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Genomic abundance and transcriptional
activity of diverse gypsy and copia long
terminal repeat retrotransposons in three
wild sunflower species
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Abstract

Background: Long terminal repeat (LTR) retrotransposons are highly abundant in plant genomes and require
transcriptional activity for their proliferative mode of replication. These sequences exist in plant genomes as diverse
sublineages within the main element superfamilies (i.e., gypsy and copia). While transcriptional activity of these elements is
increasingly recognized as a regular attribute of plant transcriptomes, it is currently unknown the extent to which different
sublineages of these elements are transcriptionally active both within and across species. In the current report, we utilize
next generation sequencing methods to examine genomic copy number abundance of diverse LTR retrotransposon
sublineages and their corresponding levels of transcriptional activity in three diploid wild sunflower species, Helianthus
agrestis, H. carnosus and H. porteri.

Results: The diploid sunflower species under investigation differ in genome size 2.75-fold, with 2C values of 22.93
for H. agrestis, 12.31 for H. carnosus and 8.33 for H. porteri. The same diverse gypsy and copia sublineages of LTR
retrotransposons were identified across species, but with gypsy sequences consistently more abundant than copia
and with global gypsy sequence abundance positively correlated with nuclear genome size. Transcriptional activity was
detected for multiple copia and gypsy sequences, with significantly higher activity levels detected for copia versus
gypsy. Interestingly, of 11 elements identified as transcriptionally active, 5 exhibited detectable expression in all three
species and 3 exhibited detectable expression in two species.

Conclusions: Combined analyses of LTR retrotransposon genomic abundance and transcriptional activity across three
sunflower species provides novel insights into genome size evolution and transposable element dynamics in this
group. Despite considerable variation in nuclear genome size among species, relatively conserved patterns of LTR
retrotransposon transcriptional activity were observed, with a highly overlapping set of copia and gypsy sequences
observed to be transcriptionally active across species. A higher proportion of copia versus gypsy elements were found
to be transcriptionally active and these sequences also were expressed at higher levels.

Keywords: Retrotransposons, Gypsy, Copia, Genomic abundance, Transcriptional activity, Sunflower

* Correspondence: fqiu@ksu.edu
Division of Biology, Kansas State University, Manhattan, KS 66506, USA

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Qiu and Ungerer BMC Plant Biology  (2018) 18:6 
DOI 10.1186/s12870-017-1223-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-017-1223-z&domain=pdf
mailto:fqiu@ksu.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
Long terminal repeat (LTR) retrotransposons are Class 1
transposable elements found in the nuclear genome of
diverse forms of life [1]. These elements have been
particularly successful at replicating in plants genomes
[2, 3], where they often comprise a majority of nuclear
DNA. Gypsy and copia elements represent the main au-
tonomous superfamilies found in plants though
additional nonautonomous forms (e.g., TRIMs, LARDs),
also are recognized [4].
The ‘copy-and-paste’ mode of transposition of LTR ret-

rotransposons requires transcriptional activation, with
resulting RNA molecules serving as templates both for
translation and reverse transcription [5]. Products of
translation (e.g., gag, RT, INT) function in the multistep,
autonomous life cycle whereas products of reverse tran-
scription serve as the physical daughter copies that
insert at new locations in the genome. This transcrip-
tionally based, replicative mode of transposition enables
LTR retrotransposons to achieve the exceptionally high
copy numbers found within plant genomes.
It long has been suggested that LTR retrotransposons

are transcriptionally inactive under normal conditions
due to epigenetic suppression by the host genome.
Natural selection should favor element suppression
given potentially negative mutagenic effects of un-
checked element activity. It is increasingly recognized,
however, that transcriptional activity of LTR retrotran-
sposons is more common than previously supposed, and
may actually be a regular attribute of plant transcrip-
tomes [6–12].
Though highly repetitive, LTR retrotransposons exist

in plant genomes as diverse populations of sequences
represented by different sublineages within the larger
classification groups (i.e., superfamilies gypsy and copia).
Genomic copy number abundance of elements within
different sublineages can be highly variable, with
elements from a small number of sublineages often com-
prising a disproportionately large fraction of the total
genomic abundance [13–17]. The extent to which tran-
scriptionally active LTR retrotransposons are representa-
tive of the total element diversity present in plant
genomes is not well understood, nor is the relationship
between expression level and genomic copy number
abundance of specific sublineages. In the current report,
we use NGS sequencing to investigate these relation-
ships in three diploid wild Helianthus sunflower species
by comparing genomic abundance and transcriptional
activity levels for multiple sublineages of gypsy and copia
LTR retrotransposons. We focus specifically on genomic
abundance and transcriptional activity for a diverse
panel of 40 full-length gypsy and 12 full-length copia
elements previously shown to represent much of the
LTR retrotransposon diversity in sunflowers [16–19].

Insertion age estimates of these elements in the common
sunflower Helianthus annuus indicate that most have
been active recently, with a mean insertion age of 0.7
million years in the H. annuus genome [19].
Helianthus species have been the focus of a range of

investigations examining LTR retrotransposons and their
contribution to genome evolution (reviewed in Giordani,
et al. [20]) and transcriptional activity of these sequences
has been reported for multiple species within the genus
[7, 12, 17, 21–23]. Species under investigation in the
current study include H. agrestis, the sunflower species
with the largest estimated diploid genome size [17, 24],
plus additional species H. carnosus and H. porteri. All
three sunflower species exhibit relatively restricted
geographic ranges in the SE United States, with popula-
tions of H. agrestis and H. carnosus largely restricted to
the state of Florida [25, 26] and populations of H. porteri
confined to granite outcrops in the southern Piedmont
region of eastern Alabama, Georgia and South Carolina
[25–27]. Despite similarly restricted ranges and geo-
graphic occurrences, these species occupy disparate
locations in the Helianthus phylogeny, with H. carnosus
belonging to a Southeastern perennial clade, H. agrestis,
an annual, subtending a monophyletic group consisting
of all perennial Helianthus, and with H. porteri, also an
annual, positioned basal to all of Helianthus [26]. The
phylogenetic placement of these species enable LTR
retrotransposon genomic abundance and transcriptional
activity patterns to be interpreted broadly across the
sunflower genus.

Methods
Plant materials and growing conditions
Seeds of the plant species utilized in this study were ac-
quired from the United States Department of Agricul-
ture (USDA) National Plant Germplasm System
(Table 1). Seeds were germinated on moist filter paper in
Petri dishes and then transferred to 10 cm plastic pots
containing a mixture (2:1) of Metro-mix 350: all purpose
sand. Plants were grown in the Kansas State University
greenhouse facility under a daily light cycle of 16 h light:
8 h dark, with supplemental lighting. Young, fully-
expanded leaves were harvested from mature plants on
the same date from three biological replicates per spe-
cies, flash-frozen in liquid nitrogen, and stored at −70 °C
prior to processing as described below.

Genome size estimation
Nuclear genome size was determined by flow cytometry
using a Guava PCA-96 micro capillary system (Guava
Technologies, Hayward, CA.). Sample preparation con-
sisted of co-chopping with razor blades approximately
30 mg fresh leaf tissue each for the sample and an in-
ternal standard (Secale cereal cv. Dankovské) in a
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nucleus isolation buffer modified after Bino et al. [28]
and consisting of 15 mM HEPES, 1 mM EDTA, 80 mM
KCl, 20 mM NaCl, 300 mM sucrose, 0.5 mM spermine,
0.25 mM PVP-40, 15 mM β-mercaptoethanol and 0.2%
Triton-X. Samples were then filtered through 30-μm
nylon mesh, centrifuged to collect nuclei, and stained
with propidium iodide solution (BioSure). Nuclear
genome size estimates were obtained for 3 different pop-
ulations of H. agrestis and H. porteri and for 2 different
populations of H. carnosus (Table 1). Three biological
replicates were assayed for each population, resulting in
a total of 24 samples.

DNA and RNA extraction, library construction and
sequencing
DNA and RNA were extracted from leaf tissue using a
DNeasy Plant Mini Kit (Qiagen, Valencia, CA) and
TRIzol reagent (Invitrogen, Carlsbad, CA), respectively,
following manufacturer instructions. Total RNA was
purified to avoid any genomic DNA contamination using
DNAse I and a RNeasy Mini Kit (Qiagen, Valencia, CA).
One microgram of total DNA and RNA per sample was
utilized for library preparation and sequencing on an
Illumina HiSeq2500 platform, generating 2 × 100 bp
paired-end reads for both datasets. Library preparation
was performed following the Illumina TruSeq DNA
PCR-free Library Prep Kit and the Illumina TruSeq RNA
Sample Prep Kit v2 (Illumina Inc., San Diego, CA, USA).
Average insert sizes were 470 bp and 260 bp for DNA
and RNA libraries, respectively. Library construction and
sequencing were performed at the University of Kansas
Genome Sequencing Core Facility, Lawrence, KS, USA
(http://gsc.drupal.ku.edu/).
Raw reads from DNA- and RNA-seq were trimmed

using CLC Genomics Workbench v8.5.1 (Qiagen,
Valencia, CA) to remove low quality sequences (PHRED
scores <30) and sequences <80 bp and <40 bp, respect-
ively. More stringent filtering of DNA-seq data was per-
formed on account of the program RepeatExplorer [29]
requiring input sequences ≥ 80 bp in length for analysis.

After quality filtering, chloroplast- and mitochondrial-
derived sequences were identified and removed by
mapping reads against the complete chloroplast genome
(GenBank accession number DQ383815) and complete
mitochondrial genome (KF815390) of Helianthus annuus.

Genomic repetitive fraction
The genomic repetitive fraction of each species was
determined using a graph-based clustering approach de-
veloped by Novak et al. [29] and implemented in
RepeatExplorer [30] on the Galaxy Server (http://www.re
peatexplorer.org/). Briefly, approximately 3 M single end
DNA-seq reads were randomly sampled from each bio-
logical replicate per species and clustered based on an all-
by-all comparison of sequence similarity (≥ 90%) and se-
quence overlap (≥ 55%). Individual clusters were identified
and counted toward the genomic repetitive fraction if they
contained ≥0.01% of the starting number of sampled
sequences (e.g., for 3 M sequences, minimum cluster size
= 300 sequences). These parameter values represent
default setting of RepeatExplorer.

LTR-RT identification and global expression
Sequence clusters obtained from DNA-seq reads were
identified as gypsy and copia LTR retrotransposons based
on a similarity search, implemented in RepeatExplorer, of
clustering output against a custom database consisting of
40 full-length gypsy and 12 full-length copia LTR retro-
transposons derived from the H. annuus genome [18, 19].
These sequences represent a panel of diverse and variably
abundant elements found in the genome of H. annuus
[19], several additional Helianthus species [17], as well as
in additional species in Asteraceae outside Helianthus
[16]. These sequences are available as supplementary File
S1 in Tetreault and Ungerer [17]. We followed the classifi-
cation of sublineages in [17] for our LTR-RT identification
and expression analysis.
Transcriptional activity was estimated by mapping the

filtered RNA-seq reads to this same custom database
using the CLC Genomics Workbench v8.5.1 (Qiagen,
Valencia, CA) with sequence similarity ≥80%. Each
mapped paired-end read was counted as one mapped
fragment, as was each broken mapped read. The total
mapped fragments of each sublineage were standardized
by the average length of full-length elements within the
focal gypsy and copia sublineages and by the total num-
ber of filtered reads (fragments per kilobase per million
sequences, FPKM) to quantify expression level.
Transcriptionally active elements were defined as those
with FPKM values ≥1. Only uniquely mapped reads were
utilized in transcriptional activity assays, though results
were qualitatively similar when analyses were performed
with multiply mapped reads.

Table 1 Genome size estimates for three Helianthus sunflower
species

Species Accession Genome size [2C (SE)]
accession mean

Genome size [2C (SE)]
species mean

H. agrestis 673199 23.19 (0.30) 22.93 (0.32)

468414 22.29 (0.64)

468416 23.31 (0.05)

H. carnosus 649956 12.07 (0.64) 12.31 (0.24)

664671 12.55 (0.01))

H. porteri 649911 8.16 (0.18) 8.33 (0.12)

649912 8.56 (0.06)

649918 8.27 (0.07)
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Correlation between genomic repetitive fraction and
expression level
Pearson’s r was calculated to evaluate correlation be-
tween genomic repetitive fraction and expression level
for sublineages within gypsy and copia superfamilies. To
account for the evolutionary history of different subli-
neages, Phylogenetic Independent Contrasts (PICs) were
conducted with CONTRAST of PHYLIP v3.695 [31, 32].
Maximum likelihood trees of gypsy and copia elements
were constructed using MEGA v6.0 [33] based on amino
acid sequences of the reverse transcriptase domain. The
best evolutionary model of protein sequences was
estimated by ProtTest v2.0 [34].

Results
Nuclear genome size, sequencing data and genomic
repetitive fraction
Within species, estimates of nuclear genome size varied
22.29–23.31 for H. agrestis, 12.07–12.55 for H. carnosus
and 8.16–8.56 for H. porteri. Differences in 2C values
among populations of the same species were not
significant based on the sampling performed (H. agrestis,
F = 1.8792, P = 0.23; H. carnosus, t = 0.7403, P = 0.50; H.
poteri, F = 3.1982, P = 0.11). Nuclear genome size varies
2.75-fold across species with mean estimates of 22.93 for
H. agrestis, 12.31 for H. carnosus and 8.33 for H. porteri
(Table 1).
The Illumina Hi-Seq platform generated from 34.0 M

to 63.5 M, and from 35.8 M to 56.9 M raw reads for
DNA- and RNA-seq, respectively, for the species under
investigation (Table 1 and Additional file 1: Table S1).
After trimming and quality filtering, the numbers of
reads in the final datasets ranged, respectively, from
24.6 M to 48.0 M and from 32.6 M to 51.7 M. Read
lengths were reduced from their original size of 101
bases to mean lengths of 99.6 bases for DNA-seq and
93.8 bases for RNA-seq (Additional file 1: Table S1).
Graph-based clustering of ~3 M DNA-seq reads per

species implemented in RepeatExplorer [30] yielded gen-
omic repetitive fraction estimates of 83.33 ± 0.02% for H.
agrestis, 74.48 ± 0.04% for H. carnosus, and 74.78 ± 0.20%
for H. porteri (Table 1). The repetitive fraction estimate
for H. agrestis is similar to a previous report for that
species (82.12 ± 0.15%) [17] and newly generated esti-
mates for H. carnosus and H. porteri are at the upper
end, but within the range, reported for other diploid
Helianthus species (68.17% - 75.26%) [17].

LTR-RT identification and abundance
To identify and quantify DNA-seq reads belonging to a
diverse panel of annotated gypsy and copia LTR retro-
transposons previously identified in the common sun-
flower (H. annuus) genome, sequence similarity searches
of clustering output data from the graph-based clustering

analysis were performed against a panel of 40 gypsy and 12
copia full length LTR-RT sequences reported originally in
Buti et al. [18] and Staton et al. [19]. Between 22.92% ± 0.07
(H. porteri) and 35.85% ± 0.12 (H. agrestis) of sampled
DNA-seq reads were identified as gypsy, and between
4.86% ± 0.01 (H. carnosus) and 5.41% ± 0.04 (H. porteri)
were identified as copia (Fig. 1a), with gypsy sequences 4.2
to 7.1-fold more abundant than copia elements in these
species genomes. While significant differences in abun-
dance were observed among species for both read types
(gypsy, F = 5.246, P < 10−9; copia, F = 118, P < 10−4, Fig. 1a),
only gypsy sequence abundance exhibited a positive correl-
ation with nuclear genome size (r = 0.998, P = 0.040 for
gypsy; r = −0.494, P = 0.671 for copia, Additional file 1:
Figure S1).

Fig. 1 a Genomic abundance of gypsy and copia elements in three
sunflower species based on similarity searches of graph-based clus-
tering output to a reference panel of 52 full-length LTR retrotranspo-
sons. b and c Same information as in (a), but for different
sublineages of gypsy (b) and copia (c). Error bars represent ±1 SE
based on three biological replicates. Within a given element super-
family (panel a) or sublineage (panels b and c), histogram bars are
labelled with different letter (A, B, C or a, b, c) when significant differ-
ence was determined (post-hoc Tukey test, P < 0.05)
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Sequence diversity is considerable within the LTR-RT
reference panel utilized in this study, with the 40 full--
length gypsy and 12 full-length copia sequences compris-
ing multiple, well-supported sublineages based on
phylogenetic analyses of the reverse transcriptase amino
acid domain (Additional file 1: Figure S2). We thus ex-
amined genomic abundance of these various gypsy and
copia sublineages in the context of this diversity. Con-
siderable variation was observed within all three sun-
flower species in density of DNAseq reads assigned to
different sublineages, with density of gypsy reads ranging
from 3.97 × 10−6 to 0.12 for H. agrestis, from 8.56 × 10−6

to 0.08 for H. carnosus and from 3.56 × 10−6 to 0.06 for
H. porteri and density of copia reads ranging from
5.67 × 10−7 to 0.03 for H. agrestis, from 2.78 × 10−6 to
0.02 for H. carnosus and from 1.16 × 10−5 to 0.03 for H.
porteri (Fig. 1b and c). Within individual sublineages of
gypsy and copia, significant differences in DNA-seq read
abundance were observed among species in all instances,
with the largest interspecific differences characterized by
elevated abundance in H. agrestis for two sublineages of
gypsy (sublineages A and C; Fig. 1b).

Expression characteristics
Transcriptional activity of copia and gypsy sequences
was determined by mapping RNAseq data to the refer-
ence panel of full-length LTR retrotransposons. Expres-
sion was detected for a total of 11 individual elements,
consisting of 6 copia and 5 gypsy sequences (Fig. 2).
Proportionally more copia (50%) versus gypsy (12.5%) el-
ements were found to be expressed given the 1 FPKM
threshold used for detection, and pooled across species,
expression levels of copia elements were significantly
higher than those for gypsy (t = 2.77; P = 0.011). Interest-
ingly, expression of the same elements often was
detected across multiple species, with 5 of 11 elements
expressed in all three species, 3 of 11 expressed in 2 spe-
cies and only the remaining 3 elements expressed in a

single species. For elements determined to be active
transcriptionally, regression analyses of FPKM and gen-
omic abundance yielded nonsignificant results (Fig. 3a-c),
though a negative trend was evident for H. agrestis and
H. carnosus. Elements with the highest genome
abundance estimates (e.g., those in gypsy sublineages C
and X1) lacked transcriptional activity and the single
copia element for which highest expression was detected
in all three Helianthus species (i.e, copia sublineage 6)
exhibited among the lowest genomic abundance
estimates (Fig. 2).

Discussion
Our understanding of LTR retrotransposon diversity and
abundance in plant genomes has increased substantially
in recent years on account of advances in genomics
technology and the rapidly increased rate at which se-
quence data can be generated for both model and
nonmodel species [13–17, 35]. For a majority of plant
species examined thus far, both gypsy and copia super-
families exist as diverse sublineages, with a small
number of these sublineages often representing a dispro-
portionately large fraction of the LTR retrotransposon
and thus genomic component ([4], but see [35]).
Growing evidence supported by unbiased RNAseq stud-
ies also indicates that LTR retrotransposons are
expressed more commonly than previously supposed,
despite longstanding belief that these sequences are
transcriptionally inactive. It remains unknown, however,
the extent to which diverse elements in plant genomes
are expressed at detectable levels, and the precise rela-
tionship between genomic abundance of individual ele-
ments and likelihood, or level, of transcriptional activity.
In the present work, we combined DNAseq and RNAseq
datasets to investigate both genomic abundance and
transcriptional activity levels of a diverse panel of LTR
retrotransposons in three diploid wild sunflower species.

Fig. 2 Genome abundance and expression level (FPKM) of 40 individual gypsy and 12 individual copia elements in three sunflower species. FPKM ≥1
was used as a cutoff for detectable expression. Error bars represent ±1 SE based on three biological replicates. Numerical and letter designations refer
to different sublineages depicted in Additional file 1: Figure S2
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Analyses of DNAseq datasets indicate considerably
higher genomic abundance of gypsy versus copia LTR
retrotransposons in all three species, a result consistent
with previous analyses of other sunflowers [16–19, 36],
and other plant taxa [37–39], though biases of elevated
gypsy abundances in plant genomes are not universal
[40–43]. The three sunflower species under investigation
here generally displayed similar patterns regarding which
sublineages of gypsy and copia were most versus least
abundant in the genome, though significant differences
were detected among species in densities of reads within
most sublineages. Highest read densities were observed
in H. agrestis, with sequences represented by two gypsy
sublineages comprising approximately 23% of all reads
for that species. These observations are consistent with
this species having the largest estimated nuclear genome
size (Table 1), the highest genomic repetitive fraction
(Table 2), and point to specific gypsy sublineages that
likely contributed to genome expansion.
Transcriptional activity of both gypsy and copia LTR

retrotransposons has been documented previously in
both cultivated and wild sunflowers using targeted [12,
23, 44, 45] and unbiased [7, 21, 22] approaches. Low but
detectable transcriptional activity was observed for mul-
tiple gypsy and copia elements in the current study, but
with a higher proportion of copia elements found to be
active transcriptionally and with these copia elements
expressed at higher levels. These observations are

consistent with the notion that elements that are more
abundant in the genome (i.e., gypsy) are more likely to
be targeted for silencing by the host genome and those
at lower abundances more likely to escape such target-
ing. Expression variation of LTR retrotransposons has
been observed in other plant species as well [46–48].
For example, in maize, retroelements identified as low-
copy were found to be expressed whereas retroelements
identified as abundant were not [49]. Such results are
not universally observed, however, as positive (though
non-significant) correlations also have been observed be-
tween retrotransposon copy numbers and transcription
level across different elements [48].
An unanticipated finding of this study was the highly

overlapping patterns across species of specific elements
found to be transcriptionally active, with 5 of 11
expressed elements transcriptionally active in all three
species and 3 of 11 found active in 2 species. This is an
interesting result given the disparate locations of these
species in the Helianthus phylogeny and estimated age
of the genus at 1.7–8.2 Mya [50]. These results indicate
that identical or highly similar elements retain the ability
to be transcriptionally active and/or avoid host-specific
targeting across the genus. It currently is unknown
whether transcriptional activity of these LTR retrotran-
sposons results in associated insertional activity, as post-
transcriptional mechanisms of TE repression are not
well understood in sunflowers. Posttranscriptional

Fig. 3 Phylogenetic independent contrasts between expression level (FPKM) and genomic abundance for gypsy and copia elements exhibiting
FPKM ≥1 (see Fig. 2). Each data point represents an individual contrast, with Pearson’s r and P values calculated based on PIC analyses performed
for H. agrestis (a), H. carnosus (b) and H. porteri (c)

Table 2 Summary statistics of genomic data

Species Accession used
for sequencing

Raw paired-end reads
(DNA-, RNA-seq) (M)

Trimmed paired-end reads
(DNA-, RNA-seq) (M)

Repetitive fraction (%) (SE)

H. agrestis 673199 38.3–40.4,
40.0–44.0

28.6–29.5,
36.3–39.9

83.33 (0.02)

H. carnosus 649956 34.0–38.6,
48.5–56.9

24.6–28.3,
44.0–51.7

74.48 (0.04)

H. porteri 649918 42.4–63.5,
35.8–49.7

31.1–48.0,
32.6–45.2

74.78 (0.20)

M million, SE standard error
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repression perhaps is suggested by patterns whereby in-
dividual elements exhibiting some of the highest expres-
sion levels also exhibit some of the lowest genomic
abundances (e.g., copia 4 and copia 6). Such patterns
should be interpreted with caution, however, as expres-
sion levels of all elements were generally low.
It is unlikely that the transcriptional activity pat-

terns of LTR retrotransposons observed in this study
have arisen from DNA contamination of RNA sam-
ples. While contamination issues are of clear concern
when transcriptional activity of highly repetitive
sequences are assayed, our results are counter to ex-
pectations if contamination was an issue. First, con-
tamination would be expected to lead to positive
correlations between element abundance levels and
transcriptional activity levels. Individual elements
exhibiting the highest abundance levels typically were
found to be transcriptionally inactive. Second, for ele-
ments that were found to be active transcriptionally,
positive relationships between FPKM and abundance
were not observed, and in fact negative trends were
apparent for two of the three species studied.
Epigenetic silencing mechanisms are known to

function in host genomes to control retrotransposon
proliferation and prevent potentially negative muta-
genic effects of element transpositional activity [51].
These mechanisms can be achieved through both
pre-transcriptional (such as RNA-directed DNA
methylation; [51]) and post-transcriptional mechan-
ism (such as RNA interference; [52, 53]). Studies in-
vestigating these silencing mechanisms mostly have
focused on model plant systems such as Arabidopsis
thaliana, rice and maize ([51]; and references
therein). Genomic analyses of methylation and small
RNA targeting in a comparative manner in sunflower
may lead to a better understanding of the dynamics
of host-TE interactions in the wild species under in-
vestigation here.

Conclusions
While the three sunflower species under investigation in
the current study differ markedly in genome size, pat-
terns of LTR retrotransposon transcriptional activity
were relatively conserved across species, with highly
overlapping sets of copia and gypsy elements found to be
transcriptionally active. For elements classified as tran-
scriptionally active, negative but nonsignificant trend
was observed between expression level (FPKM) and gen-
omic abundance for two of three species. Transcriptional
activity was not detected for individual elements exhibit-
ing highest abundance. Additional experiments will be
required to elucidate the mechanisms of transcriptional
control and repression.

Additional file

Additional file 1: Figure S1. Pearson’s correlation between density of
reads and nuclear genome size for gypsy and copia elements. Figure S2.
Phylogenetic relationship among different sublineages of (A) gypsy and
(B) copia based on amino acid sequences of the reverse transcriptase domain
(gypsy, 173 a.a.; copia, 250 a.a.) using maximum likelihood. Bootstrap scores are
presented for internal branches with >50% support. Table S1. Summary
statistics of DNA-seq and RNA-seq data. (PDF 488 kb)
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