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Abstract Transposable elements (TEs) account for up to
80% of the wheat genome and are considered one of the
main drivers of wheat genome evolution. However, the
contribution of TEs to the divergence and evolution of
wheat genomes is not fully understood. In this study, we
have developed 55 miniature inverted-repeat transposable
element (MITE) markers that are based on the presence/
absence of an element, with over 60% of these 55 MITE
insertions associated with wheat genes. We then applied
these markers to assess genetic diversity among Triticum
and Aegilops species, including diploid (AA, BB and DD
genomes), tetraploid (BBAA genome) and hexaploid
(BBAADD genome) species. While 18.2% of the MITE
markers showed similar insertions in all species indicating
that those are fossil insertions, 81.8% of the markers
showed polymorphic insertions among species, subspecies,
and accessions. Furthermore, a phylogenetic analysis based
on MITE markers revealed that species were clustered
based on genus, genome composition, and ploidy level,
while 47.13% genetic divergence was observed between
the two main clusters, diploids versus polyploids. In
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addition, we provide evidence for MITE dynamics in wild
emmer populations. The use of MITEs as evolutionary
markers might shed more light on the origin of the
B-genome of polyploid wheat.

Introduction

The grass family (Gramineae) includes ~ 10,000 species
classified into ~700 genera. The divergence of various
groups from an ancestral progenitor occurred perhaps 80
million years ago (Kellogg 2001; Gaut 2002; Prasad et al.
2005). Polyploidy occurs with high frequency in the
grasses, including autopolyploidy, allopolyploidy, and
segmental allopolyploidy (e.g. maize). Wheat is the
world’s most widely grown cereal, with annual world
production of ~600 million tons, contributing ~20% of
daily human caloric intake (Dubcovsky and Dvorak 2007).
Wheat (Triticum ssp.) is classified into three major taxo-
nomic groups: diploid (genome AA; 2n = 14), tetraploid
(genome BBAA; 2n = 4x = 28), and hexaploid (genome
BBAADD; 2n = 6x = 42) [see review by Feldman and
Levy (2005)]. Wheat, Triticum-Aegilops group is used as a
classical model organism to study evolution through allo-
polyploidization, while emmer wheat (7. turgidum spp.
dicoccoides) is extensively studied as a good source for
important genes in breeding programs of bread wheat.
Aegilops, a genus generally known as goatgrass, consists of
about 23 species and numerous subspecies, which have
unambiguously contributed the D-genome, and most
probably the B-genome to polyploid wheat, while Triticum
has contributed the A-genome.

Bread wheat is a relatively young species, which was
created ~ 10,000 years ago following hybridization events
between the tetraploid 7. turgidum (genome BBAA,
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2n = 4x = 28) and the diploid Aegilops tauschii (genome
DD, 2n = 2x = 14)[seereview Nesbitt and Samuel (1996)].
The tetraploid 7. turgidum was created as a result of
hybridization between 7. wurartu (genome AA) and an
unknown genome BB diploid species as female. Ernie Sears
was the first to classify the 21 chromosome pairs of bread
wheat into seven homoeologous groups (Sears 1954). From
intensive studies over several decades, the diploid donors of
the genomes of allopolyploid wheat have been identified, and
allopolyploid wheat has been re-synthesized. The leading
candidate progenitor of the B-genome is Ae. speltoides
(genome SS), as its genome is the closest to that of T. fur-
gidum. In fact, the origin of the B-genome remains contro-
versial. Nevertheless, it is believed that the B-genome is
derived from the S-genome of Aegilops section Sitopsis,
which includes Ae. speltoides, Ae. bicornis, Ae. longissima,
Ae. searsii, and Ae. sharonensis (Petersen et al. 2006).

Diversity and phylogenetic relationships among Triti-
cum and Aegilops species have been extensively studied
during the last 50 years. That includes cytological (Teoh
et al. 1983; Salina et al. 20006), as well as molecular biology
studies, such as DNA markers in the nuclear genome (Mori
et al. 1995; Sasanuma et al. 1996; Wang et al. 2000a, c;
Huang et al. 2002; Kudryavtsev et al. 2004; Sallares and
Brown 2004) or in organelles (Wang et al. 2000b; Haider
and Nabulsi 2008). A study by (Queen et al. 2004) eluci-
dated the phylogenetic relationships between several
Aegilops and Triticum species, based on LTR-retrotrans-
poson SSAP markers, clustering similar genomes. Poly-
morphism in SSAP markers relies on mutations in the
recognition site of the restriction enzyme used in the assay,
unlike the present study, which assesses the presence or
absence of a transposon. However, phylogenetic studies
that rely on transposon-based genetic markers (Kalendar
et al. 2011) were not as extensively studied in wheat as
they were in vertebrates. Several studies used recently
active TEs with known ancestral states as genetic markers
to study phylogeny and diversity among and within humans
and primates (Roy-Engel et al. 2001; Salem et al. 2003;
Hedges et al. 2004; Xing et al. 2007a, b). These TE-based
studies have shed new light on the evolutionary history of
humans and primates (Xing et al. 2007b). A recent study in
wheat showed that using TE markers for wheat phylogeny
might depend on the level of TE activity throughout wheat
evolution (Konovalov et al. 2010).

TEs exist in all organisms and usually make up a sig-
nificant fraction of the genome. TEs are classified into two
main classes based on their intermediate product (Wicker
et al. 2007): RNA (class 1 elements or retrotransposons), or
DNA (class 2 elements). For both classes, transposition is
defined in cis when the element is autonomous, i.e. encodes
its own proteins, or in trans when the element is defective
(or non-autonomous), the latter being dependent on the
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coding abilities of the autonomous elements (Kazazian
2004; Sabot et al. 2004; Wicker et al. 2007). Surprisingly,
many studies both in plants and animals, reported that in
fact non-autonomous elements (both class 1 and class 2
elements) that have lost their protein-coding sequences and
became miniature elements showed a high level of trans-
positional activity, such as the class 1 terminal-repeat ret-
rotransposons in miniature (TRIMs) (Witte et al. 2001;
Sabot et al. 2005) and the class 2 miniature inverted-repeat
transposable elements (MITEs) (Yang et al. 2009).

MITEs are widespread in eukaryotic genomes; they are
non-autonomous elements that are characterized by their
relatively short sequence (up to a few hundred base pairs),
structural similarity, conserved terminal repeats, and high
copy number in some species [e.g. rice (Jiang et al. 2004),
and wheat (our unpublished data)]. In plants, most MITEs
are classified into two main superfamilies: Tourist-like
with a target site preference of TAA (Bureau and Wessler
1994a), and Stowaway-like with a target site preference of
TA (Bureau and Wessler 1994b; Jiang et al. 2004; Fes-
chotte and Pritham 2007). Despite the lack of coding
capacity, MITEs were shown to be active in rice (Jiang
et al. 2003; Kikuchi et al. 2003; Nakazaki et al. 2003; Shan
et al. 2005). In addition, a recent study showed that MITEs
in rice might achieve their transposition activity by using
transposases encoded by various autonomous transposons
(Yang et al. 2009). In wheat, there are many well-charac-
terized Stowaway-like MITE families that are present in
high copy numbers (Wicker et al. 2001; Isidore et al. 2005;
Miller et al. 2006; Cloutier et al. 2007; Choulet et al. 2010).

In this study, we have successfully developed 55 MITE
markers in wheat that are based on presence/absence of an
element, and are defined as a “full site” in case the element
is present in the locus and as an “empty site” in case the
element is absent. Then we applied these markers to study
wheat diversity in Triticum and Aegilops species as well as
in wild populations of emmer.

Materials and methods
Plant material and DNA isolation

Triticum and Aegilops species that were used in this study
are: T. urartu (2 accessions), T. monococcum SsSp. aegi-
lopoides, Ae. sharonensis, Ae. longissima, Ae. searsii
(4 accessions), Ae. speltoides (3 accessions), Ae. tauschii
(14 accessions), T. turgidum ssp. durum (2 accessions),
T. turgidum ssp. dicoccoides (wild emmer, 36 accessions),
and T. aestivum ssp. aestivum (15 accessions) (see details
in Supplemental Table 1). DNA was isolated from young
leaves (age 4 weeks post-germination) using the DNeasy
plant kit (QIAGEN).
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MITE-insertion-based markers

MITE sequences were retrieved from the Triticeae Repeat
Sequence Database (TREP; http://wheat.pw.usda.gov/ITMI/
Repeats/), except for Minos elements (see Supplemental
Table 2) which were retrieved from a BAC clone (acces-
sion number AY485644), and run in BLASTn (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). Primers were designed from
flanking sequence surrounding intact MITEs from the
database using the Primer3 software version 0.4.0 (http://
frodo.wi.mit.edu/primer3/; Supplemental Table 2). PCR
reactions were prepared using 12 pl of Ultra Pure Water
(Biological Industries), 2 pl of 10x Taq DNA polymerase
buffer (Fisher Biotech), 2 ul of 25 mM MgCl, (Fisher
Biotech), 0.8 pul of 2.5 mM dNTPs, 0.2 ul of Tag DNA
polymerase (5 U/ul, Fisher Biotech), 1 pul of each site-
specific primer (50 ng/ul) and 1 pl of genomic DNA
(~50 ng/pl) from the mentioned wheat species. The PCR
conditions for these reactions were: 94°c for 3 min, repeat
(94°c for 1 min, 60°c for 1 min, 72°c for 1 min) 30 times
and 72°c for 3 min. PCR products (~ 10 pl) were run on
1.5% agarose gels and stained with ethidium bromide
(Amresco). The expected product sizes for amplicons
containing or lacking an intact MITE (Supplemental
Table 2) were determined against a DNA standard (100 bp
ladder, Fermentas). The PCR products were purified using
the Invisorb® Spin PCRapid Kit (Invitek) or extracted from
the agarose gel using the MinElute® Gel Extraction Kit
(QIAGEN), and sequenced with the 3730 DNA Analyzer
(Applied Biosystems) at Ben-Gurion University.

Sequence analysis

For validation, the sequenced PCR products were aligned
to the original BAC sequence using ClustalW2 (http://
www.ebi.ac.uk/Tools/msa/clustalw?2/).

Data analysis

The MITE-insertion-based band (allele) matrices were
constructed by designating a PCR product with an expected
size for the full site as 1 and an empty site as O (including
lack of PCR product). Hierarchical agglomerative cluster-
ing analysis of the data with Bray-Curtis similarity and
construction of the dendrogram was performed using the
Primer6 software version 6.1.6 [Primer-E; (Clarke 1993)].
The similarity profile (SIMPROF) test was used on each
node to assess the statistical significance of the dendro-
gram. SIMPROF calculates a mean profile by randomizing
each variable’s values and re-calculating the profile. The pi
statistic is calculated as the deviation of the actual resem-
blance profile of the resemblance matrix with the mean
profile. This is compared with the deviation of further

randomly generated profiles to test for significance.
Finally, significant branches (p < 0.05) in the phylogenetic
tree were indicated on the tree nodes.

Results
Developing MITE-insertion-based markers

Based on publicly available wheat sequences, we have
successfully developed 55 markers that are based on the
presence/absence of a MITE insertion. Nearly half (28/55)
of the sequences were from the B-genome, while 18 of the
28 (64.2%) B-genome sequences where from chromosome
3B. The rest of the 27 sequences were from the D and A
genomes, or cDNA sequences. The 55 markers were
developed from DNA sequences containing seven Stow-
away-like MITE families (Supplemental Table 2): (1)
thirteen markers of a ~ 162 bp-long Thalos; (2) four
markers of a ~340 bp-long Fortuna; (3) nine markers of a
~ 85 bp-long Athos; (4) ten markers of a ~ 155 bp-long
Oleus; (5) five markers of a 237 bp-long Minos; (6) four
markers of a ~350 bp-long Eos; and (7) ten markers of a
127 bp-long Pan. Of the 55 studied MITE insertions, 33
(60%) were found to be associated with genes or coding
sequences, while 17 of the 33 (51.5%) were inserted in
introns of known genes such as KNI homeobox protein,
acetyl-coenzyme A carboxylase, transcription factor S-1I
domain, peptide transporter and oxidoreductase NAD-
binding domain (see Supplemental Table 2). The remain-
ing 22 insertions were found in repetitive regions (12
insertions), or in intergenic regions (10 insertions within
55 kb upstream or downstream of known genes).

In all cases, the primers for PCR analysis were designed
to amplify the MITE insertion and flanking host sequences
(~ 100 bp from each side of the intact element). Thus, the
expected size of a PCR product will be the size of the
MITE insertion plus the flanking sequences, this we termed
“full site”. In the case of an “empty site”, a lack of a
MITE insertion, the size of the PCR product will be
shorter, containing only the flanking sequences. An
example of a site-specific PCR for Athos (Atho-AF029897
in Supplemental Table 2), which was inserted in intron 2 of
an acetyl-coenzyme A carboxylase gene, is shown in Fig. 1.
In this example, the expected full site is 432 bp, while the
empty site is 347 bp. While most of the diploid species
have an empty site, except for T. urartu (both TMUO6 and
TMU38 accessions) that had a full site, both the tetraploid
and hexaploid Triticum species showed two bands (both an
empty and a full-site). Sequence analysis of the extracted
PCR bands from T. monococcum (empty site) and from
T. urartu (full site) confirmed that indeed the difference
between the higher and the lower bands in the gel is a
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presence or absence of an Athos element (Fig. 2). For all
the 55 MITE markers, the primer sequences, expected PCR
product sizes, chromosome or genome location, and
annotation of flanking sequences are described in detail in
Supplemental Table 2.

Genotyping Triticum and Aegilops species using MITE
markers

Overall, 65 accessions (see Supplemental Table 1) of five
diploid Aegilops species (diploid SS and DD genomes) and
five Triticum species (diploid AA, tetraploid BBAA and
hexaploid BBAADD genomes) were genotyped. Of the 55
markers, 10 (18.2%) showed monomorphic bands (expected
full-site) in all species, indicating that they are ancient
insertions. The other 45 markers were polymorphic among
species and subspecies, while 4 main banding patterns were
observed: (1) expected full site band (e.g. lane 2, Fig. 1); (2)
expected empty site band (e.g. lane 1, Fig. 1); (3) two bands
[corresponding to full and empty site (e.g. lane 10, Fig. 1)];
or (4) no amplification at all. The latter could occur as a
result of lack of primer annealing because of a mutation or
chromosomal aberration at the specific site. It is very
important to note that the negative PCR amplifications were
not the result of PCR artifacts because the PCRs were
repeated at least twice and a positive control was used for
DNA quality, together with the internal control, namely
using the same DNA templates for all markers. In summary,
each one of the diploid Triticum and Aegilops species
showed positive results (full/empty site) for at least 31 of
the 55 markers, while the tetraploid and hexaploid species
showed positive results for at least 49 of the 55 markers.
Specifically, in ~70% of the cases, the source of poly-
morphism among individuals was a presence or absence of a
MITE insertion, meaning positive PCR products (full,
empty or both sites) were seen. Examples of genotyping
MITE markers in Triticum and Aegilops species are shown

12 3 4 56 7 89 1011121314 M

Emprysze  Fullsoe

. - - -

s

me( =

—

il 1.

Fig. 1 Site-specific PCR analysis using primers that flanked an Athos
insertion (Atho-AF029897 in Supplemental Table 2) in Triticum and
Aegilops species: 1 T. monococcum, 2 T. urartu (TMUO06), 3 T. urartu
(TMU38), 4 Ae. sharonensis, 5 Ae. longissima, 6 Ae. searsii, 7 Ae.
speltoides, 8 Ae. tauschii (TQ27), 9 Ae. tauschii (TA1682), 10
T. dicoccoides, 11 T. durum, 12 T. aestivum (6256), 13 T. aestivum
(TAAO1), and 74 negative control (H,O was used as a template in
PCR). M denotes the 100 bp DNA ladder (Fermentas) that was used.
Bands corresponding to either full site (432 bp) or empty site
(347 bp) are indicated. Note that bands were isolated from the gel and
sequenced (see Fig. 2)
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in Fig. 3. In some cases (e.g. patterns D and E in Fig. 3)
there is a clear indication for possible MITE activation
following allopolyploidization process, i.e. pattern D notes
an insertion that occurred in the allotetraploid, and pattern E
notes an insertion that occurred in the allohexaploid.

Genetic diversity and phylogenetic trees based
on MITE insertions in Triticum and Aegilops species

In order to gain insights into wheat phylogeny and evolu-
tion, we assessed the genetic diversity among and within
various Triticum and Aegilops species using the MITE
markers. Because MITEs are considered one of the most
recently active elements in plants (Yang et al. 2009), we
expected to find high genetic diversity in their insertion
sites throughout wheat evolution. As stated above, except
for the 10 monomorphic MITE insertions in all tested
species, 45 markers were polymorphic in the Triticum-
Aegilops group; while 23 of the 45 markers showed
monomorphic bands in all Aegilops species but were
polymorphic in Triticum species, 7 of the 45 markers
showed monomorphic bands in all Triticum species but
were polymorphic in Aegilops species. In addition, one
MITE insertion was unique to Aegilops, while 13 insertions
were unique to Triticum [e.g. no MITE insertion was
detected in Aegilops species, while it was detected in tet-
raploid or hexaploid Triticum species (see Fig. 3, patterns
d and e)].

Overall, a matrix of 550 alleles (full vs. empty site) in
the ten Triticum and Aegilops species was constructed and
used as an input in the Primer6 software (see Materials and
methods). The output phylogenetic tree clearly showed two
main clusters: diploid and polyploid species (Fig. 4), with
47.13% divergence between them. Note that in some cases,
two bands (corresponding to both empty and full-site) were
seen in tetraploids and/or hexaploids (see examples in
Figs. 1, 3). In this case, the analysis was repeated twice:
first by using the empty site band in the matrix, and second
by using the full-site band. The two analyses resulted in
similar phylogenetic trees.

In the diploid cluster (Fig. 4), Triticum species were
clustered together, while the other cluster contained Aegi-
lops species, with 41.73% divergence between the two
clusters. Moreover, there is another significant clustering
between the tetraploids and the hexaploids, with 25.74%
divergence between them.

In the Aegilops cluster (Fig. 4), searsii and speltoides
were clustered together, with 25% divergence between
them, while longissima and sharonensis (with only 8.3%
divergence between them) were clustered together with
tauschii.

Furthermore, ~10% divergence based on MITE mark-
ers was observed among different accessions of the same
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Source

T.monococcum
T.urar tufTMU0S)
T.urar tufTMU38]

Source

T.monococcum
T.urar tulIMU0S]
T.urartulTMU3S]

Source
T MONOCOCCUI ==-============cc«c«c@cccecaeaamcacmnnx

VRIF - F g2l v A GTGATCTARACACTCTTATATTGGT TTACAGAGGGAGTA -«
AT EF S 2T BEIAGTGAT CTAARCACT CT TATATTGGT TTACAGAGGGAGTA -

Source
T.monococcum
T.urar tufTMU0S)
T.urar tulTMUS)

Source
T.monococcum
T.urar tulTMU0S)
T.urartufTMU38)

Fig. 2 Multiple sequence alignment of sequenced PCR bands (see
Fig. 1) corresponding to 7. monococcum, T. urartu (TMUO06),
T. urartu (TMU38), and the source sequence from the NCBI database
(AF029897), from which primers were designed. The Athos sequence

species (such as aestivum and taushii, see Supplemental
Fig. 1). However, the clustering among the different
accessions of the same species was statistically insignifi-
cant. These results indicate that MITEs showed a high
activity level during the evolution of wheat, and most
probably are still active today (see more details in
discussion).

It is important to clarify that in the above analysis (full
vs. empty site, Fig. 4), the “no score” allele was consid-
ered as an “empty site” allele. Of the 550 alleles, 184
(33.45%) were in fact “no score” alleles, which could
result from mutations at the primer sequence site, or from
deletion of the entire locus. In this case, the consideration
of “no score” as an empty site would be misleading. In
order to ensure that the lack of amplification in some of the
samples did not skew the results, experiments were per-
formed using additional primers flanking each one of the
MITE elements (see Supplemental Table 3). In all cases,
no clear PCR products corresponding to either full or
empty site were seen. In any case, an additional analysis
was performed using three allelic states (full, empty and no
score) and the resulting phylogenetic tree (Supplemental
Fig. 2) was similar to that achieved by two allelic states
(see Fig. 4). Finally, it is important to note that the fact that
about half of the markers (28 of 55) were originated from
the B-genome did not significantly reduce the power of the

TACTCCCTCCGTAAACTAATATARGAGCGTTTAGAACACTATTTT)
TACTCCCTCCGTAAACTAATATAAGAGCGT TTAGAACACTATTTT)

(85 bp) is indicated in orange, while flanking sequences are indicated
in blue. Both TMUO6 and TMU38 contain the element, while
T. monococcum lacks the element (color figure online)

analysis. This was tested by generating phylogenetic trees
using similar number of markers representing the A, B, and
D-genomes by removing B-derived markers randomly in
each analysis (see Supplemental Fig. 4).

Evidence for MITE dynamics in wild emmer
populations

Extensive studies were performed to assess the genetic
diversity between and within populations of wild emmer
wheat using allozymes or DNA markers (Nevo et al. 1982;
Nevo and Beiles 1989; Fahima et al. 1999, 2002). To assess
the dynamics of MITEs in different populations of emmer
wheat and to test whether MITEs contribute to the genetic
diversity among wild emmer populations, 4 Israeli popu-
lations (9 accessions for each population) of emmer wheat
from Mount Aamasa, Amiad, Jaba, and Mount Hermon)
were genotyped using 27 MITE markers.

Of the 27 MITE markers, 16 (59.26%) were mono-
morphic in the four populations, meaning that all individ-
uals in all populations have similar MITE insertions.
Another 4 (14.81%) were polymorphic in one population, 4
(14.81%) were polymorphic in two populations, 1 (3.7%)
was polymorphic in three populations, and 2 (7.41%) were
polymorphic in all populations. This data indicates that
MITEs have been active in wild emmer wheat populations.
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Fig. 3 Site-specific PCR analysis using primers that flanked (see
Supplemental Table 2): a Oleus (Oleu-FN564429), b Athos (Atho-
AB201447), ¢ Oleus (Oleu-FN564430), d Pan (Pan-FN564428), and
e Thalos (Thal-AF536819), in Triticum and Aegilops species:
1 T. monococcum, 2 T. urartu (TMUO06), 3 T. urartu (TMU38),
4 Ae. sharonensis, 5 Ae. longissima, 6 Ae. searsii, 7 Ae. speltoides,
8 Ae. tauschii (TQ27), 9 Ae. tauschii (TA1682), 10 T. dicoccoides,
11 T. durum, 12 T. aestivum (6256), 13 T. aestivum (TAAO1), and
14 negative control (H,O was used as a template in PCR). M denotes
the 100 bp DNA ladder (Fermentas) that was used. Bands corre-
sponding to either full site or empty site are indicated

However, when we tested whether MITEs have a unique
proliferation in wild emmer populations, no statistically
significant inter-population or intra-population variation in
the presence of MITEs was found by the Primer6 software,
and no significant phylogenetic structure could be derived
from the data (Supplemental Fig. 3). Furthermore, ~10%
divergence based on MITE markers was observed between
the emmer populations.

Discussion

In this study, we have retrieved MITE-containing sequen-
ces from the publicly available wheat database, and
developed markers that are based on presence/absence of
an element, similar to the previously reported assay for
retrotransposable elements, named RBIP (Flavell et al.
1998). Next, using these markers, we have genotyped 79
accessions from 10 Triticum and Aegilops species and have
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Fig. 4 Bootstrapped phylogenetic tree of 10 Triticum and Aegilops
species based on MITE markers. The level of genetic similarity is
indicated on top. The index (top right) indicates the genome
composition of each species. The statistical significance (p value) is
indicated in the tree

constructed a phylogenetic tree. We found that, based on
MITE insertional polymorphism, we can learn about the
evolutionary history of wheat with relatively good resolu-
tion. In addition, we tested the pattern of 27 MITE inser-
tions in four Israeli populations of wild emmer and found
evidence for MITE activity. The data of this study clearly
indicates the utility of MITEs as good markers for the study
of wheat diversity and evolution, similarly to what was
shown in barley (Lyons et al. 2008).

MITE markers and genetic diversity: evidence
of activity

The main advantage of the MITE markers that we have
developed in this study is that they are based on the pres-
ence or absence of an element. Such an assay can easily be
applied to small-sized elements such as MITEs. In addi-
tion, by sequencing the empty-site-related PCR bands we
can search for footprints and validate the transposition of
the element from those “donor” sites. Comparing the
sequences from full sites of different samples and source
sequences also validates their common origin. Thus, such
markers can give an indication not only of the genetic
divergence that was caused by MITE transposition, but also
of the history of MITE activity in each species. Moreover,
60% of the 55 studied MITEs were associated with wheat
genes, whereas ~51% of those were inserted into introns.
In wheat, an in silico study showed that ~43% of the
MITE insertions are associated with genes (Sabot et al.
2005). In addition, MITEs were shown to be associated
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with plant genes (Bureau and Wessler 1994a, b; Jiang et al.
2004; Naito et al. 2009), and were shown to interfere with
the expression of rice genes (Naito et al. 2009).

The high genetic divergence (~41%) in MITE insertion
sites between Triticum and Aegilops that were observed in
this study (Fig. 4) and the divergence within different
accessions of the same species such as 7. aestivum (Sup-
plemental Fig. 1) indicates that most probably MITEs were
recently active in wheat. The phylogenetic tree that was
constructed based on MITE insertional polymorphism
clearly classified the Triticum and Aegilops species, and even
classified species with different genome compositions (AA,
BB, DD, BBAA, and BBAADD) into specific groups. Such a
high-resolution phylogenetic tree could only be observed if
MITESs were indeed recently active and show species-unique
proliferations. The power of the phylogenetic tree was
retained even when a third allelic state (no score) was used
(see Supplemental Fig. 3), and when the number of B-gen-
ome derived MITE markers was reduced (see Supplemental
Fig. 4). Note that the majority rule consensus phylogenetic
tree generated after randomly reducing the number of
B-genome markers distanced the Ae. searsii and Ae.
speltoides from the other two Sitopsis species (see more
details below). Additional support for MITEs activity came
from the analysis of MITE insertions in wild emmer popu-
lations, as ~40% of the tested insertions showed polymor-
phism in at least one population. This data, together with the
finding that MITEs are active in synthetic wheat allopolyp-
loids (unpublished data), provide evidence for the transpo-
sitional activity of MITEs throughout the evolution of the
Triticum-Aegilops group as well as in recent lineages of
durum and modern wheat. Note that because of the limited
number of MITE insertions that were tested in wild emmer
populations, which resulted in insignificant differences
among populations (see Supplemental Fig. 3), we cannot
draw a general conclusion regarding the associations of
MITE proliferation with environment.

What can MITE:s tell us about the origin of the B-
genome of bread wheat?

Although it is generally accepted that Ae. speltoides was
the B-genome donor (Riley et al. 1958), there is much
evidence to the contrary (Kimber 1966, 1974; Sears 1969;
Johnson 1972), and thus the exact identity of the B-genome
donor is still an enigma. Studies that are more recent have
reported Ae. searsii (termed T. searsii) as the B-genome
donor (Nath et al. 1983, 1984). Feldman and Levy (2005)
provided some explanations on the ambiguous nature of
the B-genome, which include: (1) the diploid donor of the
B-genome being extant but not yet discovered; (2) the
diploid donor of the B-genome undergoing massive geno-
mic changes after the formation of the allotetraploid; and

(3) the B-genome of wheat evolving through introgression
of chromosomal segments from other allopolyploid or
diploid species. Our data clearly show that among the four
Sitopsis species that were used in this study, Ae. searsii was
always clustered together with Ae. spelfoides, while Ae.
longissima was clustered together with Ae. sharonensis
(Fig. 4). The clusters that were observed based on MITE
markers showed ~90% genetic similarity between Ae.
longissima and Ae. sharonensis, while ~75% genetic
similarity was seen between Ae. searsii and Ae. speltoides.
These data together with our unpublished data, which show
that some B-genome sequences in hexaploid wheat were
unique to speltoides, while others were unique to searsii,
suggest that both searsii and speltoides are the best can-
didates to contribute the B-genome to wheat, and that it is
hard to favorite one of the two species to be the donor of
the B-genome. Further support of this claim came from the
majority rule consensus phylogenetic tree (Supplemental
Fig. 4), where it can clearly be seen that because the
majority (27 out of the 28) of the B-derived markers where
generated from 7. aestivum or T. turgidum genomic
libraries, only the Ae. searsii and Ae. speltoides cluster was
out-grouped from the other clusters in the tree. This
strongly indicates the relationship between Ae. searsii, Ae.
speltoides and polyploid wheat. In support of this finding,
Salse et al. (2008) have recently reported that Ae. spelto-
ides itself cannot be the only contributor of the B-genome
of wheat. As there is no evidence for the existence of a
diploid species that might have donated the B-genome, we
hypothesize, based on this study, that the B-genome donor
might have been ancestral to Ae. searsii and Ae. speltoides,
and that this divergence occurred after the formation of the
allotetraploid.

In summary, this study shows that MITEs are potential
evolutionary markers in wheat and might provide new
insights into the origin of the B-genome. The enormous TE
content and activity throughout wheat evolution might
provide new insights into the study of wheat biodiversity.
Future studies on TE composition in Triticum and Aegilops
species, and more specifically in Ae. searsii and Ae.
speltoides, will probably shed more light on the evolu-
tionary history of wheat.
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