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Abstract

Background: Transposable elements (TEs, transposons) are mobile genetic DNA sequences. TEs can insert copies of
themselves into new genomic locations and they have the capacity to multiply. Therefore, TEs have been crucial in
the shaping of hosts’ current genomes. TEs can be utilized as genetic markers to study population genetic diversity.
The rice stem borer Chilo suppressalis Walker is one of the most important insect pests of many subtropical and
tropical paddy fields. This insect occurs in all the rice-growing areas in China. This research was carried out in order
to find diversity between C suppressalis field populations and detect the original settlement of C. suppressalis
populations based on the piggyBac-like element (PLE). We also aim to provide insights into the evolution of PLEs in
C. suppressalis and the phylogeography of C. suppressalis.

Results: Here we identify a new piggyBac-like element (PLE) in the rice stem borer Chilo suppressalis Walker, which
is called CsuPLET.T (GenBank accession no. JX294476). CsuPLET.1 is transcriptionally active. Additionally, the CsuPLET.1
sequence varied slightly between field populations, with polymorphic indels (insertion/deletion) and hyper-variable
regions including the identification of the 3’ region outside the open reading frame (ORF). CsuPLET.] insertion
frequency varied between field populations. Sequences variation was found between CsuPLET copies and varied
within and among field populations. Twenty-one different insertion sites for CsuPLET copies were identified with at
least two insertion loci found in all populations.

Conclusions: Our results indicate that the initial invasion of CsuPLET into C. suppressalis occurred before C.
suppressalis populations spread throughout China, and suggest that C. suppressalis populations have a common
ancestor in China. Additionally, the lower reaches of the Yangtze River are probably the original settlement of C.
suppressalis in China. Finally, the CsuPLET insertion site appears to be a candidate marker for phylogenetic research
of C. suppressalis.
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Background evolution in many ways, including gene expression alter-

Transposable elements (TEs, transposons) are mobile gen-
etic DNA sequences, and they are found in the genomes
of nearly all eukaryotes [1,2]. TEs can insert copies of
themselves into new genomic locations and they have the
capacity to multiply. Therefore, TEs make up a significant
portion of the eukaryotic genome and have driven genome
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ations, gene deletions and insertions, chromosome rear-
rangements and others [3-6]. TEs are divided into two
major classes based on their transposition intermediate
and distinct structural features [7]. Class I TEs, which are
also called retrotransposons, use a “copy-and-paste” mech-
anism that involves an RNA intermediate. This interme-
diate is reverse transcribed before its reintegration into
a new position. Class II TEs, which are also called DNA
transposons, use a DNA-mediated mode of “cut-and-
paste” transposition.
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The piggyBac element, which is a class II transposon,
was originally discovered in the TN-368 cell line of the
cabbage looper moth Trichoplusia ni [8,9]. It transposes
via a “cut-and-paste” mechanism, inserting exclusively at
5'-TTAA-3’ tetranucleotide target sites and excising
with precision, leaving no footprint [10]. Transposons
similar to the original functional piggyBac IFP2 called
piggyBac-like elements (PLEs) have been found in di-
verse organisms, including fungi, plants, insects, crusta-
ceans, urochordates, amphibians, fishes and mammals
[1,11-15]. PLEs are highly divergent and can be classified
into three main classes, namely by high sequence simi-
larity to IFP2, moderate sequence similarity to /FP2 and
very distantly related ancient elements [14].

The rice stem borer Chilo suppressalis Walker is one
of the most important insect pests of many subtropical
and tropical paddy fields in Asia, North Africa and
southern Europe. This insect occurs in all the rice-
growing areas in China, and it colonizes a wide range of
hosts such as rice (Oryza sativa), water-oat (Zizania
aquatica) and chufa (Eleocharis tuberosa) [16]. It is as-
sumed that all C. suppressalis field populations in China
have a common ancestor. However, there is no clear evi-
dence of this. We want to know if C. suppressalis field
populations have a common ancestor, and if so, where
this common ancestor originated.

For this paper, we isolated a group of endogenous PLEs
from the C. suppressalis genome, which were designated
as CsuPLEIs. The CsuPLEI copy with an intact open read-
ing frame (ORF) was named CsuPLE1.1. The frequency of
CsuPLE1.1 insertion at a specific locus in the C. suppressa-
lis genome varied among populations. This study will con-
tribute to our understanding of the distribution and
characteristics of the piggyBac family. In addition, the ana-
lysis CsuPLE1s sequence variants identified in C. suppres-
salis from different field populations provides insights into
the evolution of CsuPLEIs. Based on the insertion sites
and sequence variations of CsuPLEIs, the phylogeography
of C. suppressalis is discussed.

Results

Characterization of piggyBac-like element (PLE) in C.
suppressalis

A full-length PLE from C. suppressalis was obtained and
named CsuyPLEI.1 (GenBank accession no. JX294476,
Figure 1). This PLE is 2406 bp in length and contains all
the characteristic structures of a PLE, including 13 bp
inverted terminal repeats (ITRs), asymmetrically located
25 bp sub-terminal inverted repeats and a single open
reading frame (ORF) encoding a transposase of 505
amino acids. The putative transposase contains all the
aspartate residues of the “DDD” motif, which correspond
to D268, D346, D447 and D450 in T. ni IFP2 transpo-
sase. As in other PLEs, the CsuPLE1.1 was inserted into
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typical tetranucleotide target-site TTAA duplications and
flanked by a sequence (912 bp at 5'-end and 576 bp at 3")
that was not significantly homologous to any gene se-
quences in the GenBank. Notably, CsuPLEI.1 also has a
putative CAAT site, and a TATA site exists at nt 392-395
and nt 478-481. There is also a polyadenylation signal site
at nt 2188-2193, which is characteristic of an actively
translated protein. Alignments showed that, among the
known PLEs, the putative transposase of CsuPLEI.1
shared the highest similarity (53%) with HsaPGBD3 trans-
posase (Figure 2), and belongs to a class that is moderately
similar to IFP2.

RACE amplification using a ¢cDNA template revealed
that CsuPLE1.1 was expressed as a 1748 bp transcript with
a 111 bp 5" untranslated region (UTR) and a 119 bp 3’
UTR containing a 24 bp poly (A) tail (Figure 1).

Insertion site, TSDs and ITR variations

The 5’ TE display showed that the insert sites of CsuPLE1s
varied between populations (Additional file 1: Figure S1).
Further sequencing results obtained 21 different insertion
sites among 72 flanking sequences from 12 field popula-
tions (Table 1 and Additional file 2: Table S1). Two inser-
tion sites were found in all populations (insertion sites 1
and 2). One insertion site was found in nine populations
(insertion site 8). One insertion site was found in seven
populations (insertion site 7). One insertion site was found
in five populations (insertion site 3). Two insertion sites
were found in four populations (insertion sites 4 and 14).
One insertion site was found in three populations (inser-
tion site 9) and the remaining 13 insertion sites were found
in only one or two populations. Almost one half of all pop-
ulations had a unique insert site, found only in that popu-
lation (Table 1).

Among these 21 different insertion sites, most of the in-
sertions occurred at a TTAA target site, which is character-
istic of the TTAA-specific family of piggyBac transposons.
Only four target site duplications (TSDs) contained varia-
tions. In insertion site 5, the TSD was CTAT; In insertion
site 9 and 16, the TSDs were ATAT; In insertion site 10,
the TSD was CTAA. The ITR analysis showed that the
13 bp ITRs of CsuPLE1 were conserved in most individ-
uals, with only two ITRs containing slight variations. In in-
sertion site 14, there was a C-A variation in the ITRs; In
insertion site 16, there was a G-A variation in the ITRs
(Table 2).

CsuPLE1.1 insertion frequency and sequence variations

Flanking PCRs for testing the presence or absence of
CsuPLEI.1 insertions were performed on 45 randomly
collected individuals from the 21 populations. The fre-
quencies of individuals with the insertion varied be-
tween populations (Table 3). From the 945 individuals
tested, 384 were heterozygous for the CsuPLEl.1
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ACCGTTGAGCAATACTACCAAGAACTATATTCATCTAAAACCTCAAGGCCAACGGAAGTACACAGCAGGCATATAATGAACGTTGGGTCTGAAGAT
GTACCAGAGATATCCAACTCGGAAATAGAAACAGCTTTAAGGAAAATGAAGAATGGCAAAACTGCTGGCGAGGATGGGGTGGTGATCGAAATGG
TTAAGAAAGGTGGAAAACATGTGATAGATTTCACGAACAGACTGTTGAACAAGTGCCTTGAAGAGGGTAAAATACCAAGAGAATGGGAATCGGC
CAACGTAATATTGTTGCATAAAAAGGGTGACAAAGCAGATCTAAACAATTACCGCCCAATCAGTCTACTATCACATCTGTACAAATTACTTACCAAA
ATAATTGCCCTCCGTTTGACCAGCAAGTTTGATTTCTATCAACCACCCGAGCAAGCCGGATTCAGAAGCGGATTTAGCACCATGGACCACATTATGA
CGATGAGAACTGTAATTGAAAAAGCTACAGAATACCAAACATTCGTATGGCTAGCTTTTATTGACTACAAGCAAGCATTTGATAGTGTGGAATCCTG
GGCAGTTGTTCAGGCACTTCAGAATGCTCGCATAGACTACAGATACACGAAGCTTATTGAGAACATTTACAATAACGCTACCATGAAAGTCACGCT
GGTCGACCAAACGCAACATATAGACATCAAAAGAGGCGTAAGACAGGGTGATACTCTTTCACCAAAATTGTTTACCCTGGTACTGGAGGATGTCTT
CAAAAAACCTTCATGGGAGGAACGTGGTCTTAAGTTGCCGGGAACAAGACTGAATAACTAAGGTTCGCTGATGACATCGTTTTGTTTAGTGATAAC
CCTGATGATCTCCAAACTATGATCCACGAGTTGAATGAAGCTTCC] i i EQCCAGATTAGCCT ACTGTCCTATATTTAGGACAGTAGAAATAAAAAAA
AATATCAGAATACCCTCTTTATCTAAGATTATTTAGTCTTATGAT TTGCAGTAAGAAACGTGTCAGCTTTATTAGAAAAAATAAAAAGACAGTTATTTT
AACAGTTTTTACCTTATAAGTGTGTAATAAAAGTGCGTTGCAGACATGGCAAATGACAGGTATGTATAAAAAGTTATATTTTACTCGTGAGTTGTTTT
TTTCTGTGTTAATATCTAGTTGATAACCTTAACTTTTGTACTAAATAAATATTCTAGCAAAATAATATAAATAAATTACGTATAACTTGTTACAAATACT

AGCGTACIATATATAGGACAGTA GGATAATATACATGATT TTAGTACAATAATACAACTTTTTCTTTACAGACCGTTAGCTGCGCATGAAATTTTAGATG
transcription start site (TSS)

C'lTl'AGAAAATGTITCTGATAATGAAGAAGATMGAGAACGACTGATATGTATTF;ACCTCCTCCTGTTGATCCTGCCTGTCTCACTGACGAAGA
transcript of CsuPLE1.1 CTACCTCCTCCTGTTGATCCTGCCTGTCTCACTGACGAAGA
TTCGGGTGAATAAGATAATGTAACTTTGAATAATTTGCCACGAAACATTCTGCTTCAACCGGCTGAAGTARTGATT
TTCGGGTGAATAAGATAATGTAACTTTGAATAATTTGCCACGAAACATTCTGCTTCAACCGGCTGAAGTARTGATT
M I
CAAGGGCAGATTATGGTGAGTGATACAGAAGAAGAACCTTCTGATTCTACAGGTCGAACTAAACGTAGGCGTACCTACGCATGGAGAAAACGG
CAAGGGCAGATTATGGTGAGTGATACAGAAGAAGAACCTTCTGATTCTACAGGTCGAACTAAACGTAGGCGTACCTACGCATGGAGAAAACGG
Q G QI MV s DTTETETETPSDSTGR RTZ KT RTI RTERTYAWTR KR
GACTTGGCAAAAAATCCCGTGAATTGGCCAGATGTTCAAGGCGCTTGCCAAGATAAGCGCCCAATTGAGTGGTTTGAAAACTTCTTAGATGAA
GACTTGGCAAAAAATCCCGTGAATTGGCCAGATGTTCAAGGCGCTTGCCAAGATAAGCGCCCAATTGAGTGGTTTGAAAACTTCTTAGATGAA
DLAKNZPVNWTPDUV QG AT CAQDT KT RTPTIEWTFTENTFTLDE
GATGTTATTTCGTTGTTGGTGTCAGAGAGCAATAAATATGCTGTCAAAAAGAAT TTGCCTGGAGACATAACCACTGAAGATATGAAATGT TTCATC
GATGTTATTTCGTTGTTGGTGTCAGAGAGCAATAAATATGCTGTCAAAAAGAATTTGCCTGGAGACATAACCACTGAAGATATGAAATGTTTCATC
D VISLILV SESNI KTYA AV K KNTLTPGDTITTTETDMTZEKCF.I
GGCATATTGTTGGTTAGTGGTTATTCATGGCTCCCCCGTAGAAGAATGTATTGGGAAAACTCCCCTGATACAAAGAATGAATTGATCAGCTCGGCT
GGCATATTGTTGGTTAGTGGTTATTCATGGCTCCCCCGTAGAAGAATGTATTGGGAAAACTCCCCTGATACAAAGAATGAATTGATCAGCTCGGCT
G 1L LV S GY S WILPRIRIRMYWENSTPDTI KNETLTIS S A
ATGACTAGGGATAGATTTGACTTTATTTTTCGCCACCTTCATGTCAATGATAAT CTGGAT TTGCAAGACAAATACACAAAAGTACGCCCCCTAGTT
ATGACTAGGGATAGATTTGACTTTATTTTTCGCCACCTTCATGTCAATGATAATCTGGATTTGCAAGACAAATACACAAAAGTACGCCCCCTAGTT
M TR DU RTFEFDT FIFRHLHYVNDNTILDTILIGQDTI K YTTZ KTVRPTLYV
ACACTTCTAAATAAAAAGTTCTTAGAGTTTTCTCCTCTTGAAGAGCATTACAGTGTAGATGAGGCCATGATCCCCTACTATGATAGACATGGCTGC
ACACTTCTAAATAAAAAGTTCTTAGAGTTTTCTCCTCTTGAAGAGCATTACAGTGTAGATGAGGCCATGATCCCCTACTATGATAGACATGGCTGC
‘l‘LLNKKFLEFSPLEEHYSV@EAMIPYYDRHGC
AAACAGCACATAAAAGGTAAACCTATTAGGTACGGGTTCAAAGCTTGGGTTGGTGCTACACGGTTAGGGTATGTTTTATGGATGGAACCATAC
AAACAGCACATAAAAGGTAAACCTATTAGGTACGGGTTCAAAGCTTGGGTTGGTGCTACACGGTTAGGGTATGTTTTATGGATGGAACCATAC
K Q HI K G K PIRYGFEKAWV G ATR RTILGYV L WME P Y
CAAGGTGCTACAACTATGTGCAATCCAATATATAAAGAATTGGGGCTGGGTGCAAGCGTTGTTCTCACTTTTTGCGATGTGCTGATTTCACGTGGC
CAAGGTGCTACAACTATGTGCAATCCAATATATAAAGAATTGGGGCTGGGTGCAAGCGTTGTTCTCACTTTTTGCGATGTGCTGATTTCACGTGGC
Q G ATTMG CNPIYZ KTETLSGTLGASVVLTTFCDVTILTISTR RSG
TTCGACCTTCCTTACCACGTAGTTTTTGATAATTTTTTTACTGGGACGCCCTTGCTGGAAGAGATAACAAAGAAAGGCCTTCGTTGCACTGGG
TTCGACCTTCCTTACCACGTAGTTTTTGATAATTTTTTTACTGGGACGCCCTTGCTGGAAGAGATAACAAAGAAAGGCCTTCGTTGCACTGGG
FDLPYHVVF@NFFTGTPLLEEITKKGLRCTG
ACAGTTCGAGAAAACAGGACATCTAGTTGTCCTCTGATTACATCGAAGTTACTGAAAAAAAAGGAACGTGGTGCTGTCGATTACAGAACGACA
ACAGTTCGAGAAAACAGGACATCTAGTTGTCCTCTGATTACATCGAAGTTACTGAAAAAAAAGGAACGTGGTGCTGTCGATTACAGAACGACA
T VRENT RTSSCPTULTITSZ KTILTLTE KTZ KTE KTETRTGA AV D YRTT
CATGACAACACGTTCATTATTGCTAAATGGCATGACAATAATATATTCAGTATTGCTTCTAATGCTGTAGGAATAAATCCTAAACAATCTGCCAAA
CATGACAACACGTTCATTATTGCTAAATGGCATGACAATAATATATTCAGTATTGCTTCTAATGCTGTAGGAATAAATCCTAAACAATCTGCCAAA
HDNTT FTIIAZKWHUDNNTITFSIASN AV G1NUPI KU QS A K
CGCTTCTCACAAAGTGAAAAGAGAAACATTGTCATAGAAGAACCACATATGGTGTCCATCTATAACAAATATATGGGAGGAGTGGATCGGTCT
CGCTTCTCACAAAGTGAAAAGAGAAACATTGTCATAGAAGAACCACATATGGTGTCCATCTATAACAAATATATGGGAGGAGTGGATCGGTCT
RFSQSEKRNIVIEEPHMVS[YNKYMGGV@RS
GATGAAAATATTTCACATTACCGAATTGGTATACGAGGTAAGAAATGGTACATGCCGTTGCTCACACACATGAT TGATCTTGCCGAACATAATGCA
GATGAAAATATTTCACATTACCGAATTGGTATACGAGGTAAGAAATGGTACATGCCGTTGCTCACACACATGATTGATCTTGCCGAACATAATGCA
E NI SHYU RIGIRGI KT KW YMZPTLTLTHMTIDTILATEHN A
TGGCAGTTATATAAAATAAATCATGGAAAACTGGATCATCTTGGCTTTCGCAGAAGGGTAGCAATTGCTTTGATTGAATCAAACAGAAAAAAT
TGGCAGTTATATAAAATAAATCATGGAAAACTGGATCATCTTGGCTTTCGCAGAAGGGTAGCAATTGCTTTGATTGAATCAAACAGAAAAAAT
W Q L Y K I N H G KL DHTULGTFIRTRTRTVYVATALTITIESNTZ RIKN
GCCAAAAGAGGGCCTAGCCGACCCTCCCATCATGAACATGCTGATAGTCGTAAAGACCAAATGAATCATCTGGTTATTCCTCAATCGAAGCAA
GCCAAAAGAGGGCCTAGCCGACCCTCCCATCATGAACATGCTGATAGTCGTAAAGACCAAATGAATCATCTGGTTATTCCTCAATCGAAGCAA
[AX R G P s R P S HHEUHADSRI KD QMNU HTLUVTIZPAQS K Q
ACACACTGTCGTCAATGTCACAAAAAATGTTTGACACGTTGCAAGAAATGTGATGT TGGAGTGTGTGTCAAGTGTTTTGAAACATATCATTCATAA
ACACACTGTCGTCAATGTCACAAAAAATGTTTGACACGTTGCAAGAAATGTGATGTTGGAGTGTGTGTCAAGTGTTTTGAAA CATATCATTCATAA]
THCRQCHZE K K CLTRT CZ KTI KT CDVGV CV KT CTFTETYHS*
ATAGTGTTAATCTAGTAAATTACATATAACAATGGGTAATATAATCAATAGTTATC TAATAAACTACACTTTTTGATTACATTCTGTTTTGTCATAAATG
ATAGTGTTAATCTAGTAAATTACATATAACAATGGGTA ATATAATCAATAGTTATCTAATAAA CTACACTTTTTGATTACATTCTGTTTTGTCATAAAAA
AAAAAAAAAAAAAAAAAAAA (poly A)
GTCTTTTATTTCCTCTIAIZATCCTACTGT CCTACATATAGGACGGCTGTT TCCCTGAAAGCCTTACACTTAATTTTT TTTTCATAAT TTTTTTTATGTTGCA
TAAGATCTAATAAACTAAATAATGTAACTTTTITGAAAATTTTCAGAAAATTTTAGT TTCAGGCTTATCTGGGTTAAIATGTCGGT TTGGAAATGAACC
TCAGCAAAACCAAGATCATGACTAATGATCCCATACCAT TTACTATTAAGGTAAACCAATCCGTCATTGAAAAGGTAGAAAAGTATGTATACCTGGG
TCAAGAAATTAGAAT GGGAAAGGAAAATCAACTAAAQGAAATAGATAGGCGCATCCGTCTTATGTGGGCTGCCTACGCAAAACTCGGCTTTGCTTT
CAAAATGAATTTAACAGCGGTACAGAAAGCCAGATTGTTCGATCAGTGTATATTACCCGTACTTACCTATGGAGCTGAAACCTGGGTTCTGACAAA
AGAAAGTATCAACAAGATACAAGTCGCCCAGAGGAAACTAGAGAGGAAACTAGTAGGGATTACACTACGAGACCGCAAGACTAACACCTGGCTT
AGAAAGCAAAGCGGGGTCACTGATGCCGTTAAACACATAGCGAGT TTGAAGT GGCAGTGGGCGGGACATATAGCCCGAAAGCATGGCTCGTGGG
GTAAGGCTGTCTTGGAATGGAGAAAT TGGGGCGAGAAACGACCTAGAGGAAGACCACAGATGCGTTGGAAGGAT

Figure 1 (See legend on next page)
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and in bold.

Figure 1 Nucleotide sequence, transcript and putative transposase of the CsuPLE1.1. The nucleotide sequence in the light gray shadow is the
CsuPLET.1 transcript. The inverted terminal repeats (ITRs) are underlined and italicized. The sub-terminal inverted repeats are double-underlined and
italicized. The 4 bp (TTAA) target site duplications (TSDs) are boxed and in bold. Putative CAAT, TATA and AATAAA polyadenylation signal site
sequences are underlined and in bold. The primers used in flanking PCR are indicated by left and right arrows below the corresponding sequences.
The “DDD-motif” amino acid residues in the putative transposase are indicated by open circles. The bipartite nuclear localization signal (NLS) is boxed

insertion. All remaining individuals did not have a Csu-
PLE].1 insertion.

A total of 84 copies of the CsuPLEI.1 insertion were
cloned from 84 individuals across the 21 field populations.
These sequences share high levels of similarity with the
exception of the FIk-PLE1]JZ4 copy, which has an approxi-
mately 130 bp sequence deletion. There were substitu-
tions, deletions and/or insertions in each copy (Additional
file 3: Table S2). Furthermore, in some CsuPLE1.1 copies,
there were indels of three or more bases. We defined this
position as special variation position (SVP). Six SVPs were
identified (Figure 3). SVP1 from copy Flk-PLE1GZL4 has
an 11 bp deletions at nt ~170. In SVP3, the copies Flk-
PLEINC2, Flk-PLEINC3, Flk-PLEINC4 and Flk-PLEISY4
have 2 bp deletions and 7 bp insertions at nt ~630. In
SVP4, the copies FIk-PLE1]JZ3 and Flk-PLEILS4 have 9 bp
deletions at nt ~842. In SVP5, the copies Flk-PLE1GX3,
Flk-PLE1YS3 and Flk-PLEIGN4 have 7 bp insertions at
nt ~1889. In SVP6, the copies Flk-PLE1Y]2, Flk-PLE1Y]3,
Flk-PLE1YJ4 and FIlk-PLEILH4 have 9 bp deletions at
nt ~2210. Three bases, ACG, were found in only some
PLE1 copies particularly at nt ~298 of SVP2.

Among the 84 sequences, 63 sequences have a putative
intact ORF. These 63 sequences shared a high degree of
sequence similarity. While, position nt ~2310, in the 3" re-
gion outside of the ORE, showed the highest nucleotide
variability between CsuPLEI.1 copies. This site, which we
called the variation hotspot, contained a number of indels
(Additional file 4: Figure S2).

The variation rate (Rv) of the CsuPLEI. 1 copies dif-
fered inside and outside the ORF region. The variation
rates inside the ORF region and in the PLE 5’ region
outside the ORF were significantly lower than the PLE
3’ outside the ORF region (Table 4).

Phylogenetic tree of C. suppressalis field populations

A MP phylogenetic tree and a UPGMA phylogenetic tree
were constructed independently. In the MP phylogenetic
tree, there were many clusters and the phylogenetic rela-
tionship between each was ambiguous (Additional file 5:
Figure S3). In the UPGMA tree, there were three clusters:
JZ, GY and XY formed one clade; YJ, LS, J] and DY formed
a second clade; and TC, SY, HX, GZL and YX formed a
third clade (Additional file 6: Figure S4).

Discussion

Since piggyBac is one of the most popular transposons
used for transgenesis, searching for new active PLEs has
attracted lots of attention. However, only a few active
PLEs have been reported to date, including IFP2, Uribo2,
McrPLE and AgoPLEIl.1 [15,17-19]. Here we identified
another potentially active PLE. This PLE has the intact
structure of a piggyBac transposon, including TTAA in-
sertion sites, 13 bp ITRs, 25 bp subterminal inverted re-
peats, and a single ORF encoding a transposase of 505
amino acids with a perfect “DDD-motif”. The transpo-
sase was also shown to be transcriptionally active with a
1748 bp transcript cloned from C. suppressalis.

There was a high degree of sequence similarity in Csu-
PLEIs from different field populations. All the tested
populations shared two identical insertion sites, and
each population also had their own unique insert sites.
Since all inactive copies of TE will be fixed or lost in the
population over time if they are neutral, insertion sites
will become more homogeneous in populations over
time [20,21]. Our results therefore suggest that a few
CsuPLE] copies in C. suppressalis may be functional and
still moving. Investigators have previously hypothesized
that if TEs with high sequence similarities could main-
tain their original structure in their hosts, then the inva-
sion of the TE was a recent event [15,22,23]. The high
sequence similarities between CsuPLE1 copies found in
this study suggest that the invasion of CsuPLEI was a re-
cent event.

The transposition activities of intact transposons are
often regulated or silenced at the transcriptional, transla-
tional, or transpositional level for the survival of trans-
posons and their hosts [6,24-26]. As a result, there are
many transposable elements with mutations or varia-
tions within their host organisms [27-29]. Sequence mu-
tations may be randomly distributed in transposons.
However our results indicate that the 3’ region outside
the ORF in the CsuPLEI transposons sequence had the
highest variation rates. A variation hotspot was also
found in this 3" region. Generally, regions with high
numbers of mutation are the result of complex cellular
processes including (i) interactions between DNA and
mutagens, (ii) repair of premutational lesions, (iii) local
reduction in the fidelity of DNA polymerization, and (iv)
expression and selection of a protein (RNA) molecule
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Figure 2 Phylogenetic relationships among piggyBac-like element transposase amino acid sequences. The tree was generated by the
neighbor-joining method. The numbers at the nodes are the bootstrap values (>50%) for 5000 replications. The GenBank accession numbers are
in brackets. Abbreviations: Aa, Argyrogramma agnata; Aga, Anopheles gambiae; Ago, Aphis gossypii; Api, Acyrthosiphon pisum; Ay, Agrotis ypsilon;
Bmo, Bombyx mori; Cin, Ciona intestinalis; Csu, Chilo suppressalis; Dme, Drosophila melanogaster; Dpu, Daphnia pulicaria; Ha, Helicoverpa armigera;
Hsa, Homo sapiens; Hv, Heliothis virescens; Mcr, Macdunnoughia crassisigna; Mfa, Macaca fascicularis; Mmu, Mus musculus; Pg, Pectinophora
gossypiella; Rno, Rattus norvegicus; Tc, Tribolium castaneum; T.ni, Trichoplusia ni; X.tro, Xenopus tropicalis.

(AAF58496)

from which mutations have been detected [30,31]. This
region is complex and deserves further study.

Of the 21 insertion sites found, two occurred in all
field populations and five occurred in multiple field pop-
ulations. Thus, these results imply that CsuPLE1 existed

in C. suppressalis prior to the expansion of the insect
host populations into new regions. Meng et al. stated
that C. suppressalis had strong population structure with
three genetic clusters, i.e. a central China (CC) clade, a
northern plus northeastern China (NN) clade and a
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Table 1 5' insertion sites of CsuPLE1 in C. suppressalis
genome

5' Sampling locations

Insertion
site GY JJ

XY SY JZ DY LS GZL HX TC YVYJ

=<
>

<
<.
<.
<.
<
<.
<

Site 1
Site 2
Site 3
Site 4
Site 5
Site 6
Site 7
Site 8
Site 9
Site 10
Site 11
Site 12
Site 13
Site 14
Site 15
Site 16

X X X X X X X <. < X X X <. < <
X X < X X X X X X X X X < < <

Site 17
Site 18
Site 19

X

X X X
X

X

X X X X X X X X X X X X < < < < << <2
X X X X X X X X X X = X =<2 X X X X X < =<
X X X X X X X < < < X X < X X X X X <
X X X X X =< X X X X X < <2 < X X X <2 < <
X X X <. < X < X X X X < X < X X X < <
X X << X X X < X X X X < < X X X X <. =<
X <. < X X X X X X X X X < < X X =< X <
<. X X X X X < X X X X X X < X X X X <

X X X X X X < X X X X X < X X X X X <

Site 20 X X

X X X X X X X X X X X X X =< =< X X X X =< <

Site21 X X X X X X X x x x A

The presence and absence of each insertion site within each population is
indicated by a v and X respectively.

southwestern China (SW) clade [32]. In these three
clades, C. suppressalis had arisen from separate refuges
and experienced parallel evolution. However, our results
suggest that Chinese C. suppressalis populations have a
common ancestor. The research of retrotransposon Ty3/
gypsy in C. suppressalis shown that one insertion site of
Ty3/gypsy existed in all C. suppressalis filed populations
[33]. This also supports our conclusion that C. suppres-
salis populations have a common ancestor in China.

The MP phylogenetic tree showed that many small
clusters. This was due to the high sequence similarity.
However, in the 84 CsuPLEI.1 copies, there were six
SVPs. Based on our results and Meng et al’s findings
[32], we conclude that the C. suppressalis populations of
SY, GX, YS and GN belong to the central China (CC)
clade; and the C. suppressalis populations in JZ and LS
belong to the southwestern China (SW) clade.

In the UPGMA phylogenetic tree, three clades were
found. In the first clade, JZ and XY come from similar
geographic areas. However, they are far from GY popula-
tion. In the second clade, LS, J] and DY come from the
same geographic (the Sichuan Basin). Y] belongs to

Page 6 of 12

Table 2 The variations of 5'TSDs and 5'ITRs of CsuPLE1s

Insertion site 5' TSDs 5'ITRs

1 TTAA 5'-CCCAGATTAGCCT
2 TTAA 5/-CCCAGATTAGCCT
3 TTAA 5'-CCCAGATTAGCCT
4 TTAA 5'-CCCAGATTAGCCT
5 CTAT 5/-CCCAGATTAGCCT
6 TTAA 5'-CCCAGATTAGCCT
7 TTAA 5'-CCCAGATTAGCCT
8 TTAA 5/-CCCAGATTAGCCT
9 ATAT 5'-CCCAGATTAGCCT
10 CTAA 5'-CCCAGATTAGCCT
1 TTAA 5'-CCCAGATTAGCCT
12 TTAA 5'-CCCAGATTAGCCT
13 TTAA 5'-CCCAGATTAGCCT
14 TTAA 5'-ACCAGATTAGCCT
15 TTAA 5'-CCCAGATTAGCCT
16 ATAT 5'-CCCAAATTAGCCT
17 TTAA 5/-CCCAGATTAGCCT
18 TTAA 5'-CCCAGATTAGCCT
19 TTAA 5'-CCCAGATTAGCCT
20 TTAA 5/-CCCAGATTAGCCT
21 TTAA 5'-CCCAGATTAGCCT

The variant nucleotides are in italics.

coastal areas, with a similar temperature, humidity and
seasonal temperature difference to the Sichuan Basin. In
the third clade, TC and HX is close to each other and
have similar environmental conditions. However, SY,
GZL and YX are far from each other, and have different
environments. This result is not entirely consistent with
Meng et al.’s result. This may be due to our small sample
size or may be because our choice of method reveals a
different phylogenetic relationship between C. suppressa-
lis populations. Our research indicated that the insertion
sites were a candidate marker for phylogenetic research
of C. suppressalis.

Rice is the main host plant for C. suppressalis. Gene flow
in C. suppressalis follows a similar pattern to the expan-
sion of rice domestication in China [32]. It has been sug-
gested that the lower reaches of the Yangtze River in
China were the first rice farming region, although there
are debates about the origin of rice [34-36]. Meng et al.
found gene flow of C. suppressalis in CC and SW regions
tends to move west. In the CC region this is from Ningbo
towards regions such as Quzhou, Nangchang, and in the
SW region, this is from Liuzhou towards regions such as
Guiyang and Yaan. In the NN region gene flow moves
northward from Wuhan or Zhumadian to Changchun
[32]. These results together suggest that the lower reaches



Luo et al. BMC Molecular Biology 2014, 15:28
http://www.biomedcentral.com/1471-2199/15/28

Table 3 The frequency of CsuPLE1.1 insertion in each field
population

Rank of CsuPLE1.1 Sampling Frequency of CsuPLE1.1
insertion frequency locations insertion (mean + SEM)
1 YX 0.8 £0.0387

2 HX 0.6667 +0.0771
3 GZL 0.578 £0.0588
3 SY 0.578 £ 0.089

5 GY 0.511+0.022

5 YZ 0.511+0.097

7 TC 0489 +0.097

8 QC 04667 £ 0.0384
9 iz 04443 +£0.0588
10 GX 0.3557 +0.0802
10 LH 03557 £0.0588
12 DY 0.3333+£0.0771
12 NC 0.3333 £ 0.0667
12 MH 03333+£0.0384
15 JJ 0311 +0.0588
16 FN 0.289 +0.0443
16 YS 0.2887 +0.0802
18 YJ 0.2667 + 0.0667
19 XY 0.222 +0.0588
19 GN 0222 +0.0588
21 LS 0.1777 £0.0447

of the Yangtze River are probably the original settlement of
C. suppressalis in China. Our results have shown that the
CsuPLE1.1 insertion frequency was the highest in YX pop-
ulations, located in the lower reaches of the Yangtze River.
Moreover, the frequency of CsuPLE1.1 insertions decreases
with increasing distance from YX. If the lower reaches of
the Yangtze River are the original settlement of C. suppres-
salis in China, we proposed that the CsuPLEI.1 invasion
event initially occurred at the lower reaches of the Yangtze
River. As the transposition of transposons can help host
organisms adapt, we suggest that the CsuPLEI.1 had more
transpositional opportunities as C. suppressalis expanded
into new areas and new environments. The CsuPLEI.1 in-
sertion frequencies in Clade A (including GZL, GY, YZ
and HX populations) were higher than in Clade B (includ-
ing YJ, MH and LH populations) (Figure 4 and Table 3).
This may be due to fewer C. suppressalis generations each
year in Clade A (2 ~ 3 generations per year) compared to
Clade B (3 ~ 4 generations per year) and therefore less op-
portunity for CsuPLEI.1 transposition in Clade A. Another
reason for differences in insertion frequency could be dif-
ferences in environmental stress. For example, the Csu-
PLEI.1 insertion frequency in FN population was lower
than all other nearby populations (Figure 4 and Table 3).
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In FN, upland rice, which has lower nutrient levels than
non-upland rice, was planted. Our previous research
showed that the average individual body weight of C. sup-
pressalis in FN was lighter than other field population [37].
Also, winters in FN are colder and drier than other nearby
populations. C. suppressalis in EN therefore faces greater
challenges to survive and such stress potentially provides
more transpotition opportunity for the CsuPLEI.1 in this
population.

Conclusions

C. suppressalis occurs in all rice-growing areas in China,
and they are non-migratory insects. Based on our results,
we suggest that C. suppressalis populations have a com-
mon ancestor in China. The initial invasion of CsuPLEI in
C. suppressalis occurred before C. suppressalis populations
spread throughout China, and the invasion of CsuPLEI
transposons was a recent event. Additionally, the lower
reaches of the Yangtze River are probably the original
settlement of C. suppressalis in China. Moreover, the in-
sertion sites of CsuPLEls should be a candidate marker
for the phylogenetic research of C. suppressalis.

Methods

Sample collection and DNA isolation

The C. suppressalis samples were collected from 21 paddy
rice field locations in China (Figure 4 and Additional file 7:
Table S3), and were kept at —80°C until DNA extraction.
Forty-five individual samples were randomly picked from
each field population, and genomic DNA (gDNA) was pre-
pared using an AxyPrep DNA Extraction Kit (Axygen Bio-
sciences, Hangzhou, China) by following the protocol
provided by the manufacturer.

PCR amplification and sequence analysis

In order to obtain intact sequences of PLEs from C. sup-
pressalis, the transcriptome of C. suppressalis was sur-
veyed and a putative PLE fragment with the longest
sequence (about 1700 bp) was found. Based on this
sequence, one pair of specific primers was designed
(SPF1: 5'-TGTATTCTACCTCCTCCTGTTG-3"; SPRI:
5'- AAAACACTTGACACACACTCCA-3’). Using these
specific primers, a 1616 bp fragment of CsuPLEI was
amplified from Hexian (HX) individual samples by PCR.
The purpose of this PCR was to verify the PLE fragment
sequence originating from the transcriptome of C. sup-
pressalis. The PCR was performed using LA Taq polymer-
ase (TaKaRa Biotechnology, Dalian, China) with the
following protocol: 95°C for 3 min; 94°C for 30 s, after
which the annealing temperature of the reaction was de-
creased by 1°C for 30 s every cycle, from 60°C to 50°C,
followed by 72°C for 1 min 40 s; 26 cycles of 94°C for 30 s,
53°C for 30 s, and 72°C for 1 min 40 s; and final elongation
at 72°C for 10 min. The final PCR volume was 25 pl
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~170 nt t ~630 nt ~842 nt ~-1889 nt ~2210 nt
F1k-PLELGN4 :e-- p N 2 CATREEE A AGECGCTIGCLA S -'----iAGGTATA ; ATA I
F1k-PLE1YS3 : AAGGCGCTTGCCA GGTATA| ATTCATA
Flk-PLE1GX3 : AAGGCGCTTGCCAL qAGGTATA s ATA
F1k-PLE1GNLl : AAGGCGCTTECCAL ATTCA
Flk-PLE1SY2 : AAGGCGETTEEEA ATTCA
Flk-PLELTCZ : AAGEGETTEER A A
F1k-PLE1GN3 : AAGGCGCTTGCCAR ATTCA
F1k-PLELJJLl : AAGGCGCTTGLOA ATA
Flk-PLE1YZ4 : AAGGCGCTTGCCAR ATTCATA
Flk-PLEINC1l : AAGBEGCTTGEEAL ATTCATA
Flk-PLE1QCLl : AAGGCGCTTGCCAR A
F1k-PLE1QCZ : AAGGEGETTGECAL ATTCATA
Flk-PLE1QC3 : AAGGCGCTTGCEAR ATTCATA
Flk-PLE1DYl : AMGGCGCTTGLLCAL A ATA
Flk-PLE1HXZ : AAGGCGETTGCEAS ATTCA
Flk-PLE1FN1 : AAGGCGCTTGLCAL A
F1k-PLE1YS2 : AAGGCGCTTGCCAR ATTCA
F1k-PLE1GYl : AAGGCGCTTGCCAL ATTCA
Flk-PLE1GY3 : [ AAGGCGLCTTGCCAR A
Flk-PLE1LHZ : AAGGCGCTTGCOA
F1k-PLE1LH3 : AAGGCGCTTGCEAR A
F1k-PLE1GZLL : AAGGEGCTTGLEA ATTCATA
F1k-PLE1SY3 : AAGGCGCTTGCCAR ATTCATA
Flk-PLE1YJ1l : AAGGCGCTTGCTAR ATA
F1k-PLE1GZL3 : AAGGCGCTTGLOA ATTCATA
Flk-PLE1FN4 : AAGGCGCTTGCCAL ! ATA
Flk-PLE1MH4 : AAGGCGCTTGCCAL ATTCATA
Flk-PLE1MH1 : AAGGCGCTTGCCAL A A
F1k-PLE1FN3 : L AAGGCGCTTGCOAR A
F1k-PLE1¥X1 : AAGGCGCTTGLOAL A
Flk-PLE1SYl : AAGGCGLTTGCCAR ATTCA
Flk-PLE1YX2 : AAGGCGCTTGLOA ATA
F1k-PLE1GY2 : AAGGCGCTTGCCA ATTCATA
F1k-PLE1GX2 : AAGGCGCTTGCCAL ATTCATA
F1k-PLE1HX1 : AAGGCGETTGCCA ATTCATA
Flk-PLE1MHZ : AAGGCGCTTGCCAR ATTCATA
F1k-PLE1GX4 : AAGGCGCTTGCEA ATTCATA
Flk-PLE1GY4 : AAGGCGCTTGLLAL 4 ATA
F1k-PLE1YX4 : AAGGCGETTGEEAS ATTCATA
Flk-PLE1FNZ : AAGGCGCTTGLCAL A
F1k-PLE1HX3 : AAGGCGCTTGCCAR ATTCATA
Flk-PLE1MH3 : AAGGCGCTTGCCAL ATTCATA
Flk-PLE1HX4 : AAGGCGCTTGECAL A ATA
Flk-PLE1GX1 : AABGEEETINGCA ATTCATA
F1k-PLE1LS2 : AAGGCGCTTGLEA ATTCATA
F1k-PLE1LS3 : AAGGCGCTTGCLAL ATTCATA
F1k-PLE1LS1 : AAGGCGETTGCEA ATTCA
F1k-PLEINC3 : AAGGCGCTTGCTA A
Flk-PLE1SY4 : AAGGCGCTTGEOA ATTCATA
Flk-PLEINC4 : AAGGCGCTTGCCAL ATTCATA
F1k-PLEINCZ : AAGGCGETTIGECA ATTCATA
Flk-PLELJZ3 : AAR A A ATA
Flk-PLE1LS4 : AAR M MCA ATA
F1k-PLE1YZ2 : AAGGCGCTTGCCA ATTCATA
F1k-PLE1YZ3 : AAGGCGCTTGCCAL ATTCA
F1k-PLELJZ1 : AAGGCGCTTGCTAR ATTCA
Flk-PLE1JZ4 : AAGGCGCTTGCOAS ATTCATA
F1k-PLE1YX3 : AAGGCGCTTGCCAR ATTCATA
F1k-PLE1GNZ :  AAGGCGETTGECAR ATTCATA
Flk-PLE1YZ1l : AAGGCGCTTGCCAR
F1k-PLEITCl : AAGGCGCTTGCEA ATTCA
Flk-PLE1TC3 : AAGGCGCTTGLLCAL A A
Flk-PLE1TC4 : AAGGCGLTTGCCAL A ATA
Flk-PLE1LHL : AAGGCGCTTGCCAL ATA
Flk-PLE1GZL2 : AAGGCGCTTGEC AL A
Flk-PLE1YS1 : AAGGEGCTTGECA ATTCATA
F1k-PLE1YS4 : AABGCGETTGECA ATTCA
F1k-PLE1JJ3 : AAGGCGCTTGCCAR ATTCATA
F1k-PLE1JJ4 : AAGGEGCTTGLEAR ATTCATA
F1k-PLE1JJ2 : AAGGCGCTTGLLA ATTCATA
F1k-PLE1DYZ : AAGGCGETTGCEAS ATTCA
Flk-PLE1DY3 : AAGGCGCTTGCCAL A ATA
Flk-PLEIDY4 : AAGGCGCTTGCCAR ATA
F1k-PLEIXY3 : AAGBEGCTTGEEAL ATTCATA
Flk-PLE1GZL4 : AAGGCGETTGCCAL A A
Flk-PLE1QC4 : AAGGCGCTTGCCAR ATTCATA
Flk-PLE1XYl : AAGGCGCTTGCEAL A ATA
F1k-PLE1XY4 : AAGGCGCTTGLLAL ATTCATA
F1k-PLEIXY2 : AAGGCGETTGCCA ATTCA
F1k-PLELJZ2 : AAGGCGCTTGCTAR ATTCA
F1k-PLE1YJ2 : AAGGCGCTTGCOAL
Flk-PLE1YJ4 : AAGBEGCTTGEOAL
F1k-PLE1YJ3 : AAGGCGCTTGCCAR
Flk-PLE1LH4 PPN LA, T~ PR AAGGCGCTTGCC A ASEENTEEEEEE S

a_____ G . 36__T G GAT  CAh Ab T______ G C(A_____A
SVP1 SVP2 SVP3 SVP4 SVP5 SVP6
Figure 3 Six special variation positions (SVP). The location of each SVP in the sequence is indicated by Arabic numbers on the top. The
omitted sequences are indicated by ellipses. The black short line indicates that there is no base. FIk-PLETGN is from the Guangning (GN)
population. FIk-PLETYS is from the Yangshuo (YS) population. FIk-PLETGX is from the Ganxian (GX) population, and so on.
A\
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Table 4 The variation rate in different areas of CsuPLE1.1

Area Length No. of position Variation rate*

(average + SEM) variances* (average + SEM)
(average + SEM)

5" outside the  613.2+03 38+04 0.0062 + 0.0007 B

ORF region

Inside the ORF 1518 £0 8+08 0.0053 £ 0.0005 B

region

3" outside the 278 +0.1 31+03 0.0113+£00011 A

ORF region

*A certain position contains an/a insertion, deletion, transition or transversion
was recorded as one variance position. For the variation rate, were significant
variations (p < 0.01) between the 3’ outside the ORF region and inside the ORF
region, and the 5’ outside the ORF region.

containing approximately 50 ng gDNA, 0.2 mM of each
dNTP, 1.5 mM of Mg2+, 0.2 uM of each primer, 2.5 pl of
10 x LA PCR buffer (Mg2+ free) and 0.25 pl (5 U/pl) of
LA Tag polymerase (TaKaRa).

Based on this 1616 bp fragment, two pairs of nested
primers for inverse PCR were designed. Inverse PCR was
then performed on HX individuals with these two pairs of
nested primers to obtain the full-length CsuPLEI. The
following two pairs of primers were used for the nested
inverse PCR: external primer pair (IPS1: 5-TTGGCT
TTCGCAGAAGGGTA-3" and IPAl: 5'-CGTTTTCTC
CATGCGTAGGTA-3'); Internal primer pair (IPS2: 5'-
CATGCTGATAGTCGTAAAGACCA-3" and IPA2: 5'-
ATCACTCACCATAATCTGCCCT-3"). The inverse PCR
was performed using LA Taq polymerase (TaKaRa) with
the following protocol: 95°C for 3 min; 94°C for 30 s, after
which the annealing temperature of the reaction was
decreased by 1°C for 30 s every cycle, from 63°C to 53°C,
followed by 72°C for 4 min; 25 cycles of 94°C for 30 s,
53°C for 30 s, and 72°C for 4 min; and final elongation at
72°C for 10 min. The final PCR volume is 25 pl containing
approximately 50 ng gDNA, 02 mM of each dNTP,
1.5 mM of Mg2+, 0.2 uM of each primer, 2.5 pl of 10 x LA
PCR buffer (Mg2+ free) and 0.25 pl (5 U/ul) of LA Taq
polymerase (TaKaRa).

All PCR products were purified with an AxyPrep DNA
Gel Extraction Kit (Axygen) and directly cloned into the
pGEM-T Easy vector (Promega, Madison, WI, USA),
and three clones were sequenced by GenScript Biotech-
nology Co., Ltd. Nanjing, China. The sequencing results
were compared with non-redundant databases in the
NCBI server using BLASTX and TBLASTX (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). CLUSTAL X1.8 [38] was used
to align the putative transposase sequence of CsuPLEI to
27 PLEs with full-length transposases from other species
sourced from Genbank. Phylogenetic analysis of the differ-
ent PLE transposases was then performed on the aligned
sequences in MEGA version 4 using the neighbor-joining
method [39].
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RNA extraction and first-strand cDNA synthesis for RT-PCR
Chilo suppressalis individuals from our laboratory strain
were chosen at random for total RNA extraction. One
forth-instar larvae was stored at —80°C for subsequent
RNA extraction. Total RNA was isolated using a Pro-
mega SV Total RNA Isolation system (Promega) using
the manufacturer’s protocol.

Approximately 1 pg of total RNA was used as a tem-
plate for first-strand ¢cDNA synthesis with the Prime-
Script RT reagent kit (TaKaRa) in a 20 pl reaction.
Reactions were conducted at 37°C for 15 min, followed
by 85°C for 5 s, and stopped by cooling on ice for
5 min.

Determination of CsuPLE1 transcript by RACE

In order to determine the sequence of the intact tran-
script of CsuPLEI, 5'- and 3'-RACE was conducted
using the SMART RACE cDNA Amplification Kit
(Clontech, Mountain View, CA, USA) using the manu-
facturer’s protocol. The first-strand 5'-RACE-ready
¢DNA and 3'-RACE-ready cDNA was synthesized from
1 pg of total RNA using SMARTScribe Reverse Tran-
scriptase (Clontech). The synthesized first-stand 5'-
RACE-ready cDNA was used as a template to amplify
the 5" end of CsuPLEI cDNA using the Universal Pri-
mer A Mix (UPM) and the Nested Universal Primer A
(NUP) with the two CsuPLEI-specific reverse primers
(5RACEO1: 5 CTCCAGGCAAATTCTTTTTGACAGCA-
3" and 5RACEQ2: 5'- TCAAACCACTCAATTGGGCGC
TTATC-3’). The first round of PCR was performed using
LA Taq polymerase (TaKaRa) with the following protocol:
95°C for 3 min; 94°C for 30 s, after which the annealing
temperature of the reaction was decreased by 2°C for 30 s
every cycle, from 65°C to 55°C, followed by 72°C for 1 min;
25 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
1 min; and final elongation at 72°C for 10 min. The primers
used were UPM and 5RACEOL. The final PCR volume was
25 pl containing approximately 50 ng cDNA, 0.2 mM of
each ANTP, 1.5 mM of Mg>*, 0.2 uM of each primer, 2.5 pl
of 10 x LA PCR buffer (Mg>* free) and 0.25 pl (5 U/ul) of
LA Taq polymerase (TaKaRa). The second round of PCR,
also LA Taq polymerase (TaKaRa), was performed on 1 pl
of the first round PCR product. The PCR conditions were:
95°C for 3 min; 30 cycles of 94°C for 30 s, 66°C for 30 s,
and 72°C for 1 min; and final elongation at 72°C for
10 min. The primers used were NUP and 5RACEO02. The
final PCR volume was 25 pl and concentrations of all other
reagents within the reaction were the same as the first
round of PCR. Likewise, the synthesized first-stand 3'-
RACE-ready cDNA was employed as a template to
amplify the 3" end of CsuPLEI cDNA using UPM and
NUP and the two CsuPLEI-specific forward primers
(3RACEOL: 5'-GAAATGGTACATGCCGTTGCTCACAC-
3" and 3RACE02: 5'-TCATCTTGGCTTTCGCAGAAGG
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1 Gongzhuling(GZL) 12 Jiangjin(J.J)

2 Ganyu(GY) 13 Xiangyin(XY)

3 Funan(FN) 14 Nanchang(NC)

4 Yizheng(YZ) 18 Yongjia(Y.J)

5 Hexian(HX) 16 Shaoyang(SY)

6 Deyang(DY) 17 Minhou(VMH)

7 Tongcheng(TC) 18 Ganxian(GX)

8 Jingzhou(JZ) 19 Yangshuo(YS)

9 Qichun(QC) 20 Longhai(LH)
10 Yinxian(YX) 21 Guangning(GN)
11 Leshan(LS)

indicated by yellow arrows.

Figure 4 Sampling locations and potential migration directions of C. suppressalis. The letters in the brackets are the location abbreviations.
The putative original settlement of C. suppressalis in China is indicated by red circle. The putative migration directions of C. suppressalis are

the original
settlement of
C. suppressalis
in China

¢ 7

P

GTAG-3’). The conditions of these two rounds of
PCR were the same as those for the amplication of the
5" end of CsuPLEI cDNA, respectively. All the PCR
products were subcloned into the pGEM-T Easy vec-
tor (Promega) and three clones were sequenced as de-
scribed above.

Vectorette PCR for TE-display and UPGMA tree
construction

Vectorette PCR was used to isolate the CsuPLEI’s flank-
ing sequences and to examine insertion site diversity.
Vectorette PCR was performed as previously described
[40]. Two anchoring bubble linker oligonucleotides were
designed to make the vectorette unit for ligation to the
Hind 111 digested gDNA.

The vectorette unit was prepared as described in Ko
et al. [40]. For this analysis, eight individuals were ran-
domly selected from each of 12 field populations. Ap-
proximately 1 pg of gDNA was digested at 37°C for 6 h
using Hind 1II (NEB, Ipswich, MA, USA) in a 20 pl reac-
tion. The digested gDNA was ligated with the vectorette
unit using T4 DNA ligase (NEB). Two rounds of nested
PCR with two pairs of primers were then carried out using
the following primers: VPCR1: 5'-CCCTTCTCGAATCG
TAACCG-3" (vectorette external primer), VPCR2: 5'-
CGTAACCGTTCGGTCCTCTG-3" (vectorette internal
primer), VP5R1: 5-TGCCATGTCTGCAACGCACT-3’
(5" specific external primer), VP5R2: 5'-AGCTGAC
ACGTTTCTTACTGC-3" (5’ specific internal primer).
The Vectorette PCR was performed in a 10 pl reaction

vect 83:5-CCCTTCTCGAATCGTAACCGTTCGGTCCTCTG-3"

L1

I el

vect 5§7:3-GGGAAGAGAGCAGGCAAGAARATGGCAGGAGACTCGA-5'(Hind III)
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volume containing approximately 25 ng gDNA, 0.2 mM of
each ANTP, 1.5 mM of Mg*, 0.2 uM of each primer, 2.5 pl
of 10 x LA PCR buffer (Mg** free) and 0.1 pl (5 U/ul) of
LA Taq polymerase (TaKaRa). These two rounds of Vector-
ette PCR amplification conditions were 3 min at 95°C for
initial denaturation, then 94°C for 30 s, after which the an-
nealing temperature of the reaction was decreased by 1°C
for 1 min every cycle, from 65°C to 51°C, followed by 72°C
for 2 min 30 s; then 23 cycles of 94°C for 30 s, 52°C for
1 min, and 72°C for 2 min 30 s; and final elongation at
72°C for 10 min. For the second PCR, 1 pl of 100-fold di-
luted first round PCR product was used as the template.
All the PCR products were visualised on a 2% agarose gel
with ethidium bromide (EB) staining. To obtain the flank-
ing sequences of CsuPLEI in C. suppressalis genome, the
vectorette PCR products were cloned and sequenced as de-
scribed above.

Based on the 5" insertion sites of CsuPLEI, a 0 (no in-
sertion) / 1 (with insertion) binary matrix was constructed.
Genetic similarities (GS) (Additional file 8: Table S4) be-
tween pairs of field populations were measured as GS(if)
=2a/(2a + b + ¢) where a is the number of co-existed in-
sertion sites in both samples, b is the number of presence
insertion sites in i but absent in j, and c¢ is the number of
presence insertion sites in j but absent in i [41,42]. Genetic
similarities were used to construct a UPGMA phylogen-
etic tree in Phylip version 3.695 [43].

The CsuPLE1.1 insertion frequency, sequence variations and
MP tree construction
Inverse PCR identified approximately 1480 bp of flanking
sequence from the putative intact copy of CsuPLEI.1. The
absence or presence of CsuPLEI.1 in the insertion site
(corresponding to the 5" insertion site 2 in Table 1) in in-
dividual C. suppressalis was examined by flanking PCR
with the primer pairs FIk-F (5'-TAACTAAGGTTCGCT
GATGAC-3") and Flk-R (5'-GATGCGCCTATCTATTT
CG-3’). These primers flank the insertion site. For this
analysis, a total of 945 individuals were randomly selected
from 21 field populations. For each field populations, 45
individuals were selected (three groups, 15 individuals in
each group). The absence of CsuPLEI.I at the insertion
site was indicated by a 264 bp amplicon, and its presence
was indicated by an approximately 2670 bp amplicon. The
flanking PCR amplification conditions were as follows: ini-
tial denaturing at 94°C for 3 min, followed by 30 cycles of
94°C for 30 s, 55°C for 30 s, 72°C for 3 min, and a final ex-
tension at 72°C for 10 min. The PCR products were run
on a 1.5% agarose gel with EB staining to detect the pres-
ence or absence of the CsuPLE1.1 insertion in each indi-
vidual. The resulting PCR products were purified, cloned
and sequenced as described above.

To compare nucleotide variation inside and outside
OREF regions, the CsuPLEI1.1 transposon sequence was
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divided into three parts: (i) the PLE 5" outside the ORF
region, (ii) inside the ORF region (from the initiator
codon to the termination codon) and (iii) the PLE 3’
outside the ORF region. Four individuals containing the
CsuPLE].1 copy in each of the 21 field populations were
randomly selected from those samples mentioned in this
section above and the CsuPLEl.l copy was purified,
cloned and sequenced as described above. The four Csu-
PLE1.1 copies were aligned independently for each of
the 21 field populations using CLUSTAL X1.8. All nu-
cleotide variation, including indels and single nucleotide
polymorphisms, were scored as a single variant. The
number of variants (Nv) and the length of each part (L)
were used to calculate the variation rate (Rv) where Rv =
Nv/L.

To examine variation in CsuPLEI.1 sequences between
field populations, all 84 CsuPLEI.1 copies (4 CsuPLEI.1
copies from 21 populations) were aligned using CLUSTAL
X1.8, A phylogenetic tree was generated using Maximum
Parsimony in MEGA 4.
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