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Cucumis  hytivus  is  a newly  synthesized  allotetraploid  in  which  retrotransposons  was strongly  activated
owing  to  allopolyploidization.  In present  study,  the  chromosomal  distribution  of LTR  retrotransposons
and  their  effects  on expression  of  adjacent  genes  were  observed  by  investigating  the  first  four  genera-
tions  of C.  hytivus.  Fluorescent  in  situ  hybridization  (FISH)  analysis  revealed  that  LTR  retrotransposons
are  distributed  throughout  all  the  chromosomes.  The  clusters  on  terminal  regions  indicated  the  high
copy  number  of  retrotransposons  in  C. hytivus.  The  extensive  epigenetic  changes  (gene  silencing and
gene  activation)  were  detected  by  cDNA-SSAP  analysis.  Totally,  twenty  transcripts  subjected  to  gene
expression  alterations  were  sequenced,  including  12  gene  silencing  and  8 gene activation.  However,  the
etrotransposon
pigenetic changes
ISH

silenced/activated  transcripts  consisted  of  known  genes  or putative  proteins  as well  as  new  sequences
that  had  no  similarity  to  any  known  genes.  Both  gene  silencing  and  activation  mainly  occurred  in the
early  generations  of  allotetraploid.  The  interlaced  distribution  of  retrotransposons  and  genes  might  lead
to the  transcriptional  interference  of retrotransposons  on  expression  of their  adjacent  genes,  which  may
contribute  to  the  rapid  genetic  stabilization  of newly  formed  allotetraploid.
. Introduction

LTR retrotransposons are mobile genetic elements which are
biquitous throughout the plant kingdom and present in high
opy numbers in plants, which make them major constituents of
lant genomes (Kumar and Bennetzen, 1999). Retrotransposons
re normally inactive during plant development, but their expres-
ion and mobility might be activated by specific stimuli, such as
arious biotic and abiotic stresses (Bradshaw and McEntee, 1989;
randbastien, 1998; Grandbastien et al., 2005; Hirochika, 1993;
trand and McDonald, 1985; Takeda et al., 1998; Yun and Davis,
989). Since retrotransposons constitute a major fraction of plant
enomes, they can be basic resources for illegitimate recombina-
ion, which can induce various mutations to plant genomes, such as
eletions, insertions, translocations and duplications (Lonning and
aedler, 2002). Consequently, retrotransposons play an important
ole in genome structure through transposition and recombination

Vitte and Panaud, 2005). Given that the expression of retro-
ransposons can be induced by different stresses, their insertions
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may  participate indirectly in further regulation of gene expression
(Slotkin and Martienssen, 2007).

Allopolyploidy has played an important role in the process
of specification in plants. The most common form of polyploidy
is allopolyploidy which happens through wide hybridization and
polyploidy. The newly formed species is subjected to two  kinds of
‘genomic shock’: hybridization and polyploidy (McClintock, 1984).
Allopolyploidization often induced a surprisingly large array of
genetic and epigenetic changes. Many researches have focused
on the genetic and epigenetic of allopolyploidy, but the mecha-
nism still remains to be figured out, since its complex and elusive
(Michaud et al., 1994; Kashkush et al., 2003; Adams and Wendel,
2004; Parisod et al., 2009; Petit et al., 2010). McClintock (1984) pos-
tulated that the activation of transposable elements could play an
important role in genomic changes and might occur as a response to
the ‘genomic shock’. This hypothesis is supported by experimental
evidence from different allopolyploid plants. Kashkush et al. (2003)
found that transcriptional activation of Wis2-1A retrotransposon
in synthetic allopolyploid from the cross of Aegilops sharonensis
and Triticum monococcum alter the expression of adjacent genes.
Petit et al. (2010) studied the mobilization of retrotransposons

in synthetic allotetraploid tobacco, and found that major changes
(such as retrotransposon amplification and molecular restructur-
ing in or around insertion sites) occurred rapidly in response to
allopolyploidy. TE insertions was  also found to induce significantly

dx.doi.org/10.1016/j.scienta.2014.05.022
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
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ore frequent methylation changes around the insertions in the
oung allopolyploid Spartina anglica (Parisod et al., 2009). Given
he transposable elements (TEs) are highly mutagenic and silenced
y overlapping epigenetic mechanisms, they are likely to play

 pivotal role in fuelling genome reorganization and functional
hanges following allopolyploidization (Parisod et al., 2010). Fur-
her researches from different species gave inconsistent results
Lim et al., 2007; Parisod et al., 2009; Petit et al., 2010). Therefore,
nvestigations using more allopolyploid species will be helpful to
he elucidating of genome reorganization and functional changes
uring the stabilization of allopolyploid. The newly synthesized
llopolyploid should be a very good model system for these stud-
es, as it is young and the genetic information of its parents can be
btained exactly.

Cucumis hytivus (2n  = 4x = 38) is a newly synthesized allote-
raploid where two different genomes, C. sativus L. (2n  = 2x = 14)
nd C. hystrix Char. (2n  = 2x = 24, a wild species of Cucumis origi-
ated from Asia) joined into the same nucleus through wide cross
nd subsequently chromosome doubling (Kirkbride, 1993; Chen
t al., 1997; Chen and Kirkbride, 2000). It is a new model sys-
em to investigate genome evolution in the early generation of an
llopolyploid. Our previous studies demonstrated that various mor-
hological changes occurred (Chen et al., 2002, 2003, 2004), and
hat extensive genomic and epigenetic changes were triggered in
he early generations of this newly synthesized allopolyploid (Chen
t al., 2007; Chen and Chen, 2008; Zhuang and Chen, 2009). Further-
ore, our recent study found that allopolyploidization could induce

he activation of Ty1-copia retrotransposons in C. hytivus (Jiang
t al., 2011). The investigation of the effect of LTR retrotransposons
ctivations on the expression of adjacent genes in the C. hytivus
ould be expected to provide more valuable clue for understanding
he formation of the new allopolyploid.

In the present study, to further investigate potential epigenetic
hanges associated with the the newly synthesized Cucumis allote-
raploid, we focused on the effects of retrotransposons on gene
xpression of the first four generations of C. hytivus compared
ith its two diploid parents, following the analysis of chromosome
istribution of LTR retrotransposons on this allotetraploid. We
mployed a cDNA-SSAP strategy for genome-wide display of tran-
cripts flanking LTR retrotransposons to show a close link between
TR retrotransposons and the expression changes of their adjacent
enes. Our research may  help to understand the phenotypic varia-
ion of C. hytivus and also accelerate the utilization of allopolyploid
or further relative epigenetic studies.

. Materials and methods

.1. Plant materials

Plant materials used for the present study consisted of the
rst four generations of the newly synthesized allotetraploid C.
ytivus (genome HHCC, 2n = 4x = 38) and its diploid parents, a com-
on cucumber C. sativus cv. Beijingjietou (genome CC, 2n = 2x = 14)

nd a wild Cucumis species C. hystrix (genome HH, 2n = 2x = 24).
oth of the two  diploid parents are highly inbred lines. The pri-
ary synthetic allotetraploid (S0) was previously obtained from
ide hybridization, and followed by embryo rescue and chromo-

ome doubling by somaclonal variation (Chen and Kirkbride, 2000).
he S0 were maintained by tissue culture and somatic chromo-
ome numbers were determined as 38. Then the allotetraploid had
estored fertility and set fruits with viable seeds. Inbred lines of the

llotetraploid were subsequently advanced by self-pollination to
btain the first four generations as S1, S2, S3 and S4 (Chen et al., 2007;
hen and Chen, 2008). Five seedlings selected randomly from each
eneration along with the two parents were grown in greenhouse
rae 174 (2014) 171–177

at Jiangpu Horticulture Experiment Station of Nanjing Agricultural
University, Nanjing, Jiangsu, China (N 31.2◦, E 118.4◦).

2.2. Chromosome preparation and FISH analysis

Fresh roots of C. hytivus were harvested and fixed in freshly pre-
pared 3:1 mixture of 100% methanol: glacial acetic acid for at least
1 day. The roots were then rinsed for 5 min  with distilled water
for three times. The root tips about 1 mm  length were cut and
transferred into enzyme mixtures containing 4% cellulose and 2%
pectinase at 28 ◦C for 2 h. The enzyme solution were replaced with
distilled water and left on ice for 30 min  before transferring into the
fixative solution as above. Completely macerated root tips were put
on a slide and then flame dried. The quality of chromosomes were
checked under an Olympus BX41 contrast microscope and stored
in −70 ◦C freezer until use.

Fluorescence in situ hybridization was  conducted essentially
according to published procedures (Jiang et al., 1995). The total
RT genes of both LTR (Ty1-copia and Ty3-gyspy) retrotrans-
posons were used as probes for in situ hybridization (Jiang et al.,
2010; unpublished). RT genes of Ty1-copia retrotransposons were
labeled with biotin-16-dUTP (Roche) and detected with fluores-
cein isothiocyanate-conjugated anti-biotin antibody (Roche). And
the RT genes of Ty3-gypsy retrotransposons were labeled with
digoxigenin-dUTP and detected with rhodamine-conjugated anti-
digoxigenin antibody (Roche). Chromosomes were counterstained
with 4, 6-diamidino-2-phenylindole (DAPI) in an anti-fade solution
VectorShield (Vector Laboratories, Burlingame, CA), and images
were captured using a Photometrics (Tuc-son, AZ) SenSys CCD cam-
era attached to an Olympus BX51 microscope. The CCD camera was
controlled using Applied Spectral Imaging FISH view 5.5 software
(Applied Spectral Imaging, Inc., USA) on a computer. The optimal
image was performed using Adobe Photoshop (Adobe Systems).

2.3. SSAP analysis

Total RNA was isolated from young fresh leaves of five individ-
ual seedlings with two fully expanded leaves using the Trizol kit
(Promega, USA). First and second strand cDNA synthesis was car-
ried out according to manufacturer’s instructions (TaKaRa, Japan).
Five microliters of the double-stranded cDNA was  checked on 1%
agarose gel, and when the expected smear bands ranging between
100 bp and 3000 bp were observed, the rest cDNA was used for SSAP
procedure according to Waugh et al. (1997). The LTR primer and
adaptor sequences employed in this study were listed in Table 1. L1,
L2 and L3 were designed based on the retrotransposon sequences of
Tcs1 (EF122141), Tcs2 (EF122142) and Tcs3 (EF122143) in C. sativus,
respectively (Lou and Chen, 2007). L4 was  designed based on the
retrotransposon of Reme1 in C. melon (AM1174993, Ramallo et al.,
2008).

2.4. Sequence isolation and analysis

The target fragments were excised from the SSAP gel and
dissolved in 100 �l ddH2O, incubated at 100 ◦C for 15 min  and
deposited slowly at room temperature. Then 3 �l of the sample
was directly used as a DNA template using the same primers and
protocol as pre-amplification. The PCR products were visualized
and quantified on 1% agarose gels in 1× TAE buffer and visualized
under UV light after staining with ethidium bromide. The expected
fragments were recovered by DNA Gel Extraction Kit (Karroten,
China) and then ligated into the pMD19-T vector (TaKaRa, Japan)

and transformed into Escherichia coli strain DH5�. Recombinant
clones were directly used as templates for PCR and clones of the
expected size were sequenced by Invitrogen Bio-Technology Co.,
Ltd., Shanghai, China.



L. Jia et al. / Scientia Horticultu

Table  1
Pre-amplification and selective amplification primer sequences used in the study.

Type Primer/adaptor
name

Sequence

SSAP adaptors EcoR I-adaptor 1 5′-CTCGTAGACTGCGTACC-3′

EcoR I-adaptor 2 3′-CATCTGACGCATGGTTAA-5′

Mse  I-adaptor 1 5′-GACGATGAGTCCTGA-3′

Mse  I-adaptor 2 3′-TACTC-AGGACTCAT-5′

Primers of pre-
amplification

E00 5′-GACTGCGTACCAATTC-3′

M00  5′-GATGAGTCCTGAGTAA-3′

Primers for
SSAP

L1 5′-GTTTACGTCGTCATTCGACCAC-3′

L2 5′-AATCAAGTTTATATTTCAACAC-3′

L3 5′-ACAATTCTCAATATATACTCCAG-3′

L4 5′-ATTCTTCTATCCTTGCCCGTGG-3′

MCAA 5′-GATGAGTCCTGAGTAACAA-3′

MCAC 5′-GATGAGTCCTGAGTAACAC-3′

MCAG 5′-GATGAGTCCTGAGTAACAG-3′

MCAT 5′-GATGAGTCCTGAGTAACAT-3′

MCTA 5′-GATGAGTCCTGAGTAACTA-3′

MCTC 5′-GATGAGTCCTGAGTAACTC-3′

MCTG 5′-GATGAGTCCTGAGTAACTG-3′

MCTT 5′-GATGAGTCCTGAGTAACTT-3′

MCGA 5′-GATGAGTCCTGAGTAACGA-3′

MCGC 5′-GATGAGTCCTGAGTAACGC-3′

p
B
a

2
c

t
p

F
r
D
t
A
r

MCGG 5′-GATGAGTCCTGAGTAACGG-3′

MCGT 5′-GATGAGTCCTGAGTAACGT-3′

The gene sequences obtained were analyzed for similarity in
ublic database using the BLAST and BLASTX on the National Center
iotechnology Information Server (http://www.ncbi.nlm.nih.gov/)
nd cucurbit genomic database (http://www.icugi.org/).

.5. Reverse transcription (RT)-PCR and genomic PCR (gPCR)
onfirmation
Specific primers were designed according to the representa-
ive sequence obtained, using the software Primer 5.0. Specific
rimers are the following: 5′-ATACGACCAGGTGGAGTG-3′ and

ig. 1. Distribution of two types of LTR retrotransposons on the somatic mitotic chromoso
etrotransposons were used as probes. The chromosomes were counterstained with DAP
API  (blue). (B, F) Reverse transcriptase genes of Ty1-copia retrotransposons probed on in

ransposons probed on interphase and metaphase chromosomes (red). (D, H) Interphase 

rrows  pointed at the chromosomes with clusters in both terminal regions. Bars = 5 �m
eferred to the web  version of this article.)
rae 174 (2014) 171–177 173

5′-CTCTTCTAATTCGTCGATACG-3′ for IF5; 5′-TGCAGCTCTGTA-
CAATTC-3′ and 5′-ATATCATGAAGGAGATAGGG-3′ for IF14 (IF is
the abbreviation of ‘isolated fragment’). Then the primers were
synthesized by Invitrogen Biotech. Total RNA (5 �g) was treated
with DNase I (RNase-free) (TaKaRa, Japan) and first cDNA strand
was synthesized according to instructions of the manufacturer
(TaKaRa, Japan). One microliter of cDNA or 50 ng genomic DNA
was used as templates with the following profile: 5 min at 94 ◦C;
30 s at 94 ◦C, 30 s at 55 ◦C, and 30 s at 72 ◦C, followed by 35 cycles;
and a final extension step of 7 min  at 72 ◦C. Actin gene was used
as controls for expression analysis. The amplified products were
analyzed in 2% agarose gel.

3. Results

3.1. Chromosomal distribution of LTR retrotransposons in C.
hytivus

The results of FISH showed that the two types of LTR retro-
transposons were distributed throughout all the chromosomes of C.
hytivus, with clusters on the terminal regions (Fig. 1). Most chromo-
somes showed clusters only on one terminal region, however, some
had clusters on both terminal regions (indicated by arrows Fig. 1).
Furthermore, among the chromosomes with two  clusters, most of
them exhibited two  intensive signals on both terminal regions, and
the rest of chromosomes showed two  clusters with one intensive
signal on one side and one weak signal on the other side.

3.2. Gene expression alterations in the newly synthesized
allotetraploid induced by retrotransposons

To detect the changes of gene expression which is induced by the

insertion of retrotransposon in the synthetic allotetraploid Cucumis
hytivus compared to its two  diploid parents C. hystrix (HH) and C.
sativus (CC), cDNA-SSAP technique was employed. One  primer was
anchored in retrotransposons and another was random primer. The

me of Cucumis hytivus. The reverse transcriptase genes of Ty1-copia and Ty3-gypsy
I (blue). (A, E) Interphase and metaphase chromosomes were counterstained with
terphase and metaphase chromosomes (green). (C, G) RT genes of Ty3-gypsy retro-
and metaphase chromosomes probed with RT genes of both LTR retrotransposons.
.  (For interpretation of the references to colour in this figure legend, the reader is

http://www.ncbi.nlm.nih.gov/
http://www.icugi.org/
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Table 2
cDNA-SSAP analysis in the first four generations of the synthetic allotetraploid com-
pared to their diploid parent.

Transcripts in diploid parents Observed transcripts
in  allotetraploid

Polymorphic Monomorphic Total
transcriptsa

HH CC S1 S2 S3 S4

125 81 912 1118 1091 1086 1087 1087
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Table 3
Type and number of transcripts that subjected to gene expression changes in the
allotetraploid compared to their diploid progenitors.

Transcript absent in allotetraploid New transcript in allotetraploid

S1 S2 S3 S4 S1 S2 S3 S4

F
(
t
g
a
g

a Each cDNA-SSAP band was considered as a different transcript.

1–S4 represent the first four generations of the synthetic allote-
raploid C. hytivus, respectively. We  defined that as gene expression
lteration only when a new transcript appeared in the allote-
raploid that is absent in the diploid parents, or conversely, when a
pecific transcript present in one of the parents or both disappeared
n the allotetraploid. At the same time, only the qualitative differ-
nces were investigated and we ignored the difference of strong
nd weak bands showed by the gel.

Of the 48 pairs of selective primers detected herein, 42 pro-
uced good amplification results. In total, 1118 transcripts were
mplified using 42 pairs of selective primers in the two diploid
rogenitors (Table 2). Out of these, 912 transcripts were monomor-
hic and the polymorphic transcripts in C. hystrix and C. sativus
ere 125 and 81, respectively. The total transcripts observed in the
rst four generations (from S1 to S4) of allotetraploid were 1091,
086, 1087, and 1087, respectively (Table 2). The gene expression
atterns were compared across the first four generations of the
ynthetic allotetraploid and two diploid parents. The number of
ranscripts that disappeared in the S1–S4 generations was  35, 42,
5 and 45, respectively. Meanwhile, the number of new transcripts

n S1–S4 generations was 8, 10, 4, and 14, respectively (Table 3).
Temporal differences on the type of gene expression changes

ere observed in the first four generations of allotetraploid. The
esult revealed that the silencing transcripts existed in the mater-
al, paternal or both parents (Fig. 2). Moreover, some transcripts

ere silent in S1–S4 generations, whereas others were expressed

n one parent and retained in S1 or S2 generation, but became silent
n subsequent generations (Fig. 2; Table 4).

ig. 2. cDNA-SSAP patterns detected in the two  diploid parents, C. hystrix (HH), and C. s
S1–S4). (A) Primer L1/MCAC: female parent transcript absent in allotetraploid. (B) Prim
ranscript existed in both parents absent in allotetraploid. (D) Primer L3/MCTG: the allotet
enerations (upper arrow). The allotetraploid gained a new transcript from the S3 genera
llotetraploid gained a new transcript from the S1 generation and maintained in the S2–S
eneration and maintained in the S3 and S4 generations (lower arrow).
35 42 45 45 8 10 14 14

Among the transcripts that were only expressed in allote-
traploid, some of the activated transcripts started from S1
generation of allotetraploid (Fig. 2D, upper arrow), some from the
S2 generation (Fig. 2E, arrow) and some from S3 generation (Fig. 2D,
lower arrow), and then could be inherited in the later generations.
Furthermore, there was  one transcript only expressed in the S2 gen-
eration, but silent in both parental lines and other generations of
allotetraploid (Table 4). These results indicated that the changes of
gene expression mainly occurred in the S1 and S2 generation, and
subsequently stabilized in the S3 and S4 generations.

3.3. Characterization of the altered transcripts detected by
cDNA-SSAP technique

The transcripts that exhibited gene expression alteration were
recovered and clear sequences were obtained for 20 fragments (see
Supplement data). Table 4 summarizes the expression patterns and
molecular characterization of the loci with gene expression alter-
ations. Twelve transcripts (IF1-IF12) expressed in either one or
both parental lines were silent in the allotetraploid, while eight
loci (IF13-IF20) were expressed only in the allotetraploid. Among
the silent transcripts, seven (IF1-IF7) were expressed in either one
or both parents and could not be detected in the allotetraploid, and
five transcripts (IF8-12) were expressed in one parent and inher-
ited in the S1 or S2 generation of the allotetraploid, but disappeared
in the subsequent generations (Table 4). Among the 8 activated
transcripts, one (IF13) was only expressed in S2 generation of C.
hytivus, and the expression of the remaining 7 transcripts started

from the S1 generation (IF14-16), the S2 generation (IF17), or the S3
generation (IF18-20), and then stably inherited in the subsequent
generations (Table 4).

ativus (CC), and the first four generations of the synthetic allotetraploid C. hytivus
er L4/MCTA: male parent transcript absent in allotetraploid. (C) Primer L4/MCGC:
raploid gained a new transcript from the S1 generation and maintained in the S2–S4

tion and maintained in the S4 generations (lower arrow). (E) Primer L2/MCGT: the
4 generations (upper arrow). The allotetraploid gained a new fragment from the S2
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Table  4
Molecular characterization of cDNA clones obtained by cDNA-SSAP.

Sequence codea Size The pattterns of transcriptb Similarityc

HH CC S1 S2 S3 S4

IF1 122 bp + − − − − − Cucumber sterol 3-beta-glucosyltransferase
IF2  93 bp + − − − − − Cucumber polyadenylate-binding protein 2
IF3  240 bp + − − − − − Vitis hybrid cultivar transposon Tvv1
IF4  240 bp + − − − − − Cucumber unigene CU53230
IF5  139 bp − + − − − − Silene vulgaris NADH dehydrogenase subunit 7 mRNA
IF6  178 bp + + − − − − Ricinus communis cytokinin dehydrogenase
IF7  120 bp + + − − − − None
IF8  213 bp − + + − − − Vitis vinifera hypothetical protein
IF9  256 bp − + + + − − Cucumber ribosomal RNA processing protein
IF10  155 bp − + + + − − Putative protein
IF11  147 bp − + + + − − Putative protein
IF12  248 bp − + + + − − Arabidopsis thaliana ferritin2
IF13  138 bp − − − + − − Arabidopsis thaliana short-chain dehydrogenase/reductase
IF14  130 bp − − + + + + Cucumber transmembrane protein
IF15  164 bp − − + + + + None
IF16  164 bp − − + + + + Cucumber calcium-transporting ATPase 4
IF17  147 bp − − − + + + Cucumber unigene CU15537
IF18  107 bp − − − − + + None
IF19  93 bp − − − − + + None
IF20 85 bp − − − − + + None

 signifi

(
g
p
c
s
(
(
(
s
c
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f

o
n
l
o
b

F
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A

a IF is the abbreviation of ‘isolated fragment’.
b +, transcript present; −, transcript absent.
c The search was done using the BLAST package and similarity was considered as

Sequence analysis revealed that among the 12 silenced genes
Table 4), one transcript (IF7) had no similarity with any known
ene. Three (IF8, IF10, and IF11) showed high similarity to the
utative proteins. One transcript (IF1) showed high similarity to
ucumber sterol 3-beta-glucosyltransferase gene; one (IF2) corre-
ponded to cucumber polyadenylate-binding protein 2 gene; one
IF3) was similar to Vitis hybrid cultivar transposon Tvv1; one
IF4) showed high similarity to cucumber unigene CU53230; one
IF5) had a high similarity to Silene vulgaris NADH dehydrogenase
ubunit 7 mRNA. IF6 showed high similarity to Ricinus communis
ytokinin dehydrogenase. IF9 was similar to cucumber ribosomal
NA processing protein, and IF12 was similar to Arabidopsis thaliana

erritin2.
Among the eight transcripts (IF13-IF20) that were expressed

nly in the allotetraploid, four transcripts (IF15 and IF18-IF20) had

o similarity to any known genes. One transcript (IF13) was  simi-

ar to Arabidopsis thaliana short-chain dehydrogenase/reductase;
ne (IF14) showed high similarity to cucumber transmem-
rane protein; one (IF16) had high homology to cucumber

ig. 3. RT-PCR and genomic PCR analysis of representative transcripts that showed chan
he  IF5 transcript similar to Silene vulgaris NADH dehydrogenase (A) and IF14 which had h
ctin  gene was  used as a positive control. HH, C. hystrix; CC: C. sativus; S1–S4: the first fou
cant for E-values < e−10.

calcium-transporting ATPase 4; and the remaining one (IF17)
showed high similarity to cucumber unigene CU15537.

3.4. RT-PCR and genomic PCR (gPCR) validation of the expression
altered genes

To verify the hypothetical expression changes of correspond-
ing genes, we  performed RT-PCR analysis. Two  pairs of specific
primers were designed based on two  representative isolated frag-
ments IF5 (Silene communis dehydrogenase subunit 7 mRNA) and
IF 14 (cucumber transmembrane protein). In agreement with the
results of cDNA-SSAP, the result RT-PCR confirmed that IF5 showed
expression activity only in one parental lines C. sativus,  while IF14
showed expression in all the four generations of C. hytivus, but silent
in the diploid parents (Fig. 3).
In order to ensure that the observed differentiation of gene
expression was caused by gene regulation rather than DNA loss,
genomic PCR (gPCR) was carried out using the same primers as RT-
PCR analysis. The result showed that both IF5 and IF14 existed in all

ged expression in the first four generations of C. hytivus versus the diploid parents.
igh homology to cucumber transmembrane protein (B) were chosen for validation.
r generations of C. hytivus.
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he materials (the first four generations of C. hytivus and diploid par-
nts, C. sativus and C. hystrix) (Fig. 3), which removed the possibility
f DNA loss.

. Discussion

Retrotransposons are mobile genetic elements that are
istributed as interspersed repetitive sequences throughout
lant chromosomes (Kumar and Bennetzen, 1999). LTR-
etrotransposons are well used as molecular markers in Cucumis,
ince they are ubiquitous and present in high copy numbers as
ell as their chromosomal distribution (Ramallo et al., 2008; Jiang

t al., 2010). In Cucumis hytivus,  RT genes of LTR retrotransposons
re distributed throughout all the chromosomes, with clusters on
he terminal regions (Fig. 1), which indicate high copy numbers
f retrotransposons in this species. The high copies of LTR retro-
ransposons may  have a genome-wide effect on the expression
f flanking genes (Kashkush et al., 2003). In addition, a part of
hromosomes with clusters only on one terminal region showed a
eak hybridization signal (short arrows in Fig. 1), indicating that

he copy number of LTR retrotransposons in these chromosomes
s low. The non-uniform distribution of retrotransposons, such
s the different hybrid signal intensity and different clusters in
erminal regions, might suggests the stronger adaptability of
pecies for the insertion of retrotransposon in heterochromatins
egions. Retrotransposons transpose via an RNA intermediate,
hich indicates that they can alter the expression of adjacent

enes by insertion interference.
Allopolyploidization was a huge ‘genome shock’ to host genome,

nd consequently could induce activation of retrotransposons
McClintock, 1984). In wheat, allopolyploidization activated the
ranscription of retrotransposons Wis  2-1A (Kashkush et al., 2002).
n Tobacco, Tnt1 A retrotransposons were mobilized in response
o genome shock of allopolyploidy (Petit et al., 2010). Moreover,
ranscriptional active of retrotransposons have important influ-
nce on the expression of adjacent genes. For example in wheat,
ashkush et al. (2003) reported that the activated retrotransposons
is  2-1A altered the expression of their adjacent genes. Our recent

tudies revealed that allopolyploidization induced the activation
f Ty1-copia retrotransposons in Cucumis allotetraploid, Cucumis
ytivus (Jiang et al., 2011). In the present study, we focused on
he effect of LTR retrotransposons to the expression of their adja-
ent genes in the allotetraploid and its diploid parents. Sequence
pecific amplification polymorphism (SSAP) is the most useful
etrotransposon-based marker which had already been developed
n Cucumis (Lou and Chen, 2007). We  employed a cDNA-SSAP
trategy for genome-wide display of transcripts flanking LTR retro-
ransposons to show a close link between LTR retrotransposons and
he expression changes of their adjacent genes.

Extensive expression alterations such as silencing and activation
f adjacent genes were observed in Cucumis allotetraploid when
ompared with its diploid parents. The number of gene silencing
as about three or four fold more than gene activation (Table 4),
hich indicated that gene silencing was a more remarkable event
uring the formation of allopolyploid. Most of the silencing genes
ere present in either one or both parents and the events started

rom the first two generations of the allotetraploid C. hytivus. Subse-
uently, we carried out RT-PCR and gPCR analysis for validation of
he expression alteration of genes detected by cDNA-SSAP, which
roved the authenticity of epigenetic changes (Fig. 3). Similarly,
ctivation genes also mainly occurred in the first two generations

nd subsequently could be stably inherited. These results indicated
hat the epigenetic changes were mainly present in the early stage
f allopolyploid, and it would be stably inherited in the subsequent
eneration. Our findings are in agreement with previously reported
rae 174 (2014) 171–177

in other allopolyploids, such as Arabidopsis (Comai et al., 2000),
wheat (Kashkush et al., 2002, 2003) and cotton (Adams and Wendel,
2004).

All the sequences obtained corresponded to nested transcripts
which overlapped sequences of the retrotransposons and the adja-
cent gene. Among the obtained transcripts, 12 were silent while
the remaining 8 were new transcripts only expressed in the newly
synthesized allotetraploid. Most of them had high similarity to
known genes or putative protein. Similarly, in wheat newly synthe-
sized allotetraploid Aegilops sharonensis × Triticum monococcum,
Kashkush et al. (2003) recovered 22 transcripts that were sub-
jected to expression alterations flanking the transcriptional active
retrotransposons Wis  2-1A, and found that many of the transcripts
showed high similarity to known genes. The interlaced distribu-
tion of retrotransposons and genes might lead to transcriptional
interference of normal gene expression, or generate new patterns
of gene expression, which in turn may  contribute to the stabiliza-
tion of host genome. This point of view is in accordance with the
view proposed by McClintock (1984) that transposons act as con-
trolling elements. The genes flanking LTR retrotransposons with
altered expression may  be beneficial in the stabilization of Cucumis
allotetraploid, C. hytivus.
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