunflower from
which RT sequences were isolated (Mascagni et al. 2015)
and a putative centromeric tandem repeat (Cavallini et al.
2010). It can be observed that, in roots of both control
and treated plants, cDNA mapping identified specific
chromosome regions, often localized at the extremities of
chromosomes and identical in control and treated plants.
Such regions never corresponded to centromeres and were
generally regions with the lowest abundance of LTR-RE:s.

The expression of LTR-RE RTs was analysed also
at lineage level. Figure 2 shows the number of ele-
ments subdivided among untranscribed (FPKM < 1500),
lowly expressed (1500 < FPKM < 15,000), expressed
(15,000 < FPKM < 40,000) and highly expressed
(FPKM > 40,000) in roots of control and treated plants.
In either control and treated plants, the vast majority of
LTR-REs were untranscribed, a low expression level was
measured for a few elements of 6 lineages (Alell, Bianca,
Ivana, SIRE, Chromovirus and Ogre) in control plants
and 7 lineages (the same as control plants plus TAR/Tork)
in roots of treated plants. A higher expression level was
observed only for 4 LTR-REs of the lineage Alell of the
Copia superfamily.

Figure 3 reports the relationship between abundance in
the genome and expression of a RT encoding sequence,
subdivided per lineage, in roots of control plants. It can
be observed that the seven most expressed elements,
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belonging to Alell (5 sequences) and Bianca (1 sequence)
are barely abundant in the genome.

Analysis of expressed LTR-REs

Assuming at least one mapped fragment per million reads in
at least one library (of roots of control or treated plants) as
the threshold to define a RT-encoding sequence as expressed,
only 49 RT-sequences were identified as expressed. All 49
sequences occurred in the present genome assembly of sun-
flower (Badouin et al. 2017), with a 96.6% average sequence
identity. Their expression levels in roots of control and dif-
ferently treated plants are reported in Fig. 4, subdivided
into five classes. The expressed RT sequences belong to 8
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lineages, 6 of the Copia superfamily (Alell, 14 sequences;
SIRE, 10; Alel/Retrofit, 6; IvanalOryco, 4; TAR/Tork, 3;
Bianca, 1) and 2 of the Gypsy superfamily (Chromovirus
and Ogre/TAT, each with 5 sequences). Four RT sequences
(all belonging to the Alell lineage) are highly expressed in
control roots as well as in all treatments (Fig. 4).

The FPKM values of RT sequences in each culture treat-
ment was compared with those of control roots and the
occurrence of differential expression was established when
FPKM fold change was>2 with FDR <0.05. The occur-
rence of differential expression for each RT sequence and
each treatment is indicated by the symbol +in case of over-
expression and—in case of repression in Fig. 4. In some
cases RT sequences were overexpressed, in other they were
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repressed. Concerning the different treatments, indole ace-
tic acid induce a general repression of RT sequences. On
the other hand, salicylic acid induces the over-expression
of many REs. The effect of the other treatments is different
depending on the LTR-RE. Gibberellin, poly-ethylene glycol
and NaCl induced differential expression only for 3, 5 and 6
RT sequences, respectively.

Discussion

The occurrence of RE transcripts in different tissues and
organs of plants have been reported in many species,
both constitutively or following exposition to abiotic and
biotic stresses (Grandbastien 2015). Certain LTR-REs are
expressed without apparent inducing conditions, i.e. con-
stitutively, for example in Citrus sinensis, in sunflower, in
rice and in the poplar (Rico-Cabanas and Martinez-Izqui-
erdo 2007; Vukich et al. 2009; Gao et al. 2015; Giordani
et al. 2016). On the contrary, other elements are constitu-
tively transcribed only at very low level, for example in
grasses (Vicient et al. 2001; Ishiguro et al. 2014). In any
case, the expression of a LTR-RE does not imply that such
element will complete retrotransposition by inserting in a
new genome site. A complete retrotranspositional process
has been reported in a few cases: for example, the expres-
sion of Tntl and Ttol in Nicotiana and Tos17 in rice were
described in tissue cultures of those species, followed by
their subsequent insertion in the genome (Grandbastien

T T
3000 4000

Average coverage

5000

1998). Complete retrotransposition was also observed for
one Copia element of sunflower, in normally cultivated
plants (Vukich et al. 2009).

In this study, we reported an analysis of the expression
of RT-encoding domains. We are conscious that the expres-
sion of a protein-encoding domain is only an indication that
the whole LTR-RE to which that domain belongs is actually
expressed. On the other hand, analysis of complete elements
(which are generally transcribed at low rates) would have
needed cDNA sequence coverages largely higher than those
available and currently used in RNA-seq studies.

The results reported in this study suggest that LTR-REs
are not generally expressed in sunflower roots. As a matter
of fact, only three elements were more expressed than an
actin-encoding gene in control roots and only two in roots
of treated plants. In some cases, LTR-REs have been shown
to be activated at transcriptional and possibly transpositional
level by different treatments mimicking abiotic and biotic
stresses (Kashkush et al. 2003; Liu et al. 2004; He et al.
2012; Ito et al. 2013; Voronova et al. 2014). For example,
transcription of LTR-REs of both Copia and Gypsy super-
families were induced by gibberellin and salicylic acid in
cotton and pine (Hawkins et al. 2008; Fan et al. 2014); ABA,
cytokinins and auxins induced strawberry FaRE1 (He et al.
2010); tissue culture, jasmonate and fungal elicitors acti-
vated Ttol in tobacco (Takeda et al. 1999; Liu et al. 2004).

In our study, the expression level was basically the
same in roots of plantlets treated with different hormones,
with salts, or with chemicals as in the controls. In these
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Fig.4 Expression of reverse Superfamily Lineage ID  C IAA ETH GA3 SA KIN ABA STRI BRA PEG NaCl FPKM
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treatments, the sum of the Illumina reads mapping onto the
RT library increased but remained substantially very low.
Moreover, it is worth noting that the same few RT sequences
which were expressed in treated plantlets were expressed
also in controls.

In general, it can be deduced that LTR-REs are substan-
tially inactive in the roots of sunflower, although a few ele-
ments showed detectable expression rates. These elements,
which are expressed in roots of both treated and control
plantlets, are not silenced and may have a mutagenic poten-
tial, if their transcription were followed by retrotranscription
and insertion in the genome.

Genome localization of expressed RT domains suggest
that the expression of an element is related also to its chro-
mosomal localization. In fact, we observed specific chro-
mosome regions with peaks of RT mapping cDNA reads.
The abundance of LTR-REs in these regions was minor
than in the other and, probably for this reason, these regions
are less subject to repression of LTR-RE transcription. For
example, these regions are relatively distant from putative
centromeres, which are especially abundant in LTR-RE:s.
Chromosomal regions related to LTR-RE expression are
preferentially located at chromosome ends, that in sunflower
and other species are preferentially occupied by Copia LTR-
REs (Santini et al. 2002; Cavallini et al. 2010).

Our results showed that the expression of Copia REs
is by far larger than that of Gypsy elements. Moreover, in
sunflower, all elements expressed at high level belonged to
the Copia superfamily. Many of the LTR-REs expressed in
other species are actually of the Copia superfamily (Ma et al.
2008). In sunflower, Copia elements are much less abundant
than Gypsy and this might explain such difference in expres-
sion. In fact, LTR-RE abundance and transcription are appar-
ently inversely correlated. Abundant LTR-REs were only
slightly transcribed or completely untranscribed, whereas
rare REs were actively expressed. It is commonly accepted
that the more abundant is an element the more easily it is
recognized and subjected to RNA silencing (Meyers et al.
2001; Yamazaki et al. 2001; Lisch 2013). Even in the Heli-
anthus genus, Qiu and Ungerer (2018) found similar results.
In three wild species, H. agrestis, H. carnosus and H. por-
teri, they found that Gypsy elements are much more abun-
dant than Copia ones, however the most expressed LTR-REs
belonged to the Copia superfamily and especially to barely
represented families. The lack of correlation between LTR-
RE abundance and transcription rate also indicates that the
presence of RT domain sequences in the Illumina libraries
was not due to DNA contamination of RNA samples.

Interestingly, all RT domains expressed at relatively high
level belonged to Alell lineage, indicating that, besides
chromosomal localization and genome abundance, also the
“genotype” of the LTR-RE might play a role in its activation.
LTR-RE lineage-depending expression was also reported in

cotton (Hawkins et al. 2006). In the case of tobacco, both
Tntl and Ttol (which are induced by tissue culture) belong
to the TAR/Tork lineage (Neumann et al. 2019). It is pre-
sumable that different lineages are specifically activated in
different species.

Although in roots of plantlets subjected to different treat-
ments, expressed LTR-REs are generally the same as in
control plantlets; for many of these LTR-REs the different
treatments induced over-expression or repression, probably
because of the occurrence, in the LTRs, of cis-regulatory
motifs recognized in specific stresses (as observed in the
LTR of the HaCRE1 element of sunflower (Buti et al.
2009)). For example, in our analysis, IAA induced a gen-
eral repression of LTR-REs. This hormone is important in
the control of root growth and differentiation (Aloni et al.
2006). Reduced expression of LTR-REs during IAA treat-
ment might be related to the repression of these elements in
order to making sure that their activation does not interfere
with a regular root development.

In conclusion, our study shows that LTR-REs are sporadi-
cally transcribed in sunflower roots, even in plants subjected
to treatments mimicking abiotic and biotic stresses. How-
ever, a few elements, all belonging to the Alell lineage of the
Copia superfamily, are expressed at high levels, indicating
that the RE lineage affect LTR-RE expression and that the
process of retrotransposition might naturally occur in roots
of sunflower. These few elements will be the candidates for
further studies in order to ascertain the occurrence of new
insertions of LTR-REs in the genome.
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