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SUMMARY

Short interspersed nuclear elements (SINEs) are non-autonomous non-LTR retroelements that are present
in most eukaryotic species. While SINEs have been intensively investigated in humans and other animal sys-
tems, they are poorly studied in plants, especially in wheat (Triticum aestivum). We used quantitative PCR
of various wheat species to determine the copy number of a wheat SINE family, termed Au SINE, combined
with computer-assisted analyses of the publicly available 454 pyrosequencing database of T. aestivum. In
addition, we utilized site-specific PCR on 57 Au SINE insertions, transposon methylation display and trans-
poson display on newly formed wheat polyploids to assess retrotranspositional activity, epigenetic status
and genetic rearrangements in Au SINE, respectively. We retrieved 3706 different insertions of Au SINE
from the 454 pyrosequencing database of T. aestivum, and found that most of the elements are inserted in
A/T-rich regions, while approximately 38% of the insertions are associated with transcribed regions, includ-
ing known wheat genes. We observed typical retrotransposition of Au SINE in the second generation of a
newly formed wheat allohexaploid, and massive hypermethylation in CCGG sites surrounding Au SINE in
the third generation. Finally, we observed huge differences in the copy numbers in diploid Triticum and
Aegilops species, and a significant increase in the copy numbers in natural wheat polyploids, but no signifi-
cant increase in the copy number of Au SINE in the first four generations for two of three newly formed
allopolyploid species used in this study. Our data indicate that SINEs may play a prominent role in the geno-
mic evolution of wheat through stress-induced activation.
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INTRODUCTION

Transposable elements (TEs) are sequences of DNA that
are capable of replicating themselves independently of the
systematic replication of genomic DNA. These sequences
are divided into two classes, based on their mode of trans-
position: class | retroelements (or retrotransposons) trans-
pose by reverse transcribing their own transcripts and
reintegrating into the genome, and class || DNA elements
transpose by excising themselves from one locus and inte-
grating into another (Wicker et al, 2007). Short inter-
spersed nuclear elements (SINEs) are class | transposons,
which range in size from 80 to 500 bp, contain a Pollll
promoter at their 5’ end, and may contain a terminator
sequence (T* SINEs) and/or a central ‘body’ sequence
(Deragon and Zhang, 2006). SINEs are non-autonomous,
as they contain no coding sequences, but rely on long
interspersed nuclear elements (LINEs) to supply the
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enzymes required for their retrotransposition (i.e. reverse
transcriptase, RNaseH and endonuclease; Kramerov and
Vassetzky, 2011). SINEs resemble non-coding RNAs, such
as tRNA, 7SL RNA and 5S RNA (Kapitonov and Jurka,
2003); while primates contain mostly 7SL RNA-like SINEs,
other eukaryotes primarily harbor tRNA-like SINEs.

SINEs have frequently been used to explore phyloge-
netic relationships, based on insertional polymorphism, in
humans (Perna et al., 1992; Roy-Engel et al., 2001; Salem
et al., 2003; Hedges et al., 2004; Xing et al., 2007), rodents
(Churakov et al., 2010), salmon (Murata et al., 1993), rep-
tiles (Piskurek et al., 2006), birds (Watanabe et al., 2006;
Kriegs et al., 2007) and cetaceans and artiodactyls (Nikaido
et al., 1999). In plants, several SINE families have been dis-
covered, such as in Brassica napus (Deragon et al., 1994),
Oryza sativa (Umeda et al., 1991), Nicotiana tabacum
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(Yoshioka et al., 1993), Myotis daubentoni (Borodulina and
Kramerov, 1999) and others (Deragon and Zhang, 2006).
The evolutionary history of a SINE element (Au SINE) has
been studied in divergent plant species, showing its wide
distribution and ancient origin before the divergence
between monocots and eudicots (Fawcett et al., 2006). The
diversity of the same element in diploid and polyploid
Aegilops species has also been investigated (Han-yu and
Jian-bo, 2006). The Au SINE family consists of insertions
with a structure characteristic of tRNA SINEs: namely a
Pollll promoter that includes an A-box and a B-box at the 5’
end and a short poly(T) at the 3’ end (Koval et al., 2011).

Plants may undergo speciation by polyploidization
through one of two mechanisms: (i) autopolyploidy, which
involves doubling of the plant genome to form a new
species with twice the number of chromosome sets, and
(i) allopolyploidy, which is hybridization of two related
plant species and doubling of the genome to produce a new
species that includes both the parental genomes (Feldman
and Levy, 2005). Allopolyploid species exhibit rapid and
reproducible genetic and epigenetic changes soon after
hybridization (Yaakov and Kashkush, 2011b). These changes
include activation of miniature transposons (Yaakov and
Kashkush, 2012), transcriptional activation of retrotranspo-
sons, changes in the cytosine methylation status of transpo-
sons, and DNA rearrangements in transposon sequences
(Yaakov and Kashkush, 2011b). The ‘genomic stress’ caused
by inter-specific hybridization is only one of many biotic
and abiotic stresses that may activate transposable ele-
ments (Mansour, 2007). In addition, DNA hypomethylation
in rice has been shown to change the expression of endoge-
nous genes via activation of promoters from LTR retrotrans-
posable elements antisense to the gene (Kashkush and
Khasdan, 2007). Thus, allopolyploidy-induced changes in
genomic function may have an epigenetic basis.

Hexaploid wheat (Triticum aestivum) is a relatively
recent allopolyploid, and is the result of the combination
of three related genomes: first, Triticum urartu (genome
AA; 2n = 2x = 14) hybridized with an as yet undiscovered
species from section Sitopsis, probably similar to Aegilops
speltoides (genome BB; 2n = 2x = 14) to produce Triticum
dicoccoides (genome AABB; 2n = 4x = 28); second, Aegi-
lops tauschii (genome DD; 2n = 2x = 14) hybridized with
T. dicoccoides to produce T. aestivum (genome AABBDD;
2n = 6x = 42) (Feldman and Levy, 2005). This allopolyploid
wheat system is useful in the study of the impact of ‘geno-
mic stress’ on TE activity. Furthermore, the availability of
newly formed wheat polyploids, mimicking the evolution
of wheat, allow us to examine very early events that influ-
ence TEs immediately after polyploidization events.

In this study, we retrieved 3706 Au SINE insertions using
the 454 pyrosequencing database of the wheat line Chinese
Spring, and analyzed them in detail. In addition, we provide
compelling evidence for clear mobilization of Au SINE

between the first and second generations of a newly formed
allohexaploid. Furthermore, we quantified this element,
based on an in silico analysis of a 454 database and quanti-
tative PCR in 40 species and accessions of Triticum and
Aegilops, and found huge differences in Au SINE copy num-
ber among species and accessions. Finally, we showed a
correlation between Au SINE retrotranspositional activity
and hypermethylation in newly formed allopolyploids.

RESULTS AND DISCUSSION
In silico analysis of Au SINE

It is known that SINEs are one of the most abundant retro-
transposons in humans, e.g. Alu elements reach up to a mil-
lion copies (Xing et al., 2009). Thus, SINEs appear to play a
prominent role in human evolution (Xing et al., 2009).
SINEs in plants and specifically in wheat have been studied
to a limited extent. In this study, in order to evaluate the
level of proliferation of SINEs in the wheat genome using
mak software (Yang and Hall, 2003), we searched the pub-
licly available 454 pyrosequencing database of Chinese
Spring for the presence of a SINE family, termed Au SINE,
which was previously characterized in Aegilops umbellulata
(Yasui et al., 2001), and found 3706 different intact inser-
tions. The mean length of all retrieved Au SINEs was
172.8 + 8.4 bp, compared to 181 bp for the consensus
sequence that was used as input in MAK, and the sequence
similarity among the Au SINE insertions was approximately
80% (Figure S1a). Multiple sequence alignment of the
retrieved Au SINEs showed higher conservation of the ele-
ments at their termini compared to the internal sequence,
and particular conservation of the A and B box sequences,
which are required for transcription by RNA polymerase llI,
and a 3’ end poly(T), which is required for template-primed
reverse transcription (Figure S1a) (Kajikawa and Okada,
2002). In addition, in silico retrieval and analysis of Au SINE
elements was also performed for a 454 pyrosequencing
database of Ae. tauschii (see ‘Experimental Procedures’),
which resulted in 191 retrieved elements.

The relatively short sequence of Au SINE allowed us to
identify and characterize intact elements from the unas-
sembled 454 pyrosequencing databases. This means that
the number of insertions identified may be under-esti-
mated because some elements may be truncated. In addi-
tion, we investigated target-site duplications for all
elements from both databases, and did not find a signifi-
cant target-site preference (based on comparison of the
target-site duplications of the various insertions of Au
SINE, see ‘Experimental Procedures’), indicating that the
endonuclease used for nicking the target sites of Au SINE
may not have sequence specificity (Figure S1b). However,
when we carefully examined the flanking sequence of all
elements, we found that, in most cases, Au SINEs were
inserted in A/T-rich regions (Figures S2 and S3), similar to
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what has been reported for SINEs in both plant and animal
systems (Jurka, 1997; Tatout et al., 1998; Lenoir et al.,
2001). Given that these elements also have a poly(T) tail at
their 3’ end, this finding may indicate that Au SINE has an
insertional preference for poly(T) sites.

In order to test whether Au SINE is associated with
wheat genes, we annotated the flanking sequence of each
of the 3706 insertions from the T. aestivum database (up
to several hundred base pairs on both sides of the ele-
ment) using the EST and mRNA databases from the
National Center for Biotechnology Information. We found
unique ESTs flanking 1075 insertions and unique mRNA
molecules flanking 344 insertions, while the remaining
2287 flanking sequences showed no similarity to tran-
scribed sequences. These data indicate that approximately
38% of the Au SINEs were inserted in transcribed regions.
In addition, we searched for Au SINE insertions in the lim-
ited National Center for Biotechnology Information data-
base of annotated genomic sequences for wheat and
found four insertions: three were inserted in introns,
including a zinc finger protein (GQ422824.1), a VRN-B1
gene (AY747602.1) and a 5-methylcytosine DNA glycosy-
lase (JF683316.1), while one was inserted 328 bp down-
stream of a putative protein kinase gene (AY368673.1)
(Figure S4). The results indicate that hundreds, if not thou-
sands, of Au SINEs may be inserted into or adjacent to
wheat genes. Surprisingly, we found 62 unique ESTs and
13 unique mRNA molecules that were similar to the Au
SINE sequence, indicating that approximately 2% of the
SINE insertions may be transcribed under normal condi-
tions. It is known that retrotransposon promoters retain
activity under normal conditions and initiate transcription
(Vicient et al., 2001; Kashkush et al., 2002, 2003; Nigumann
et al., 2002; Kashkush and Khasdan, 2007).

Activity of Au SINE in newly formed allopolyploids and
throughout wheat evolution

In order to assess the dynamics of Au SINE in vivo, we used
site-specific PCR and transposon display assays. For site-
specific PCR analysis, we used a pair of primers that flank
each Au SINE insertion; thus, a site containing an Au SINE
insertion (termed ‘full site’) will yield a longer PCR product
than a site lacking this element (termed an ‘empty site’).
Unlike DNA elements, RNA elements move via a ‘copy and
paste’ mechanism, thus it is impossible to observe retro-
transpositions in the offspring when analyzing an insertion
(full site) that is present in one or both parental lines. For
example, if we analyze a ‘full site’ in one or both parental
lines using site-specific PCR, we cannot determine whether
this element transposed in the offspring because it will not
leave an ‘empty site’ behind. However, because DNA ele-
ments leave empty sites, we are able to track transpositions
in offspring using the site-specific PCR assay (Yaakov and
Kashkush, 2012). In this case, site-specific PCR analysis is
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informative only when analyzing a ‘full site’ in the offspring
and determining whether this specific insertion is present in
one or both parental lines. To this end, we examined 57
randomly selected Au SINE insertions, present in the 454
database, in four generations of a newly formed wheat
allohexaploid (S1-S4) and their parental species, Triticum
turgidum ssp. durum (accession TTR19) and Ae. tauschii
(accession TQ27). We designed primers from the regions
flanking each Au SINE insertion, and performed PCR using
genomic DNA of newly formed allohexaploid plants and
their parental lines as template. The PCR analysis revealed
that 40 of the 57 Au SINE insertions examined were not
present in the parental lines or in the S1-S4 generations of
the newly formed allohexaploid, while 14 insertions were
present in one of the two parental lines, and, as expected,
an additive pattern (both full and empty site) was detected
in the S1-S4 generations. Surprisingly, we observed three
cases where the Au SINE insertion was not present in either
parental line or the S1 generation, but appeared in the
S2-S4 generations. Note that the experiment was repeated
many times and the data were reproducible. The results
indicate retrotransposition events, all occurring between
the first and second generations of the allohexaploid,
resulting in the appearance of a full site band on the agar-
ose gel (Figure 1). Examination of the flanking sequences
following retrotransposition showed one target-site dupli-
cation (Figure 1a) and two target-site deletions (Figure 1b
and Figure S5). Sequence analysis of the bands showed the
insertion of nearly complete elements, including the Pollll
promoter region, into areas rich in poly(T) (Figure S2).
These surprising results may be explained by three possible
scenarios: (i) these are true retrotransposition events that
occurred in natural hexaploid wheat (as the primers were
designed based on the 454 database of natural hexaploid
wheat) and in the newly formed allohexaploid at the same
position, (ii) the Au SINE insertions are present in different
accessions of the parental lines, and different accessions
were mistakenly used for the PCR analysis, and (iii) the
newly formed polyploids (S2-S4) were contaminated by a
natural hexaploid wheat species.

We have performed several experiments to rule out
scenarios 2 and 3, which indicate technical errors in the
experimental system. In our system, we used only TQ27
(genome DD) and TTR19 (genome BBAA) accessions as
the true parental lines (Figure S6). However, to rule out
scenario 2, we performed the PCR analysis in ten accession
of Ae. tauschii (genome DD) and 10-33 accessions of
T. turgidum [genome BBAA, including durum and dicocco-
ides (wild emmer)] and found that none of the accessions
contain any of the three Au SINE insertions (see examples
in Figure S7). This experiment prompted us to test whether
any of the AA or the BB species contain any of the three
Au SINEs, thus we performed the PCR analysis on three
accessions of T. urartu (the donor of AA genome to
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TQ27

wheat), 17 accessions of BB species (eight accessions of
Aegilops searsii and nine accessions of Ae. speltoides, the
best candidates to donate the BB genome to wheat), and
found that none of the AA and BB accessions contain any
of the three Au SINE insertions. This analysis indicates that
the three Au SINE insertions most probably occurred in
hexaploid wheat after allohexaploidization, approximately
10 000 years ago. The question that arises is whether all
natural hexaploid wheat species contain these three Au
SINE insertions. To answer this, we performed the PCR
analysis on 14 accessions of T. aestivum collected from all
over the world (Figure S8). The first Au SINE insertion (Fig-
ure 1a) was present in nine of the 14 T. aestivum acces-
sions (Figures S8 and S9), the second Au SINE insertion
(Figure 1b) was present in three of the 14 T. aestivum
accessions (Figures S8 and S9), and the third Au SINE
insertion (Figure Sb) was present in nine of the 14 T. aes-
tivum accessions (Figures S8 and S9). These data, together
with the finding that none of the diploid and tetraploid
donors contain the three insertions, indicate that indepen-
dent retrotransposition events occurred in some acces-
sions of natural T. aestivum at the same position.
Interestingly, only two of the 14 T. aestivum accessions
(TAAO1 and PI436506) contained the three Au SINE

Figure 1. Retrotransposition of Au SINE in
newly formed allohexaploid wheat. Site-specific
PCR amplification and multiple sequence align-
ment of Au SINE insertion sites from a 454
pyrosequencing database of Chinese Spring for
(a) PCR analysis of read GIABLPU08JR1SH
showing a 133 bp empty site (white arrow) and
a 314 bp full site (black arrow), and (b) PCR
analysis of contig 721094 showing a 376 bp
empty site (white arrow) and a 557 bp full site
(black arrow). Note that the read and contig
numbers indicate the sequence code from the
454 database. Each gel has a lane of DNA mark-
ers on the left. The multiple sequence align-
ment includes the original database sequence,
with Au SINE colored green. The A- and B-box
promoter sequences are indicated. T. turgidum
ssp. durum (accession TTR19), Ae. tauschii
(accession TQ27) and four generations of their
hexaploid progeny (S1-S4) were used as tem-
plates. Read GIABLPUO8JR1SH (a) includes tar-
get-site duplications (colored orange), and
contig 721094 (b) includes a target-site deletion,
shown as a mis-aligned 5 bp sequence between
nucleotides 225 and 229.

insertions. Note that the hexaploid accession (CS42) that
was used to generate the 454 database (Brenchley et al.,
2012) also contains the three Au SINE insertions.
Furthermore, in order to rule out scenario 3 (contamina-
tion of the newly formed polyploids by natural wheat
species) and to verify the reproducibility of the
retrotransposition events, PCR was performed for each of
the transposed Au SINE sites using the first and second
generations of two independent crosses of the newly
formed polyploid. The results showed complete reproduc-
ibility of all retrotranspositions (Figure S10). Note that the
only natural hexaploid that may contaminate our samples
or hybridize with the S1 generation of the newly formed al-
lohexaploid in the greenhouse is TAAO1, as this is the only
accession grown in our greenhouses. The rest of the hexa-
ploid seed material was supplied by the US Department of
Agriculture and was grown in a special growth room.
TAAO01 contains the three Au SINE insertions (Figure S9).
We used PCR-based DNA markers and showed that TAA01
cannot be a parental line of the S2-S4 plants. Detailed
analysis was performed using transposon display (TD)
markers. Because of the dominant nature of the TD mark-
ers, any band that is present in the homozygous TAAOQ1
plant and absent in the S1 generation must be present in
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the S2-S4 generations if TAAO01 hybridizes with S1 plants.
Analysis of approximately 280 bands (four primer combi-
nations of TD reactions, Figure S11) revealed that TAAO1
cannot be a parent of S2-S4 plants.

Additionally, we used TD to assess rearrangements of
Au SINEs in the newly formed allohexaploid, similarly to
previously reported analyses (Kraitshtein et al, 2010;
Yaakov and Kashkush, 2011a). TD allows us to search for
rearrangements (absence of Au SINE-containing bands or
novel Au SINE-containing bands in newly formed
allohexaploid versus parental lines). Of the 280 Au SINE-
containing bands analyzed by TD, 22 were novel bands
(present in the newly formed allohexaploid and absent in
both parental lines), indicating that these are new inser-
tions of Au SINE, and 36 bands were present in one or
both parental lines and absent in the newly formed allo-
hexaploid (see examples in Figure S11), indicating that
these Au SINE-containing sequences underwent elimina-
tion or other rearrangements, as shown previously
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(Kraitshtein et al, 2010). Note that the presence or
absence of bands was seen in the first generations of the
newly formed allohexaploid. Interestingly, in some cases,
the novel TD bands in the newly formed allohexaploid
were also present in the natural hexaploid, indicating that
same insertion occurred when the natural hexaploid was
created approximately 10 000 years ago. These data sup-
port the three specific retrotrasposition events observed
in this study (Figure 1 and Figure S5), in which we ana-
lyzed Au SINE insertion loci in the natural hexaploid and
found clear retrotransposition in the newly formed allo-
hexaploid. Note that the combination of parental lines
that was used here produces a newly formed allohexap-
loid that resembles natural hexaploid wheat. The occur-
rence of transposition events that occur in a natural
hexaploid in newly formed allohexaploid species was
previously demonstrated for MITEs (Yaakov and Kashk-
ush, 2012). In addition, previous reports have shown that
similar reproducible genetic rearrangements that occurred
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in newly formed wheat allopolyploids also occurred in a
natural hexaploid (Kashkush et al., 2002; Kraitshtein et al.,
2010). This may indicate the value of using newly formed
allopolyploids to study the rapid, short term changes of
evolution through allopolyploidization.

Au SINE dynamics in natural wheat species. In order to
study the dynamics of SINEs throughout evolution of
wheat, we analyzed the relative quantity of Au SINEs in 40
accessions of ten wheat species by quantitative PCR. The
relative quantities were then compared to the copy number
derived from the 454 database of T. aestivum (see details
in ‘Experimental Procedures’), by assuming that this
copy number was identical to the relative quantity of
T. aestivum (accession TAAO01; Figure 2). The results
showed a huge amplification burst of Au SINE between
the diploid species (Ae. searsii, Ae. speltoides, Ae. tau-
schii, T. urartu, Aegilops monococcum, Aegilops sharon-
ensis and Aegilops longissima), with a mean copy number
of 540 + 323, and the polyploid species (T. turgidum ssp.
dicoccoides, T. turgidum ssp. durum and T. aestivum),
with a mean copy number of 3289 + 362, which cannot be
explained by the additive values of any accessions from

any parental species. Furthermore, the coefficient of varia-
tion for Au SINE copy number was highest in Ae. spelto-
ides (0.38, compared to 0.2 for Ae. searsii, 0.17 for
Ae. tauschii and 0.19 for T. urartu), suggesting that SINEs
are active in the B-genome. In order to verify the accuracy
of relative quantification by quantitative PCR, we compared
the ratio of T. aestivum Au SINE amplification by quantita-
tive PCR and the mean Au SINE amplification by quantita-
tive PCR of all Ae. tauschii accessions to the ratio of Au
SINE copy number (based on the retrieved elements from
the 454 pyrosequencing databases) from T. aestivum and
Ae. tauschii. Based on quantitative PCR analysis, the mean
copy number of Au SINE in Ae. tauschii was estimated to
be 318, while the number of retrieved elements from the
Ae. tauschii 454 database was 191. This confirms that
the copy numbers observed by quantitative PCR are of the
same order of magnitude as the number of retrieved ele-
ments from the database. Note that we retrieved only
nearly intact elements by MAK, thus the number of
retrieved elements may be under-estimated.

Copy number variation of Au SINE in newly formed allopo-
lyploids. We then studied whether allopolyploidization
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affects the copy number of Au SINE in three newly formed
allopolyploid combinations using quantitative PCR, and
found that the relative Au SINE quantities in newly formed
allohexaploids (from parental species T. turgidum ssp.
durum and Ae. tauschii) and allotetraploids (from parental
lines Triticum monococcum and Ae. sharonensis) showed
no significant increase in SINE copy number (varying
between 78 and 106% of the expected values). In contrast,
newly formed allotetraploids (from parental lines T. urartu
and Ae. longissima) showed a significant increase in the
first generation to 187% from the expected values
[1666 — (499 + 392)] the RQ of the tetraploid divided by
the additive RQs of its parental lines, returning to expected
levels in the second generation (Figure 3). This indicates
that, in some newly formed allopolyploid combinations in
wheat, there may be massive dynamics of SINEs.

Epigenetic regulation of Au SINE in newly formed
allopolyploids

In order to study the epigenetic regulation of SINEs, we
tested the methylation status of Au SINEs in the newly
formed allohexaploid versus its parental lines, using trans-
poson methylation display (Kashkush and Khasdan, 2007;
Kraitshtein et al, 2010; Yaakov and Kashkush, 2011a).
Transposon methylation display analysis allows an assess-
ment of the methylation status of CCGG sites flanking TEs,
using Hpall and Mspl restriction enzymes, which recognize
CCGG sites but have different sensitivity to cytosine meth-
ylation. Thus, the methylation status of CCGG sites may be
measured based on the number of sites that are polymor-
phic between Hpall and Mspl digestions (Kashkush and
Khasdan, 2007; Kraitshtein et al., 2010; Yaakov and Kashk-
ush, 2011a). Analysis of approximately 90 CCGG sites
revealed high overall cytosine methylation surrounding Au
SINE (78.38%) in natural T. aestivum (accession TAAO01)
and a significant increase (hypermethylation) in a newly
formed allohexaploid, from 37.74 + 3.22% in the parental
species and two generations (S1 and S2) of the newly
formed allohexaploid, to 75.28% in the third generation.
Interestingly, the level of methylation in the third genera-
tion of the newly formed allohexaploid was similar to that
for the natural allohexaploid. Recent studies in wheat have
investigated the methylation status near several TE fami-
lies in detail (Kraitshtein et al., 2010; Yaakov and Kashkush,
2011a,b; Zhao et al., 2011). In one study, similar to the
results reported here, hypomethylation of Veju-flanking
CCGG sites was seen in the S1 and S2 generations of the
newly formed allohexaploid, and hypermethylation was
seen in the third generation of the synthetic allohexaploid
(Kraitshtein et al., 2010).

Conclusions

TEs are implicated in creating genetic variation, giving rise
to diversification of related species and diploidization of
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polyploid species. This genetic variation may arise as a
result of evolutionary changes (following the divergence of
two species) or revolutionary changes (over short periods
of stress) (Feldman and Levy, 2005). The genetic and epige-
netic involvement of TEs in genomic diversification has
been studied extensively (Feschotte and Pritham, 2007;
Mansour, 2007; Slotkin and Martienssen, 2007; Yaakov and
Kashkush, 2011b). Transcriptional activation of retrotrans-
posons was shown previously in wheat (Kashkush et al.,
2003) and in other polyploidy systems such as Arabidopsis
(Madlung et al., 2005), and the transcriptional activation of
LTR retrotransposons correlated with their methylation sta-
tus (Kashkush and Khasdan, 2007). However, in all studies,
research has been restricted mainly to DNA transposons
and LTR retrotransposons and epigenetic regulation of the
element was not associated with its transpositional
activity.

In this study, we focused on the genome-wide impact of
a SINE family in various wheat species and newly formed
allopolyploid wheat. Au SINE copy number was observed
to be most variable in accessions of Ae. speltoides, which
suggests that Au SINE has transposed in the B-genome of
this species. This evidence suggests activity of this trans-
poson family during the evolution of wheat.

Here we present compelling evidence for retrotransposi-
tion of Au SINE elements following allopolyploidization of
wheat. Interestingly, we observed target-site deletion pro-
duced by Au SINE insertions, as well as target-site duplica-
tion. The similar numbers of novel and absent bands from
the TD of Au SINE suggest a combination of amplification
and removal of the element (probably by retrotransposi-
tion and recombinational mechanisms, respectively) fol-
lowing allopolyploidization, which may have led to a rapid
increase in epigenetic regulation of these elements by
cytosine methylation, as indicated by the hypermethylation
in the S3 generation. Taken together, we conclude that the
Au SINE family has retained its capacity for activity
throughout the evolution of wheat, and has probably been
epigenetically de-regulated following polyploidization
events in wheat. Thus, we infer that Au SINE has contrib-
uted to the diversification of wheat species and differentia-
tion of polyploid species by inducing genetic and
epigenetic changes, and possibly by modifying gene
regulation. However, the underlying mechanism by which
independent retrotransposition events may occur at the
same position following independent allohexaploidization
events, as seen in various natural hexaploid wheat species
(Figure S8) and in a newly formed allohexaploid (Figure 1
and Figure S5), remains to be determined. Epigenetic
mechanisms, such as DNA methylation and structural
modification of heterochromatin accompanying the crea-
tion of the nascent allopolyploid species, may play a prom-
inent role in restricting the sites available for DNA
recombination and transposition.
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EXPERIMENTAL PROCEDURES
Plant material

In this study, 40 accessions of ten wheat species (Table S1) were
used. In addition, three combinations of newly formed allopoly-
poids were used: (i) four generations (S1-S4) of a newly formed
allotetraploid and its parental lines, T. monococcum ssp. aegilop-
oides (accession TMBO02) and Ae. sharonensis (accession TH02),
(ii) three generations (S1-S3) of a newly formed allotetraploid and
its parental lines, T. urartu (accession TMUO06) and Ae. longissima
(accession TL05), and (iii) four generations (S1-S4) of a newly
formed allohexaploid and its parental lines, T. turgidum ssp.
durum (accession TTR19) and Ae. tauschii (accession TQ27). Seed
material was kindly provided by Moshe Feldman, Plant Sciences
Department, the Weizmann Institute of Science, Rehovot, Israel
and the US Department of Agriculture (http://www.ars-grin.gov/
npgs/acc/acc_queries.html). Genomic DNA was isolated using a
DNeasy plant kit (Qiagen, Hilden, Germany) from green leaves of
plants that were approximately 4 weeks old. Total RNA was iso-
lated under the same conditions, using an Aurum total RNA mini
kit (Bio-Rad, Hercules, CA, USA), and converted to cDNA using a
Verso® cDNA kit (Thermo Scientific, Waltham, MA, USA).

Computer-assisted analysis

The sequence for Au SINE was retrieved from Repbase (http://
www.girinst.org/repbase/). Access to the 454 pyrosequencing
database for Chinese Spring, which was used to estimate Au SINE
copy number, was kindly provided by members of the Chinese
Spring sequencing consortium (http://www.cerealsdb.uk.net/). For
validation of the quantitative PCR and bioinformatics analyses, the
publicly available 454 pyrosequencing database of Ae. tauschii
(National Center for Biotechnology Information Sequence Read
Archive submission SRA052214) was used. SINE elements were
retrieved from these databases using MITE analysis kit (maAk) soft-
ware (Yang and Hall, 2003) with an E-value of 103, MAK was orig-
inally designed for downstream analysis of MITE, but some
functions, such as sequence retrieval from databases, are applica-
ble to other types of TEs as well (Janicki et al., 2011). Each hit was
retrieved with 100 bp of flanking sequence, and redundant reads
were excluded by comparing the flanking sequences with to the
databases. Searching of the publicly available Triticum and Aegi-
lops genomic, EST and mRNA sequences from the National Cen-
ter for Biotechnology Information was performed using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/) with an E-value threshold
of 107'°. The multiple sequence alignment of Au SINE retrotrans-
positions was performed with ClustalW2 (http:/www.ebi.ac.uk/
Tools/msa/clustalw2/). The multiple sequence alignments for the
Au SINE elements and target-site duplications retrieved from the
database were performed using MAFFT (Katoh et al., 2009), and
all logos were produced using WebLogo 3.3 (Crooks et al., 2004).
Nucleotide density calculations for Au SINE insertion sites were
performed using the ‘Density’ program from EMBOSS (http://bips.
u-strasbg.fr/EMBOSS/).

Site-specific PCR

Primer design for the flanking regions and insertion analysis was
performed using prIMER3 version 0.4.0 (http://frodo.wi.mit.edu/
primer3/). The reaction consisted of 12 ul ultrapure water (Biologi-
cal Industries, Beit Haemek, Israel), 2 pl of 10 x Tag DNA polymer-
ase buffer (EURy, Gdansk, Poland), 2 pl of 256 mm MgCl, (EUR),
0.8 ul of 2.6 mm dNTPs, 0.2 ul Taq DNA polymerase (5 U pl™",
EURx), 1 ul of each site-specific primer (50 ng ul™"), and 1 pl of
template genomic DNA (approximately 50 ng pul~"). The PCR

conditions for these reactions were 94°C for 3 min, 30 cycles of
94°C for 1 min, 60°C for 1 min and 72°C for 1 min, and 72°C for
3 min. The PCR products were purified using an Invisorb® Spin
PCRapid kit (Invitek, STRATEC Molecular GmbH, Berlin, Germany)
or extracted from an agarose gel using an Invisorb® Spin DNA
extraction kit (Invitek), ligated into the pGEM-T easy vector (Pro-
mega, Madison, WI, USA), used to transform Escherichia coli
DH50 and sequenced using a 3730 DNA Analyzer (Applied Bio-
systems, Foster City, CA, USA) at Ben-Gurion University, Israel.
Primer sequences are listed in Table S2.

Transposon display and transposon methylation display

Transposon display was performed by restricting 0.5 ug of geno-
mic DNA with Msel (recognition site TTAA), ligating the fragments
to adaptors, and PCR amplifying using primers specific to the
adaptor and to the transposon. The PCR adaptor primer included
three selective bases (CTG), the products were run on 5% poly-
acrylamide gel, and equally-sized bands were counted as one site.
A change in the band pattern was counted when a band appeared
or disappeared in a certain polyploid generation (S1-S4) and all
subsequent generations. Transposon methylation display was per-
formed in the same manner, but using Hpall and Mspl (recogni-
tion site CCGG), which cleave DNA differently, depending on its
cytosine methylation, and with four selective nucleotides in the
adaptor primer (TCAG). In this case, the overall methylation was
calculated by counting all bands present in the lane corresponding
to restriction by one enzyme but not the other, and dividing by all
amplified sites in each sample. More details on TD and transpo-
son methylation display are provided in Kashkush and Khasdan
(2007), Kraitshtein et al. (2010) and Yaakov and Kashkush (2011a).

Quantitative PCR

Primers for Au SINE (forward: 5-AGCTGCTGCCTTGTGACCAT-3;
reverse: 5-GGGAAGGGTCCGACCACTT-3') were designed from a
conserved region (based on multiple sequence alignment) using
PRIMER EXPRESS version 2.0 (Applied Biosystems). All quantitative
PCR reactions included 7.5 pl KAPA SYBR® FAST Universal Master
Mix (KAPA Biosystems, Boston, MA, USA), 5 ul DNA template
(0.24 ng pl™") or a 50 x dilution of cDNA template, 1 ul Au SINE
forward primer (10 pm), 1 ul Au SINE reverse primer (10 um), 0.3 ul
ROX (a reference dye used to normalize changes in background
fluorescence) and 0.2 ul ultrapure water (Biological Industries).
For reactions on genomic DNA, the VRNT gene was used to nor-
malize for variations in input template concentration, and Ae. tau-
schii (accession TQ27) was used a reference sample (thus its value
is always 1). All samples were corrected for ploidy level, as the
VRNT gene exists as two copies in diploids, four copies in tetrap-
loids and six copies in hexaploids (Kraitshtein et al., 2010). In
addition, the primers were used to amplify serial dilutions of DNA
or cDNA, and their efficiency was calculated as (10~ - 1) x 100,
where y is the slope of the linear regression. Thus, the relative
quantity (RQ) for genomic DNA samples was calculated as (ploidy
level) x (2 x primer efficiency) 224G, where AAC: = (Cysample) —
Ct(VRN1)) - (Ct{T027) - Ct(VRN1)) (Livak and Schmittgen, 2001). In
order to calculate the copy number of Au SINE in each sample, we
multiplied the copy number for T. aestivum (3706 copies, as deter-
mined from the 454 database) with the ratio of the RQ of each
sample to the RQ of T. aestivum. For example, the RQ of T. mono-
coccum was 1.163358 and the RQ of T. aestivum was 9.976081,
thus the copy number of Au SINE in T. monococcum is
3706 x 1.163358 + 9.976081 = 432 (rounded to the nearest inte-
ger). It is important to note that to ensure that the quantitative
PCR amplification was accurate, we used two different primer
pairs for three different transposons, one MITE (Yaakov et al.,
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2013) and two LTR retrotransposons, and received similar results.
In addition, a previous study successfully predicted the copy num-
ber of the MITE mPing in various rice species using the same
method (Baruch and Kashkush, 2012).
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