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ABSTRACT: Wax gourd (2n =2z =24) is an important vegetable species in the Cucurbitaceae family, yet little is known
about its genome structure. As the largest component of most plant genomes, retrotransposons might play an important role
in the genetic variation and genome evolution of wax gourd. In this study, the presence of Ty3-gypsy-like retrotransposons,
their heterogeneity and chromosomal distribution in wax gourd have been investigated. The conserved domains of reverse
transcriptase of Ty3-gypsy-like retrotransposons have been amplified, and this resulted in thirty-five unique sequences.
Seventeen (49%) of the sequences were defective as they were disrupted by a premature stop codon and/or contained
frameshift mutations. These 35 sequences were divided into four groups and showed low or even no homology with
Ty3-gypsy-like sequences from other species, indicating lack of horizontal transfer. The Ty3-gypsy-like retrotransposons
have a dispersed genomic organization, physically distributed on all chromosomes with clusters in the heterochromatin
regions. These results suggest that retrotransposons of this kind are widely distributed in wax gourd with high copy numbers,
and contributed to the formation of chromosomes with non-uniform insertion and amplification. This is the first report on

the presence of reverse transcriptase sequences of Ty3-gypsy-like retrotransposons in wax gourd genome.
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INTRODUCTION

Retrotransposons are ubiquitous in the plant king-
dom and present in high copy numbers in most
plants, which make them major components of plant
genomes!. Long terminal repeat (LTR) retrotrans-
posons, being one of the main groups of retrotrans-
posons, are among the most abundant constituents
of plant genomes?. They are further classified into
the Tyl-copia and the Ty3-gypsy groups which differ
from each other by sequence similarity and the order
of their encoded gene products’?. It is widely ac-
cepted that retrotransposons play an essential role in
plant evolution®. They cannot only generate muta-
tions by inserting themselves within or near genes, but
also cause chromosomal rearrangements by serving as
sites for ectopic recombination*-.

One particular effective strategy to detect LTR
retrotransposons is to amplify the relevant sequences
using degenerate primers for the reverse transcriptase
domain’=°. This strategy has been employed to study
the distribution of retrotransposons in many plant
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species, such as cereals'®, Olea!!, mung bean'?,
strawberry 1, and Cucumis hystrix'*. This approach
is especially useful when genomic sequences for the
species in question are not available. Wax gourd
(Benincasa hispida, 2n =2x =24) is an important veg-
etable crop in Cucurbitaceae, and is widely distributed
in East and South Asia. The storage period of wax
gourd is very long, making it a very important off-
season vegetable. Its fruits are often consumed as
fresh vegetables as well as candied, dried, medicinal,
or processed products 717,

Despite being an important vegetable crop, lit-
tle is known about wax gourd retrotransposons and
their genetic distribution. The genome characteriza-
tion of retrotransposons with reference to the con-
tent, heterogeneity, and chromosomal distribution
may contribute to our understanding of the genome
organization and evolution of wax gourd. Reverse
transcriptase (RT) is the most conserved domain in
retrotransposon sequences and commonly represents
retrotransposon for phylogenetic analysis. Thus in
the present study, we isolated the reverse transcriptase
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sequences of Ty3-gypsy-like retrotransposons in wax
gourd genome, and then investigated their sequence
heterogeneity, phylogenetic relationship, and chromo-
somal distribution.

MATERIALS AND METHODS
Plant material and isolation of nucleic acids

One wax gourd cultivar ‘B227 was used in this study.
Seeds were dipped in water for 10 h, and then kept in a
Petri dish with two layers of wet filter paper at 30 °C.
The germinated seeds were grown in light incubator.
Total DNA was extracted from fresh leaves of two-
week-old seedlings using the CTAB method described
by Murray and Thompson '8,

Polymerase chain reaction and cloning of PCR
products

The internal region of RT gene of Ty3-gypsy retro-
transposons was amplified by PCR using total ge-
nomic DNA of wax gourd as templates and degenerate
primers Gyl 5'-AGM GRA TGT GYG TSG AYT AT
-3’ and Gy2 5'-CAM CCM RAA MWC ACA MTT-
3’9, Reaction mixtures were 20 ul, containing 50 ng
of DNA, 50 pmol of Gyl and Gy2, 0.2 mM of
dNTP, 2.5 mM of MgCl,, and 1 U of Tag polymerase
(TaKaRa, Japan). The PCR cycles included an initial
denaturation step at 96 °C for 2 min, followed by
30 cycles at 96 °C for 1 min, 55°C for 1 min, and
72°C for 1 min, and then a final elongation step at
72 °C for 7 min.

The PCR products were separated by elec-
trophoresis in 1% agarose gels in 1 x TAE buffer and
visualized under UV light after staining with ethidium
bromide. The amplified products with the size of
about 430 bp were recovered and purified by DNA
Gel Extraction Kit (Dingguo, China). The purified
fragments were cloned into the vector pMDI19-T
(TaKaRa, Japan), and then transformed into E. coli
strain DH5a. The positive colonies were selected to
extract plasmid DNA. The insertions were confirmed
by PCR amplification using recombinant clones as
templates. The clones with expected size were then
sequenced by Invitrogen Bio-Technology Co., Ltd.,
Shanghai, China.

Sequence analysis

Search for homologous sequences of our clones
was performed with the BLASTN, BLASTX, and
TBLASTX searching tools as implemented on the Na-
tional Centre for Biotechnology Information (www.
ncbi.nlm.nih.gov) non-redundant databases. Mul-
tiple sequence alignments were performed using
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CLUSTALW . Frameshifts were detected using
ERRWISE (http://coot.embl.de/ERR_WISE/) and cor-
rected to conserve the consensus peptide sequences
of the sample data. Other RT sequences were
used to create a comparative phylogenetic dendro-
gram (GenBank Accession No. is given in parenthe-
ses), including Prunus mume (ACU42183), Cucumis
melo (ADN34002), Cucumis hystrix (ADD83130),
Orobanche ramose (ABD43151), Orobanche owe-
rinii (ABD43086), Morus bombycis (BAB40830),
Chrysanthemum morifolium (BAB40831), Solanum
demissum (AAT38744), Beta vulgaris (AEV42258),
Oryza sativa (AAL79340), Eleocharis palustris (ADF
46122), Vitis vinifera (CAN66348), Elaeis guineen-
sis (CAD45567), and Solanum lycopersicum (ADU
56212). The construction of phylogenetic trees and
bootstrap tests with 1000 replications were carried out
using MEGA 5.0 using neighbour-joining method ?°.

The mode of selection (positive selection, purify-
ing selection, or neutral selection) among the RT se-
quences of Ty3-gypsy retrotransposons was detected.
The Ka/Ks ratios were calculated according to Nei and
Gojobori using K-ESTIMATOR 6.021:22,

Chromosome preparation and FISH

Roots of wax gourd were harvested and fixed in
freshly prepared 3/1 mixture of 100% methanol/gla-
cial acetic acid for at least 1 day. The roots were then
rinsed for 5 min in distilled water for three times. Sub-
sequently, the root-tips were cut off and transferred
into enzyme mixtures containing 4% cellulose and 2%
pectinase at 28 °C for 2.5 h. The enzyme solution
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). The root tip was completely macerated on a slide
and flame dried the slide. The quality of chromosomes
was checked under a phase contrast microscope and
stored in —70 °C freezer until use.

FISH assay was conducted essentially accord-
ing to published procedures?*. The total RT genes
of Ty3-gypsy retrotransposons were used as probes
for fluorescence in situ hybridization. The samples
were labelled with digoxigenin-11-dUTP and detected
with rhodamine-conjugated anti-digoxigenin antibody
(Roche). Chromosomes were counterstained with
DAPI in VectorShield anti-fade solution (Vector Labo-
ratories, Burlingame, CA), and images were captured
using a SenSys CCD camera attached to an Olympus
BX60 microscope. The CCD camera was controlled
using FISHVIEW 5.5 (Applied Spectral Imaging, Inc,
USA). PHOTOSHOP was used to obtain optimal
images.
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RESULTS

Isolation and characterization of Ty3-gypsy RT
sequences

Polymerase chain reaction (PCR) amplification with
degenerate primers flanking the reverse transcriptase
domains of Ty3-gypsy-like retrotransposons yielded
the expected fragments from wax gourd. The targeted
PCR products were recovered, purified and cloned.
Forty clones were randomly selected for further se-
quencing. The sequencing data revealed that thirty-
five clones were unique. The 5 and 3’ terminal of all
the 35 sequences matched the degenerate primers of
gypsy-like retrotransposons. The conceptual transla-
tion products corresponded to the gypsy motifs. These
sequences were designated as GYRT1 to GYRT3(9).

Among the 35 sequences, the pairwise similarity
values ranged from 65% to 99.8% at the nucleotide
sequence level. The putative gypsy-like RT sequences
were translated into amino acids and analysed for
the presence of stop codons and frameshifts in their
coding regions. Among the 35 sequences, 17 se-
quences (49%) were ‘defective’, since each of them
contained a stop codon, a frameshift mutation, or both.
The remaining 18 sequences (51%) were ‘intact,
which meant there was neither a stop codon nor a
frameshift within their coding regions. Alignment of
putative amino acid sequences showed that these 35
sequences contained the RMCVDYR motif at their N-
termius (Fig. 1) and the similarity at the amino acid
level ranged from 65% to 100%. The low sequence
similarities observed among the sequences suggest
that there are multiple Ty3-gypsy element families in
the wax gourd genome.

Phylogenetic analysis of the Ty3-gypsy RT
sequences

To study the relationships among the obtained RT
sequences, a neighbour-joining tree was constructed
by MEGA 5.0. These sequences were divided into
four groups (Fig.2). Group I is the largest group,
which contained 17 sequences. Group II is the second
largest group, containing 13 sequences.

For comparative purposes, sequences of gypsy
group retrotransposons from other species were re-
trieved from the GenBank database, which were used
in the sequence alignment (Fig. 3). The comparative
tree sustained the four groups identified in Fig. 2. All
the RT sequences amplified from wax gourd showed
low or even no homology with those from other
species.

The numbers of synonymous and non-synony-
mous substitutions per site were estimated for group
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Fig. 1 Alignment of the conceptual translations of the
nucleotide sequences representing the reverse transcriptase
sequences of Ty3-gypsy retrotransposons isolated from wax
gourd. The four shading levels indicate degree of residue
conservation: black (100% conserved), dark grey (75% or
greater conserved), light grey (50% or greater conserved),
and no shading (< 50% conserved). Gaps are indicated as
(-) and stop codons are presented as (*). The amino acid
of frameshift is underlined. The numbers of amino acid
residues are displayed on the right hand of each sequence.
The conserved domains were indicated by black line upon
the alignment.

Table 1 Number of synonymous and non-synonymous
substitutions per site within RT gene domain of Ty3-gypsy-
like retrotransposons from wax gourd.

Group Ka Ks Ka/Ks
I 0.010 £0.008 0.049 £0.050 0.279
II 0.008 £ 0.001 0.014 £0.003 0.578
v 0.018 0.034 0.529

I, group II, and group IV, since they contained ‘intact’
RT sequences (Table 1). The ratios of non-synon-
ymous to synonymous substitutions (dN/dS) were
0.279, 0.578, and 0.529, respectively, which suggests
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Fig. 2 Phylogenetic analysis of nucleotide sequences rep-
resenting the Ty3-gypsy RT sequences from wax gourd.
The tree was generated using MEGA 5.0. Numbers at the
branch nodes indicate the bootstrap support out of 1000
replications.
genetic distances as estimated by the neighbour-joining
method »°.

The branch lengths are proportional to the

that retrotransposons of these groups might have been
under constraint- or purifying-selection.

Chromosomal distribution of Ty3-gypsy
retrotransposons in wax gourd

The chromosomal distribution of Ty3-gypsy-like
retrotransposons was investigated using fluorescence
in situ hybridization (FISH). The total RT genes of
Ty3-gypsy retrotransposons were used as probes to hy-
bridize to chromosomes of wax gourd (Fig. 4). From
the interphase nuclei, it was evident that the Ty3-gypsy
retrotransposons are widely distributed on the chro-
matin with clusters in heterochromatic (DAPI-blight)
regions (Fig. 4a—c). The distribution of Ty3-gyspy
retrotransposons was more obvious on metaphase
chromosomes, which showed that they were clustered
in heterochromatic regions of all the chromosomes
(Fig. 4d-f).
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Fig. 3 the de-
duced amino acid sequences for the reverse transcriptase

Phylogenetic relationships among
genes of Ty3-gypsy-like retrotransposons from wax gourd
and other related sequences using the neighbour-joining
method?. The related sequences included: Prunus mume
(ACU42183), Cucumis melo (ADN34002), Cucumis hystrix
(ADD83130), Orobanche ramose (ABD43151), Orobanche
owerinii (ABD43086), Morus bombycis (BAB40830),
Chrysanthemun morifolium (BAB40831), Solanum de-
missum (AAT38744), Beta vulgaris (AEV42258), Oryza
sativa (AAL79340), Eleocharis palustris (ADF46122), Vi-
tis vinifera (CAN66348), Elaeis guineensis (CAD45567),
Solanum lycopersicum (ADU56212).

DISCUSSION

To the best of our knowledge, this study is the first to
investigate the presence of Ty3-gypsy-like retrotrans-
posons in wax gourd genome. Reverse transcriptase
domains of Ty3-gypsy-like retrotransposons in wax
gourd genome were successfully amplified using de-
generate primers, and eventually non-redundant 35
sequences were obtained. The Ty3-gypsy-like RT se-
quences exhibited significant levels of heterogeneity.
The similarity at the amino acid level ranged from
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Fig. 4 Chromosomal distribution of Ty3-gypsy-like retro-

|

transposons on interphase nuclei and metaphase chromo-
somes of wax gourd revealed by fluorescence in situ hy-
bridization; (a), (d) interphase and metaphase chromosomes
were counterstained with DAPI; (b), (e) total reverse tran-
scriptase domains of Ty3-gypsy retrotransposons from wax
gourd probed on interphase nucleus and metaphase chro-
mosomes; (c), (f) chromosomes counterstained with DAPI
and reverse transcriptase domains of Ty3-gypsy retrotrans-
posons. Bars=5um.

65% to 100%, which is in agreement with previous
observations reported in other plant species, such as
strawberry '* and mungbean 2.

The classification of these sequences into four
groups further illustrated the divergence of Ty3-gypsy
retrotransposons in wax gourd (Fig. 2). Similar result
was also reported in Vicia species®*. Comparative
analysis showed that all the sequences obtained from
wax gourd had low or even no homology with other
sequences from other species (Fig. 3). These results
suggested that vertical transmission was the main
transfer mode of Ty3-gypsy-like retrotransposons in
wax gourd, and horizontal transmission might have
little effect in the evolution of retrotransposons of this
kind.

Although high copies of gypsy-like retrotrans-
posons exist in plant genome, most of them are unable
to transpose autonomously because of mutations such
as stop codons and frameshifts in the coding regions.
This might be an important mechanism to reduce po-
tential deleterious effects of retrotransposons on plant
genomes. Defective retrotransposons could be the
result of mutations and/or errors made by the reverse
transcriptase during reverse transcription, because the
reverse transcriptase enzymes had no proof-reading
function?>. For example, about 65% of Ty3-gypsy
reverse transcriptase domains in mung bean were
defective because of a stop codon and/or a frameshift
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mutation in their coding regions!?. In the present

study, about 49% of Ty3-gypsy reverse transcriptase
coding sequences were found to be ‘defective’. This
is an underestimation because only a portion of the
coding region was examined. The synonymous (dS)
and non-synonymous substitution (dN) analysis of
the ‘intact’ reverse transcriptase sequences implied
that retrotransposons of this kind had been under
constraint-or purifying-selection (Table 1).

Chromosomal location of Ty3-gypsy retrotrans-
posons has been studied in several plant species?®2°.
In Triticeae, Ty3-gypsy-like retrotransposons were
clustered in the subterminal as well as pericen-
tromeric heterochromatic regions on chromosomes 2.
Ty3-gypsy-like retrotransposons in Helianthus were
primarily localized to the pericentromeric regions of
metaphase chromosomes ¥ In C hystrix, retro-
transposons of this type concentrated on the termi-
nal heterochromatic regions of chromosomes (un-
published data). In our present study, Ty3-gypsy
retrotransposons were widely dispersed over all the
chromosomes in wax gourd, with clustering in some
heterochromatin regions (DAPI-blight) (Fig. 4). This
result suggested that Ty3-gyspy retrotransposons con-
tribute to the formation of chromosomes with non-
uniform insertion and amplification in wax gourd. In
the meantime, these results also provide us important
information for dissecting the genomic structure of
wax gourd.

In conclusion, we firstly revealed the presence
of Ty3-gypsy-like retrotransposons in wax gourd, and
examined their sequence heterogeneity, phylogenetic
relationship, and chromosomal distribution. These
results provide basic genetic and evolutionary infor-
mation for these elements in the wax gourd genome,
and will also be of importance for the utilization of
retrotransposons in wax gourd.
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