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Abstract Allopolyploidization is considered an essential
evolutionary process in plants that could trigger genomic
shock in allopolyploid genome through activation of tran-
scription of retrotransposons, which may be important in
plant evolution. Two retrotransposon-based markers, inter-
retrotransposon amplified polymorphism and retro-
transposon-microsatellite amplified polymorphism and a
microsatellite-based marker, inter simple sequence repeat
were employed to investigate genomic changes in early
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generations of a newly synthesized allotetraploid Cucum-
is x hytivus Chen & Kirkbride (2n = 4x = 38) which was
derived from crossing between cultivated cucumber
C. sativus L. 2n = 2x = 14) and its wild relative C. hystrix
Chakr. (2n = 2x = 24). Extensive genomic changes were
observed, most of which involved the loss of parental DNA
fragments and gain of novel fragments in the allotetraploid.
Among the 28 fragments examined, 24 were lost while four
were novel, suggesting that DNA sequence elimination is
a relatively frequent event during polyploidization in
Cucumis. Interestingly, of the 24 lost fragments, 18 were of
C. hystrix origin, four were C. sativus-specific, and the
remaining two were shared by both species, implying that
fragment loss may be correlated with haploid DNA content
(genome size) of diploid parents. Most changes were
observed in the first generation after polyploidization (S;)
and stably inherited in the subsequent three generations
(S-S4), indicating that genomic changes might be a rapid
driving force for the stabilization of allotetraploids.
Sequence analysis of 11 of the 28 altered DNA fragments
showed that genomic changes in the allotetraploid occurred
in both coding and non-coding regions, which might sug-
gest that retrotransposons inserted into genome randomly
and had a genome-wide effect on the allotetraploid evo-
lution. Fluorescence in situ hybridization (FISH) analysis
revealed a unique distribution of retrotransposon and/or
microsatellite flanking sequences in mitotic and meiotic
chromosomes, where the preferential FISH signals occur-
red in the centromeric and telomeric regions, implying that
these regions were the possible hotspots for genomic
changes.
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Introduction

Allopolyploidization is an evolutionary process whereby
two or more different genomes are joined into the same
nucleus by inter-specific or inter-generic hybridization
followed by chromosome doubling (Feldman and Levy
2005). Allopolyploidization has played an important role in
plant evolution (Leitch and Bennett 1997; Wendel 2000).
Genome size measurements and comparative molecular
analyses from previous studies have revealed that the
polyploid genome is not a simple addition of diploid gen-
omes from which they are derived (Dolezel et al. 1998;
Leitch and Bennett 2004; Messing et al. 2004). Generally,
the formation of allopolyploid is accompanied by rapid
genetic and epigenetic changes, which contribute to sta-
bilization of the newly formed species (Song et al. 1995;
Feldman et al. 1997; Comai 2000; Ozkan et al. 2001;
Madlung et al. 2002; Kashkush et al. 2002; Adams et al.
2003; Feldman and Levy 2005).

McClintock (1984) proposed that newly formed allop-
olyploids underwent a huge ‘genomic shock’, which could
trigger the activation of retrotransposons. Many studies in
different species were in support of this hypothesis
(Liu and Wendel 2000; Kashkush et al. 2002, 2003; Liu
et al. 2004; Madlung et al. 2005; Shan et al. 2005; Jose-
fsson et al. 2006; Petit et al. 2010; Kraitshtein et al. 2010).
However, these studies focusing on different allopolyploid
species only provide evidence for the transcription of ret-
rotransposons activated by allopolyploidization. Little is
known about the impact of retrotransposons on allopoly-
ploid evolution (Madlung et al. 2005; Beaulieu et al. 2009;
Kraitshtein et al. 2010).

Since accurate genetic information of parental lines and
derived allopolyploid can be obtained conveniently, newly
synthesized allopolyploid serves as a unique model system
for tracing the mobility of retrotransposons during allo-
polyploidization. Cucumis x hytivus Chen & Kirkbride
(2n = 4x = 38) is a newly synthesized allotetraploid
derived from interspecific hybridization from C. sativus
L. 2n = 2x = 14) and C. hystrix Char. (2n = 2x = 24)
and subsequent tissue culture-induced chromosome dou-
bling (Chen et al. 1997; Chen and Kirkbride 2000). Our
previous studies revealed that allopolyploidization in
Cucumis induced extensive genome changes and cytolog-
ical diploidization as well as epigenetic changes such as
alterations of cytosine methylation, activation of retro-
transposons, gene silencing and gene activation in early
generations of this newly synthesized allotetraploid (Chen
et al. 2007; Chen and Chen 2008; Zhuang and Chen 2009;
Jiang et al. 2011).

Previous studies focused mainly on genetic changes
following polyploid formation; little is known about the
distribution of these changes in the chromosomes, which
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may provide valuable information in understanding poly-
ploid evolution and speciation. For example, in Triticale,
Bento et al. (2008) used Fluorescence in situ hybridization
(FISH) technique to reveal the chromosomal distribution
of retrotransposon-microsatellite amplified polymorphism
(REMAP) products (retrotransposon- and/or microsatellite-
flanking sequences), and their result showed the preferen-
tial distribution of REMAP products in condensed subtel-
omeric domains, which implied the putative role of
retrotransposons and/or microsatellite in the establishment
of terminal heterochromatin. Therefore, the objectives of
the present study were to investigate the effect of retro-
transposons on genomic changes in early generations after
synthesis of C. hytivus and to localize physically these
changes in cucumber chromosomes. Two retrotransposon-
based markers, inter-retrotransposon amplified polymor-
phism (IRAP), REMAP and the inter simple sequence
repeat (ISSR) marker were utilized to study genomic
changes of retrotransposon- and/or microsatellite-asso-
ciated sequences in the first four generations of C. hytivus
allotetraploid. Changed fragments were also identified and
sequenced, which were then employed in FISH to locate
retrotransposon- and/or microsatellite-flanking sequences
in mitotic and meiotic chromosomes.

Materials and methods
Plant materials

Plant materials used in this study included two highly
inbred diploid parental lines, the cultivated cucumber cul-
tivar C. sativus cv. Beijingjietou (2n = 2x = 14, genome
CC) and a wild relative C. hystrix (2n = 2x = 24, genome
HH), and S;-S, generations of a synthetic allotetraploid,
C. hytivus (2n = 4x = 38, HHCC). The allotetraploid was
obtained from interspecific hybridization, embryo rescue
and chromosome doubling (Chen and Kirkbride 2000) with
subsequent self-pollination to constitute the first four
inbreeding generations (S;—Sy).

DNA extraction

Genomic DNA was extracted from young leaves of seed-
lings using the cetyltrimethylammonium bromide method
described by Murray and Thompson (1980). DNA quality
was evaluated by electrophoresis in 1% agarose gel. DNA
stocks were diluted to 50 ng/pl for subsequent uses.

IRAP procedure

The IRAP analysis followed Kalendar et al. (1999). Four
primers were designed based on the long terminal repeat
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Table 1 Primers used for PCR analysis to study the effect of retro-
transposons on genomic changes during allopolyploid evolution in
Cucumis

Primer GenBank Primer sequence (5'-3')
accession #
IRAP
LTR1 GQ326556 TCGCTGAAGTGAATGGTGGTC
LTR2 GQ326556 CGATAATACAACCCTCCGAAG
LTR3 AM1174993 ATTCTTCTATCCTTGCCCGTGG
LTR4 AM1174993 GACATTTTGGGAGGGATTGGC
ISSR
(AC)sGC ACACACACACACACACGC
(AG)sTG AGAGAGAGAGAGAGAGTG
(GA)sC GAGAGAGAGAGAGAGAGAC
(CA)G CACACACACACACACACAG
(CTC),G CTCCTCCTCCTCCTCCTCCTCG
REMAP
REMAPI LTRI/(AC)sGC
REMAP2 LTRI/(CA)G
REMAP3 LTRI/(CTC),G
REMAP4 LTR2/(AC)sGC
REMAPS5 LTR2/(GA)oC
REMAP6 LTR2/(CTC),G
REMAP7 LTR4/(CA)G

IRAP inter-retrotransposon amplified polymorphism, REMAP retro-
transposon-microsatellite amplified polymorphism, ISSR inter-simple
sequence repeat

(LTR) regions of two Tyl-copia retrotransposons: T7
(GQ326556) in C. sativus and Reme 1 (AM1174993) in
C. melo L. (Table 1). The PCR reaction mixture of 20 pl
consisted of 50 ng template DNA, 0.5 uM primer, 2.5 mM
MgCl,, 0.2 mM dNTPs, 1x reaction buffer and 1U Taq
DNA polymerase (TaKaRa, Japan). The PCR program
followed Kalendar et al. (1999) except that the annealing
temperature was changed to 56°C.

Inter simple sequence repeat procedure

ISSR amplification was carried out on the same set of
materials used in IRAP and REMAP analysis. Five ISSR
primers used are shown in Table 1. All the amplification
conditions were the same as for IRAP analysis.

REMAP procedure

The amplification procedure of REMAP was also per-
formed according to the protocol described by Kalendar
et al. (1999). LTR primers were combined with ISSR
primers performing REMAP primer combinations
(Table 1). The PCR reaction and program were similar to
those of IRAP.

Electrophoresis and data analysis

PCR products were resolved in 2% agarose gels (BIO-
WEST, Spain) in 1x TAE buffer for 2-3 h at 95 volts,
stained with ethidium bromide, and then photographed
with an electrophoresis image analysis system (Peiqing,
China). Only bands with sizes between 100 and 2,000 bp
were scored because of high resolution obtained in this
region. Quantitative differences between bands and minor
non-reproducible bands were not considered. The presence
or absence of each single fragment was scored as 1 or 0,
respectively.

Cloning and analysis of DNA sequence

DNA fragments with altered patterns between parental
lines and the allotetraploid (parental bands absent in the
allotetraploid or novel bands in the allotetraploid) were
excised from the gel, purified with a DNA gel extraction
kit (Karroten, China), cloned into the pMDI19-T vector
(TaKaRa, Japan), and transformed into E. coli strain
DH5a. Recombinant clones of expected sizes were
sequenced at Invitrogen Bio-Technology Co., Ltd,
(Shanghai, China). The sequences were used for BLAST
against the National Center Biotechnology Information
(NCBI) database (http://www.ncbi.nlm.nih.gov/BLAST/),
the cucurbit genomic database (http://www.icugi.org/)
and cucumber genome database (http://www.cucumber.
genomics.org.cn/).

Fluorescence in situ hybridization (FISH)

DNA fragments from REMAP analysis with primer com-
bination LTR4 and (CA)oG were utilized as probes for
FISH in C. sativus with 45S rDNA sequence (close to
centromere region) as the control. Mitotic metaphase
chromosomes and meiotic pachytene chromosomes were
prepared from root-tips and young flower buds of C. sati-
vus, respectively, according to Han et al. (2008). FISH
procedure followed Jiang et al. (1995). The samples were
labeled with either biotin-16-dUTP or digoxigenin-11-
dUTP and detected with fluorescein isothiocyanate-con-
jugated anti-biotin antibody and rhodamine-conjugated
anti-digoxigenin antibody (Roche), respectively. Chromo-
somes 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 microscope. The
CCD camera imagines were driven by the Applied Spectral
Imaging FISHview 5.5 software (Applied Spectral Imag-
ing, Inc., USA), and Photoshop software (Adobe Systems)
was used to obtain optimal images.
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Results

Genomic changes in early generations of Cucumis
allotetraploid-C. hytivus

Four LTR primers were designed based on two retro-
transposons, one from C. sativus (GQ326556) and another
from C. melo (AM1174993) (Table 1). All four LTR
primers and five anchored microsatellite primers were used
in IRAP and ISSR analysis, respectively (Table 1). Fur-
thermore, LTR primers were combined with ISSR primers
for REMAP analysis. Only highly polymorphic primer
combinations with good reproducibility were selected.
Eventually, seven primer combinations were selected for
REMAP analysis (Table 1).

Thirty-three and 66 bands in the size range of
200-2,000 bp were amplified from two diploid parents (C.
hystrix and C. sativus) using IRAP and REMAP markers,
respectively. IRAP produced 8.1 bands on average,
whereas REMAP yielded 9.4 bands for each PCR reaction.
The ISSR markers generated a total of 40 bands with an
average of 8.0 bands per PCR reaction. The total number of
bands and their distribution among the first four genera-
tions of C. hytivus as well as two diploid parents detected

by these three molecular maker systems are shown in
Table 2. The monomorphic band means the band that
presents in all the materials while the polymorphic one just
presents in some of the materials. The ratio of polymorphic
bands obtained with IRAP, REMAP, and ISSR analyses
was 57.6% (19/33), 59.1% (39/66), and 70% (28/40),
respectively (Table 2).

To evaluate the frequency of genomic changes in Cuc-
umis allotetraploid, the total number of bands of amplified
from both diploid parents was compared with bands
observed in C. hytivus. About 82.2% (111/135) of the
parental fragments were conserved in C. hytivus. Of the
primers used herein, 28 changed fragment (24 fragment
loss and four novel bands) were detected in C. hytivus
when compared to their diploid parents. The changes were
manifested by loss of 18 C. hystrix—specific bands
(64.3%), 4 C. sativus—specific bands (14.3%), and two
shared by both parental species (7.1%), as well as
appearance of four novel bands (14.3%), which were not
seen in either of the parental species (Table 3; Fig. 1). The
dynamics of genomic changes was also examined among
the first four generations after synthesis of Cucumis allo-
tetraploid. Nearly all the genomic changes occurred as
early as the first generation. Notably, however, one parental

Table 2 Results of IRAP,

REMAP and ISSR analysis in Markers Genotypes® Total number”
two parental lines C. sativus HH cC S S, S5 S4
(CC), C. hystrix (HH) and their
synthesized allotetraploid C. IRAP + + + + + + 14
hytivus (S1-S4) + _ + + 4 4 7
— + + + + + 4
+ - - - - - 5
- + - - - 1
+ + + - - — 1
- - + + + + 1
Total 33
REMAP + + + + + + 27
+ - + + + + 12
— + + + + + 14
+ - - - - - 9
- + - - — - 2
- - + + + + 2
Total 66
ISSR + + + + + + 12
+ - + + + + 12
— + + + + + 9
+ - - - - - 4
* Fragments detected by these - + - - - - 1
three markers. ‘+’, fragment + + - - — - 1
present; ‘—’, fragment absent _ _ + + + + 1
° The number of fragment Total 40

detected by these three markers

@ Springer
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Table 3 Characterization of parental fragment lost in the allotetraploid Cucumis hytivus

Fragments in parent® Total® Fragment number disappeared in allotetraploid®
Polymorphic

HH (9) CC (&) Monomorphic Q 3 Total
49 31 55 135 18 + 2¢ 44 2¢ 24

% The fragments amplified in two diploid parents

" The total number of fragments amplified in both parents (C. hystrix and C. sativus). Monomorphic fragments were scored only once

¢ The fragments present in either diploid parent but disappeared in the allotetraploid (C. hytivus)

9 The fragments existed in both parental species (C. hystrix and C. sativus) that were lost in C. hytivus

(B)

500bp

250bp

Fig. 1 Representative IRAP, REMAP and ISSR agarose gel profiles
of first four generations of the synthetic allotetraploid Cucumis
hytivus (S;-S4) and their diploid parents, C. hystrix (HH) and
C. sativus (CC). a REMAP2 primer combination LTR1/(CA)¢G: A
fragment from maternal parent was lost in allotetraploid. b ISSR
primer (GA)oC: A novel DNA fragment presented in all four

fragment detected by IRAP maker was inherited in the first
generation, and then disappeared in subsequent generations
(S2-S4).

Characterization of altered genomic DNA sequences

The fragments that were altered during the formation of
allotetraploid were recovered from the gel, purified, and
sequenced. Ultimately, 11 sequences were obtained
(Table 4). The DNA sequences of the 11 fragments are
provided in supplemental file one. Among the 11 sequen-
ces, nine (R1-R9) presented in one or both parental lines
were absent in the allotetraploid, and two novel fragments
(R1I0-R11) were present in first four generations of allo-
tetraploid. Sequence analysis (Table 4) showed that four
(R3, R4, RS, and R11) possessed no similarity to any
known gene. R1 was similar to Gibberella zeae PH-1
hypothetical protein. RS and R6 had a high similarity to
C. sativus T7 retrotransposon. Likewise, R2, R7, R9 and
R10 showed high similarity to cucumber zinc ion binding

()
1000bp
750bp
500bp

250bp
D)
500bp

250bp

generations (S;—S,4) of the allotetraploid when compared to diploid
parents. ¢ IRAP primer LTR4: One fragment from paternal parent
(CC) was lost in the allotetraploid. d IRAP primer LTR1: the parents’
band was present in S;, but lost in S,—S, generations. The arrows
point to differential fragments between the parents and the
allotetraploid

protein, cucumber 3-hydroxyacyl-CoA dehydrogenase,
Agrobacterium tumefaciens ABC transporter (a membrane
spanning protein), and cucumber carbonate dehydratase,
respectively.

Chromosomal distribution of retrotransposon and/
or microsatellite flanking sequences

The FISH examination of meristematic root-tip cells as
well as young flower buds revealed the chromosomal dis-
tribution of retrotransposon Reme 1 and microsatellite
(CA)oG flanking sequences (REMAP7 PCR products) in
C. sativus. The strongest hybridization signals were located
in the heterochromatic regions (intensively stained by
DAPI) in interphase nucleus (Fig. 2a, b). The distribution
of signals was even more obvious in mitotic metaphase
chromosomes. Hybridization signals were present in all 14
C. sativus chromosomes with varying distribution patterns
and signal intensities along different chromosomes
(Fig. 2c, d). For example, REMAP7 displayed strong

@ Springer
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Table 4 Molecular characterization of the recovered fragments that subject to genetic changes in Cucumis hytivus when compared with its

diploid parents (C. sativus and C. hystrix)

Primer Code? The pattern of alteration fragments® Sequence similarity® E value
HH CcC N S, Ss Sy
LTR3 R1 + - — - - - Gibberella zeae PH-1 hypothetical protein le—33
REMAPI1 R2 + - — - - - Cucumber zinc ion binding protein le—104
REMAP2 R3 + - - - - - No -
REMAP4 R4 + - - - - - No -
LTR2 RS — + - - - - Cucumis sativus T7 retrotransposon le—175
LTR2 R6 — + - — - - Cucumis sativus T7 retrotransposon 9e—120
LTR4 R7 - + - — - - Cucumber 3-hydroxyacyl-CoA dehydrogenase 2e—35
(AG)sTG R8 - + - - - — No -
(CA)G R9 + + - - - - ABC transporter, membrane spanning protein in le—66
Agrobacterium tumefaciens

(GA)C R10 — — + + + + Cucumber carbonate dehydratase le—115
REMAP5 R11 — - + + + + No -

* R represents the recovered fragment

b4, transcript present; —, transcript absent

¢ The search performed using BLAST analysis package (http://www.blast.ncbi.nlm.nih.gov/), the cucurbit genomic database (http:/
www.icugi.org/) and cucumber genome database (http://www.cucumber.genomics.org.cn/), where similarity was considered as significant for
E-values <e~'° (E-value means that the expected value of a random variable is the integral of the random variable with respect to its probability

measure)

Fig. 2 Chromosomal location of flanking sequences of the Reme 1
retrotransposon and microsatellite (CA)gG (REMAP7 products) in
C. sativus revealed by FISH. a Mitotic interphase nuclei counter-
stained with DAPI (blue). b Mitotic interphase nuclei probed with
REMAP7 products (green) and 45S rDNA (red). ¢ Mitotic metaphase
chromosomes counterstained with DAPI (blue). d Mitotic metaphase
chromosomes probed with REMAP products (green) and 45S rDNA

@ Springer

(red). The arrows indicated the two chromosomes which had strong
signals in the centrometric regions. e Meiotic pachytene chromo-
somes counterstained with DAPI (blue). £ Meiotic pachytene chro-
mosomes probed with REMAP7 products (green) and 45S rDNA
(red). The arrowheads and arrows pointed at the centromeric and
telomeric regions, respectively. Bars = 5 pm
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hybridization signals at both distal ends of most chromo-
somes. Furthermore, nearly all the chromosomes showed
weak signals in the centromeric regions, except two chro-
mosomes which had intensive signals (Fig. 2d, indicated
by arrows). A FISH analysis on meiosis pachytene chro-
mosomes was performed to clarify the detailed distribution
of signals (Fig. 2e, f). This assessment revealed that the
majority of signals were in heterochromatic regions (DAPI
blight), such as centromeric (arrowheads) and telomeric
(arrows) regions (Fig. 2f).

Discussion

Allopolyploidization can be a revolutionary event in plants
through which a new species is formed. This process can be
accompanied with many changes in the genome (McClin-
tock 1984) including activation of retrotransposons
(Kashkush et al. 2002; Jiang et al. 2011). Once activated,
retrotransposons will have significant influences on the
newly formed allopolyploid. The significant role of retro-
transposons on allopolyploid evolution was well demon-
strated in two newly synthesized allopolyploids Triticale
(Bento et al. 2008) and Spartina anglica (Baumel et al.
2002) using retrotransposon-based markers IRAP/REMAP,
and microsatellite-based marker ISSR markers. In the
present study, we employed these three markers to detect
genetic changes associated with retrotransposons in early
generations of the synthetic allotetraploid Cucumis hytivus,
from two parental species C. sativus and C. hystrix.
Extensive genetic changes were detected (Table 2; Fig. 1).
Of the 135 bands scored in the two diploid parental species,
24 were lost but four novel bands were presented in the
allotetraploids. The frequency of parental fragment loss
was much higher than that of novel fragment gain, indi-
cating that sequence loss may be a key event of genomic
changes in C. hytivus. Moreover, these changes occurred in
higher frequency than that estimated in a previously study
(Chen et al. 2007). This was probably due to the fact that
marker types used in the present study were based on ret-
rotransposon sequences, which can be activated by allo-
polyploidization (Bento et al. 2008).

The successful novel allopolyploids are formed in one
evolutionary step (Feldman and Levy 2005). However, the
sequence variation events in triticale that followed chro-
mosome doubling consisted of continuous modifications
and lasted for the first five generations (Ma and Gustafson
2006). On contrast, most genomic changes detected herein
occurred in the S; generation of C. hytivus after polyploi-
dization. The rapid genomic changes in the synthetic
allopolyploid following chromosome doubling may con-
tribute to the successful establishment of the new species
by providing an essential adjustment for the harmonious

coexistence of the two diploid genomes in the same
nucleus (Song et al. 1995; Ozkan et al. 2001; Chen et al.
2007).

Some studies suggested that sequence loss was a
nonrandom and reproducible event in newly formed al-
lopolyploids, which was independent of parental geno-
types, their cytoplasm or the ploidy levels (Wendel 2000;
Ozkan et al. 2001), but seemed to be related to the parental
genome size, where preferential fragment loss was from the
parent with a higher haploid DNA content (Bento et al.
2008, 2011). In synthetic octaploid triticale from hexaploid
common wheat (2n = 6x = 42) and rye (2n = 2x = 14),
Bento et al. (2008) found that sequence loss appeared to be
related to the haploid DNA content of the diploid parents,
in which, preferential fragment loss was from the parent
with a higher haploid DNA content (rye, which has a
greater haploid DNA content when compared to that of
each genome complement from the hexaploid wheat). Our
finding in the present study concurred with Bento et al.
(2008), because the fragment loss in C. hytivus was mainly
originated from C. hystrix, whose haploid DNA content is
larger than that of C. sativus (unpublished data). The
preferential loss of C. hystrix DNA sequences can reduce
the discrepancy between two diploid genomes thus con-
tributing stabilization of the new C. hytivus genome.

Previous studies indicated that DNA sequences
subjected to genetic changes were from both coding and
non-coding regions (Volkov et al. 1999; Contento et al.
2005; Chen et al. 2007). Our findings in the present study
presented further support of the early notion. For example,
the predicated putative functions of seven of the eleven
sequences undergone genetic changes exhibited high sim-
ilarity to different kind of genes, and the remaining four
sequences didn’t have coding function (Table 4). This
observation may suggest that retrotransposons under
investigation herein were inserted into the newly synthe-
sized C. hytivus genome randomly, which further proved
the genome-wide influence of retrotransposons.

Using FISH, we were able to study the distribution of
retrotransposon and/or microsatellite flanking sequences on
mitotic and meiotic chromosomes in C. sativus (Fig. 2).
Hybridization signals in interphase nucleus were clustered
in heterochromatic (DAPI bright) regions. In mitotic
metaphase and meiotic pachytene chromosomes, FISH
signals were concentrated on centromeric and telomeric
regions. These results were similar to that observed by
Bento et al. (2008) in triticale who found preferential
disposition of REMAP products accumulated on terminal
heterochromatin. The preferential distribution of retro-
transposon and/or microsatellite flanking sequences on
centromeric and telomeric regions may imply that these
regions are the possible hotspots for genetic changes.
Heterochromatin is rich in highly repetitive DNA
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sequences, and plays an important role in the structural
stability of the chromosomes (Dernburg et al. 1996; Karpen
et al. 1996). Consequently, the damage of genetic changes
occurred in the heterochromatin regions might be com-
paratively small, and could increase the differences
between homoeologous chromosomes, which contributed
to the normal chromosome pairing.

In conclusion, our results demonstrate that retrotrans-
posons have a genome-wide effect on the newly synthe-
sized Cucumis allotetraploid (C. hytivus) by triggering
relatively rapid and preferential genomic changes. Such
changes may be critical for the stabilization of allopoly-
ploid genome, leading to the harmonious coexistence of the
two different genomes (C. sativus and C. hystrix) in one
nucleus of C. hytivus. Furthermore, it seems that these
genomic changes occurred at non-random hotspot in the
genome.

Acknowledgments This research was partially supported by the
Key Program (30830079) and the General Program (31071801,
30972007) from the National Natural Science Foundation of China;
National Basic Research Program of China (973 Program)
(2009CB119000); the ‘863’ Programs (2008 AA10Z150); the National
Supporting Programs (2008BADB105) from the Ministry of Science
and Technology of China; Ph. D. Funding (20070307034,
20090097110024) from the Ministry of Education of China; the Pri-
ority Academic Program Development of Jiangsu Higher Education
Institution.

References

Adams KL, Cronn R, Percifeld R et al (2003) Genes duplicated by
polyploidy show unequal contributions to the transcriptome and
organ-specific reciprocal silencing. Proc Natl Acad Sci USA
100:4649-4654

Baumel A, Ainouche M, Kalendar R et al (2002) Retrotransposons
and genomic stability in populations of the young allopolyploid
species Spartina anglica C.E. Hubbard (Poaceae). Mol Biol Evol
19(8):1218-1227

Beaulieu J, Jean M, Belzile F (2009) The allotetraploid Arabidopsis
thaliana-Arabidopsis lyrata subsp petraea as an alternative
model system for the study of polyploidy in plants. Mol Genet
Genomics 281:421-435

Bento M, Pereira HS, Rocheta M et al (2008) Polyploidization as a
retraction force in plant genome evolution: sequence rearrange-
ments in Triticale. PLoS ONE 1(e1402):1-8

Bento M, Gustafson JP, Viegas W et al (2011) Size matters in
Triticeae polyploids: larger genomes have higher remodeling.
Genome 54:175-183

Chen LZ, Chen JF (2008) Changes of cytosine methylation induced
by wide hybridization and allopolyploidy in Cucumis. Genome
51:789-799

Chen JF, Kirkbride JJ (2000) A new synthetic species of Cucumis
(Cucurbitaceae) from interspecific hybridization and chromo-
some doubling. Brittonia 52:315-319

Chen JF, Staub JE, Tashiro Y et al (1997) Successful interspecific
hybridization between Cucumis sativus L. and Cucumis hystrix
Chakr. Euphytica 96:413-419

@ Springer

Chen LZ, Lou QF, Zhuang Y et al (2007) Cytological diploidization
and rapid genome changes of the newly synthesized allotetrap-
loids Cucumis x hytivus. Planta 225:603-614

Comai L (2000) Genetic and epigenetic interactions in allopolyploidy
plants. Plant Mol Biol 43:387-399

Contento A, Heslop-Harrison JS, Schwarzacher T (2005) Diversity of
a major repetitive DNA sequence in diploid and polyploid
Triticaeae. Cytogenet Genome Res 109:34—42

Dernburg AF, Sedat JW, Hawley RS (1996) Direct evidence of a role
for heterochromatin in meiotic chromosome segregation. Cell
86:135-146

Dolezel J, Greihuber J, Lucretti S et al (1998) Plant genome size
estimation by flow cytometry: inter-laboratory comparison. Ann
Bot 82(suppl 1):17-26

Feldman M, Levy AA (2005) Allopolyploidy-a shaping force in the
evolution of wheat genomes. Cytogenet Genome Res 109:
250-258

Feldman M, Liu B, Sehgal G et al (1997) Rapid elimination of low
copy DNA sequence in polyploid wheat: a possible mechanism
for differentiation of homoeologous chromosomes. Genetics
147:1381-1387

Han YH, Zhang ZH, Liu JH et al (2008) Distribution of the tandem
repeat sequences and karyotyping in cucumber (Cucumis sativus
L.) by fluorescence in situ hybridization. Cytogenet Genome Res
122:80-88

Jiang JM, Gill BS, Wang GL et al (1995) Metaphase and interphase
fluorescence in situ hybridization mapping of the rice genome
with bacterial artificial chromosomes. Proc Natl Acad Sci USA
92:4487-4491

Jiang B, Lou QF, Wang D et al (2011) Allopolyploidization induced
the activation of Tyl-copia retrotransposons in Cucumis hytivus,
a newly formed Cucumis allotetraploid. Bot Stud 52:145-152

Josefsson C, Dilkes B, Comai L (2006) Parent-dependent loss of gene
silencing during interspecies hybridization. Curr Biol 16:
1322-1328

Kalendar R, Grob T, Regina M et al (1999) IRAP and REMAP: two
new retrotransposon-based DNA fingerprinting techniques.
Theor Appl Genet 98:704-711

Karpen GH, Le MH, Le H (1996) Centric heterochromatin and the
efficiency of achiasmate disjunction in Drosophila female
meiosis. Science 273:118-122

Kashkush K, Feldman M, Levy AA (2002) Gene loss, silencing and
activation in a newly synthesized wheat allotetraploid. Genetics
160:1651-1659

Kashkush K, Feldman M, Levy AA (2003) Transcriptional activation
of retrotransposons alters the expression of adjacent genes in
wheat. Nat Genet 33:102-106

Kraitshtein Z, Yaakow B, Khasdan V et al (2010) Genetic and
epigenetic dynamics of a retrotransposon after allopolyploidiza-
tion of wheat. Genetics 186:801-812

Leitch 1J, Bennett MD (1997) Polyploidy in angiosperms. Trends
Plant Sci 2:470-476

Leitch 1J, Bennett MD (2004) Genome downsizing in polyploid
plants. Biol J Linn Soc 82:651-663

Liu B, Wendel JF (2000) Retrotransposon activation followed by
rapid repression in introgressed rice plants. Genome 43:874-880

Liu ZL, Wang YM, Shen Y et al (2004) Extensive alterations in DNA
methylation and transcription in rice caused by introgression
from Zizania latifolia. Plant Mol Biol 54:571-582

Ma XF, Gustafson JP (2006) Timing and rate of genome variation in
triticale following allopolyploidization. Genome 49:950-958

Madlung A, Masuelli RW, Watson B et al (2002) Remodeling of
DNA methylation and phenotypic and transcriptional changes in
synthetic Arabidopsis allopolyploids. Plant Physiol 129:733-746

Madlung A, Tyagi AP, Watson B et al (2005) Genomic changes in
synthetic Arabidopsis polyploids. Plant J 41:221-230



Plant Mol Biol

McClintock B (1984) The significance of responses of the genome to
challenge. Science 226:792-801

Messing J, Bharti AK, Karlowski WM et al (2004) Sequence
composition and genome organization of maize. Proc Natl Acad
Sci USA 101:14349-14354

Murray HG, Thompson WF (1980) Rapid isolation of higher weight
DNA. Nucl Acids Res 8:4321-4326

Ozkan H, Levy A, Feldman M (2001) Allopolyploid-induced rapid
genomic evolution in the wheat (Aegilops-Triticum) group. Plant
Cell 13:1735-1747

Petit M, Guidat C, Daniel J et al (2010) Mobilization of retrotrans-
posons in synthetic allotetraploid tobacco. New Phytol
186:135-147

Shan XH, Liu ZL, Dong ZY et al (2005) Mobilization of the active
MITE transposons mPing and Pong in rice by introgression from
wild rice (Zizania latifolia Griseb.). Mol Biol Evol 22:976-990

Song K, Lu P, Tang K et al (1995) Rapid genome change in synthetic
polyploids of Brassica and its implications for polyploid
evolution. Proc Natl Acad Sci USA 92:7719-7723

Volkov RA, Borisjuk NV, Panchuk II et al (1999) Elimination and
rearrangement of parental rDNA in the allotetraploid Nicotiana
tabacum. Mol Biol Evol 16:311-320

Wendel JF (2000) Genome evolution in polyploids. Plant Mol Biol
42:225-249

Zhuang Y, Chen JF (2009) Changes of gene expression in early
generations of the synthetic allotetraploid Cucumis x hytivus
Chen et Kirkbride. Genet Resour Crop Evol 56:1071-1076

@ Springer



	Retrotransposon- and microsatellite sequence-associated genomic changes in early generations of a newly synthesized allotetraploid Cucumis x hytivus Chen & Kirkbride
	Abstract
	Introduction
	Materials and methods
	Plant materials
	DNA extraction
	IRAP procedure
	Inter simple sequence repeat procedure
	REMAP procedure
	Electrophoresis and data analysis
	Cloning and analysis of DNA sequence
	Fluorescence in situ hybridization (FISH)

	Results
	Genomic changes in early generations of Cucumis allotetraploid-C. hytivus
	Characterization of altered genomic DNA sequences
	Chromosomal distribution of retrotransposon and/or microsatellite flanking sequences

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


