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Ty1-copia retrotransposons are ubiquitous in the plant kingdom and have an important effect on genome
structure and evolution. Cucumis hystrix (2n=2x=24) is an exotic wild species of Cucumis with a number
of valuable traits that are not available in cultivated cucumber. However, lack of the basic genome struc-
ture and evolutionary information about C. hystrix has hindered its utilization in cucumber breeding and
evolutionary research. In the present study, reverse transcriptase (RT) sequences of Ty1-copia retrotrans-

’(feywofd;: o posons were isolated from genome of C. hystrix by PCR amplification using degenerate oligonucleotide
R:ffong:zngsozzns primers. The 24 clones obtained were different from each other and showed high heterogeneity. Of the

24 sequences, 13 are intact whereas the remaining sequences have a stop codon, a frameshift, or both.
Southern hybridization revealed that Ty1-copia retrotransposons distributed widely in C. hystrix by mul-
tiple copies, and the total number was estimated to be about 5460 as calculated by dot-blot hybridization.
The retrotransposons of this kind comprise approximately 8.5% of the C. hystrix genome. No transcription
of Ty1-copia retrotransposons was detected by reverse transcriptase PCR (RT-PCR) in leaves of chilling
or heat treated plants. Moreover, phylogenetic analysis showed that the 24 RT sequences were divided
into five families and had homology with other species, indicating that both vertical transmission and
horizontal transmission are the source of Ty1-copia retrotransposons in C. hystrix. FISH with Ty1-copia
retrotransposons in C. hystrix revealed the retrotransposons of this kind were widely dispersed over
all the chromosomes with clustering in terminal heterochromatin regions. These results contribute to
our understanding about the organization and evolution of C. hystrix genome and will provide valuable
information for the utilization of retrotransposons in C. hystrix.
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1. Introduction

The mobile genetic elements called retrotransposon are the
largest class of transposable elements (TEs). They are ubiquitous
in the plant kingdom, and present in high copy numbers in most
plants, making them major constituents of plant genomes (Kumar
and Bennetzen, 1999). They move to new genome locations via an
RNA intermediate, which are reversely transcribed into DNA by the
encoded reverse transcriptase/RNaseH enzymes prior to reinser-
tion into the genome (Grandbastien, 1992). Retrotransposons can
be divided into two major groups: LTR (long terminal repeat) and
non-LTR retrotransposons according to the presence or absence of

Abbreviations: LTR, long terminal repeat; ORF, open reading frame; PCR, poly-
merase chain reaction; RT, reverse transcriptase; RT-PCR, reverse transcription PCR;
TE, transposable element.
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LTR (Kumar and Bennetzen, 1999; Bennetzen, 2000). LTR retro-
transposons are further subclassified into the Ty1-copia and the
Ty3-gypsy groups that differ from each other by sequence similar-
ity and the order of their catalytic enzymes, encoded gene products
(Kumar and Bennetzen, 1999).

Ty1-copia retrotransposons are present throughout the plant
kingdom, ranging from algae to bryophytes, gymnosperms, and
angiosperms (Voytas et al., 1992). However, due to the presence
of stop codons, frameshifts, and deletions, most retrotransposons
appear to be nonfunctional (Bennetzen, 2000), but might be acti-
vated by various stresses (Grandbastien, 1998). Only a handful of
them have been reported to be active, including Tnt1 (Grandbastien
et al,, 1989) and Ttol (Hirochika, 1993) from tobacco, the Tos
elements from rice (Hirochika et al., 1996), BARE-1 from barley
(Manninen and Schulman, 1993), CIRE1 from Citrus sinensis (Rico-
Cabanas and Martinez-Izquierdo, 2007), and Reme1 from melon
(Ramallo et al., 2008). Retrotransposons are present in high copy
numbers in most plants. They typically account for more than
half of the total DNA (Kumar and Bennetzen, 1999), and in some
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species such as bread wheat they even accounts for 90% of the
nuclear genome (Flavell, 1986). It is proved that retrotransposons
have contributed to increasing genome size in the plant kingdom,
and play important roles in the evolution of genome (Kumar and
Bennetzen, 1999; Feschotte et al., 2002). Furthermore, retrotrans-
posons can also generate mutations by inserting within or near
genes (Kashkush et al., 2002, 2003), and cause chromosomal rear-
rangements by means of ectopic recombination (Bennetzen, 2002).

Cucumis hystrix (2n=2x=24)is an exotic wild species of Cucumis
with a number of valuable traits that are not available in culti-
vated cucumber (Qian et al,, 2002; Zhuang et al., 2002; Chen et
al., 1994). It is the closest wild species of cucumber and the only
one that is cross-compatible with cucumber, which makes it pos-
sible to transfer the unique disease resistance genes from C. hystrix
into cucumber (Chen et al.,, 1997, 2004). However, lack of the
basic genetic and evolutionary information about C. hystrix has hin-
dered its further utilization in cucumber breeding and evolutionary
research.

In Cucumis, numerous sequences of LTR retrotransposons were
isolated and characterized from Cucumis melon genome, and the
transcription of a copia retrotransposon Reme1 could be induced
by UV light (Ramallo et al., 2008). In our former research, we iso-
lated Ty1-copia retrotransposons from Cucumis sativus (Jiang et
al., 2008). However, little is known about Ty1-copia retrotrans-
posons and their genetic distribution in C. hystrix. The genome
characterization with reference to the content, heterogeneity, and
overall distribution of retrotransposons will contribute to our thor-
ough understanding about C. hystrix genome organization and
its evolution. Therefore, in the present study, we isolated the
reverse transcriptase sequences of Ty1-copia retrotransposons in
C. hystrix genome, and investigated their sequence heterogeneity,
phylogeneticrelationships, genetic distribution, copy numbers, and
transcriptionally activity.

2. Materials and methods
2.1. Plant material and isolation of nucleic acids

Seedlings of C. hystrix Chakr. (2n=2x=24) were grown in the
research experiment field of Nanjing Agricultural University. Total
DNA was extracted from the fresh leaves using the CTAB method
described by Murray and Thompson (1980) with some modifica-
tions.

Seedlings with two fully expanded leaves were used as exper-
imental material for cold and heat treatment respectively. Some
seedlings were transferred to a growth chamber and the temper-
ature was set at 15°C (day)/8°C (night) lasted 1 day for chilling
treatment. Meanwhile, others were laid in another chamber and
treated at 38°C for 2 h. Total RNA was isolated from fresh leaves
of cold and heat treated plants using the Trizol Kit (Promega,
USA) according to the manufacturer’s instructions. RNA quality was
checked by running samples on a formaldehyde agarose gel. The
residual DNA was removed by DNase I (RNase-free) (Takara, Japan),
and RNA concentration was estimated using a spectrophotometer.

2.2. Polymerase chain reaction (PCR) and cloning of PCR products

Using total genomic DNA as a template, the RT domains of
Ty1-copia group retrotransposons was amplified by PCR with the
degenerate primes Co1 5-CAN GCN TTY YTN CAY GG-3’ encoding
TAFLHG and Co2 5'-ARC ATR TCR TCN ACR TA-3’ encoding YVDDML
(Kumar et al., 1997). PCR amplifications were performed in 20 .l
reaction mixtures with 50 ng gDNA, 50 pmol of each primer of Co1
and Co2, 0.2 mmol/l of dNTP, 2.5 mmol/l of MgCl, and 1U of Taq
polymerase (Takara, Japan). Reactions were denatured at 94 °C for

1 min, followed by 35 cycles of 1 min at 94°C, 1 min at 42°C and
1 min at 72 °C, with a final elongation step of 7min at 72°C.

The PCR products were separated by electrophoresis on 1%
agarose gels in 1 x TAE buffer and visualized under UV light after
staining with ethidium bromide.

2.3. Cloning and sequencing

The PCR products of expected size were recovered and purified
by DNA Gel Extraction Kit (Karroten, China). The purified fragments
were cloned into the vector pMD19-T (Takara, Japan) and then
transformed into E. coli strain DH5«.. Recombinant clones were used
directly as templates for PCR to identify the insert sizes in clones,
and the clones having expected size were sequenced, which was
done by Invitrogen Bio-Technology Co., Ltd., Shanghai, China.

2.4. Sequence analysis

Searching for homologous sequences of our clones were
performed with the BLASTN, BLASTX and TBLASTX searching
tools as implemented on the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/) non-redundant
databases. Other RT sequences were used to create a compara-
tive phylogenetic dendrogram. C. sativus: SC1 (EU162112), SC2
(EU162114), SC3 (EU162121), and SC4 (EU162124); C. melon:
CM1 (AM182641), CM2 (AM182630), CM3 (AM182625), and CM4
(CAJ76068); C. sinensis (AAT72463); Oryza sativa (CAD40121);
Malus x domestica (AAX56355); Beta vulgaris (CAA93148); Nico-
tiana tabacum (X13777); Triticum aestivum (AAA34262); Camellia
sinensis (AAY98501); Populus ciliate (AAT73707); Prunus mume
(ABF57057); and Solanum lycopersicum (AAC34611). Multiple
sequence alignments were performed using Clustal W (Thompson
et al., 1994). The construction of phylogenetic trees and bootstrap
tests with 1000 replications were carried out using MEGA 4.0 soft-
ware by NJ method.

2.5. Southern hybridization and dot-blot analysis

To detect the distribution of the LTR retrotransposons in C.
hystrix, genomic DNA was digested with two restriction enzymes
(EcoRV and HindlIll), and then separated on 1% agarose gels and
transferred to positively an Immobilon-Ny* membrane (Milli-
pore, Boston, MA, USA). The 260bp PCR product was used as
a probe, which were labeled using digoxigenin-dUTP by ran-
dom prime-labeling. Hybridization was carried out at 65°C for
18 h, with washing conditions as recommended by the manu-
facturer (DIG HIGH Prime DNA Labeling and Detection Starter
Kit II; Roche, Mannheim, Germany). Hybridization was performed
at 42°C overnight, while membranes were washed twice with
2 x SSC/0.1% SDS at 65°C.

The copy number of the Ty1-copia retrotransposons was esti-
mated using Southern dotblotting hybridization. The copy numbers
was calculated using the method described by MacRae (1998)
(copy number = the size of haploid genome x average proportion of
nuclear genomic DNA hybridizing to the probe/the size of probe).
Serial dilutions of C. hystrix genomic DNA (300 ng, 200 ng, 100 ng,
80ng, 50ng) and the RT gene fragments of Ty1-copia retrotrans-
posons (1000 pg, 500 pg, 400 pg, 250 pg, 100 pg) were spotted on
an Immobilon-Ny* membrane (Millipore, Boston, MA, USA). The
PCR product of RT fragments was used as a probe. Hybridization
and washing conditions were the same as described for South-
ern hybridization. The hybridization signals were subsequently
detected with the Ultraviolet Transilluminator Bioimaging Systems
equipped with Gel Base-Gel software (UVP, USA), and analyzed
on a Vision Works LS Image Acquisition and Analysis Software
Ver5.5.5. Then two linear regression equations reflected hybridiza-
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tion signals of genomic DNA and RT genes were calculated and
the corresponding were used to estimate the copy number of the
sequenced probe in the sample of genomic DNA.

2.6. Chromosome preparation and FISH

Fresh roots of C. hystrix were harvested and fixed in freshly
prepared 3/1 mixture of 100% methanol/glacial acetic acid for at
least 1 day. The roots were then rinsed for 5 min in distilled water
for three times. Subsequently, cut off the root-tips and transferred
into enzyme mixtures containing 4% cellulose and 2% pectinase at
28°C for 2 h. The enzyme solutions were replaced using distilled
water and left on ice for 30 min before transferring the root-tips
into the fixative solution (100% methanol/glacial acetic acid, 3/1).
Completely macerated the root tip on a slide and flame dry the slide.
Then check the quality of chromosomes under a phase contrast
microscope and stored in —70°C freezer until use.

FISH was conducted essentially according to published pro-
cedures (Jiang et al, 1995). The total RT genes of Tyl-copia
retrotransposons were labeled with biotin-16-dUTP (Roche) and
detected with antibiotin antibody (Roche). Chromosomes were
counterstained with DAPI in an anti-fade solution VectorShield
(Vector Laboratories, Burlingame, CA), and images were captured
using a SenSys CCD camera attached to an Olympus BX60 micro-
scope. The CCD camera was controlled using IPLab Spectrumv3.1
software (Signal Analytics, Vienna, VA) on a Macintosh computer.

2.7. Reverse transcription polymerase chain reaction (RT-PCR)

First-strand cDNA was synthesized from total RNA using Rever-
Tra Ace Kit (M-MLV) following the instruction (Toyobo, Japan). The
reverse transcription reaction mixture contained 1-2 g of total
RNA, 1 .l 10 mmol/l each dNTP, 0.5 pl random primer (50 pmol/l)
and 0.5 pl Oligo d(T)18 primer (50 pmol/l) and RNase-free water
up to 10 pl. The mixture was incubated at 65°C for 5min, and
subsequently kept in ice water immediately for 2 min. Then 4 .l
5 x first-strand synthesis buffer, 1 .l RNase inhibitor, 1 pl reverse
transcriptase, and 4 pl RNase-free water were added. The reaction
mixture were incubated at 25 °C for 10 min, then at 42 °C for 60 min,
and finally kept in ice water for 2 min. PCR was carried out using the
same degenerate primers and cycling conditions as above, except
that 1 pl of first-strand cDNA was used as the template. Meanwhile,
water was used as a negative control and gDNA as a positive control.

3. Results
3.1. Tyl1-copia RT sequences and alignments

Degenerate primers Col and Co2 based on conserved amino
acid sequence domains of Ty1-copia RT yielded an expected 260 bp
fragment. When recovered and cloned, a total of 35 clones were
randomly selected for sequencing. When blast and compared
with each other, 24 unique clones (named as CORT1 to CORT24)
were obtained. Sequences ranged in length from 263 bp to 270 bp.
These sequences were AT-rich, with AT content ranging from
59.2% and 66.5% (Table 1). Homology between these nucleotide
sequences ranged from 51.0% to 98.5%. The conceptual open read-
ing frames (ORFs) of the sequences corresponded to the conserved
motifs expected by Ty1-copia retrotransposons. These sequences
have been submitted to GenBank with the accession numbers of
GU569968-GU569991.

The putative Ty1-copia group RT sequences were translated
into amino acids and where necessary, were edited for frameshift,
based on published residue landmarks of plant retrotransposon
RTs. Among the 24 sequences, 11 (46%) contain stop codons and/or
frameshift mutations, while the remaining 13 (54%) sequences are

Table 1
The nucleotide composition of reverse transcriptase domains of Ty1-copia retro-
transposons in C. hystrix.

Sequence no. Size (bp) A+T content (%) Accession number
CORT1 263 64.3 GU569968
CORT2 266 64.7 GU569969
CORT3 270 65.2 GU569970
CORT4 266 66.2 GU569971
CORT5 266 63.5 GU569972
CORT6 269 60.6 GU569973
CORT7 266 63.5 GU569974
CORT8 264 63.3 GU569975
CORT9 263 64.6 GU569976
CORT10 270 65.6 GU569977
CORT11 270 65.9 GU569978
CORT12 266 60.5 GU569979
CORT13 266 66.2 GU569980
CORT14 266 65.0 GU569981
CORT15 266 66.5 GU569982
CORT16 264 62.5 GU569983
CORT17 263 65.4 GU569984
CORT18 266 64.3 GU569985
CORT19 265 63.4 GU569986
CORT20 264 62.5 GU569987
CORT21 265 59.2 GU569988
CORT22 263 61.6 GU569989
CORT23 266 65.8 GU569990
CORT24 263 65.8 GU569991

intact, which means there is neither a stop codon nor frameshift
within the coding regions when translated (Fig. 1). The homol-
ogy matrix between individual sequences ranged from 38.8% to
100%.

3.2. Phylogenetic analysis of Ty1-copia RT sequences from C.
hystrix

To study the relationships among the obtained RT sequences
representing the Tyl-copia retrotransposons in C. hystrix, a
neighbor-joining tree was constructed by MEGA 4.0 software. These
RT sequences were divided into five groups (Fig. 2). Group 1 is
the largest one, which contained 17 sequences, and its mem-
bers were very similar to each other, indicating that they were
recently duplicated. Two groups (2 and 4) each containing one sin-
gle sequence were separated as independent groups because of
their long-distance to all the other sequences.

For comparative purpose, sequences of Tyl-copia group RT
sequences from other species identified from GenBank database
were included in the phylogenetic analysis (Fig. 3). The compara-
tive tree sustained the five groups identified in Fig. 2. The first group
in Fig. 3 seemed to be associated with EU162124 isolated from
C. sativus, and EU162121 also from C. sativus was associated with
group 5. Group 4 appeared to be associated with EU162112 from C.
sativus as well as ABF57057 isolated from Prunus mume. Besides,
the RT sequences we cloned were divided into different group,
which showed the high diversity of retrotransposon within C. hys-
trix. From these results, we concluded that horizontal transmission
had happened during the evolution of these retrotransposons in C.
hystrix.

3.3. Southern hybridization and dot-blot analysis

The genomic organization of Tyl-copia retrotransposons was
revealed by Southern hybridization. Total genomic DNA from C.
hystrix was digested with the EcoRV and HindIll restriction enzyme,
and then probed with the total C. hystrix RT-PCR products. A strong
hybridization signal was obtained from genomic DNA, indicating
the presence of high copy numbers of homologous sequences in C.
hystrix (Fig. 4). Asmear was present over the whole track, indicating
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Group 1

CORTS TAFLHGYT-LDETITMVQPEGFEVQGEEDL -
CORET17  TAFLHGY-LDETIYMVQPEGFEVQGEEDL-
CORT24d  TAFLHGY-LDETITMVQPEGFEVQGEEDL-
CORTH TAFLHGY-LEETITMV+PEGFEVQGEENL -
CORT14d  TAFLHGY-LEETITMV+PEGFEVQGEENL-
CORTT TAFLHGY-LEDTMYNVQPEGFEVQGEEDL -
CORT3 TAFLHGYLLDETIYMVQPEGFEVQGEEDL -
COET10  TAFLHGYLLDETIYMVQPEGFEVQGEEDL-
CORT11  TAFLHGYLLDETIYMVQPEGFEVQGEEDL—
COET15  TAFLHGY-LDQTIYMVQPEGFEVQGEEDL-
CORT4 TAFLAGY-LDQTIYMVQPEGFEVQGEEDL—
CORT2 TAFLHGY _LDEITYMVQPEGFEVQGEEDL—
CORTE TAFLHGY-LDETITMEQPEGFEVQGEEDL -
CORT16  TAFLHGY-LDETIYMEQPEGFEVQGEEDL-
CORT20  TAFLHGY-LDETIYMEQPEGFEVQGEEDL-
CORT19  TAFLHGY-LVETITMVQPQSFEAQGEADL-
Group 2

CORT13  TAFLHGD-LTEDIYMNQPQGYIEEGEEDQ—
CORT23  TAFLHGD-LTEDIYMNQPQGYIEEGEEDQ—
CORT156  TAFLHGD-LAEDIYMNQPQGYIEEGEEDQ—
Group 3

CORT21  TAFLHGD-LQEEVYMEQFPGFVAQGESDE-
CORT2Z  TAFLHGD-LQEEVYMEQSPRFVA+RESDE-
ungrouped

CORT12  TAFLHGE-LEERITMAQLEGHLEEESEDM-
CORTE

—TCLLEESIYRLEQSFRCWYREFD-DFIASLGFQRSSYDMCVTINS-TCEDEVYLLLYVDDN
—YCLLEESIVYRLEQSPRCWYRRFD-DF IASLGFQRSSYDMCWT INS-TCEDEVYLLLYVDDN
—TCLLEESIVYRLEQSPRCWYRRFD-DF IASLGFQRSSYDMCWT INS-TCEDEVYLLLYVDDN
—YCLLERSIVGLEQ SPRCWYRRFD-DF IASLGFQRSSYDMCWT INSTTYEDEVYLLLYVDDN
—YCLLERSIVGLEQ SPRCWYRRFD-DF IASLGFQRSSYDMCWT INSTTYEDEVYLLLYVDDN
—YCLLEESITVGLEQ SPRCWYRRFD-DF IASLGFQRSSYDMCWT INSTTYEDEVYLLLYVDDN
—T{LLEES ISGLEQSPRCWYREFD-DFLASL SFQ IS SYDMCYY INPTTYEDEVYLLLYVDDM
—T{LLEKS ISGLEQSPRCWYREFD-DFLASL SFQ IS SYDMCYY INPTTYEDEVYLLLYVDDM
—Y{LLEES ISGLEQSPRCWYREFD-DFLASL SFQ IS SYDMCVY INPTTYEDEVYLLLYVDDM
—YCLLEES ICGLEQSPRCWDERFD-DF LASL SFQRSSYDMCGY INSTTYEEEVYLLLYVDDM
—T{LLEKS IVGLEQSPRCWCREREFD-DF LASLGFQRSSYDMCYY INSTTYEDEVYLLLYVDDM
—T{LLEKL IYGLEQLPRCWYRRFD-DF LASLGFQRSSYDMCVY INSTTYEGEVYLLLYVDDN
S ~LLEESIYGLEQSPRCWARREFN-DF LASLGFQRSSYDTCVY INSTSYEDEVYLLLYVDDN
S ~LLEESIYGLEQSPRCWARREFN-DF LASLGFQRSSYDTCVY INSTSYEDEVYLLLYVDDN
S ~LLEESIYGLEQSPRCWARREFN-DF LASLGFQRSSYDTCVY INSTSYEDEVYLLLYVDDN
—TCLLEES IYRLEQSPRCWYERFD-DF TASLGFQRSSYDMCGY INSTTYEDEVYLLLYVDDN

~VCYLEESIYGLEQSPRCWYERFD-DFISELGFNESSYD SCAF TNSNEY SSEVYLLLYVDDM
—ICYLEESIYGLEQSPRCWYERFD-DFISELGFNESSYDSCAF TNSNEY SSTVYLLLYVDDNM

~VRYLEESITGLEQSPRCWYERFD-DFISELGFNESSYDSCAFINSTSY SSEVYLLLYVDDNM

—WCRLEESLYSLEQSPRAFFGEF S SQALVCFGMEK STSDHSVFTCR-SDNGIVLLVVTVDDN
—WCRLERESLY SLEQSFRAWFGEF S-QALVCF SMET STSDHSVFTRR-SDNGIVLLVVTVDDN

—WCLLEESLCGLEASPRCWYERFD-EF I SELKFERSSHD SGVT IRECEEEGEVALLNTVDDN

TAFLHGI-LTEEVYMEQPVGFMAES I 5Q-KPLVCELEEAL VCLEQAPRAWFDELET-FLL 5QG- ITHSKADCLLFMEL TNGSSCYILITVDDN

49

Fig. 1. Alignment of the conceptual translations of the nucleotide sequences representing the 24 RT sequences of Ty1-copia retrotransposons isolated from C. hystrix. Gaps

and stop codons are indicated as (-) and (*), respectively. Frameshift mutations are underlined.

that the Ty1-copia retrotransposons existed widely in the genome
of C. hystrix.

To estimate its copy number, Southern dot-blot hybridization
was carried out. Serial dilutions of total genomic DNA from C. hys-
trix and the RT gene fragments of Ty1-copia retrotransposons were
used to compare signal intensities (Fig. 5). The 260 bp fragments of
RT were used as a probe. As C. hystrix has the same number of chro-
mosomes with C. melon, we assumed the haploid genome size of
C. hystrix to be 450 Mb (Arumuganathan and Earle, 1991). Accord-
ing to the signal hybridization intensity, then we calculated that
the total number of Ty1-copia retrotransposons in C. hystrix was
approximately 5460. Assuming that all the RT copies detected in
the present study were representing full-length retrotransposons
and the average size of them was about 7 kb (Hill et al., 2005), Ty1-
copia retrotransposons accounted for approximately 8.5% of the C.
hystrix genome.

3.4. Chromosomal localization of Ty1-copia retrotransposons in
C. hystrix

To study the physical distribution of Ty1-copia retrotransposons
on interphase nuclei and metaphase chromosomes of C. hystrix,
fluorescent in situ hybridization was used. Total RT genes rep-
resenting the entire populations of Tyl-copia retrotransposons
were used as probe to hybridize to the chromosomes of C. hys-
trix. Sites of hybridization of probe to chromosomes were detected
with anti-digoxigenin-FITC antibodies (green) and chromosomes

were counterstained with DAPI (blue). From the interphase nuclei
it is evident that the Ty1-copia retrotransposons are widely dis-
tributed on the chromatin with clustering in some areas (Fig. 6A-C).
The signal of Ty1-copia retrotransposons is more remarkable on
metaphase chromosomes which indicated that retroelements of
this kind are clustered in all terminal heterochromatin (DAPI-
blight regions) regions of C. hystrix (Fig. 6D-F). On most metaphase
chromosomes the probe of retrotransposons shows a dispersed
organization with clustering in only one terminal region, however,
in some chromosomes, they are clustered on both terminal regions
(Fig. 6F, arrows).

3.5. Transcriptional analysis

The expression of retrotransposons and their transposition fre-
quency in the host genome is regulated (Hirochika, 1993; Hirochika
et al,, 1996). Most retrotransposons are transcriptionally silent
in most plant tissues during development. However, some retro-
transposons are transcriptionally activated by various biotic and
abiotic stress factors (Grandbastien, 1998). These abiotic stresses
included protoplast isolation, cell culture, wounding, methyl jas-
monate, CuCl,, salicylic acid and UV light. However, there is
little research about the effects of abiotic stresses such as cold
and heat treatment on the activation of retrotransposons. So we
carried out RT-PCR to investigate whether the cold and heat treat-
ment can induce transcription of Ty1-copia retrotransposons in C.
hystrix. Water was used as a negative control and gDNA as a pos-
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Fig. 2. Phylogenetic analysis of conceptually translated nucleotide sequences representing the Ty1-copia RT sequences from C. hystrix. The tree was generated using the MEGA
program. Numerals at the branch nodes indicate the bootstrap support out of 1000 replications. The branch lengths are proportional to the genetic distances as estimated by

the neighbor-joining method (Saitou and Nei, 1987).

itive control. However, no product corresponding to the expected
size of Ty1-copia retrotransposons was amplified from cDNAs of
treated seedlings as well as water, while the expected product was
amplified from gDNA. The result indicated that Ty1-copia retro-
transposons in C. hystrix were transcriptionally inactive under these
conditions.

4. Discussion

Retrotransposons comprise a significant proportion of plant
genomes, which make them one of the most important compo-
nents affecting the structural and evolution of genomes. To identify
Ty1-copia retrotransposons in C. hystrix, we used a PCR strategy to
clone the fragments of reverse transcriptase, by using the degener-
ate RT primers correspond to two conserved amino acid domains
of the Ty1-copia retrotransposons, TAFLHG (amino-terminal) and
YVDDML (carboxy-terminal) of reverse transcriptase (Kumar et al.,
1997). Twenty four RT sequences identified were highly hetero-
geneous. All the 24 sequences obtained were different from each
other. The high diversity of RT sequence of retrotransposon had
also been reported in other plants, such as tomato (Rogers and
Pauls, 2000), strawberry (Ma et al., 2008), and melon (Ramallo et
al., 2008). There could be several reasons for the high sequences

heterogeneity. One reason is the high mutation rates associated
with retrotransposition, which is the way of retrotransposons pro-
liferation. However, in the process of retrotransposition, there is
no proof-reading function of reverse transcriptase, which leads
to mutation increases with each replication cycle (Steinhauer and
Holland, 1986). Another reason is homologous recombination and
frequent mutation of methylated cytosine to thymine in the RT
sequences (Heslop-Harrison et al., 1997). As the RT sequences of
AT-rich could increase DNA flexibility, the increase of thymine in
RT sequence would result in high heterogeneity. In addition, both
horizontal and vertical transmissions are also thought to be con-
tributed to the high heterogeneity (Kumar and Bennetzen, 1999).
The retrotransposons from C. hystrix made clusters, which proved
the vertical transmission of retrotransposons. In the meantime, the
result of phylogenetic analysis showed that the sequences from
C. hystrix had high homology with that from other species, such
as C. sativus and P. mume (Fig. 3), which supports the horizon-
tal transmission. Furthermore, the presence of distantly related
retrotransposons within C. hystrix also supported the horizontal
transmission.

Previous studies indicated that the copy number of retrotrans-
posons might have association with the size of plant genomes
(Konieczny et al., 1991). Therefore, the study about copy number
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Fig. 3. Phylogenetic relationships among the predicted amino acids for the RT genes of C. hystrix and RT sequences of other plants obtained from GenBank using the MEGA
4.0 program. The branch lengths are proportional to the genetic distances as estimated by the neighbor-joining method (Saitou and Nei, 1987). This study employed 1000

bootstrap replication.

of retrotransposons has important reference value to the research
of plant genome evolution. The copy number of retrotransposons
found in many plants varies from low (1-100 copies) to very high
(1000-1,000,000 copies), depending on the host plant species and
the types of retrotransposons. In tobacco genome, retrotranspo-
son Tnt1 shows about 100 copies as reported by Grandbastien et
al. (1989), while barley genome contains 10,000 copies of BARE-1
(Kalendar et al., 2000). In our present study, when the RT sequences
of Ty1-copia retrotransposons were used as a probe in Southern

hybridization analysis, the hybridization exhibited a smear bandsin
C. hystrix genome, which indicated that Ty1-copia retrotransposons
displayed multiple copies in C. hystrix genome (Fig. 4). The total
number of Ty1-copia retrotransposons is approximately 5460 and
comprise about 8.5% of the C. hystrix genome. The high copy num-
ber might indicate the transposition activity of retrotransposons
during at least part of their evolutionary process. These results also
indicated that Ty1-copia retrotransposons might play a significant
role in C. hystrix genome evolution.
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EcoRV  HindIll

Fig. 4. Southern hybridization analysis of C. hystrix genomic DNA, digested with
EcoRV and Hindlll and probed with the total RT-PCR product of Ty1-copia retro-
transposons from C. hystrix.

Chromosomal distribution of LTR retrotransposons has been
analyzed in many different plant species (Katsiotis et al., 1995;
Brandes et al., 1997; Friesen et al., 2001; Ruas et al., 2008). The
Ty1-copia elements in most plants were present along the entire

A

1000pg —» <«— 300ng

500pg —» «— 200ng

400pg —» <«— 100ng

250pg —» <«— 80ng

100pg —» <«— 50ng

Fig. 5. Dotblots for estimating the copy number of Ty1-copia retrotransposons in
C. hystrix. Different amounts of Ty1-copia PCR products were dotblotted on row A,
while row B contains serial dilutions of genomic DNA of C. hystrix. The PCR product
of RT sequences was used as a probe.

length of chromosomes with possible exceptions of some regions,
such as NORs, centromeres, telomeres and heterochromatic regions
(Kumar and Bennetzen, 1999). However, in some species it was
reported that Ty1-copia elements clustered in certain chromoso-
mal regions (Belyayev et al., 2001; Friesen et al., 2001). This is also
the case Tyl-copia elements in C. hystrix, where the remarkable
enrichment of retrotransposons is observed in the terminal het-
erochromatic (DAPI-blight) regions. This indicates the important
role of retrotransposons of this kind in terminal heterochromatin
formation of this species.

Because of the presence of stop codons and frameshits muta-
tions in the coding regions, most of them are inactive during plant

Fig.6. Localization of Ty1-copia-like retrotransposons sequences on interphase nuclei and metaphase chromosomes of C. hystrix by fluorescence in situ hybridization. Nucleus
and metaphase chromosomes were stained with DAPI (A and D) (green). Total RT-PCR product from C. hystrix probed on interphase nucleus (B) and metaphase chromosomes
(E) (blue). C and F showed the overlaid images. Arrows indicated chromosomes showing signal accumulation on both terminal heterochromatins. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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development, even that their genomes contain high copies of retro-
transposons. In strawberry, 5 of 19 RT gene fragments of Ty1-copia
retrotransposons contained stop codons and/or frameshifts (Ma
et al., 2008), while 51% of the Ty1-copia RT sequences presented
stop codons and/or frameshifts in persimmon (Nakatsuka et al.,
2002). In this study, about 46% of Ty1-copia RT sequences contained
stop codons and/or frameshifts when translated. Furthermore, no
transcriptional fragment corresponding to the RT domains of Ty1-
copia retrotransposons was detected from leaves of chilling and
heat treated seedlings. The result indicated that chilling and heat
stress treatments is insufficient to induce activation of Ty1-copia
retrotransposons in C. hystrix leaves.

In conclusion, we have showed that Ty1-copia retrotransposons
in C. hystrix genome were highly heterogeneous and examined their
phylogenetic relationships, genetic distribution, copy numbers and
transcriptional activity. These results provide basic genetic and
evolutionary information of C. hystrix genome, and will provide
valuable information for the utilization of retrotransposons in C.
hystrix.
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