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Abstract

Identification of polymorphic transposable elements (TEs) is important because TE polymorphism

creates genetic diversity and influences the function of genes in the host genome. However, de
novo scanning of polymorphic TEs remains a challenge. Here, we report a novel computational

method, called PTEMD (polymorphic TEs and their movement detection), for de novo discovery of

genome-wide polymorphic TEs. PTEMD searches highly identical sequences using reads supported

breakpoint evidences. Using PTEMD, we identified 14 polymorphic TE families (905 sequences) in

rice blast fungus Magnaporthe oryzae, and 68 (10,618 sequences) in maize. We validated one poly-

morphic TE family experimentally, MoTE-1; all MoTE-1 family members are located in different gen-

omic loci in the three tested isolates. We found that 57.1% (8 of 14) of the PTEMD-detected

polymorphic TE families in M. oryzae are active. Furthermore, our data indicate that there are

more polymorphic DNA transposons in maize than their counterparts of retrotransposons despite

the fact that retrotransposons occupy largest fraction of genomic mass. We demonstrated that

PTEMD is an effective tool for identifying polymorphic TEs in M. oryzae and maize genomes.

PTEMD and the genome-wide polymorphic TEs in M. oryzae and maize are publically available at

http://www.kanglab.cn/blast/PTEMD_V1.02.htm.
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1. Introduction

Transposable elements (TEs) are repetitive DNA sequences capable of
moving in genomes. On the basis of their transposition mechanism,
TEs can be divided into two major classes: RNA-based retrotranspo-
sons (Class I) and DNA transposons (Class II). Since the discovery of
TEs >50 years ago, TEs have been regarded as genetic parasites.1–3 Re-
cent studies have, however, indicated that TEs and their movements
affect genome size, genome stability, gene function, gene evolution,
and epigenetic regulation.4–8 Also, TEs are important factor for gen-
ome size variation in plants.9 In grasses, the diploid genome sizes vary
∼30-fold, and most of the variation is due to the amplification of LTR
retrotransposons in the intergenic regions of genomes.10 It has become
increasingly clear that TEs might be a major genomic source of genetic
diversity that enables host genomes to respond to environmental
changes.11

Despite the presence of thousands or millions of TEs in a genome,
most of them are silenced or are no longer mobile. In other words, few
of them are still actively transposing that create TE polymorphism in
closely related individuals in a species. Nevertheless, it is the poly-
morphic or active TEs that play the most important role in inserting
polymorphism and allelic diversity, which are essential for population
dynamics.

Given the importance of polymorphic TEs, however, to the best of
our knowledge, no program has been designed for de novo scanning
polymorphic TEs in a genome-wide fashion. So far, programs such as
RepeatMasker,12 RECON,13 Repeatscout,14 and Piler15 have been
used to identify repeat sequences (including TEs). RepeatMasker,
which detects repeat sequences by using both genome sequences and
repeat sequence libraries,12 has been used inmany genome projects.16–20

Piler is a signature-based repeat searching tool, the program searches a
query sequence for particular structures or motifs that are characteris-
tic of a known repeat sequence.15 An important limitation of Repeat-
Masker and Piler is that they rely on the structure and characteristics
of known elements and therefore cannot detect novel elements. In con-
trast, Repeatscout14 uses k-mer and spaced seed approaches21 that can
identify repeat families de novo based on genome sequences without
the use of repeat libraries. In addition to identifying repeat sequences,
some programs, like TEMP,22 RelocaTE,23 and T-lex,24 can detect TE
insertion polymorphisms (TIPs) based on high-throughput pair-end
short reads or next-generation sequencing (NGS) reads from a single
sample or multiple samples from individuals of a population. How-
ever, all of the above-mentioned tools do not identify TEs de novo.
Therefore, there is a need to develop a program for de novo identifica-
tion of polymorphic TEs genome-widely.

In this study, we developed a novel method named polymorphic
TEs and their movement detection (PTEMD) that identifies poly-
morphic TEs de novo and uncovers genome-wide TIPs using reference
genome and high-throughput short reads. Our method relies on reads
situated at ‘breakpoints’, i.e. reads that span inserted TEs and their
flanking sequences. The new method was written in a Linux-based
program. Using the PTEMD program with representative fungal and
plant genomes, we have detected multiple polymorphic TE families
and TIPs.

2. Materials and methods

2.1. Genome sequence data

The Magnaporthe oryzae reference genome sequence (version 8) was
downloaded from the Broad Institute (http://www.broadinstitute.org).
To test the PTEMD program, we re-sequenced the genomes of M.

oryzae strains HM-1 and HM-2, which were isolated from rice lesions
by the single-spore method (data available from the PTEMD program
homepage http://www.kanglab.cn/blast/PTEMD_V1.02.htm). The
strains were cultured on oatmeal medium, and the hyphae were col-
lected. DNA was extracted from hyphae using the CTAB method,25

and the purified DNA was used for constructing Illumina sequencing
libraries with about 500-bp insert size. The libraries were sequenced
with the Illumina Hiseq 2000 platform to generate 101-bp pair-ends
reads with about ×50 coverage of the M. oryzae genome. The re-
sequence data sets ofM. oryzae generations 0, 10, and 20 were down-
loaded from a M. oryzae re-sequencing project (GenBank accession
number: one isolate of generation 0: SRX220856; three isolates of
generation 10: SRX220857, SRX220858, and SRX220859; three iso-
lates of generation 20: SRX220860, SRX220861, and SRX220862).
The maize B73 reference genome sequence was downloaded from the
Plant Genome Database (http://www.plantgdb.org/). Mo17 re-
sequencing data set was downloaded from GenBank SRA data sets
(GenBank accession number SRX245309).

2.2. Comparison of PTEMD with different programs

PTEMD-A focus is to identify polymorphic TEs genome-wide, and it
is the first program that focuses on de novo identifying polymorphic
TEs. The programs RepeatMasker,12 Repeatscout,14 Piler,15 and
RECON13 were compared with PTEMD-A for de novo scanning of
repeat sequences in M. oryzae genome. The library used in this
study is the Repbase library (version 19.06; http://www.girinst.org/
repbase/). The programs used in this study are RepeatMasker (version
4.05; http://www.repeatmasker.org), Repeatscout version 1.0.514,
Piler (http://drive5.com/piler), and RECON version 1.08 (http://
www.repeatmasker.org/RECON-1.08.tar.gz). The default or general
parameters were used for the programs.

PTEMD-B focuses on identifying the TIPs, and its performance
was compared with the well designed and widely used TIP scanning
programs, such as RelocaTE version 1.05,23 T-lex (version 2),24 and
TEMP (version 1.01).22

2.3. PCR validation of TIPs

In order to validate the predicted TIPs, 30 positions inHM-1 and 30 in
HM-2were randomly selected from the PTEMD-detectedMoTE-1 in-
sertion regions. We designed 60 specific primer pairs for the 60 se-
lected insertion regions. PCR (Tm: 55°C, 36 cycles) was carried out
to determine the TE polymorphisms between reference genome and
HM-1/2. When reference genome is subjected to PCR, all of the pri-
mer pairs amplify 100- to 300-bp products. The products were re-
solved on 1% agarose gel through electrophoresis to distinguish the
size difference due to TE insertion between HM-1/2 and the reference
genome.

2.4. Runtime and memory requirement of PTEMD

The present version of PTEMD was programmed in Perl and was
tested in a Linux system. We tested PTEMD using a small genome
(M. oryzae), and a large and repeat-rich genome (maize; Zea mays
L.). In the M. oryzae genome, the 40-Mb genome sequence and
2-Gb clean bases of high-throughput reads data (×50 coverage of
the genome) were used; ∼1.5 h of CPU time was needed for detecting
all of the polymorphic TE families, and 10 min of CPU time was
needed for de novo detection of the new insertion sites for a single
2-kb TE sequence. When the maize genome B73 was tested (genome
size≈ 2.1 Gb), 70-Gb clean bases high-throughput reads data (acces-
sion number: SRX245309, about ×35 coverage of the genome) were
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used, ∼23 h of CPU time was needed for detecting all of the poly-
morphic TE families.

3. Results

3.1. PTEMD detection of polymorphic TEs and TIPs

Active TEs or recently active TEs often create insertion/deletion (indel)
polymorphisms in the population. PTEMD utilizes this feature to col-
lect TEs or other movable sequences that are involved in the formation
of polymorphisms. PTEMD consists of PTEMD-A (Supplementary
Fig. S1A) and PTEMD-B (Supplementary Fig. S1B) pipelines. The ob-
jective of PTEMD-A is to identify the polymorphic TE families. First,
high-throughput short reads will be mapped to the reference genome
(Fig. 1A, left and middle part, partially assembled genomes are also
been supported). For a certain locus, if there is a TE insertion in the
reference genome but absent from the genome under re-sequencing,
a ‘gap’ will form where reads are mapped to the flanking sequences
but not the sequence in between (detail parameters refer to Pindel pro-
gram).26 Those sequences in the gap represent putative mobile unit
and will be retrieved from the reference genome, thereafter, PTEMD
uses a pair-wise sequences alignment strategy to construct a distance
matrix (Fig. 1A, right part) for all retrieved sequences. We used a time-
saving method in this pair-wise sequence-alignment step. Only se-
quences of similar size were used for the pair-wise alignment (not ex-
ceeding 10% length), and the sequence identity was recorded as a
vector in each distance-matrix calculating cycle. The sequences with

low sequence identity (<75%) were not used for the alignment in
the next step of the traversal cycle. This reduced the running time by
53–73% (Supplementary Fig. S2A–C) in the tested data sets. Since in-
tact polymorphic transposons are usually highly similar, only those se-
quences which have at least three homologous sequences sharing
≥97% identity over 95% length will be retained and classified into dif-
ferent TE families, using this criterion, our result showed that only a
small part of PTEMD-detected sequence families are simple repeats or
truncated TEs (6.7% inM. oryzae and 16.0% inmaize), whichmay be
due to indel/homologous recombination/sequence rearrangement. In
other words, most of the PTEMD-detected sequence families inM. or-
yzae and maize are bona fide intact transposons.

To determine the exact boundary of the classified TE sequences, we
first align each classified sequence cluster to a clustalw27 format file
using MUSCLE28; then we use a stringent criteria (at both left and
right sides of the sequence cluster, the terminal base has at least
50% consistent within the sequence cluster) to get the longest consen-
sus sequence of the cluster (Supplementary Fig. S2D). We then anno-
tated the sequences by aligning them with NT/NR, Repbase, and
maize TE database (http://maizetedb.org/~maize/), and manually clas-
sified them based on their structure, terminal sequences, and target site
duplications (TSDs). Those classified sequences are the PTEMD-A-
identified polymorphic TE families.

The objective of PTEMD-B is to identify the TIPs. PTEMD-B
aligns the high-throughput reads to the TE sequence (Fig. 1B, middle,
detail parameter refer to BWA programMEM algorithm),29 the reads

Figure 1. The core algorithm of PTEMD. (A) PTEMD-A, de novo active TE scanning pipeline. The high-throughput short reads are first mapped to the reference

genome and the genomic regions correspond to mapping gaps (the dotted line indicated the gaps) are identified and classified into different repeat families

with neighbour-join clustering. (B) PTEMD-B, de novo TIPs detecting pipeline. The middle panel represents the high-throughput reads which partially mapped

to the TE sequence, the un-matched part of the reads were re-located to the reference genome sequences. There are two major mapping patterns: (i) the

interval distance on the reference genome between left and right mapped reads is near or equal to 0 (top panel of B), representing a TIP in the re-sequenced

individual; (ii) the interval distance between left and right mapped reads is equal or almost equal to the length of the TE (bottom panel of B), representing a

same TE distribution between the reference and the re-sequenced individual. This figure is available in black andwhite in print and in colour atDNAResearch online.
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which partially mapped to the terminus of the TE sequence are selected
from the re-sequencing data set, the un-mapped part of those sequences
(Fig. 1B, highlighted with blue and green) are isolated and re-mapped to
the reference genome sequences. There are twomajormapping patterns;
TE insertion only in the re-sequenced genome, and TE in the same loca-
tion compared with the reference genome (Fig. 1B). For the detection of
TIPs, it requires both sides of the flanking sequencesmapped to the same
location in the genome that lacks the insertion. As a result, the detected
TIPs include only polymorphism created through indels including trans-
positions. The TIPs do not include sequence rearrangements caused by
recombination, inversion, and translocations. In addition, due to the
short length of the reads, it is impossible for the program to distinguish
whether the TIP is caused by a full-length TE or a TE with internal dele-
tions. In summary, by using the two-step approach, PTEMD is able to
quickly scan polymorphic TE families and their insertion landscapes
from high-throughput short reads. The output format of PTEMD-B is
shown in Fig. 2, the file contains the detail insertion site/s, TSD, and
all of the reads situated at ‘breakpoints’.

To evaluate the impact of sequencing coverage on PTEMDperform-
ance, HM-1 andHM-2 genome sequence datawere randomly split into
data sets with ×1, ×5, ×10, ×20, ×30, ×40, and ×50 coverage. These
seven data sets were then analysed by the PTEMD, and the results
were used to evaluate the performance of PTEMD on the depth of re-
sequencing data sets. A polymorphic TE family was defined as the pres-
ence of at least three TIPs in the reference genome compared with the
re-sequenced data sets, with ≥97% sequence identity over 95% length.
As expected, the number of TE families detected was positively corre-
lated with sequencing depth (r = 0.98 ± 0.01, P = 0.00015 ± 0.00005,
Fig. 3A). Although the number of polymorphic TE families continued
to increase as the coverage approached ×50, the slope decreased, and at

×50 coverage, 15 TE families were identified in the M. oryzae genome.
Among the 15 TE families, 14 represent intact TEs and 1 is a TE frag-
ment (see next section and Supplementary Table S1 for details). The
total copy number of those 14 intact TE families in rice blast reference
genome is 905.

The average sequence identity between the genomes of HM-1 and
HM-2 and that of reference genome was 99.97 ± 0.01%. It is esti-
mated that some of the PETMD-A detected polymorphic TEs may
be still active or recently active. To test this, we analysed a genetically
purified, single-isolated data sets.30 Using PTEMD, we detected direct
breakpoint reads evidences for MoTE-1, -2, -3, -4, -5, -6, -7, and -11
within 10–20 generations, indicated that more than half of the
PTEMD-detected polymorphic TE families may still be active.

To determine the false-positive rate of PTEMD-B, we used the 14
intact TE families, and identified TIPs and evaluated the false-positive
of the TIPs. A TIP event was defined as a TE present in HM-1/HM-2
and absent in the rice blast reference genome.31 Using the same data
sets as in Fig. 3A, we found that the number of TIPs detected was posi-
tively correlated with sequencing coverage (MoTE-1: r = 0.94 ± 0.05,
P = 0.0014 ± 0.0018; MoTE-2: r = 0.95 ± 0.01, P = 0.0003 ± 0.0002;
MoTE-3: r = 0.95 ± 0.007, P = 0.00045 ± 0.0002;MoTE-4: r = 0.73 ±
0.03, P = 0.04 ± 0.01; MoTE-5: r = 0.75 ± 0.03, P = 0.04 ± 0.007;
MoTE-6: r = 0.90 ± 0.06, P = 0.004 ± 0.004). For example, the num-
ber of detected TIPs with MoTE-1 increased monotonically when
the coverage increased but became saturated at about ×30 to ×50 in
both HM-1 (Fig. 3B) and HM-2 (Fig. 3D). When the coverage in-
creases beyond ×30, the number of PTEMD-detected TIPs still in-
creases but at a declining rate. The number of detected TIPs for
other TE families demonstrates the same tendency as MoTE-1
(Fig. 3B–E).

Figure 2. Output format of PTEMD-B. (A) TE insertion without TSD. (B) TE insertion with a TSD ‘GAAA’. All of the reads information at the breakpoint region will be

included in the PTEMD-B output file.

244 Novel method for scanning genome-wide polymorphic TEs

http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw011/-/DC1


To test whether an identified TIPs was authentic, we determined
the false-positive rate of the predicted TE insertions by amplifying
the expected fragments in the HM-1 or HM-2 genome with PCR.
For experimental validation, we selected the MoTE-1 family because
the insertion polymorphic rates of MoTE-1 for all three isolates
(HM-1, HM-2, and the reference genome) were 100% (Fig. 4A, all
of the MoTE-1 sequences are located in different regions). Among
the TIPs involving the MoTE-1 family and detected by PTEMD-B,
60 TIPs from HM-1 and HM-2 were randomly selected for validation
(Fig. 4A, the blue and red triangles represent the selected TIPs). If the
predicted TIP was authentic, the difference in PCR product size be-
tween a fungal isolate with the TE insertion and a isolate without
the TE insertion would be the length of MoTE-1, which is ∼1.8 kb.
Using M. oryzae reference genome sequences, we designed 60 primer
pairs flanking the predicted insertion sites (Supplementary Table S2).
The results showed that 100% of MoTE-1 TIPs in HM-1 and 93% of
those in HM-2 represented true insertion polymorphism (Fig. 4B and
C). To assess why two of the predicted TIPs in HM-2 (Fig. 4C, black
arrows regions, 2-P6 and 2-P13) were not detected by PCR, we exam-
ined the sequence coverage for these two predicted TIPs and found
that both had fewer supporting reads (2 and 3 breakpoint reads sup-
ported) than the validated insertions (≥4 breakpoint reads supported,
P < 0.01). Our finding indicated that the false-positive rate of the
PTEMD-B is quite low at ∼3.3% for the MoTE-1 family.

3.2. Comparison of PTEMDwith other relative programs

To assess the proportion of polymorphic TE families in genome, we de
novo detected all of the repeat sequences families inM. oryzae genome
using RepeatMasker, Repeatscout, Piler, and RECON; 36, 79, 42, and
44 repeat families were identified, respectively (Fig. 5A, Venn diagram
of the four program detected repeat sequence families), about half of
the families are redundant, meanwhile, total non-redundant repeat
families are 138 (Fig. 5B, the blue and blue-red overlapped region).
Using PTEMD-A, we detected 14 polymorphic TE families. Among
the 14 TE families, 12 families have highly similar (97% identity

over 95% length) homologue within the 138 non-redundant repeat
families, the other two families are only detected by PTEMD-A
(Fig. 5B). In other words, only ∼10% of the repeat families in M. or-
yzae genome are polymorphic TE families. The two polymorphic TE
families that are only detected by PTEMD-A have low copy numbers
(ranging from three to seven) inM. oryzae genome, and this explained
why they are missed by other repeat scanning programs.

Previous result demonstrated that PTEMD-B have the best per-
formance when the re-sequencing data are over ×30 coverage of the
reference genome. Using ×50 re-sequencing data sets (HM-1 strain)
and the reference genome, we detected the TIPs for the 14 intact TE
families using PTEMD-B, TEMP, RelocaTE, and T-lex, and 248,
266, 255, and 268 TIPs have been detected, respectively. Most of
them (217 TIPs) are co-detected by all of the four tools (Fig. 5C,
Venn diagram of the four programs detected TIPs), the non-redundant
TIPs are 301, and only 9% (27 of 301) of the detected non-redundant
TIPs are tool specific; these indicated that all of the four methods have
the high-efficiency performance under high coverage of re-sequencing
data set inM. oryzae genome. As a result, PTEMD performs better for
repeat identification and is comparable for scanning of TIPs compared
with other programs. However, since PTEMD is the only program that
assumes both functions, it is the ‘one step’ tool for identifying poly-
morphic TEs and their insertions without the need of any other infor-
mation except genomic sequences.

3.3. Polymorphic TE families in theM. oryzae and maize

genomes

Having demonstrated that PTEMD can detect polymorphic TEs that are
likely to have been recently active, we next tested PTEMDwith represen-
tative genomes. To assess the usability of PTEMD on genomes with
widely different sizes and repeat contents, the genomes of M. oryzae
(with a 40-Mb genome and 9.7% repetitive sequences)31 and maize
(with a 2.1-Gb genome and over 85% repetitive sequences)32 were used.

As mentioned earlier, we re-sequenced two field strains of M. ory-
zae (HM-1 and HM-2) at ×50 depth and compared the sequences to

Figure 3. The PTEMD performance on polymorphic TE scanning and TIPs detection under different depths of re-sequencing data sets inM. oryzae. Y-axis represents
the number of the TE families detected with the vertical line indicates standard deviation (A) and represents the number of detected TIPs with the vertical line

indicates standard deviation (B–E). (A) PTEMD-A-detected TE families (HM-1 and HM-2 are two strains). X-axis: reads coverage of M. oryzae genome.

(B) PTEMD-B-detected TIPs in HM-1 strain for MoTE-1–3. (C) PTEMD-B-detected TIPs in HM-1 strain for MoTE-4 to 6. (D) PTEMD-B-detected TIPs in HM-2 strain

for MoTE-1–3. (E) PTEMD-B-detected TIPs in HM-2 strain for MoTE-4–6. This figure is available in black and white in print and in colour at DNA Research online.
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that of the reference genome. The average sequence identity between
the genomes of HM-1 and HM-2 and that of reference genome was
99.97 ± 0.01%. Using PTEMD-A, we identified 15 TE families (Sup-
plementary Table S1, 14 intact TE families and 1 partial TE family).
To determine whether those 15 TE families were previously reported,
we compared themwith three databases: (i) Repbase, (ii) GenBank nu-
cleotide sequences database (NT), and (iii) GenBank protein se-
quences database (NR). The results indicated that 14 families have
matches in the Repbase/NT/NR databases (threshold: 1e-10)
(Fig. 6). MoTE-2, -3, and -8 are previously reported transposons
Pot2,33 Pot3,34 and OCCAN,35 respectively; another 11 (MoTE-1,
-4, -5, -6, -7, -9, -10, -11, -12, -13, and -14) are annotated in the M.
oryzae genome sequencing project;31 4 (MoTE-1, -2, -3, and -8) are
DNA transposons; 2 (MoTE-6 and MoTE-14) are related to LINEs;

and 2 (MoTE-9 and MoTE-13) are LTR elements. We further veri-
fied/classified all 15 elements based on their structure, TSD, and simi-
larity to known elements at protein level (Supplementary Table S1).
All the four DNA elements are Pogo-like elements that belong to
Tc1/Mariner-like superfamily. Three of the elements are Gypsy-like
LTR elements. MoTE-9 represents an intact LTR element, whereas
MoTE-13 represents a solo LTR. MoTE-15, on the other hand, only
represents part of the internal region of a LTR retrotransposon, sug-
gesting the detection of MoTE-15 is not due to TIP, but due to struc-
tural variation like indels among individual members of an element
family. In other words, the fragment represented by MoTE-15 is not
present in all elements, thus creates apparent indel polymorphism and
is detected in the mapping process. All the remaining elements are
LINEs or their deletion derivatives. Except MoTE-14, all the other

Figure 4. TIPs of MoTE-1 among M. orzyae strains of reference genome, HM-1 and HM-2 and their validation. (A) Distributions of the MoTE-1 TIPs in the M. oryzae
reference genome, HM-1 and HM-2 genomes. Black lines:M. oryzae chromosomes (X represents sequence that are not located in the seven chromosomes). Black

arrows: location of the MoTE-1 TIPs in the reference genome. Gray and light gray arrows: location of MoTE-1 TIPs in HM-1 and HM-2 strains, respectively. All of the

black, blue, and red arrowswere located in different positions, indicated the polymorphismdistribution of MoTE-1 in different strains. (B and C) PCR validating of the

randomly selected 60 PTEMD-B-detected MoTE-1 TIPs [blue and red triangles in (A) represent the selected TIPs]; 30 pairs of primers complementary to flanking

sequence of TIPs (B, from 1-P1 to 1-P30) for HM-1 vs. reference genome and 30 primer pairs (C, from 2-P1 to 2-P30) for HM-2 vs. reference genomewere used in the

testing. The length ofMoTE-1 is 1.86 kb, and the length of the 60 PCR productions in reference genome varies from 100 to 300 bp (B and C, bottom panels; top panels

of B and C represent the PCR production size in HM-1 and HM-2 isolates). This figure is available in black and white in print and in colour at DNA Research online.

Figure 5. Venn diagram showing the comparing of PTEMD-detected TEs and TIPs with related programs. (A) Repeat sequence families independently detected by

four programs of Repeatscout, Piler, RepeatMasker, and RECON; a total number of 138 non-redundant repeat families have been identified inM. oryzae genome. (B)

Comparing the 14 PTEMD-A-detected candidate active TEs with the 138 non-redundant repeat families, 12 families are overlapped. (C) Comparing the TIPs detected

by PTEMD-B, TEMP, RelocaTE, and T-lex. The total non-redundant TIPs detected by all of the four tools is 301, and 217 of them are co-detected by all of the four tools.

This figure is available in black and white in print and in colour at DNA Research online.

246 Novel method for scanning genome-wide polymorphic TEs

http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw011/-/DC1
http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw011/-/DC1
http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw011/-/DC1


seven families are related to MoTE-6. Interestingly, the seven elements
all end with simple repeats (ACT)n (n = 5–9), which is different from
the poly (A) tails of most known LINEs. This result indicates that
PTEMD works well with small genomes like that of M. oryzae, and
all the sequences recovered are bona fide transposon sequences albeit
not all of them represent intact elements.

To further test PTEMD with a repeat-rich genome, we used maize
as a model system. Over 85% of the maize genome, which is large in
size (2.1 Gb), consists of repetitive sequences.32 In comparison with
the Mo17 re-sequencing data set (GenBank accession number
SRX245309) with B73 reference genome sequences, we identified
81 polymorphic repetitive sequence families (named ZmTE-1 to 81;
sequences and their annotations are provided in Supplementary
Table S3). The copy number in the reference genome is shown in
Fig. 7. To determine the identity of those 81 sequences families, we
compared them with four databases (Repbase, NT, NR, and the
maize-specific TE database: http://maizetedb.org/~maize/). For those
without matches in the database, we manually classify them based
on their structure, terminal sequences, and TSDs. Overall, 75
(92.6%) out of the 81 families represent TEs (Fig. 7 and Supplemen-
tary Table S3) with 68 intact TEs and 7 partial TE sequences. The total
copy number of those 68 TE families in B73 is 10,618. The five
non-TE families are centromeric repeats, knob sequences, telomeric re-
peats, and local repeats. In addition, one family represents a chimeric
structure from both DNA transposon and retrotransposon. Among
the 75 TE families, 19 (25.3%) families are from retrotransposons
and 56 (74.7%) are fromDNA elements. The 19 retrotransposon fam-
ilies include one SINE, eight intact LTR retrotransposons, four solo

LTRs, and six truncated or fragmented LTR elements (Supplementary
Table S3). Two of the solo LTRs are similar to the high copy number
LTR element Huck-2.36 One of the intact LTRs corresponds to
Zeon-1, a moderate copy number element.37 If we consider the 6 trun-
cated or fragmented elements likely derived from structural changes
such as deletions, only 13 retrotransposons are polymorphic between
Mo17 and B73 genomes. Among the 56 DNA elements, only one re-
presents fragmented element, the remainder stand for intact elements,
which are likely from recent transposition. This suggests that there are
4-fold polymorphic DNA transposons vs. retrotransposons. The 55
intact DNA elements are all small (<1 kb) non-autonomous DNA
transposons including 51 miniature inverted TEs (MITEs). Notably,
41 (80%) of them are TouristMITEs, which belong to PIF/Harbinger
superfamily of DNA transposons. Several previously characterized
DNA transposons are identified in this study, including Ds1, Heart-
breaker, Heart healer, mPIF, Ruq-st , and the MITE that was found
inmaizeBr2-3 allele.38–42 Finally, it is worth of mention that for either
species, the output of PTEMD-A does not contain any composite ele-
ments such as nested insertions, which is likely attributed to the strin-
gent criteria that we used to define a TE family (≥97% identity over
95% length).

3.4. TIPs in M. oryzae and maize

Compared with other TE sequences, polymorphic TEs create more
TIPs in different individuals. To further assess the potential activity
of TEs inM. oryzae andmaize, we calculated the TIPs created by intact
elements. By using PTEMD-B to compare the re-sequenced data sets of

Figure 6. Annotation and TIPs of 15 repeat families detected by PTEMD in M. oryzae. The annotation of each TE family is based on the most similar repeats in

RepBase and NCBI NT and NR databases. The third column indicates the Top-paralogous E-value of the sequence alignments between the TEs and known

repeats for each family. Middle panel: PTEMD-detected TIPs in HM-1 and HM-2 strains compared with the number of TEs in the reference genome. This figure is

available in black and white in print and in colour at DNA Research online.
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M. oryzae (HM-1 strain) and maize (Mo17) with their reference gen-
omes, we detected 248 TIPs in M. oryzae (Fig. 8A, detail in Supple-
mentary Table S4) and 1455 TIPs in maize (Fig. 8B, detail in

Supplementary Table S5). The average TIPs per 10 Mb chromosome
regions inM. oryzae and maize are 62.0 and 6.9 (Fig. 8C), respective-
ly. We calculated the number of TIPs distributed in the genome (1 Mb

Figure 7.Annotation and TIPs of 81 sequences families detected by PTEMD inmaize. The annotation of each TE/repeats family is based on themost similar repeats in

RepBase, NCBI NT andNR databases, andmaize TE database. Other features are shown similarly as in Fig. 6. This figure is available in black andwhite in print and in

colour at DNA Research online.
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windows was used), TIPs in both M. oryzae and maize were non-
uniformly distributed (detail shown in Supplementary Figs. S3 and
S4). In M. oryzae, among the detected 248 TIPs, 91.1% (226 of
248) are caused by MoTE-1, -2, -3, and -4, albeit the copy number
of those four TE families in reference genome contain only 32.2%
(291 of 905) of total detected polymorphic TE sequences. And
MoTE-1, -2, -3 are DNA transposons and MoTE-4 is a retrotrans-
poson. In maize, among the detected 1455 TIPs, there were a total
539 TIPs derived from retrotransposons and 916 TIPs from DNA
transposons. This was translated to 44 TIPs per retrotransposon fam-
ily and 16 TIPs for DNA transposons. However, a close examination
indicated that the majority (351) of TIPs from retrotransposons were
attributed to ZmTE-4 and ZmTE-8 (Fig. 7); both are related to
Huck-2 elements. If the two families were excluded, each retrotrans-
poson family generated 20 TIPs, which was largely comparable to
that of DNA transposons. As a result, the contribution to polymorph-
ism of individual class I and class II elements was similar with the ex-
ception of Huck-2, which generated nearly 10 times more
polymorphic insertions than other elements. Despite the presence of
more polymorphic DNA transposon families as well as more TIPs
from DNA transposons, the average size of polymorphic DNA trans-
posons is only 311 bp, whereas that for retrotransposon is 3.8 kb,
which is a dozen-fold that of DNA transposons. This explains why
DNA elements contribute to much less genome size than retrotranspo-
sons in maize.

To further identify the potential effects of TE insertions on gene
functions, we first grouped the TIPs into four major classes: (i) TE
insertions in the gene coding regions; (ii) TE insertions in the core-
promoter regions (the 500 bp upstream sequence of the gene tran-
scription start site)43; (iii) TE insertions in the intron regions; and
(iv) TE insertions in intergenic regions. Then, we downloaded the
GFF files for the three genomes and developed Perl scripts (available
from the author of this paper) to extract and classify the TIPs. Be-
cause TE insertions in coding regions directly interrupt the genes,
we expected that few of the TIPs would be located in coding regions.
Among the 248 TIPs detected in the M. oryzae genome, however,
172, 34, 8, and 34 were inserted in intergenic regions, core-promoter
regions, intron regions, and coding regions, respectively, and the per-
centages were 69.4, 13.7, 3.2, and 13.7%, respectively (Fig. 8A and
Supplementary Table S4). This indicated that 30.6% of TIPs in M.
oryzae genome were located in the genic regions. Among the 1455
TIPs detected in the maize genome (Supplementary Table S5),
72.0, 8.3, 16.5, and 3.2% were inserted in the intergenic regions,
core-promoter regions, intron regions, and coding regions, respect-
ively (Fig. 8B).

4. Discussion

Two methods can be used to determine whether a DNA fragment is a
potential active TE.44 In the first method, researchers detect the frag-
ment’s activity by monitoring de novo insertions in the next gener-
ation. In the second method, researchers identify TIPs among
individuals. We developed PTEMD to detect both polymorphic TEs
and genome-wide TIPs using reference genomes and high-throughput
reads data sets. Unlike previously developed library-based or
structure-based methods, PTEMD identifies polymorphic TEs
(PTEMD-A) and their TIPs (PTEMD-B) by searching all of the evi-
dences of sequence movement at the TIP sites. PTEMD-A does not de-
pend on any TE sequence or libraries. The program detects all of the
mobile sequences by comparing the re-sequencing data with the refer-
ence genome and then classifies the sequences into clusters, which are
filtered and classified into TE families. Our result indicated that, al-
though non-TE sequences are included in the PTEMD-A output file,
however, the proportion of non-TE families is low (6.7% inM. oryzae
and 16.0% in maize), indicating that most of the PTEMD-A-detected
sequences are intact polymorphic TE families. Moreover, we analysed
the genetically purified, single-isolated re-sequencing data sets, and we
found the direct evidences of current mobility for more than half of the
PTEMD-A-detected TE families in M. oryzae. This indicates that
many of the PTEMD-A-detected polymorphic TE families could be
currently active.

PTEMD-B maps the high-throughput short reads to the TE se-
quences and maps all of the partially mapped reads to the reference
genome sequences. The position information is then analysed, and
all of the TIPs including breakpoint evidence are presented in the
PTEMD output file. As shown for the genome of M. oryzae and
maize, only 6.7% (1 of 15) in M. oryzae and 16.0% (13 of 81) in
maize of the PTEMD-detected mobile sequence families are not intact
TEs; the polymorphism of those sequence families may be due to indel/
homologous recombination/sequence rearrangement, in other words,
most of the PTEMD-detected mobile sequence families are good can-
didates for active TEs.

We integrated the cores of the Pindel,26 BWA29/Bowtie2,45 Mus-
cle,28 and BLAST46 programs into the PTEMD program as the
sequence-alignment engines. BWA is a widely used high-throughput
reads alignment program that can quickly map high-throughput
short reads to the reference genome sequences.29 The BWT-MEM al-
gorithm is used in PTEMD to map the high-throughput reads to both
the genome and TE sequences. Muscle28 is used in PTEMD for clus-
tering the sequence families. BLAST46 is used to align the TE sequence
to the reference genomes. The PTEMD output file contains all of the
detected TE families and their detailed distribution positions including
all of the supporting breakpoint evidence. The PTEMD output file is

Figure 8. The classification of the TIPs in M. oryzae and maize genomes. (A and B) Classification of the PTEMD-B-detected TIPs in M. oryzae (A) and maize (B),

respectively. Different parts represent the classification of the TIPs. (C) Average TIPs per 10 Mb chromosome regions in M. oryzae and maize. This figure is

available in black and white in print and in colour at DNA Research online.
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therefore useful for checking the raw sequence data of the identified
TE families or new TE insertions.

Previous programs have used three main methods for repeats
scanning. The first method is a library-based approach, such as
that used in RepeatMasker.12 The main drawback of programs
that use these kinds of homology-dependent searches is that they
can only detect sequences that are already known, i.e. they cannot
detect completely novel elements. The second method is signature-
based repeat searching, such as Piler.15 This method can search a
query sequence for existing structures or motifs that are characteristic
of a known repeat sequence, it can be used to find new repeats but not
new classes of repeats. The third method is represented by k-mer and
spaced seed approaches, such as those used in Repeatscout.14 This
approach can de novo identify the repeat families based on genome
sequences and has been widely used for scanning new TE families.
Unlike these three methods, PTEMD is a homology-independent
method that can scan active TE candidates (also including other
polymorphic repeats) and their genome-wide insertion sites using
high-throughput pair-end short reads and reference genomes.
PTEMD therefore overcomes some important drawbacks of the pre-
viously published methods and will become an important tool for de
novo polymorphic TE scanning.

M. oryzae is a model pathomycete that can quickly overcome the
host resistance.47More than 80 resistance genes have been identified in
rice but most of these resistance genes remain effective for only 2–3
years.48 A previous study provided evidence that a TE insertion into
the promoter region of the avirulence gene Piz-t caused an avirulent
strain to become to virulent49; however, the genome-wide polymorph-
ic TE families and their distribution landscapes among differentM. or-
yzae strains were still largely unknown. Using PTEMD, we identified
15 polymorphic TE families inM. oryzae (14 intact TEs and 1 partial
TE). In reference genome, the 14 intact TE families contain 905 copies,
and the total size of those TE families is ∼1.5 Mb (3.8% of theM. or-
yzae genome). The top four TE families (MoTE-1, -2, -3, and -4) are
widely distributed in strains HM-1 and HM-2. Further analysis of the
dynamics and evolution of these top four TE families in field popula-
tions may help elucidate how these TEs affect M. oryzae virulence.

To evaluate the performance of PTEMDwith large and repeat-rich
genomes, we identified 68 TE families in the maize genome are poly-
morphic and likely active in the recent past. The total copy number of
the TE sequences is 10,618 in the maize genome. Those TE sequences
cover 10.1 Mb of maize genome (0.48% of genome). Our results pro-
vide novel insights about the transposon biology. First of all, TE poly-
morphism varies greatly between the two tested species. The highest
TE polymorphism is detected in M. oryzae: its genome size is only
2% that of maize but harbours 14 families of polymorphic TE fam-
ilies. Second, despite that most of the maize genome consists of LTR
retrotransposons, DNA elements contribute more to polymorphism
among different varieties compared with LTR retrotransposons.
LTR elements make up the largest component of the genome due to
their large size, not high activity. Third, not a single autonomous
DNA transposon has been detected to be recently mobile in maize,
and all the detected DNA transposons are very small (<1 kb) non-
autonomous elements. Obviously, some of the autonomous elements
in maize are still functioning because they are providing transposition
machinery for non-autonomous elements. It is likely their large sizes
make them less competent for transposition, consistent with the no-
tion that DNA element size is critical for the transposition activ-
ity.50–52 Finally, the polymorphic TEs discovered using PTEMD can
be used as potential novel tagging tools for breeding or studying
gene function. As more and more genome sequences are available in

the future, PTEMD will be an important tool in identifying poly-
morphic TEs in different organisms.

Availability

PTEMD program, HM-1 and HM-2 strains’ re-sequencing data sets
(sequences in this study), and the genome-wide polymorphic TEs in
M. oryzae and maize are freely and publically available at http://
www.kanglab.cn/blast/PTEMD_V1.02.htm.
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