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Ty1-copia elements reveal diverse insertion ® e
sites linked to polymorphisms among flax
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Abstract

Background: Initial characterization of the flax genome showed that Ty1-copia retrotransposons are abundant, with
several members being recently inserted, and in close association with genes. Recent insertions indicate a potential
for ongoing transpositional activity that can create genomic diversity among accessions, cultivars or varieties. The
polymorphisms generated constitute a good source of molecular markers that may be associated with phenotype if
the insertions alter gene activity. Flax, where accessions are bred mainly for seed nutritional properties or for fibers,
constitutes a good model for studying the relationship of transpositional activity with diversification and breeding.
In this study, we estimated copy number and used a type of transposon display known as Sequence-Specific
Amplification Polymorphisms (SSAPs), to characterize six families of Ty1-copia elements across 14 flax accessions.
Polymorphic insertion sites were sequenced to find insertions that could potentially alter gene expression, and a
preliminary test was performed with selected genes bearing transposable element (TE) insertions.

Results: Quantification of six families of Ty1-copia elements indicated different abundances among TE families
and between flax accessions, which suggested diverse transpositional histories. SSAPs showed a high level of
polymorphism in most of the evaluated retrotransposon families, with a trend towards higher levels of
polymorphism in low-copy number families. Ty1-copia insertion polymorphisms among cultivars allowed a
general distinction between oil and fiber types, and between spring and winter types, demonstrating their
utility in diversity studies. Characterization of polymorphic insertions revealed an overwhelming association
with genes, with insertions disrupting exons, introns or within 1 kb of coding regions. A preliminary test on
the potential transcriptional disruption by TEs of four selected genes evaluated in three different tissues,
showed one case of significant impact of the insertion on gene expression.

Conclusions: We demonstrated that specific Ty1-copia families have been active since breeding commenced in
flax. The retrotransposon-derived polymorphism can be used to separate flax types, and the close association of
many insertions with genes defines a good source of potential mutations that could be associated with
phenotypic changes, resulting in diversification processes.
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Background

Transposable elements (TEs) are DNA fragments that can
move between genomic locations using a cut and paste
mechanism (DNA transposons), or a copy and paste
mechanism via an RNA intermediate (retrotransposons).
Transposition can result in alterations of gene expression
and diversification between individuals, populations and
species. TEs are commonly activated upon stresses that
include tissue culture, wounding, microbial elicitors and
pathogen attack [1-8]. Polyploidization (whether spontan-
eous or induced) also mobilizes transposable elements,
resulting in genome restructuring, and genetic and epi-
genetic effects on gene activity (reviewed in [9]). Selective
breeding can also affect TE activity. For example, in vege-
tatively propagated grape clones, TE insertional polymor-
phisms constitute the largest class of mutations [10].
Genetic diversity associated with TE polymorphisms has
been commonly explored in plant varieties and species
such as pepper and tomato [2, 11], barley [12], strawberry
[13], coffee [14], blue agave [15] and cashew [16].

We previously showed that more than 20% of the flax
(Linum usitatissimum) genome is made of TEs [17, 18].
The main group represented in the genome are LTR
(Long Terminal Repeat) retrotransposons, from which the
Tyl-copia elements are the most abundant. Tyl-copia
have five main domains encoding proteins required for
the retrotransposition cycle: group-specific antigen
(GAG), protease (PR), integrase (INT), reverse tran-
scriptase (RT) and ribonuclease H (RH). Because of
their retrotransposition mechanism, LTRs are identical
at the time of TE insertion [19], and thus sequence varia-
tions in them can be used as a molecular clock of inser-
tion. LTRs act as promoter sequences since they contain
cis-acting elements that respond to different stress elici-
tors [20-25]. Tyl-copia elements can spread randomly
throughout the genome and are more often associated
with genes than Ty3-gypsy elements [17, 26, 27]. Therefore,
Tyl-copia elements can alter gene regulation [28-30],
promote transduction events of one or more genes to other
genomic locations [31-33], or result in epigenetic gene
silencing [34, 35]. Additionally, they can also fall inside
genes disrupting gene function or altering splice patterns
[36-39].

Numerous Tyl-copia members have been recently
inserted in flax, as inferred from their LTR similarity and
gene domain conservation (at least 83 Tyl-copia elements
have 100% LTR similarity) [17]. Furthermore, Tyl-copia
elements have had increasing activity in the flax genome
starting five million years ago [17]. These observations
indicate that Tyl-copia elements could generate polymor-
phisms among closely related flax cultivars.

Flax is a valuable source of bioproducts derived from
the seed (i.e. linseed) and stem fiber [40]. Its breeding for
either seed or fiber traits in diverse climates has resulted
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in diverse cultivars and an array of agrobotanic charac-
teristics that have been artificially selected [40]. While
flax grown for human consumption (seeds are used for
nutrition but also for oil derived industrial products), is
the same species as the flax grown mainly to manufacture
linen, they represent two different flax types (oil and fiber)
and the products are usually obtained from cultivars (or
accessions) that have been bred to have mainly one of the
two characteristics [40]. Additionally, flax is a summer an-
nual crop in temperate climates and is usually sown dur-
ing spring, but winter cultivars have been bred that can be
sown in the autumn in milder climates. Flax is therefore
an interesting system for studying the relationship of TEs
to continuous and divergent selection practices.

The current study aims to uncover the impact of
specific Tyl-copia retrotransposon families on diversifi-
cation of flax cultivars. We measured the level of poly-
morphism among a set of flax cultivars, and analyzed
their relationship using a TE-based marker system.
Since TE insertions within genes are more likely to
interfere with gene function, we characterized the na-
ture of target sequences of polymorphic insertions to
find out if they were closely associated with genes, and
measured the effect of retrotransposon insertion on
transcript expression in selected genes.

Several strategies have been devised to find TE inser-
tional polymorphisms (reviewed in [41]). Previously, Inter-
Retrotransposon Amplified Polymorphism (IRAP) was
used to study flax cultivars and species [42]. Here we used
a type of transposon display (TD), known as Sequence-
Specific Amplification Polymorphism (SSAP) [43, 44], to
evaluate Tyl-copia retrotransposon insertions in 14 flax
accessions of either oil or fiber types, and spring or winter
types. In SSAP, TEs and flanking DNA are preferentially
amplified using a PCR primer that anneals to a sequence
specific to a particular TE family (usually an LTR), and
a second primer that anneals to an adaptor ligated to a
restriction enzyme site. Our study showed that families
of flax Tyl-copia TEs have high levels of polymorphism
between cultivars, indicating recent activity since orga-
nized breeding commenced in the last century. While
the copy number of each family did not vary greatly be-
tween cultivars, some families of TEs were consistently
more abundant than others across multiple cultivars.
Analysis of sequence insertion sites demonstrated that
many of these Tyl-copia elements inserted within or in
close proximity to genes. Finally, we found one case where
an insertion of a TE in an exon of a Laccase gene de-
creased gene expression in roots. Our study demonstrates
that TEs from the Tyl-copia group have been part of
the diversification associated with breeding, and that
they may play a role in modifying gene expression pat-
terns in the flax genome, which can lead to diversified
phenotypes.
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Results

Comparison of TE copy number between flax accessions
To compare the abundance of TE families between flax
cultivars, we designed reverse transcriptase (RT) primers
(Additional file 1A) from six selected Tyl-copia elements
representative of six retrotransposon families, and used
quantitative PCR (qPCR) to measure their abundance in
14 diverse flax accessions belonging to either oil or fiber,
or spring and winter types (Table 1). The retrotransposon
families were selected because previous analysis showed
them to have LTRs with high similarity and conserved
protein domains [17], suggesting the elements had been
recently active, and may therefore be expected to be
polymorphic between cultivars. Families were named
according to previously suggested conventions (see
Methods [45]) as: RLC_LuO, RLC_Lul, RLC_Lu2,
RLC_Lu6, RLC_Lu8 and RLC_Lu28. From each family
a representative sequence which showed conserved
sites for primer design among family members was se-
lected (see additional selection characteristics of repre-
sentative sequences in the Methods section). Four of
the six representative sequences from the selected
retrotransposon families had 100% similarity in their
LTRs and two had LTRs over 99% similar, indicating
insertion of these elements in the last 200,000 years
(Additional file 2). Similarly, we identified the five ex-
pected protein domains from Tyl-copia elements in
half of the representative sequences, and four domains
in the other half (Fig. 1).

Quantitative PCR showed differences in TE family
abundances (Fig. 2). When averaged across cultivars,
family RLC_Lu2 presented the lowest copy number per
haploid genome (17.7), with families RLC_Lul, RLC_Lu8

Table 1 Cultivars used for transposon display

Cultivar Type
Stormont Cirrus fiber spring
Aurore fiber spring
Belinka fiber spring
Drakkar fiber spring
Evea fiber spring
Hermes fiber spring
Violin fiber winter
Adelie fiber winter
rdf* oil spring
Bethune oil spring
Lutea oil spring
Blizzard oil winter
Oleane oil winter
Oliver oil winter

*rdf is a mutant derived from Bethune and therefore cannot be classified as a
cultivar per-se. It should be referred as an accession
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Fig. 1 Diagrams of representative Ty1-copia TEs. Long terminal
repeat (LTR), group-specific antigen domain (GAG), protease (PR),

integrase (INT), reverse transcriptase (RT), RNase H (RH)

and RLC_LuO following with 22.5, 25.3 and 38.0 copies
respectively. Finally, family RLC_Lu28 had 50.1 copies
per haploid genome, while family RLC_Lu6 had the lar-
gest average copy number of all with 84.2 copies. In
order to validate these experimental findings, the copy
number of each TE family was also estimated for the se-
quenced CDC (Crop Development Center) Bethune cul-
tivar (herein named Bethune) by BLAST alignments of
primer pairs used for quantitative PCR results. The ex-
pected copy number of TEs in each family estimated by
BLAST alignments, was supported by the quantitative
PCR results, showing a correlation of 0.85, and demon-
strating the validity of the analysis. Non-parametric tests
supported a significant variation in copy number for
each family between cultivars in all cases (p<0.0027,
Kruskal-Wallis  test). Moreover, adjusted p-values
(Dunn’s test) for all pairwise comparisons showed sig-
nificant differences between some accessions for all TE
families tested with the exception of family RLC Lu6
(Fig. 2). No single cultivar or group of cultivars showed
a clear expansion of all TE families, but the statistical
analysis demonstrated a variability that could be
exploited through the use of SSAPs.

Identification of polymorphic TE insertions using SSAP

Having demonstrated significant variation in TE copy
number between flax accessions, we used SSAP to iden-
tify individual insertions that were polymorphic between
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Fig. 2 Absolute quantification of Tyl-copia retrotransposon families. The quantification was performed in 14 flax cultivars, based on amplification
from their reverse transcriptase (RT) domains. The log10 of molecule copy number (mcn) was calculated using an online tool (see text) that
accounts for plasmid-+insert size. This value was used along Ct to generate standard curves to calculate molecule copy numbers for RTs, which
were normalized to ETIF1 to find absolute copy number. Families depicted are: a RLC_Lu0, b RLC_Lu1, ¢ RLC_Lu2, d RLC_Lu6, e RLC_Lu8, f
RLC_Lu28. Error bars = standard deviation. Numbers above represent significant differences of the respective cultivar to other cultivars (Dunn'’s
multiple comparison test p < 0.05) which are numbered as: 1. Adelie, 2. Aurore, 3. Belinka, 4. Bethune, 5. Blizzard, 6. Drakkar, 7. Evea, 8. Hermes, 9.
Lutea, 10. Oleane, 11. Oliver, 12. rdf, 13. Stormont Cirrus. 14. Violin. The average copy number for all cultivars in each TE family is also indicated
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the accessions. We identified seven LTR primers that
consistently amplified distinct bands from the same six
Tyl-copia families used for copy number quantification
(Additional file 1B). Two primers were used for family
RLC_Lul because they generated distinct patterns and
resulted in additional polymorphisms. The seven
primers were used on to amplify DNA from each of the
14 flax accessions (Table 1), to generate the SSAP pro-
files (an example is shown in Additional file 3). A total
of 219 bands were scored, from which 140 were poly-
morphic (63.9% - Table 2). The primers with the lowest
number of average bands were LTR-RLC_Lul-primerl

and LTR_RCL_Lul-primer2 (8.1 and 8.5 respectively);
however, they also showed the highest rate of polymorph-
ism (96.6 and 90% respectively). Conversely, LTR-
RLC_Lu6-primer3 produced the highest number of bands
across cultivars, with an average of 49.6, but showed the
lowest rate of polymorphism (25%). The number of ex-
pected TEs from the Bethune genomic sequence analysis
(Additional file 1A) was also correlated (r = 0.80) with the
number of scored bands in the same cultivar (Table 2),
showing consistency between methods.

SSAP bands were converted into a binary matrix (band
presence = 1, absence = 0), which was used to construct
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Table 2 SSAP band scoring and polymorphic bands
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Accession LTR-RLC_Lu0-  LTR-RLC_Lul-  LTR-RLC_Lul-  LTR-RLC_Lu2-  LTR-RLC_Lu6-  LTR-RLC_Lu8-  LTR-RLC_Lu28-  Totals
primer-3 primer-1 primer-2 primer-1 primer-3 primer-1 primer-1

rdf 18 12 13 12 50 8 20 133
Bethune 18 10 14 12 50 8 20 132
Lutea 14 6 12 48 8 20 112
Oleane 14 4 5 9 48 8 22 110
Blizzard 16 10 9 9 49 10 17 120
Oliver 17 10 10 1 49 8 20 125
Violin 16 12 1 12 49 10 24 134
Adelie 14 7 8 14 50 10 20 123
S. Cirrus 13 8 6 17 48 5 23 120
Evea 14 10 9 13 52 8 23 129
Drakkar 15 9 8 14 50 12 23 131
Hermes 14 8 9 13 50 8 24 126
Belinka 20 4 5 13 50 8 22 122
Aurore 18 6 6 1 51 9 23 124
Average number 158 8.1 85 12.3 496 8.6 21.5 178
of bands

Scored positions 28 29 30 22 56 22 32 219
Polymorphic 17 28 27 16 14 19 19 140
positions

%Polymorphism 60.7 96.6 90.0 72.7 250 86.4 594 639

a maximum likelihood (ML) tree using IQ-TREE v1.4.4
[46]. For the most part, oil (linseed)-types were more
similar to each other than they were to fiber-types, with
the exception of the winter fiber variety, Violin (Fig. 3).
A grouping pattern was also discerned for the dichot-
omy between spring and winter types, with the excep-
tion of Adelie, a winter fiber type which seemed closer
to spring fiber types, and Lutea, a spring oil type which
was closer to the winter oil types (Fig. 3).

No single band could distinguish all linseed-types from
all fiber-types, or all winter-types from spring-types, how-
ever, the definition of a cultivar as either a winter-type or
spring-type can sometimes be ambiguous depending on
the breeding program from which it originated [40].
Within the linseed-types, Bethune and rdf (reduced
fiber) had the most SSAP sequenced bands in common,
followed by Oliver and Blizzard (Additional file 4).
Bethune and rdf had 4 bands which were only present
in those two accessions: band 25 (LTR-RLC_Lul-primer1),
band 15 (LTR-RLC_Lul-primer2), band 5 (LTR-
RLC_Lu2-primerl), and band 4 (LTR-RLC_Lu8-pri-
merl). At the same time, Oliver and Blizzard had 2 bands
that were exclusively in those two cultivars: band 17
(LTR-RLC_LuO-primer3), and band 14 (LTR-RLC_Lul-
primerl).

In the case of the fiber-types, Evea, Drakkar, and
Hermes shared the most bands. A band derived from

LTR-RLC_Lu2-primerl (band 10) was present in seven
of the eight fiber-types tested and was absent from the
linseed types (Additional file 4); the same was true for
band 6 from LTR-RLC_Lu28-primerl but the band was
also present in rdf and Bethune (linseed types). One
more band from LTR-RLC_Lu28-primerl was common
to eight fiber-types (band 12), although in this case, one
linseed-type (Lutea) also had the band. One single band
was present only in all spring-fiber types (LTR-RLC_Lu2-
primerl, band 4), but this one was also present in Lutea
(Additional file 4).

Analysis of flax genomic sequences targeted by
polymorphic insertions

From the 140 polymorphic bands detected using SSAPs,
99 were successfully excised and sequenced. Most of the
failed sequencing occurred with the highest molecular
weight bands, which were either difficult to re-amplify or
did not otherwise produce high quality sequence. Some of
the resulting sequences were redundant, probably because
the restriction enzyme used for the SSAPs found cryptic
sites in larger fragments; alternatively, different cultivars
could have the same TE insertion accumulating mutations
that generate a new restriction site, resulting in bands with
different electrophoretic mobility, but which represented
the same insertion event. After filtering for residual redun-
dancies, sequences where the restriction site fell inside or
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FW), green (oil spring - OS), blue (oil winter - OW). Two biological replicates were used per cultivar with the exception of Bethune with
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just besides a TE, and sequences where no LTR could
be identified, 66 unique insertion sites where found
(Additional files 4 and 5). Each insertion was classified
according to its Tyl-copia family and was mapped to the
genome assembly according to the annotation deposited
in phytozome (Additional file 4). Of the 66 insertions, 14
(21.2%) interrupted annotated exons, 30 (45.5%) were in
introns, 11 (16.7%) were within 1 kb of a gene opening
reading frame (upstream or downstream), and 11 (16.7%)
were characterized as intergenic (where the TE was
inserted at a distance of more than 1 kb from any anno-
tated gene). Altogether, more than 83.3% of the cloned TE
insertions mapped within genes, or within 1 kb of a gene.
For insertions in introns, exons, or within 1 kb of the
CDS, the inferred transcription sense strand of the TE and
gene were the same in 30 cases. Conversely, in 28 cases,
the TE and associated gene were transcribed from oppos-
ite strands (Additional file 4).

To validate the results of the SSAPs, we conducted
genomic PCR assays of 28 selected insertions (Additional
file 6) on each of the 14 flax accessions. We designed
from each TE insertion site sequence (Additional file 5)
one specific primer complementary to the flanking gen-
omic DNA (listed in Additional file 1C) and performed

PCR with the corresponding LTR-RLC SSAP primer
(Additional file 1B). Nineteen (67.9%) of the validated
insertions showed a perfect match or nearly perfect
match to the polymorphisms initially assessed with
SSAPs, while the remaining bands had different levels
of disagreement (Additional file 6).

We used Gene Ontology (GO) categories to classify the
genes that were found to be associated with polymorphic
TE insertions. The genes represented 15 cellular compo-
nents, 12 molecular functions, and 14 biological processes
(Additional file 7). Nine genes where classified as respon-
sive to stress, four in DNA or RNA metabolism, nine in cell
organization and biogenesis, nine corresponded to protein
metabolism, five were related to transcription, three to
transport, five to development, six involved in signal trans-
duction and one was related to electron transport or energy
processes. None of the categories were enriched when the
Arabidopsis orthologs were compared to the background of
all annotated genes using AgriGO (data not shown).

qRT-PCR analysis of selected genes with polymorphic TE
insertions

To assess effects of TE insertions on gene expression, we
selected four flax genes from Additional file 4 that were
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expected to be constitutively expressed under normal
conditions, so that any effects of TE insertion on gene
expression could be detected. In making this selection,
we relied partly on flax RNA-seq data of control plants
from an experiment on the flax-fusarium interaction
performed in our lab (Galindo-Gonzilez & Deyholos,
in preparation), and on comparisons to the presumptive
Arabidopsis orthologs of our flax genes, since extensive
transcript expression data is available for Arabidopsis
(ThaleMine - [47, 48]). Four flax genes were selected for
qRT-PCR analysis: Pyruvate carboxylase (Lus10022077), a
Laccase-13-related gene (Lus10026400), and two Rabgap/
TBC domain containing proteins (Lus10036500 and
Lus10040349). The two Rabgap/TBC domain containing
proteins had 83.6% nucleotide identity, and bore the TE
insertions in different regions (Additional file 4). Addition-
ally, in order to study potential positional effects of the TE
insertions, we selected genes harbouring TEs in exons or
introns and TE-gene associations in sense or antisense
orientation (Fig. 4). Primers were designed downstream
the insertion following the theoretical gene transcription
orientation (Fig. 4). Five flax accessions that were poly-
morphic for insertions in these four genes were selected

Page 7 of 18

to be assayed on three different tissues (leaves, root and
stem) by qRT-PCR: Lutea (TE insertion in exon 8 of
pyruvate carboxylase), Oleane (insertion in intron 6 of
first Rabgap/TBC domain containing protein); Stormont
Cirrus (TE insertion in exon 3 of the Laccase-13-
related gene), and an insertion in a second Rabgap/
TBC domain containing protein of intron 4, which was
also present in Bethune (Fig. 4); and Oliver, which had
no TE insertions in any these four genes. The results of
the qRT-PCR analysis showed several differences (some
with statistical significance) in the relative expression of
the genes tested (Fig. 5). Only the laccase gene harbouring
a TE insertion (Stormont Cirrus accession) displayed a
significant decrease in root gene expression (p < 0.005)
compared to homologous laccase gene of the other four
cultivars evaluated that did not bear the insertion
(Fig. 5). There was also a significant difference between
the expression of Lutea/Oleane when compared with
Oliver/Bethune, but the expression in Stormont Cirrus
was lower than in any other of the four cultivars. The
three other genes did not show decrease in gene ex-
pression in agreement with the accession containing
the TE insertion.

-

RLC_LuO

RLC_LuO

fw rv

RLC_Lul

fw rv

RLC_Lul

fw rv

Pyruvate carboxylase (Lus10022077), TE insertion in Lutea

Rab/TBC domain containing protein 1 (Lus10036500), TE insertion in Oleane

Laccase-13-related (Lus10026400), TE insertion in Stormont Cirrus

Bl oon

- TE

Rab/TBC domain containing protein 2 (Lus10040349), TE insertion in Stormont Cirrus and Bethune

1kb

Fig. 4 Diagrams of genes bearing Ty1-copia TE insertions. The location of the primers used to test for changes in gene expression is displayed.
Gene expression was tested in five flax cultivars (Lutea, Oleane, S. Cirrus, Bethune and Oliver), which were polymorphic for the insertions. The
name of the TE family is above each represented TE. Orientation of the genes and TEs is as depicted after mapping using phytozome. Genes are
drawn according to scale while TEs (not to scale) are depicted only to show insertion positions
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Fig. 5 Normalized gene expression of four genes bearing TE
insertions in three different tissues. Each ACt corresponds to the
average of four biological replicates, each with three gRT-PCR
technical replicates. PYR (Pyruvate carboxylase — Lus10022077),
RAB1 (Rabgap/TBC domain containing protein 1 — Lus10036500),
RAB2 (Rabgap/TBC domain containing protein 2 — Lus10040349),
LAC (Laccase-13-related — Lus10026400). All pairwise comparison in
each gene and tissue, were performed using unpaired two-tailed t-
tests, and significant differences were calculated after Bonferroni
correction (p < 0.005). Numbers above represent significant
differences of the respective cultivar to other cultivars which are
numbered as: 1. Lutea, 2. Oleane, 3. Stormont Cirrus, 4. Oliver, 5.
Bethune. Error bars = standard deviation. The red outline in roots
depicts the only expression pattern in agreement with the insertion
of a TE (TE inserted in the Laccase gene of S. Cirrus and absent in the
rest of the cultivars)
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Discussion

TE activity and genomic copy number

Quantitative PCR using six Tyl-copia families in 14 flax
cultivars demonstrated copy number variation between
TE families, but also within each family between culti-
vars. Artificial selection through plant breeding involves
subjecting plants to diverse stress conditions (e.g. drought,
cold), and growing them under agricultural and laboratory
practices which are not always common in natural envi-
ronments. Mobilization of TEs has accompanied the
processes of breeding, as evidenced by the level of inter-
varietal polymorphisms found using different transposon-
derived markers [10, 12, 13, 42, 49].

A first clue that genomes diverge with respect to trans-
poson history is a difference in abundance of specific TEs.
Our approach to assess copy numbers of the selected TE
families in flax followed a previous report that quantified
the highly abundant BARE-1 retrotransposons from barley
in several cultivars [50]. We found significant differences
in copy numbers between cultivars for each TE family
examined and differences when testing for multiple com-
parisons in five out of six TE families (Fig. 2). One of the
most extreme examples of genome diversification due to
active TEs in a plant genomes was demonstrated by ampli-
fications of the mPing MITE (Miniature Inverted-repeat
TE) in different rice landraces, where the element was
actively transposing and ranged from 50 to more than
1000 copies [51]. While the differences in abundance of
the Tyl-copia families we tested in flax were not as large
as reported for mPing in rice, they were nevertheless, indi-
cative of recent activity of these TEs.

In general, the absolute copy numbers we reported
(Fig. 2), probably underestimate the actual abundance of
the Tyl-copia families, due to frequent recombination and
high mutation rates expected among LTR elements [52].
This results in modification of binding sites for qPCR
primers or loss of internal retrotransposon domains, with
concomitant creation of solo LTRs [53-55], which
would not be accounted for by our method, based on
amplification of the internal RT gene. Furthermore, the
expected number of annealing sites from our BLAST
analysis (Additional file 1A) is almost always lower than
the calculated copy number by qPCR (Fig. 2) in Bethune
(this happens for 5 out of 6 families). This is probably a re-
sult of unassembled genome regions which are yet to be
reported in the database (in general regions which are
difficult to assemble are rich in repeats such as TEs).
Nonetheless, the copy numbers we reported for each
family for Bethune (Fig. 2), were positively correlated
with the number of TEs identified by BLAST alignment
of primer binding sites to the Bethune genome assem-
bly (r=0.85), showing the validity of our approach.
There was also a proportional high correlation between
the TEs counted by BLAST alignment and the number
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of SSAP bands found for Bethune (r = 0.80). In this case
the number of SSAP bands for Bethune (Table 2), was
generally lower than the number of expected hits
(Additional file 1A), and calculated TE copy numbers
(Fig. 2) in each family, because this transposon display
technique is only efficient for insertions located close
to a restrictions site, and thus only reveals a subset of
all insertions.

The highest estimated copy numbers and SSAP bands
across all cultivars were found on family RLC_Lu6
(Compare Fig. 2 and Table 2). Interestingly, this family
also had the lowest proportion of polymorphic bands
(Table 2), and most of its flanking sequences were not
related to gene regions (Additional file 4). An explan-
ation for the insertion pattern and abundance of family
RLC_Lu6 could be related to a lower level of negative
selection, since TEs inserted in regions of low gene
abundance, may not be as detrimental for the genome.
Likewise, a lower level of polymorphism reflects in-
activity, and it is therefore likely that family RLC_Lu6
expanded in the flax genome before breeding of these
cultivars, and has been mostly quiescent since. In fact,
this family’s representative sequence has the largest
LTR divergence (Additional file 2), supporting this
hypothesis.

Opposite to what happened with family RLC_Lu6, there
are compelling clues that the lower copy number families
from our study were active in the recent past as demon-
strated by the differences in TE copy numbers between
cultivars (Fig. 2), level of SSAP polymorphism (Table 2),
their LTR similarity (Additional file 2), and that they relate
more closely to genes (Additional file 4). This is in agree-
ment with low copy number TEs catalogued as being
inserted closer to genes [56], and also being more active in
recent past than high-copy number TEs in plants like
maize [57, 58]. Analysis of the maize genome suggest that
the transition from low copy to high copy number TEs
should be placed in the 10-100 copies range [56], which is
in agreement with the difference between RLC_Lu6 and
our low copy number families.

SSAP markers associate with flax types

SSAPs were performed with the same six families for
which we measured TE copy number. Based on 140
polymorphic bands, we produced a ML tree, in which
accessions showed associations reflecting the division
between fiber and oil types, with the exception of Violin,
a fiber winter type that was closer to the oil winter types
that to its other fiber winter partner (Adelie) (Fig. 3).
Violin is a cultivar that behaves in the field like a dual
purpose (oil/fiber) winter flax, and is genetically closer
to an oil type, while Adelie has characteristics of a spring
fiber (Jean-Paul Trouvé - personal communication). This
would explain the close relationship of Violin to winter
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linseed types in the ML tree, as well as the close rela-
tionship of Adelie to the fiber spring types. Previously,
the division of fiber and oil types was supported by
molecular studies looking at genes closely linked to the
distinct phenotypes of these groups. The sad2 gene, in-
volved in fatty acid metabolism, was used to determine
an ancestral state of domestication of oil over fiber flax
[59]. Additional candidate genes related to fiber devel-
opment or oil metabolism that can distinguish between
fiber and linseed varieties, were also found in a genetic
diversity study by Soto-Cerda and collaborators [60].
The TE markers found in our study are therefore a
good source of molecular variation that can be linked
to genes involved in the divergence of flax types (see
more below).

Analysis of TE insertions and potential impact on genes
Characterization of insertion sites from polymorphic
bands of the SSAPs in flax cultivars, evidenced a high
percentage of association of TEs to genes. Polymorphic
TE insertions can result in genome divergence through
genome restructuring, gene mutation and regulation
changes (e.g. LTRs upstream of genes can change expres-
sion patterns), which at the same time depend on the TE’s
insertion site preference, and regulation of their transpos-
ition by host mechanisms (e.g. epigenetic control). While
the mechanisms for insertion site selection are still not
completely understood, insertional bias is evident for
certain TE families. Young Copia-like retrotransposons
have been shown to insert more randomly than Gypsy-like
elements in Arabidopsis, and are associated with euchro-
matic gene-rich regions [26, 27]. Similarly, we previously
found that in flax, recently inserted Tyl-copia elements
were non-randomly associated with gene regions and
constituted the largest superfamily of TEs in the flax
genome [17]. Our results here confirmed that numerous
Tyl-copia TEs are biased towards insertion close to or in-
side genes. GO (Gene Ontology) classification (Additional
file 7), however, showed no bias towards specific func-
tional categories of genes.

TD has been often used to find polymorphic markers to
study intraspecific genetic diversity [12, 13, 42, 61, 62], but
these types of studies rarely characterize polymorphic
insertion sites with detail at the sequence level. We
successfully sequenced 66 non-redundant insertions in
different genomic locations. Analysis of these insertion
sites showed some interesting genes that could be related
to agronomic traits, and represent potential candidates for
future studies. For example, band 11 from LTR-RLC_Lu0-
primer3 (Additional file 4), was characterized as a TE
insertion on intron 19 of Pyruvate dehydrogenase E1. This
gene is involved in fatty acid biosynthesis, and has been
identified as potentially associated with divergent selection
between flax types [60]. We also found a TE insertion on
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exon 2 of a Pinoresinol-lariciresinol reductase 3 gene
(PLR 3) for cultivars Bethune and the associated mu-
tant accession rdf (LTR-RLC_Lu2-primerl, band 5 -
Additional file 4). PLR 1 is a key enzyme in flax lignan
biosynthesis [63, 64]; lignans act as antioxidants, as well
as having beneficial effects on human health [65].
Another interesting gene annotated as a Laccase-13-
related, had a TE insertion on exon 3 (LTR-RLC_Lul-
primerl, band 18 - Additional file 4) that was present
in six fiber cultivars. Laccases catalyze the last step in
lignin biosynthesis [66], and downregulation of lignin
biosynthetic genes (including laccases) has been associ-
ated with the hypolignification of bast fibers, a desirable
characteristic for easier harvesting [67, 68]. Another
gene with a TE insertion, was l-aminocyclopropane-
carboxylate synthase 2-related (LTR-RLC_Lu8-primerl,
band 7 - Additional file 4), which was previously identi-
fied as Lu-ACS5 (l-aminocyclopropane-carboxylate
synthase 5) [69]. ACS enzymes are involved in ethylene
synthesis, and a previous study of ACS gene expression
in flax roots showed that transcript abundance of ACS5
did not change in response to treatment with auxin an-
tagonists, although transcripts of four other ACS genes
did. Whether or not this might be related to the TE
insertion is yet to be investigated. We also found a TE
overlapping with a WRKY27 transcription factor (LTR-
RLC_8-primerl, band 11 - Additional file 4). Mutants
of this gene in Arabidopsis have delayed wilting upon
infection with the bacterial pathogen Ralstonia solana-
cearum, showing that the gene might be a negative
regulator of defense response [70].

Our results showed that 83.3% of insertions disrupt
exons, or introns or are otherwise in close proximity to
coding regions (Additional file 4). Fourteen (21.2%) of
the characterized insertions in our study disrupted
exons. While the most common result of an exon dis-
ruption is loss of gene function, this loss can result in a
desirable agronomic trait. As an example, glutinous rice
is the product of a retrotransposon disrupting an exon
of the granule-bound starch synthase gene [71]. We also
found 30 TEs mapped to introns. Intron insertions can
result in different patterns: An LTR-retrotransposon in-
sertion in different introns of a MADS-box transcription
factor of different apple varieties causes transcript sup-
pression leading to seedless fruits [72], and waxy kernel
phenotypes in maize result from alternative splicing pat-
terns caused by retrotransposon insertions in introns of
an amylose biosynthesis gene [73]. Regulation of expres-
sion can also result from TEs that do not disrupt the
coding sequence; we found 10 insertions within 1 kb of
genes. Examples of the impact of extragenic insertions
include: insertions of LTR retrotransposons adjacent to
MYB genes involved in anthocyanin biosynthesis result-
ing in skin color variation in grape cultivars [74], and in
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the production of blood oranges [28]; insertion of a retro-
transposon in the 5" UTR region of a vernalization gene
(VRN1), which allows winter wheat to grow as a spring-
type wheat [75]; and an increase in disease resistance to
rice blast due to an insertion of an LTR retrotransposon in
the promoter of the Pit resistance gene [29].

We found a particular example of a TE carrying an F-
box domain protein between its two LTRs. This TE
(band 8 from LTR-RLC_Lu6-primer3 in Additional file 4)
has a recognizable RNAse H (ribonuclease H) domain
near the 3" LTR and therefore represents a functional
retrotransposon that has acquired a gene. This gene
capture and capacity to mobilize the gene is known as
transduplication, and has been widely seen with over
3000 Pack-MULEs (Mu-like Elements) in rice that have
captured over 1000 genes [76]. Retrotransposons in rice
and sorghum have also been shown to capture numer-
ous genes [77].

TE impact on flax gene expression

A preliminary assay was performed to test the effects of
flax TEs on gene expression, using qRT-PCR on four
genes with insertions in either exons or introns. Only
the Laccase gene demonstrated a significant decreased
transcript abundance in roots that correlated to the
presence of the TE insertion: the cultivar Stormont
Cirrus harbouring a TE insertion had lower relative
transcript abundance than the other cultivars without
the insertion (Fig. 5). Observation of the qRT-PCR
bands on a gel (not shown), demonstrated that the ex-
pected band was present in all cultivars, which would
mean that likely scenarios for repression would be: i)
anti-sense gene transcripts generated from readout of
the TE inserted in opposite orientation of the gene
(Fig. 4), that could potentially be used for the gener-
ation of small RNAs tagging the gene for inactivation
via methylation [34, 78], or, ii) the generation of a dif-
ferent splice form, which conserves the exon tested by
qRT-PCR, but has reduced transcript abundance as a
consequence of the modification [71, 73]. Other statis-
tical differences where found, but none of these were in
agreement with the presence or absence of a TE inser-
tion. We believe these differences could be related to
cultivar specific differential expression (Fig. 5).

For the Pyruvate carboxylase gene, we expected that
the TE insertion in exon 8 would result in transcript al-
terations for Lutea but this was not the case. For both of
the Rabgap/TBC domain genes which had insertions on
introns, no impact on gene expression was evidenced.

These results show no common mechanisms by
which these insertions may alter gene expression. Inser-
tion on exons would be expected to be directly disrup-
tive but only in one of two cases a change was noticed.
Opposite orientation of TE-derived transcripts could
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create epigenetic-mediated gene silencing [34, 78], but
this should depend on actual transcriptional activation
of our TEs which might not be happening under our
conditions. And TEs inserted in introns could change
gene expression or splice forms, but this does not al-
ways happen, and alternate transcripts can be created
from one single gene with an insertion [73]. Finally, if
the TE insertion is present in just one allele of the gene,
the TE effects can be masked by the other allele func-
tioning normally.

In future studies, stress conditions or treatments which
upregulate genes with inserted TEs might proof to be a
better strategy to discern if gene expression levels are
affected by the TE, for two reasons: i) the stress can
generate a higher response of the host gene that can be
more distinct that a low constitutive expression if the
TE really alters gene expression, and ii) the stress may
also upregulate the transcription of the TE, increasing
the chance of readout transcripts that can be used for
the production of small RNAs that can mediate silen-
cing. These examinations should be coupled with ex-
periments: i) to assess the production of small RNAs
and methylation state of the gene, and ii) revise if TE
insertions are homozygous and if different splice forms
are produced from the host gene.

Conclusions

Based on our findings, we can conclude that there have
been recent active retrotransposition events since breed-
ing started for the tested cultivars. The TE markers found
using SSAPs were useful to separate the major flax types,
and their level of polymorphism further showed that they
have an impact on diversifying flax cultivars. While not all
flax TEs examined fall in gene-rich regions [17], we now
know that the transposition of most studied families here
is biased towards these regions and their study constitutes
a good source of novel mutations that can be used to find
potential linkage to diversifying phenotypes, which is the
basis for creating new cultivars. In fact, strong proof of
TE-mediated diversification exists in closely related spe-
cies of Arabidopsis [35] and rice [52] and in cultivars of
rice [51] and maize [79]. No matter what the adaptive fate
of these insertions may be, the mobilization of TEs among
flax cultivars constitutes a powerful tool in diversity stud-
ies. However, understanding how these insertions influ-
ence genome restructuring and shape gene evolution
requires studying related cultivars and species to deter-
mine what insertions may be under purifying selection
and which ones are being positively selected as part of the
normal functioning of the genome. The TE insertions
found here, in different gene regions and in different ori-
entations, open the door to study their potential influence
on gene regulation on a case by case basis.
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Methods

Plant material

For determination of TE family copy numbers, eight
plants from each of 14 flax cultivars or accessions (Table 1)
were grown in a growth chamber at the University of
Alberta under the following settings: seeds sown in pods
with a 50/50 soil/sand mix, 16 h of light/8 h of dark (0.132
uMoles of light), 22 °C, 50% humidity. Aerial sections
(stems and leaves) were harvested after 2 weeks of growth
and instantly frozen with liquid nitrogen in 2 mL tubes.
These cultivars were selected based on their expected
broad genetic base (this fact is more common for spring
types). Only two representatives of fiber-winter were
selected due to availability, because these cultivars are
uncommon and not widely grown or bred.

For SSAPs, 14 flax cultivars were used (Table 1).
Plants were grown in greenhouse conditions (14 h of
light, 24 °C day/20 °C night, 40% humidity) at the
National Institute for Agronomic Research (INRA) in
Versailles, France. Seeds were sown in pods with a 50/50
soil/sand mix, and left to grow for 2 weeks before aerial
sections were collected in 2 mL tubes and instantly frozen
in liquid nitrogen.

For testing the expression of genes bearing polymorphic
TE insertions among cultivars additional plants of each
cultivar were grown in the same growth chamber at the
University of Alberta under the same conditions used for
determination of TE copy number. Stems, 5-10 young
leaves (including the apical meristem) and roots were
harvested after 2—3 weeks of growth.

Nucleic acids extraction and cDNA synthesis

The samples for SSAPs were ground with a plastic pestle
maintaining the tube in liquid nitrogen until achieving a
fine powder. Samples for SSAP validation, transposon
families copy number determination and gene expression
were ground adding an autoclaved 5.6 mm stainless steel
bead, and using a Retsch MM301 mixer mill (Retsch,
Haan, Germany) with two cycles of 1 min at 20 Hz.

DNA extraction was performed using the DNeasy
Plant Mini Kit (QIAGEN, Venlo, The Netherlands).
Sample quantification was performed with a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

RNA was extracted using the RNeasy Plant Mini Kit
(QIAGEN, Venlo, The Netherlands), and quantity was
assessed using a Nanodrop ND-1000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). A DNAse treat-
ment was performed for 30 min at 37 °C after extraction
with DNase I (Thermo Scientific, Waltham, MA, USA).
For cDNA synthesis 500 ng of DNAse treated RNA were
used to perform reverse transcription using the RevertAid
H Minus Reverse transcriptase under the manufacturer
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specifications and using oligo dT (18) (Thermo Scientific,
Waltham, MA, USA). To test for residual contamin-
ation of DNA a PCR was performed with primers from
the eukaryotic translation initiation factor 3E (ETIF3E)
which has constitutive expression in the tested tissues
(Additional file 1E). The PCR was run with 1x buffer,
2 mM MgCl,, 0.2 mM dNTPs, 0.4 uM of each primer,
5 ng of cDNA and 1.5 units of Taq polymerase (Thermo
Scientific, Waltham, MA, USA). Cycling conditions were
94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s,
60 °C for 30 s and 72 °C for 1 min, finalizing with an
extension at 72 °C for 5 min.

TE primers

Retrotransposon sequences were obtained from our
previous study on transposable elements of flax [17]. To
design Tyl-copia primers, TE families were first defined:
family membership of a Tyl-copia element was estab-
lished with a threshold similarity of at least 80% in at
least 80% of the aligned sequence, following previously
established rules for family membership [45]. The com-
parison was performed on the 554 non-redundant re-
verse transcriptase (RT) domain sequences, which were
first predicted using RepeatExplorer [80, 81], and then
used as input for CD-HIT-est [82, 83] using an identity
cutoff and minimal alignment coverages of 0.8. Families
were named using the suggested designation of class,
order and superfamily [45], followed by a species desig-
nation, and a number corresponding to the specific TE
(e.g. Retrotransposon-LTR-Copia from Linum usitatissi-
mum family 0, representative sequence 1=RLC_Lu0-1).
Selected families with evidence of recent insertion (high
similarity among its LTRs and conserved domain proteins)
were selected for primer design. To calculate the insertion
age of the TEs, first LTR pairs from each element where
aligned using ClustalW from MEGA v6.06 [84, 85] and
the Kimura two-parameter method [86] was used to cal-
culate nucleotide substitution. Then, the age of insertion
was estimated as t=K/2r, where K corresponds to the
nucleotide substitution per site and r corresponds to the
nucleotide substitution rate which in this case was taken
from a previous study used for dating LTR retrotranspo-
sons in Arabidopsis [26]. Presence of the main protein
domains in Tyl-copia elements: GAG (group-specific
antigen), PR (protease), INT (integrase), RT (reverse tran-
scriptase) and RH (Ribonuclease H), was assessed using
conserved domains from NCBI [87, 88], and RepeatEx-
plorer [80, 81].

To design reverse transcriptase (RT) primers to assess
TE copy number (see below), the RT nucleotide se-
quences from all members in each TE family were
aligned using ClustalW [84] from MEGA v6.06 [85]
using the following parameters: a gap opening penalty of
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15 and a gap extension penalty of 6.66 for both pairwise
and multiple alignments, DNA weight matrix — IUB,
transition weight of 0.5, negative matrix off and delay
divergent sequences that have less than 40% similarity.
For each family, one representative sequence bearing
conserved sites for primer design from all (or most)
family members, was used as input for Primer3 [89, 90]
with the following parameters: primer size range be-
tween 18 and 24 bp, temperature between 57 and 63°,
product size 100-200 bp, and GC content between 40
and 60% (the rest of the parameters were left by de-
fault). Candidate representative sequences from each
alignment were chosen based on preliminary bioinformat-
ics analysis showing protein domain conservation (at least
4 out of 5 of expected domains (GAG, PR, INT, RT and
RH), and high LTR similarity to all members of the family
(not shown). The reference gene used to normalize copy
number was ETIF1 (eukaryotic translation initiation factor
1) which has been previously tested in flax quantitative
gene expression [91]. Selected RT primer pairs (Additional
file 1A), were aligned to the flax genome (Bethune) using
BLAST to get an estimate of the expected copy numbers
per TE family. From two primer pairs designed per family
(six families in total) for qPCR (see below), the one with a
better standard curve was selected in each family. The
expected number of reported hits to the flax genome
(Additional file 1A) reflects matches where both primers
from the pair have 100% identity and 100% coverage to
the match site, with no gaps. Additionally, for all matches
reported in all families, the distance between the primer
pair reflects the range of the expected size displayed in
Additional file 1A.

To design primers for SSAPs, LTRs from all family
members in each of the selected families were aligned
following the same alignment parameters as for the
RT sequences when designing primers to assess TE
family copy number. After filtering largely divergent
and redundant sequences from the alignment, the
complete retrotransposon sequences were checked for
the presence of internal EcoRI sites in order to
minimize the chance of amplifying retrotransposon in-
ternal regions. The LTR alignments were then scanned
for a region that is conserved among most aligned ele-
ments of the family, to maximize the generation SSAP
bands. A representative sequence was selected in each
family (Additional file 2), and the conserved region
was then used as input for Primer3 [89, 90] along with
the primer corresponding to the EcoRI adapter with
the following parameters: primer size range between
20 and 24 bp, temperature between 55 and 62° and
GC content between 30 and 70% (the rest of the pa-
rameters were left by default). A total of 19 primers
were designed for six TE families, but only seven were
used for the final experiment (Additional file 1B).
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Transposon family copy number

To find the absolute copy number of TEs from each of
the families used in the SSAPs (see below), we per-
formed qPCR on DNA samples from the 14 cultivars
using reverse transcriptase (RT) TE primers (Additional
file 1A). The amplifications were then compared to
standard curve dilutions of the cloned amplified RT
fragments (see below).

PCR to amplify the RT regions to be cloned was
performed with 1x Taq buffer, 2 mM of MgCl,, 0.2 mM
dNTPs, 0.2 uM of each primer and 1 unit of recombin-
ant Taq polymerase (Thermo Fisher Scientific, Waltham,
MA, USA). Cycling conditions were as following: 94 °C
for 2 min followed by 35 cycles of 94 °C for 30 s, 60 °C
for 30 s and 72 °C for 1 min, with a final extension at
72 °C for 5 min. PCR was run on a 1% agarose gel at
90 V for 60 min and the expected amplicon size was
assessed. Then, the bands were eluted using the Wizard
SV gel and PCR clean-up system (Promega, Madison,
WI, USA). Eluted products were quantified using a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). For sequencing, 150 ng
of the eluted product was used along with a primer at a
final concentration of 0.25 uM (forward or reverse
primers corresponding to the same primers used for
PCR). Sequencing reactions were performed with the
BigDye terminator v3.1 cycle sequencing kit (Applied
Biosystems - Thermo Fisher Scientific, Waltham, MA,
USA) using a 3730 Genetic Analyzer equipment (Applied
Biosystems -Thermo Fisher Scientific, Waltham, MA,
USA). Sequencing products were aligned with the original
RT sequences to confirm that amplification products were
as expected.

To clone the amplification products, ~5-8 ng of the
insert (this varied depending on the amplicon size) were
cloned into the PGEM-T vector II system (Promega,
Madison, WI, USA) to create a 3:1 (insert:vector) molar
ratio. Ligation products were transformed into JM109
high-efficiency competent cells (Promega, Madison, WI,
USA), following the manufacturer recommendations.
One hundred microliters of the transformed cultures
were plated into LB-agar plates with 2% X-gal, 20%
IPTG and 50 ng/pL of ampicillin. Cultures were incu-
bated overnight (ON) at 37 °C and white colonies were
selected as positive for the insertion.

Selected colonies were grown in LB supplied with
100 ng/pL of ampicillin. Tubes were placed in a shaker at
200 rpm ON (minimum of 12 h) at 37 °C. Plasmids were
extracted from concentrated bacterial cultures using the
QIAprep Spin Miniprep Kit (QIAGEN, Venlo, The
Netherlands) and concentrations were measured using a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). To confirm the identity
of the cloned products, inserts were reamplified from
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plasmids using the same conditions previously mentioned,
and resequenced using 575 ng of plasmid and the generic
T7 and Sp6 primers matching the vector.

Five nanograms of DNA from eight samples of each
of the 14 cultivars, and a 1:10 8-serial dilution (5 to 5 x
1077 ng) of each plasmid with the different TE family
inserts, were used for qRT-PCR with 5 pL of SYBR green
(Molecular Probes — Thermo Fisher Scientific, Waltham,
MA, USA) and 2.5 pL of the mixed primer pair (3.2 pM),
in a 10 pL reaction (three technical replicates per each
sample or dilution); three additional reactions with
water instead of DNA were used as controls in each pri-
mer tested (these showed no amplicons after reactions
were completed). Samples were aliquoted in 384-well
plates using a Biomek 3000 Laboratory Automation
System (Beckman Coulter, Brea, CA, USA), and the qRT-
PCR was run using a QuantStudio 6 Flex Real-Time PCR
system (Applied Biosystems-Life Technologies, Carlsbad,
CA, USA). Cycling conditions were 94 °C for 2 min,
followed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s and
72 °C for 45 s. A melting curve stage was added: 95 °C for
15s, 60 °C for 1 min and 95 °C for 15 s.

To find out the molecule copy number (mcn) in the
dilution series, we used the amount of DNA from each
point of the serial dilution and the size of the plasmid
plus insert [92], and performed a log;, transformation.
The standard curve was built by plotting the C; values
(average of technical replicates) against the loglO of
mcn. The linear equation for the slope y=mx+b was
used to determine the log;o mcn intercepts (x) for the C,
values of the eight replicates in each of the 14 cultivars
for all primers tested. The log;o mcn values where then
back-transformed using the power function (10¥). The
same procedure was conducted to find out the copy
numbers for the reference gene. The copy numbers of
the reverse transcriptases of each family for each sample
were normalized to the copy numbers of the reference
gene (ETIF1) and the average absolute copy number and
standard deviation (from the 8 replicates), were calcu-
lated and plotted for each cultivar and TE family.

Statistical differences for each TE copy number among
cultivars, were determined using the non-parametric test
of Kruskal-Wallis, followed by multiple comparisons using
Dunn’s test, using GraphPad Prism version 6.0 (GraphPad
Software, La Jolla California USA). Correlation coefficients
were calculated in excel for the relationship between the
expected copy number of TEs in each family estimated
using the primer pairs to BLAST against the flax genome,
and either, the calculated copy numbers from qPCR, or
the number of scored bands in the SSAPs.

Sequence-Specific Amplification Polymorphism (SSAP)
One hundred nanograms of each DNA sample were
used for restriction digestion at 37 °C for 16 h, with 10



Galindo-Gonzalez et al. BMC Genomics (2016) 17:1002

units of EcoRI and supplemented with 0.03 mg of BSA and
1x restriction-ligation buffer (10 uL of the digestion were
used to check the restriction in a 1% agarose gel). A 1 uM
mixture of EcoRI adapter 1 and 2 (Additional file 1B), were
ligated to the digested ends for 16 h, using 0.2 mM ATP,
1x restriction-ligation buffer and 0.004 units of T4 DNA
ligase (Invitrogen, Carlsbad, CA, USA). Ligations were cen-
trifuged and diluted with 80 pL of 1x TE.

To confirm ligation efficiency, a cold PCR (with non-
radioactively labelled TE primer) was performed using
1x Taq Buffer, 2 mM MgCl,, 0.2 mM of each dNTP,
0.4 uM of the specific TE primer and 0.4 uM of the
EcoRI primer 00 (Additional file 1B), 1.5 units of recom-
binant Tag DNA polymerase (Thermo Fisher Scientific,
Waltham, MA, USA) and 5 pL of the diluted restriction-
ligation. Cycling conditions were 94 °C for 5 min,
followed by 35 cycles of 94 °C for 30 s, 56 °C for 30 s
and 72 °C for 1 min, finalizing with an extension at 72 °C
for 5 min.

Retrotransposon primer labelling with P** was per-
formed using the LTR TE specific primers (Additional
file 1B) at a final concentration of 4 pM, 1x kinase
buffer A, 0.5 units of T4 kinase (Thermo Fisher Scien-
tific, Waltham, MA, USA) and 1 uCi of gamma ATP??
(PerkinElmer Health Sciences, Boston, MA, USA). The
cycling conditions to label the primer were: 1 h at 37 °C
and 15 min at 70 °C to inactivate the kinase enzyme (the
oligo was kept at —20 °C until used in the SSAP PCR).

SSAP PCR was performed with 1x buffer, 2 mM
MgCl,, 0.2 mM of each dNTP, 0.4 pM of adapter primer,
0.16 pM of specific radioactively labeled primer, 1.5 units
of recombinant Taq DNA polymerase (Thermo Scien-
tific, Thermo Fisher Scientific, Waltham, MA, USA) and
2.5 ng of the restriction-ligation product. Cycling condi-
tions were as following: 94 °C for 5 min followed by
13 cycles of 94 °C for 30 s, 65 °C for 30 s and 72 °C for
2 min; then 25 cycles of 94 °C for 30 s, 56 °C for 30 s
and 72 °C for 2 min; finishing at 72 °C for 10 min. After
PCR the product was diluted 1:1 with 2x AFLP loading
buffer and kept at —20 °C until running the gel. PCR
products were separated in 6% denaturing polyacryl-
amide gels on a Bio-Rad Sequi-Gen GT electrophoresis
system (Bio-Rad, Hercules, CA, USA). After the run, the
gel was dried and adhered to Whatman paper, and ex-
posed from 1 to 3 days to Kodak Biomax XAR films
(Carestream Health Inc., Rochester, New York, USA)
and then developed for band scoring.

Band scoring and maximum likelihood (ML) tree

Exposed films displaying the SSAP band patterns were
captured as images (.tif files) and used as input in GelA-
nalyzer [93] where bands were digitally scored as
present = 1 or absent = 0. The scored bands were used to
create a binary matrix that was formatted as a nexus file,
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and utilized as input to generate a maximum likelihood
tree using IQ-TREE v1.4.4 [46]. The parameters used
were: —-m TEST (to test for an optimal substitution
model of evolution) and —b 1000 (to do 1000 bootstrap
assays). The general time reversible model for binary
data was selected to produce a consensus ML tree which
was visualized an formatted in MEGA v6.06 [85].

Band recovery and sequencing

To recover the polymorphic bands, the exposed film was
overlaid on the original dried gels on Whatman (both
film and gel were pinned previously on the corners to
allow matching). A clean scalpel was used to cut the
mapped band on surface of the gel-Whatman assembly,
and the detached piece was placed in a 1.5 mL tube with
35 pL of nuclease free water. The band in water was vor-
texed for 1 min and spun down for incubation at 37 °C
for 15-16 h. The liquid was recovered to a new 1.5 mL
tube and 5 puL were used for a PCR with 1x Taq buffer,
2 mM of MgCl,, 0.2 mM dNTPs, 0.2 uM of each primer
and 1 unit of recombinant Taq polymerase (Thermo
Fisher Scientific, Waltham, MA, USA). Primers for the
PCR corresponded to the LTR specific primer for the
band along with the EcoRI adapter primer (Additional
file 1B). Cycling conditions were as following: 94 °C for
2 min followed by 35 cycles of 94 °C for 30 s, 56 °C for
30 s and 72 °C for 2 min, and a final extension at 72 °C
for 10 min. The total PCR (25 pL) was run on a 1%
agarose gel at 80 V for 60 min and the bands were eluted
using the Wizard SV gel and PCR clean-up system
(Promega, Madison, WI, USA). Eluted products were
quantified using a Nanodrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). For se-
quencing, 75 to 225 ng of the eluted product was used
(depending on the band size) along with a primer at a final
concentration of 0.25 uM (forward or reverse primers cor-
responded to the same primers used for PCR). Sequencing
reactions were performed with the BigDye terminator
v3.1 cycle sequencing kit (Applied Biosystems - Thermo
Fisher Scientific, Waltham, MA, USA) using a 3730 Gen-
etic Analyzer equipment (Applied Biosystems -Thermo
Fisher Scientific, Waltham, MA, USA).

Sections corresponding to the LTRs from sequenced
SSAP bands were first compared to the corresponding
LTR reference sequence used for primer design (Additional
file 5) to see if amplification matched the expected family.
Since some LTR variation exists between members of
the same family we allowed an identity of over 90% for
matches between reference and sequenced bands for all
families, with the exception of family RLC_Lu6 were
identity of LTRs from the reference Tyl-copia element
was the lowest (Additional file 2), and an 80% identity
was allowed). Then, the complete sequence including
LTR plus flanking region was compared to the flax
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genome deposited in phytozome [94, 95] using blastn
and Gbrowse to determine the insertion site of the TE.
Accepted blastn results bore 100% identity (or close to
100% - sequencing errors might change a few bases) for
the full sequenced band (LTR+flanking region) when
the band was initially present (SSAP) in the cultivar
Bethune, which represents the reference genome. When
the band was not present in this cultivar then the simi-
larity to the LTR and the flanking region was found in
different sections of the genome as expected.

Once mapped on the genome, the IDs of the flax genes
with associated TE insertions, were used to find the
closest Arabidopsis thaliana ortholog from a database
previously obtained by performing blast analysis of flax
transcripts against the peptide TAIR database (release 10).
Arabidopsis ortholog IDs were then used to perform func-
tional Gene Ontology (GO) classification using the GO
annotation search from TAIR [96], to find out what cat-
egories of genes were predominantly affected by TE inser-
tions. An additional enrichment analysis was performed
using AgriGO [97, 98] by comparing the Arabidopsis
orthologs to the background of all Arabidopsis genes
using a Fisher test, a Yekutieli multiple test adjustment
and a minimum of 1 mapping read.

Validation of TE insertions

Once the TE insertions were mapped to the genome,
primers were designed from the flanking regions of the
transposable element insertion site to validate the poly-
morphism encountered with the initial SSAP gels. For the
TEs that fell within genes we looked for paralogs and per-
formed an alignment to select allele-specific primers
which would not bind related genes. Twenty eight primers
were designed with Primer3 [89, 90] under the same pa-
rameters cited above to be compatible with the original
LTR-derived primers, but with a product size range of
200-1000 bp (Additional file 1C), and were used to per-
form amplification in eight replicate plants in each one of
the 14 cultivars. Five nanograms of DNA from each of
eight samples per cultivar was used for PCR on 384-well
plates using 1x Taq buffer, 2 mM of MgCl,, 0.2 mM
dNTPs, 0.2 uM of each primer and 1 unit of recombinant
Taq polymerase (Thermo Scientific - Thermo Fisher Sci-
entific, Waltham, MA, USA) in a 10 pL reaction. Cycling
conditions were as following: 94 °C for 2 min followed by
35 cycles of 94 °C for 30 s, 60 °C for 30 s (this temperature
varied according to the primer used — see Additional file
1C) and 72 °C for 1 min, with a final extension at 72 °C
for 5 min. Bands were visualized in 1% agarose gels run at
90 V for 60 min.

Expression of genes with TE insertions
We selected four genes to test their expression in five
cultivars that were polymorphic for the respective TE
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insertion (Fig. 4). The primer pairs per gene were
named according to their gene of origin: Pyruvate carb-
oxylase (PYR), Rabgap/TBC domain containing protein-1
(RAB1), Laccase-13-related (LAC), and Rabgap/TBC
domain containing protein-2 (RAB2) (Fig. 4 and
Additional file 1D).

c¢DNA from three tissues (leaf + apical meristem, stem
and roots) from four biological replicates (different
plants), was used to evaluate the primer pairs of each gene
using qRT-PCR. Seven reference genes were tested for
stability among tissues and replicates [91] (Additional
file 1E). While all seven genes were stable, the three
with higher stability according to Bestkeeper [99] and
GeNorm [100] were GAPDH (glyceraldehyde 3-phosphate
dehydrogenase), ETIF5A (eukaryotic translation initiation
factor 5 A), and EF1A (elongation factor 1-a). These were
used to generate the geometric mean for relative quantifi-
cation of the test genes using the ACt of the reference —
the test gene. Statistical differences in each gene among
cultivars were calculated using unpaired two-tailed ¢-tests
after a Bonferroni correction for multiple comparisons
(p <0.005), using GraphPad Prism version 6.0 (GraphPad
Software, La Jolla California USA).

Samples were aliquoted in 384-well plates (with three
technical replicates per sample and tissue combination)
using a Biomek 3000 Laboratory Automation System
(Beckman Coulter, Brea, CA, USA), and the qRT-PCR
was run using a QuantStudio 6 Flex Real-Time PCR sys-
tem (Applied Biosystems-Life Technologies, Carlsbad,
CA, USA). Sample reactions were done in 10 pL with
5 uL of SYBR-green (Molecular Probes — Thermo Fisher
Scientific, Waltham, MA, USA), 2.5 pL of the mixed pri-
mer pair (3.2 uM) and 2.5 pL of a 1:50 dilution of the
synthesized ¢cDNA. Cycling conditions were: 95 °C for
2 min followed by 40 cycles of 95 °C for 30 s, 60 °C for
1 min. A melting curve stage was added: 95 °C for 15 s,
60 °C for 1 min and 95 °C for 15 s.

Additional files

Additional file 1: (A-E). Primers. Sets of primers for all experiments
performed. (XLSX 18 kb)

Additional file 2: Insertion age and domains of representative
sequences from selected Ty1-copia families. Characterization of six Ty1-
copia elements which represent the six families investigated in this study.
(XLSX 11 kb)

Additional file 3: SSAP example of retrotransposon family RLC_Lul. The
SSAP was run for cultivars: 1. Bethune, 2. Lutea, 3. Stormont Cirrus, 4.
Adelie, 5. Aurore, 6. Belinka, 7. Blizzard, 8. Drakkar, 9. Evea, 10. Hermes, 11.
Oleane, 12. Oliver, 13. rdf, 14. Violin. (PPTX 606 kb)

Additional file 4: Mapping of insertion sites of SSAP bands sequenced.
(DOC 187 kb)

Additional file 5: Sequences from SSAP eluted bands. The LTR
sequences from representative members of the six TE families
investigated are presented along the sequenced sections of the SSAP
bands (Genbank accession numbers: KX364308 to KX364373). Boxed
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sequences correspond to the LTR of representative elements of each TE
family (Additional file 2), in direct and in reverse orientation; some LTR
boundaries were adjusted from the original predictions of LTR finder
(Additional file 2) after mapping analysis. The LTR primer region is shown
in blue. The sequenced LTR region present in SSAP bands is shown in
green. The polymorphic bands are named according to the original
number given when eluting the band from the gel and match Additional
file 4 descriptions. Sequences of the EcoRI adaptor primer and of the LTR
primer have been trimmed from the sequences. Names of the TEs are
explained in the Methods section. (DOCX 33 kb)

Additional file 6: Comparison of selected SSAP band scores and PCR
validation in 14 flax accessions. SSAP band polymorphisms were selected
for validation using conventional PCR (see Methods). T = present, 0 = absent,
W =weak band at expected size, (?) = weak band at non-expected size,
1+L = expected band plus an additional lower band, 1+H = expected
band plus an additional higher band, P = polymorphic among replicates
of same cultivar. Colors from accessions represent flax types as in Fig. 3.
(DOCX 41 kb)

Additional file 7: GO functional categories of flax closest orthologs in
Arabidopsis. The flax gene sequences from Additional file 4 where used
to search the Arabidopsis closest ortholog, and these were used for

functional classification using Gene Ontology (see Methods). (XLSX 9 kb)

Abbreviations

ACS: Aminocyclopropane-carboxylate synthase; CDC: Crop Development
Center; EFTA: Elongation factor 1-a; ETIF1: Eukaryotic translation initiation
factor 1; ETIF3E: Eukaryotic translation initiation factor 3 E; ETIF5A: Eukaryotic
translation initiation factor 5 A; GAG: Group-specific antigen;

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; GO: Gene Ontology;
INRA: National Institute for Agronomic Research (Institut National de la
Recherche Agronomique); INT: Integrase; IRAP: Inter-Retrotransposon
Amplified Polymorphism; LAC: Laccase; LTR: Long Terminal Repeat; Lu: Linum
usitatissimum; mcn: Molecule copy number; MITE: Miniature Inverted-repeat
TE; ML: Maximum likelihood; MULE: Mu-like Element; MYB: Myeloblastosis;
PLR: Pinoresinol-lariciresinol reductase; PR: Protease; PYR: Pyruvate
carboxylase; gPCR: Quantitative PCR; RAB: Rabgap/TBC domain containing
protein; rdf. Reduced fiber; RLC: Retrotransposon-LTR-Copia; RNAse H/

RH: Ribonuclease H; RT: Reverse transcriptase; SSAP: Sequence-Specific
Amplification Polymorphism; TD: Transposon display; TE: Transposable
element; VRN: Vernalization

Acknowledgements

We would like to thank Troy Locke from the Molecular Biology Service Unit
at the University of Alberta, for his advice in gPCR and gRT-PCR experiments.
Julien Daniel from the Host-Retrotransposon Interactions laboratory at Institut
Jean-Pierre Bourgin - INRA, for his help with plant harvesting and nucleic
acid extraction.

Funding

Genome Canada ABC Program grant TUFGEN; Natural Sciences and
Engineering Research Council (NSERC - Canada) Discovery Grant 2014-03596
to MKD; NSERC Alexander Graham Bell Canada Graduate Scholarship (CGS
D), NSERC Michael Smith Foreign Study Supplement (CGS- MSFSS), and
Alberta Innovates — Technology Futures (AITF) top-up award to LGG.

The IJPB benefits from the support of the Labex Saclay Plant Sciences-SPS
(ANR-10-LABX-0040-SPS) to MAG.

Availability of data and material

Sequences from SSAP bands are available in the Genbank repository under
accession numbers KX364308 to KX364373. All remaining datasets supporting
the results and conclusions of this article are included within the article and its
additional files (Additional files 1, 2, 3,4, 5, 6 and 7).

Authors’ contributions

LGG designed and conducted the experiments, performed all analyses and
wrote the manuscript. CM helped with experimental design, supervised
experiments, and edited the final version of the manuscript. MAG helped
with experimental design, supervised research and edited the final version of
the manuscript. MKD supervised the research and edited the final version of
the manuscript. All authors read and approved the final manuscript.

Page 16 of 18

Competing interests
The authors declare they do not have any competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details

"Department of Biological Sciences, University of Alberta, Edmonton, AB T6G
2E9, Canada. “Institut Jean-Pierre Bourgin, INRA, AgroParisTech, CNRS,
Université Paris-Saclay, RD10, 78026 Versailles Cedex, France. 3Depar‘[mem of
Biology, University of British Columbia, Okanagan campus, Kelowna, BC V1V
1V7, Canada.

Received: 9 June 2016 Accepted: 23 November 2016
Published online: 07 December 2016

References

1. Hirochika H, Sugimoto K, Otsuki Y, Tsugawa H, Kanda M. Retrotransposons
of rice involved in mutations induced by tissue culture. Proc Natl Acad Sci
U S A 1996,93:7783-8.

2. Tam SM, Mhiri C, Vogelaar A, Kerkveld M, Pearce SR, Grandbastien M-A.
Comparative analyses of genetic diversities within tomato and pepper
collections detected by retrotransposon-based SSAP, AFLP and SSR. Theor
Appl Genet. 2005;110:819-31.

3. Okamoto H, Hirochika H. Efficient insertion mutagenesis of Arabidopsis by
tissued culture-induced activation of the tobacco retrotransposon Ttol.
Plant J. 2000;23:291-304.

4. Melayah D, Bonnivard E, Chalhoub B, Audeon C, Grandbastien M-A. The
mobility of the tobacco TntT retrotransposon correlates with its
transcriptional activation by fungal factors. Plant J. 2001;28:159-68.

5. Mhiri C, De Wit PJGM, Grandbastien M-A. Activation of the promoter of the
Tnt1 retrotransposon in tomato after inoculation with the fungal pathogen
Cladosporium fulvum. Mol Plant-Microbe Interact. 1999;12:592-603.

6. Liu ZL, Han FP, Tan M, Shan XH, Dong YZ, Wang XZ, et al. Activation of a
rice endogenous retrotransposon Tos17 in tissue culture is accompanied by
cytosine demethylation and causes heritable alteration in methylation
pattern of flanking genomic regions. Theor Appl Genet. 2004;109:200-9.

7. Kimura 'Y, Tosa Y, Shimada S, Sogo R, Kusaba M, Sunaga T, et al. OARE-T, a
Ty1-copia retrotransposon in oat activated by abiotic and biotic stresses.
Plant Cell Physiol. 2001;42:1345-54.

8. Grandbastien MA. LTR retrotransposons, handy hitchhikers of plant
regulation and stress response. Biochim Biophys Acta. 2015;1849:403-16.

9. Parisod C, Alix K, Just J, Petit M, Sarilar V, Mhiri C, et al. Impact of
transposable elements on the organization and function of allopolyploid
genomes. New Phytol. 2010;186:37-45.

10. Carrier G, Le Cunff L, Dereeper A, Legrand D, Sabot F, Bouchez O, et al.
Transposable elements are a major cause of somatic polymorphism in Vitis
vinifera L. PLoS One. 2012,7:€32973.

11. Tam SM, Lefebvre V, Palloix A, Sage-Palloix A-M, Mhiri C, Grandbastien M-A.
LTR-retrotransposons Tnt1 and 7735 markers reveal genetic diversity and
evolutionary relationships of domesticated peppers. Theor Appl Genet.
2009;119:973-89.

12. Soleimani VD, Baum BR, Johnson DA. Genetic diversity among barley
cultivars assessed by sequence-specific amplification polymorphism. Theor
Appl Genet. 2005;110:1290-300.

13. HeP,MaY, Dai H, Li L, LiuY, Li H, et al. Development of Ty1-copia
retrotransposon-based S-SAP markers in strawberry (Fragaria x ananassa
Duch.). Sci Hortic (Amsterdam). 2012;137:43-8.

14.  Hamon P, Duroy P-O, Dubreuil-Tranchant C, Mafra D’Almeida Costa P, Duret
C, Razafinarivo NJ, et al. Two novel Ty1-copia retrotransposons isolated from
coffee trees can effectively reveal evolutionary relationships in the Coffea
genus (Rubiaceae). Mol Genet Genomics. 2011;285:447-60.

15. Bousios A, Saldana-Oyarzabal |, Valenzuela-Zapata AG, Wood C, Pearce SR.
Isolation and characterization of Ty1-copia retrotransposon sequences in the
blue agave (Agave tequilana Weber var. azul) and their development as
SSAP markers for phylogenetic analysis. Plant Sci. 2007;172:291-8.


dx.doi.org/10.1186/s12864-016-3337-3
dx.doi.org/10.1186/s12864-016-3337-3

Galindo-Gonzalez et al. BMC Genomics (2016) 17:1002

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Syed NH, Sureshsundar S, Wilkinson MJ, Bhau BS, Cavalcanti JJ V, Flavell AJ.
Ty1-copia retrotransposon-based SSAP marker development in cashew
(Anacardium occidentale L). Theor Appl Genet. 2005;110:1195-202.

Galindo Gonzélez L, Deyholos MK Identification, characterization and
distribution of transposable elements in the flax (Linum usitatissimum L.)
genome. BMC Genomics. 2012;13:644.

Wang Z, Hobson N, Galindo L, Zhu S, Shi D, Mcdill J, et al. The genome of
flax (Linum usitatissimum) assembled de novo from short shotgun sequence
reads. Plant J. 2012;72:461-73.

Kumar A, Bennetzen J. Plant retrotransposons. Annu Rev Genet.
1999;33:479-532.

Mhiri C, Vernhettes S, Casacuberta JM. The promoter of the tobacco Tntl
retrotransposon is induced by wounding and by abiotic stress. Plant Mol
Biol. 1997,33:257-66.

Salazar M, Gonzélez E, Casaretto JA, Casacuberta JM, Ruiz-Lara S. The promoter
of the TLC1.1 retrotransposon from Solanum chilense is activated by multiple
stress-related signaling molecules. Plant Cell Rep. 2007,26:1861-8.

Suoniemi A, Narvanto A, Schulman AH. The BARE-1 retrotransposon is
transcribed in barley from an LTR promoter active in transient assays. Plant
Mol Biol. 1996;31:295-306.

Woodrow P, Pontecorvo G, Ciarmiello LF, Fuggi A, Carillo P. TtdTa promoter
is involved in DNA-protein binding by salt and light stresses. Mol Biol Rep.
2011;38:3787-94.

Cavrak W, Lettner N, Jamge S, Kosarewicz A, Bayer LM, Mittelsten Scheid O.
How a retrotransposon exploits the plant’s heat stress response for its
activation. PLoS Genet. 2014;10:e1004115.

Takeda S, Sugimoto K, Otsuki H, Hirochika H. A 13-bp cis-regulatory element
in the LTR promoter of the tobacco retrotransposon TtoT is involved in
responsiveness to tissue culture, wounding, methyl jasmonate and fungal
elicitors. Plant J. 1999;18:383-93.

Pereira V. Insertion bias and purifying selection of retrotransposons in the
Arabidopsis thaliana genome. Genome Biol. 2004;5:R79.

Lockton S, Gaut BS. The contribution of transposable elements to expressed
coding sequence in Arabidopsis thaliana. J Mol Evol. 2009,68:80-9.

Butelli E, Licciardello C, Zhang Y, Liu J, Mackay S, Bailey P, et al.
Retrotransposons control fruit-specific, cold-dependent accumulation of
anthocyanins in blood oranges. Plant Cell. 2012;24:1242-55.

Hayashi K, Yoshida H. Refunctionalization of the ancient rice blast disease
resistance gene Pit by the recruitment of a retrotransposon as a promoter.
Plant J. 2009;57:413-25.

Studer A, Zhao Q, Ross-Ibarra J, Doebley J. Identification of a functional
transposon insertion in the maize domestication gene tb1. Nat Genet.
2011;43:1160-3.

Xiao H, Jiang N, Schaffner E, Stockinger EJ, Van Der Knaap E. A
retrotransposon-mediated gene duplication underlies morphological
variation in tomato fruit. Science. 2008;319:1527-31.

Bureau TE, White SE, Wessler SR. Transduction of a cellular gene by a plant
retroelement. Cell. 1994;77:479-80.

Elrouby N, Bureau TE. Bs1, a new chimeric gene formed by retrotransposon-
mediated exon shuffling in maize. Plant Physiol. 2010;153:1413-24.
Kashkush K, Feldman M, Levy AA. Transcriptional activation of
retrotransposons alters the expression of adjacent genes in wheat. Nat
Genet. 2002;33:102-6.

Hollister JD, Smith LM, Guo Y, Ott F, Weigel D, Gaut BS. Transposable
elements and small RNAs contribute to gene expression divergence
between Arabidopsis thaliana and Arabidopsis lyrata. Proc Natl Acad Sci U S
A. 2011;108:2322-7.

Tsuchiya T, Eulgem T. An alternative polyadenylation mechanism coopted
to the Arabidopsis RPP7 gene through intronic retrotransposon
domestication. Proc Natl Acad Sci U S A. 2013;110:E3535-43.

Costa JH, De Melo DF, Gouveia Z, Cardoso HG, Peixe A, Arholdt-Schmitt B.
The alternative oxidase family of Vitis vinifera reveals an attractive model to
study the importance of genomic design. Physiol Plant. 2009;137:553-65.
Pouteau S, Spielmann A, Meyer C, Grandbastien M-A, Caboche M. Effects of
TntT tobacco retrotransposon insertion on target gene transcription. Mol
Gen Genet. 2000;228:233-9.

Kanazawa A, Liu B, Kong F, Arase S, Abe J. Adaptive evolution involving
gene duplication and insertion of a novel Tyl/copia-like retrotransposon in
soybean. J Mol Evol. 2009;69:164-75.

Muir A, Wescott N, editors. Flax, the genus Linum. London: Taylor & Francis
group; 2003.

41.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 17 of 18

Kalendar R, Flavell AJ, Ellis THN, Sjakste T, Moisy C, Schulman AH. Analysis of
plant diversity with retrotransposon-based molecular markers. Heredity
(Edinb). 2010;106:520-30.

Smykal P, Bacova-Kerteszova N, Kalendar R, Corander J, Schulman AH,
Pavelek M. Genetic diversity of cultivated flax (Linum usitatissimum L.)
germplasm assessed by retrotransposon-based markers. Theor Appl Genet.
2011;122:1385-97.

Waugh R, MclLean K, Flavell AJ, Pearce SR, Kumar A, Thomas BBT, et al.
Genetic distribution of Bare-1-like retrotransposable elements in the barley
genome revealed by sequence-specific amplification polymorphisms (S-
SAP). Mol Gen Genet. 1997,253:687-94.

Syed NH, Flavell AJ. Sequence-specific amplification polymorphisms (SSAPs):
a multi-locus approach for analyzing transposon insertions. Nat Protoc.
2006;1:2746-52.

Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, et al. A
unified classification system for eukaryotic transposable elements. Nat Rev
Genet. 2007;8:973-82.

Nguyen L, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE : a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2014;32:268-74.

ThaleMine [Internet]. Available from: https://apps.araport.org/thalemine/
begin.do. Accessed 25 Aug 2015

Krishnakumar V, Hanlon MR, Contrino S, Ferlanti ES, Karamycheva S, Kim M,
et al. Araport: the Arabidopsis information portal. Nucleic Acids Res.
2015;43:D1003-9.

Huang X, Lu G, Zhao Q, Liu X, Han B. Genome-wide analysis of transposon
insertion polymorphisms reveals intraspecific variation in cultivated rice.
Plant Physiol. 2008;148:25-40.

Soleimani VD, Baum BR, Johnson DA. Quantification of the retrotransposon
BARE-1 reveals the dynamic nature of the barley genome. Genome.
2006;396:389-96.

Naito K, Cho E, Yang G, Campbell MA, Yano K, Okumoto Y, et al. Dramatic
amplification of a rice transposable element during recent domestication.
Proc Natl Acad Sci U S A. 2006;103:17620-5.

Ma J, Bennetzen JL. Rapid recent growth and divergence of rice nuclear
genomes. Proc Natl Acad Sci U S A. 2004;101:12404-10.

Devos KM, Brown JKM, Bennetzen JL. Genome size reduction through
illegitimate recombination counteracts genome expansion in Arabidopsis.
Genome Res. 2002;12:1075-9.

Vitte C, Panaud O. Formation of solo-LTRs through unequal homologous
recombination counterbalances amplifications of LTR retrotransposons in
rice Oryza sativa L. Mol Biol Evol. 2003;20:528-40.

Ma J, Devos KM, Bennetzen JL. Analyses of LTR-Retrotransposon structures
reveal recent and rapid genomic DNA loss in rice. Genome Res. 2004;14:860-9.
Baucom RS, Estill JC, Chaparro C, Upshaw N, Jogi A, Westerman RP, et al.
Exceptional diversity, non-random distribution, and rapid evolution of
retroelements in the B73 maize genome. PLoS Genet. 2009;5:¢1000732.
Meyers BC, Tingey SV, Morgante M. Abundance, distribution, and
transcriptional activity of repetitive elements in the maize genome. Genome
Res. 2001;11:1660-76.

Diez CM, Meca E, Tenaillon MI, Gaut BS. Three groups of transposable
elements with contrasting copy number dynamics and host responses in
the maize (Zea mays ssp. mays) genome. PLoS Genet. 2014;10:21004298.
Allaby RG, Peterson GW, Merriwether DA, Fu Y-B. Evidence of the
domestication history of flax (Linum usitatissimum L.) from genetic diversity
of the sad2 locus. Theor Appl Genet. 2005;112:58-65.

Soto-Cerda BJ, Diederichsen A, Ragupathy R, Cloutier S. Genetic
characterization of a core collection of flax (Linum usitatissimum L.) suitable
for association mapping studies and evidence of divergent selection
between fiber and linseed types. BMC Plant Biol. 2013;13:78.

Zerjal T, Rousselet A, Mhiri C, Combes V, Madur D, Grandbastien MA, et al.
Maize genetic diversity and association mapping using transposable
element insertion polymorphisms. Theor Appl Genet. 2012;124:1521-37.
Smykal P. Development of an efficient retrotransposon-based fingerprinting
method for rapid pea variety identification. J Appl Genet. 2006;47:221-30.
Hano C, Martin |, Fliniaux O, Legrand B, Gutierrez L, Arroo RRJ, et al.
Pinoresinol-lariciresinol reductase gene expression and secoisolariciresinol
diglucoside accumulation in developing flax (Linum usitatissimum) seeds.
Planta. 2006;224:1291-301.

Renouard S, Tribalatc M-A, Lamblin F, Mongelard G, Fliniaux O, Corbin C, et
al. RNAi-mediated pinoresinol lariciresinol reductase gene silencing in flax


https://apps.araport.org/thalemine/begin.do
https://apps.araport.org/thalemine/begin.do

Galindo-Gonzalez et al. BMC Genomics (2016) 17:1002

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(Linum usitatissimum L) seed coat: Consequences on lignans and
neolignans accumulation. J Plant Physiol. 2014;171:1372-7.

Westcott ND, Muir AD. Flax seed lignan in disease prevention and health
promotion. Phytochem Rev. 2003;2:401-17.

Zhao Q, Nakashima J, Chen F, Yin Y, Fu C, Yun J, et al. LACCASE is necessary
and nonredundant with PEROXIDASE for lignin polymerization during
vascular development in Arabidopsis. Plant Cell. 2013,25:3976-87.

Huis R, Morreel K, Fliniaux O, Lucau-Danila A, Fenart S, Grec S, et al. Natural
hypolignification is associated with extensive oligolignol accumulation in
flax stems. Plant Physiol. 2012;158:1893-915.

Chantreau M, Portelette A, Dauwe R, Kiyoto S, Cronier D, Morreel K; et al.
Ectopic lignification in the flax lignified bast fiberl mutant stem is
associated with tissue-specific modifications in gene expression and cell
wall composition. Plant Cell. 2014;26:4462-82.

Zhao Y, Hasenstein KH. Primary root growth regulation: the role of auxin
and ethylene antagonists. J Plant Growth Regul. 2009;28:309-20.

Mukhtar MS, Deslandes L, Auriac M-C, Marco Y, Somssich IE. The Arabidopsis
transcription factor WRKY27 influences wilt disease symptom development
caused by Ralstonia solanacearum. Plant J. 2008,56:935-47.

Hori Y, Fujimoto R, Sato Y, Nishio T. A novel wx mutation caused by
insertion of a retrotransposon-like sequence in a glutinous cultivar of rice
(Oryza sativa). Theor Appl Genet. 2007;115:217-24.

Yao J-L, Dong Y-H, Morris BAM. Parthenocarpic apple fruit production
conferred by transposon insertion mutations in a MADS-box transcription
factor. Proc Natl Acad Sci U S A. 2001;98:1306-11.

Varagona MJ, Purugganan M, Wessler SR. Alternative splicing induced by
insertion of retrotransposons into the maize waxy gene. Plant Cell. 1992;4:811-20.
Kobayashi S, Goto-Yamamoto N, Hirochika H. Retrotransposon-induced
mutations in grape skin color. Science. 2004;304:982.

Chu C-G, Tan CT, Yu G-T, Zhong S, Xu SS, Yan L. A novel retrotransposon
inserted in the dominant Vrn-B1 allele confers spring growth habit in
tetraploid wheat (Triticum turgidum L.). G3. 2011;1:637-45.

Jiang N, Bao Z, Zhang X, Eddy SR, Wessler SR. Pack-MULE transposable
elements mediate gene evolution in plants. Nature. 2004;431:569-73.

Jiang S-Y, Ramachandran S. Genome-wide survey and comparative analysis
of LTR retrotransposons and their captured genes in rice and sorghum.
PLoS One. 2013,;8:e71118.

Kashkush K, Khasdan V. Large-scale survey of cytosine methylation of
retrotransposons and the impact of readout transcription from long
terminal repeats on expression of adjacent rice genes. Genetics. 2007;177:
1975-85.

Wang Q, Dooner HK. Remarkable variation in maize genome structure
inferred from haplotype diversity at the bz locus. Proc Natl Acad Sci U S A.
2006;103:17644-9.

Novak P, Neumann P, Pech J, Steinhaisl J, Macas J. RepeatExplorer: a Galaxy-
based web server for genome-wide characterization of eukaryotic repetitive
elements from next-generation sequence reads. Bioinformatics. 2013;29:
792-3.

RepeatExplorer [Internet]. Available from: http://www.repeatexplorer.org/.
Accessed 13 Nov 2013

Huang Y, Niu B, Gao Y, Fu L, Li W. CD-HIT Suite: a web server for clustering
and comparing biological sequences. Bioinformatics. 2010;26:680-2.
CD-HIT [Internet]. Available from: http://weizhongli-lab.org/cdhit_suite/cgi-
bin/index.cgi. Accessed 13 Nov 2013

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res.
1994;22:4673-80.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30:2725-9.
Kimura M. A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences. J Mol
Evol. 1980;16:111-20.

Marchler-Bauer A, Derbyshire MK, Gonzalez NR, Lu S, Chitaz F, Geer JY, et al.
CDD: NCBI's conserved domain database. Nucleic Acids Res. 201543:D222-6.
CDD: NCBI's conserved domain database [Internet]. Available from: http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. Accessed 26 Jan 2016
Primer3web [Internet]. Available from: http://bioinfo.ut.ee/primer3/.
Accessed 10 Dec 2013

Untergasser A, Cutcutache |, Koressaar T, Ye J, Faircloth BC, Remm M, et al.
Primer3-new capabilities and interfaces. Nucleic Acids Res. 2012;40:e115.

9.

92.

93.

94.

95.

96.

97.

98.

99.

Page 18 of 18

Huis R, Hawkins S, Neutelings G. Selection of reference genes for
quantitative gene expression normalization in flax (Linum usitatissimum L.).
BMC Plant Biol. 2010;10:71.

SciencePrimer.com [Internet]. Available from: http://scienceprimer.com/
copy-number-calculator-for-realtime-pcr. Accessed 5 Aug 2015
GelAnalyzer.com [Internet]. Available from: http://www.gelanalyzer.com/.
Accessed 21 Aug 2014

Phytozome [Internet]. Available from: http://phytozome.jgi.doe.gov/pz/
portalhtml. Accessed 13 June 2015

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, et al.
Phytozome: a comparative platform for green plant genomics. Nucleic
Acids Res. 2012;40:1178-86.

Gene Ontology at TAIR [Internet]. Available from: https://www.arabidopsis.
org/tools/bulk/go/index jsp. Accessed 29 Feb 2016

AGRIGO [Internet]. Available from: http://bioinfo.cau.edu.cn/agriGO/.
Accessed 1 Mar 2016

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. agriGO: a GO analysis toolkit for the
agricultural community. Nucleic Acids Res. 2010;38:W64-70.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable
housekeeping genes, differentially regulated target genes and sample
integrity: BestKeeper—Excel-based tool using pair-wise correlations.
Biotechnol Lett. 2004;26:509-15.

100. Vandesompele J, De Preter K, Poppe B, Van Roy N, De Paepe A. Accurate

normalization of real-time quantitative RT -PCR data by geometric
averaging of multiple internal control genes. Genome Biol. 2002;3:1-12.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central



http://www.repeatexplorer.org/
http://weizhongli-lab.org/cdhit_suite/cgi-bin/index.cgi
http://weizhongli-lab.org/cdhit_suite/cgi-bin/index.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://bioinfo.ut.ee/primer3/
http://scienceprimer.com/copy-number-calculator-for-realtime-pcr
http://scienceprimer.com/copy-number-calculator-for-realtime-pcr
http://www.gelanalyzer.com/
http://phytozome.jgi.doe.gov/pz/portal.html
http://phytozome.jgi.doe.gov/pz/portal.html
https://www.arabidopsis.org/tools/bulk/go/index.jsp
https://www.arabidopsis.org/tools/bulk/go/index.jsp
http://bioinfo.cau.edu.cn/agriGO/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Comparison of TE copy number between flax accessions
	Identification of polymorphic TE insertions using SSAP
	Analysis of flax genomic sequences targeted by polymorphic insertions
	qRT-PCR analysis of selected genes with polymorphic TE insertions

	Discussion
	TE activity and genomic copy number
	SSAP markers associate with flax types
	Analysis of TE insertions and potential impact on genes
	TE impact on flax gene expression

	Conclusions
	Methods
	Plant material
	Nucleic acids extraction and cDNA synthesis
	TE primers
	Transposon family copy number
	Sequence-Specific Amplification Polymorphism (SSAP)
	Band scoring and maximum likelihood (ML) tree
	Band recovery and sequencing
	Validation of TE insertions
	Expression of genes with TE insertions

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

