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Abstract

Mobile elements are major regulators of genome evolution
through their effects on genome size and chromosome
structure in higher organisms. Non-long terminal repeat
(non-LTR) retrotransposons, one of the subclasses of trans-
posons, are specifically inserted into repetitive DNA se-
quences. While studies on the insertion of non-LTR ret-
rotransposons into ribosomal RNA genes and other repeti-
tive DNA sequences have been reported in the animal
kingdom, studies in the plant kingdom are limited. Here, us-
ing FISH, we confirmed that Menolird18, a member of LINE
(long interspersed nuclear element) in non-LTR retrotrans-
posons and found in Cucumis melo, was inserted into ITS and
ETS (internal and external transcribed spacers) regions of
18S rDNA in melon and cucumber. Beside the 18S rDNA re-
gions, Menolird18 was also detected in all centromeric re-
gions of melon, while it was located at pericentromeric and
sub-telomeric regions in cucumber. The fact that FISH sig-

nals of Menolird18 were found in centromeric and rDNA re-
gions of mitotic chromosomes suggests that Menolird18is a
rDNA and centromere-specific non-LTR retrotransposon in
melon. Our findings are the first report on a non-LTR ret-
rotransposon that is highly conserved in 2 different plant
species, melon and cucumber. The clear distinction of chro-
mosomal localization of Menolird18 in melon and cucumber
implies that it might have been involved in the evolutionary
processes of the melon (C. melo) and cucumber (C. sativus)
genomes. © 2020 S. Karger AG, Basel

Introduction

Transposable elements are mobile genetic sequences
found in the genomes of higher organisms. They are clas-
sified into 2 major groups based on their mode of trans-
position. Retrotransposons (class I) are DNA sequences
that use RNA as reverse transcription intermediates,
while DNA transposons (class II) move directly to an-
other locus. Class I retrotransposons are the most wide-
spread in eukaryotic transposable elements and are fur-
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ther subdivided into 2 groups: (1) long terminal repeat
(LTR) retrotransposons such as the TyI-copia and Ty3-
gypsy retrotransposons, and (2) non-LTR retrotranspo-
sons, which lack LTR. Non-LTR retrotransposons are
further categorized as long interspersed nuclear elements
(LINE) or short interspersed nuclear elements (SINE)
[Schmidt, 1999; Casacuberta and Santiago, 2003].

Plant species have tandem repeat arrays of 45S ribo-
somal DNA (rDNA) that are located in the nucleolar or-
ganizer regions (NOR) of chromosomes. Its coding se-
quence is conserved in the gourd family (Cucurbitaceae)
[Lima-de-Faria, 1976; Ganal and Hemleben, 1986]. 45S
rDNAs are separated by intergenic spacer (IGS) regions
and provide the codes for 18S, 5.8S, and 25S ribosomal
RNA (rRNA), whose coding regions are separated by 2
types of internally transcribed spacers (ITS): ITS1 and
ITS2. The amount of 45S rDNA copies and the length of
IGS found in plants are highly variable [Hemleben et al.,
1982; Rogers and endich, 1987; Layat et al., 2012; Yang et
al., 2015; Havlova et al., 2016; Zhang et al., 2016; Huang
et al., 2017]. These rDNA clusters achieve mobility via
transposable element processes (e.g., insertion) without
the involvement of translocations or chromosomal rear-
rangements [Schubert and Wobus, 1985; Dubcovsky and
Dvorak, 1995; Raskina et al., 2008]. Many sequence-spe-
cific transposable element insertions (particularly from
LINE) congregate in rRNA genes or in repetitive DNA
sequences (e.g., telomeric or centromeric repeats) [Koji-
ma and Fujiwara, 2004; Cizkové et al, 2013; Fujiwara,
2015; Nagaki et al, 2015].

Many LINEs have been identified in plants. Examples
include Cin4 in corn (Zea mays) [Schwarz-Sommer et al.,
1987], ATLN in thale-cress (Arabidopsis thaliana) [Noma
etal., 2001], BLIN in barley (Hordeum vulgare) [Vershin-
in et al., 2002], Karma in rice (Oryza sativa) [Komatsu et
al., 2003], LIb in sweet potato (Ipomoea batatas) [Ya-
mashita and Tahara, 2006], BNR family in beet (Beta vul-
garis) [Heitkam and Schmidt, 2009], and BrLINEs family
in mustards (Brassica) [Nouroz et al., 2017]. Site-specific
targeting of non-LTR retrotransposons into the host ge-
nome is species specific. For instance, R1 and R2 are typ-
ically inserted into specific 28S rDNA sites of insects
[Jakubczak et al., 1991], but R2 are inserted into both 28S
rDNA and highly conserved regions of 18S rDNA in the
startlet sea anemone (Nematostella vectensis) and the
fresh water polyp (Hydra magnipapillata) [Kojima et al,
2006]. LTR retrotransposons found in tomatoes were in-
serted into 18S rDNA [Jo et al., 2009] and near specific
genes in wild rice (O. brachyantha) [Gao et al., 2012].
However, information regarding the insertion sites of
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non-LTR retrotransposons and their chromosomal dis-
tribution in plants is still limited.

Transposable elements are major drivers of plant ge-
nome evolution due to their ability to modify genome
size, shape chromosome structure, and contribute to rap-
id evolution of heterochromatic states via centromere in-
sertions [Han et al., 2016; Morata et al., 2018]. Transpos-
able elements have increased the size of the melon ge-
nome, expanded the pericentromeric regions of melon
chromosomes, and have a very low recombination fre-
quency. In comparison, cucumbers have small, transpos-
able element-dense pericentromeric regions and a rela-
tively constant recombination rate. These differences
caused nucleotide sequence diversity in the melon and
cucumber genomes [Huang et al., 2009; Garcia-Mas et al.,
2012; Morata et al., 2018]. It has been reported that non-
LTR retrotransposons were randomly distributed but
tended to be located or inserted into pericentromeric
and/or other heterochromatic chromosome regions [Ko-
jima and Fujiwara, 2004, 2005; Kojima et al., 2006; 2016;
Fujiwara, 2015; Morata et al., 2018].

While various types of tandemly organized repetitive
DNA sequences in the centromeric regions of melon and
their secondary constrictions have been the subject of
past research [Koo et al., 2010; Zhang et al., 2016; Se-
tiawan et al., 2018a,2020], dispersed repetitive DNA loca-
tions in melon have not been examined. Our study iden-
tifies the species-specific chromosomal distribution of a
melon (C. melo) and cucumber (C. sativus) LINE (Meno-
lird18) and discusses its contribution to the evolution of
these Cucumis species.

Materials and Methods

Plant Materials

We studied 3 melon and 3 cucumber accessions. The melon
accessions included: US205 (C. melo L. subsp. agrestis var. mo-
mordica), P90 (C. melo L. subsp. agrestis var. conomon), and the
Nobel F1 hybrid (C. melo L. subsp. melo var. cantalupo Ser.). The
3 C. sativus accessions included: Okute Aodai, RAR 930024, and
Shiroibo Fushinari (online suppl. Table 1; for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/511119). The melon ac-
cessions US205 and P90 were obtained from USDA-Genebank,
USA, and Institute of Vegetable and Floriculture Science, NARO
(National Agriculture and Food Research Organization), Japan,
respectively. Nobel F1 hybrid was purchased in the Indonesian
market. The cucumber accessions were provided by Genebank of
NARO. Seeds were germinated on moistened filter paper in petri
dishes and grown in a growth chamber at 25°C.
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Data Mining of Non-LTR Retrotransposon

The melon DNA sequence “CM3B0051961 TE” (Menolird18,
Melon non-LTR retrotransposon in 185 rDNA) from the melon
genome database (version 3.5.1: http://melonomics.cragenomica.
es) was used for this experiment. The selected sequences were
blasted against the melon genome database (http://melonomics.
cragenomica.es/tools/blast/run/), and the primers were designed
using FastPCR software.

Genomic DNA and Total RNA Isolation

Genomic DNA and total RNA were extracted from leaves using
the method described by Setiawan et al. [2020]. Total RNA was
treated with Deoxyribonuclease RT Grade (Nippon Gene, Japan)
per themanufacturer’s instruction to remove genomic DNA.

Cloning of Non-LTR Retrotransposon

Menolird18 was amplified by PCR using the oligonucleotide
primer pairs 5-CAGCGTATCACTAGCTGAATTCGCT-3' and
5'-CCCTAGGACGAATAGCTTCCCATGA-3', and a 772-bp
PCR product was cloned into a pGEM-T-Easy Vector (Promega)
per the manufacturer’s instructions.

Semi-Quantitative RT-PCR Amplification of Menolird18

Transcripts

First-strand cDNAs were synthesized from 0.5 pg of the total
RNA in 20 pL ¢cDNA synthesis reaction using a ReverTraAce®
qPCRRT Master Mix with gDNA Remover (Toyobo, Japan). Thir-
ty cycles of semi-quantitative RT-PCR (sqRT-PCR) were per-
formed with a PCR Thermal Cycler Dice™ Touch (Takara, Japan)
using Ex Taq Hot Start Version (Takara, Japan). A total of 50 ng
of the resulting cDNA was used as a template in 30 pL of the PCR
reaction solution containing gene-specific primers of Menolird18.
Expression of the B-actin gene was used as an internal control for
determining the sqRT-PCR amplification efficiency in the tissue
samples, using the same primer pairs as described by Minamikawa
etal. [2013].

Chromosome and Extended DNA Fiber Preparations

Mitotic metaphase and meiotic pachytene chromosome prepa-
rations were prepared with Carnoy’s solution II [Setiawan et al.,
2018b]. Leaf nuclei isolation was completed as described by Jack-
son et al. [1998] with a slight modification. Briefly, 2 uL of the nu-
clei suspensions were deposited on one end of a poly-L-lysine slide
and semi-dried for 10 min. Next, 8 uL of lysis buffer (0.5% SDS, 5
mM EDTA, 100 mM Tris pH 7.0) was dropped onto the nuclei and
the slide was then incubated at RT for 4 min. The DNA fibers were
extended by dragging them with a clean coverslip. The slides were
air-dried and fixed in 1% paraformaldehyde for 2 min and then
baked at 60°C for 30 min.

Probe Preparations and FISH

Cmcent [Koo etal., 2010] and 45S rDNA (pTa71) [Gerlach and
Bedbrook, 1979] probes were labeled with biotin-nick translation
mix (Roche), while Menolird18 was labeled with dig-nick transla-
tion mix (Roche) per the manufacturer’s instructions. The mitotic,
meiotic, and fiber FISH tests were conducted according to the
method described by Setiawan [2018]. For hybridization onto
pachytene chromosomes and extended DNA fibers, the hybridiza-
tion mixtures were covered with 22 x 40 mm cover slips and sealed
with rubber cement. The slides were then denatured on a hot plate
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at 80°C for 2-3 min and placed in a humidity chamber, where they
were incubated at 37°C overnight. Three antibody layers were used
to detect the fiber FISH signals. Next, 126 pL of detection solution
(125 pL of 1% BSA in 4x SSC +0.5 pL of 0.4 ug/mL anti-digoxigen-
in rhodamine + 0.5 pL of 0.5 pug/mL biotinylated streptavidin-
FITC) was added to the slides and incubated at 37°C for 30 min.
The slides were washed in 2x and 0.1x SSC for 3 min to remove
any unspecific antibodies. Finally, the slides were counter-stained
with 4,6-diamidino-2-phenylindole (DAPI) in a VectaShield anti-
fade solution (Vector Laboratories).

Sequence Comparison and Image Analysis

Menolird18 and melon centromeric satellite DNA sequences
were compared to a dot plot using Unipro UGENE software. FISH
signals were observed under a fluorescence microscope (Olympus
BX53) equipped with a cooled CCD camera (Photometrics Cool-
SNAP MYO) and then processed using Metamorph, Metavue im-
aging series version 7.8 and edited with Adobe Photoshop CS 6.

Results

Chromosomal Distribution of Menolird18 in Cucumis

Species

Physical mapping of Menolird18 and 45S rDNA was
conducted on melon and cucumber mitotic and meiotic
chromosomes. The location of 45S rDNA was previously
reported to be on the short arms of chromosomes 4 and
10 [Liu et al., 2010]. We found 45S rDNA to be exclusive-
ly co-localized with Menolird18 on the metaphase chro-
mosomes of melon and cucumber accessions (Fig. 1). The
locations of 45S rDNA signals were the same as some of
Menolird18 signals in both plants, except for the signals
found in the centromeric regions of melon chromosomes
and the other specific signals of cacumber chromosomes.
US205 and P90 showed that the 45S rDNA and Meno-
lird18 signals were co-localized on the short arms of chro-
mosomes 4 and 10 (Fig. la-f). Cucumber accessions
showed variable amounts and signal strength of 45S
rDNA and Menolird18signals. Okute Aodai, RAR 930024,
and Shiroibo Fushinari showed 9 (6 strong and 3 weak),
10 (6 strong and 4 weak), and 8 (6 strong and 2 weak) sig-
nals of 455 rDNA (Fig. 1g-o). In addition, the signals of
Menolird18 were detected on most of the sub-telomeric
regions (Fig. 1h, k, n) and some of the pericentromeric
regions (Fig. 11,1, 0) in all cucumber accessions.

Menolird18 Insertion into ITS and ETS of 18S rDNA

High resolution FISH signals of 45S rDNA and Meno-
lird18 were obtained using pachytene chromosomes and
extended melon DNA fibers. The 455 rDNA was located
in NOR regions (Fig. 2a). Menolird18 was precisely local-
ized to the primary constrictions and NORs of pachytene
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45S rDNA

Fig. 1. Physical mapping of 45S rDNA
(green: a, d, g, j, m) and Menolird18 (red:
b, e, h, k, n), and merged images (c, f, i, I,
0) in somatic chromosomes of melon and
cucumber accessions. a—c US 205. d—f P90.
g-i Okute Aodai. j-I RAR 930024. m-o
Shiroibo Fushinari. White arrowheads de-
pict weak signals of 45S rDNA (d, g, j, m)
and Menolirdi8 (b, e, h, k, n). White ar-
rows (i, I, o) depict the signals of Meno-
lird18 at pericentromeric regions. Scale
bars, 10 um.

chromosomes (Fig. 2b). The 45S rDNA and Menolird18
showed co-localized signals at NORs (Fig. 2c). More de-
tailed information regarding Menolird18 signals was ob-
tained using fiber FISH. We found that Menolird18 was
not only co-localized with 45S rDNA but also intermin-
gled with a 455 rDNA array (Fig. 2d). The detailed struc-
ture of the 45S rDNA scheme is shown in Figure 3a. Se-
quence comparison using a dot plot analysis revealed that
Menolird18 was inserted into the ITS and ETS of 18S
rDNA (Fig. 3b). This method also revealed that another
type of retrotransposon, the Ty3/Gypsy-like LTR ret-
rotransposon, was inserted into 26S rDNA. These results
suggest that different types of LTR and non-LTR ret-
rotransposons invaded the 455 rDNA of melon. We ob-
served that cucumber has more 455 rDNA loci than mel-
on. Since melons are affected by Menolird18 (Fig. 1c, f, i,

Non-LTR Retrotransposon Menolird18 in
C. melo and C. sativus

Menolird18 Merged

]

L}

1, 0), we used sqPCR to verify the gene expression of Me-
nolird18 and found that it was not amplified in melon leaf
tissues which maybe is due to being under the detection
limit (Fig. 3c).

Menolird18, a rDNA and Centromere-Specific

Retrotransposon in Melon

Menolird18 and Cmcent were mapped to confirm the
precise location of Menolird18 in melon centromeric re-
gions. We were able to successfully hybridize them to
various stages of mitotic chromosomes, namely inter-
phase nuclei, early prophase, prometaphase, metaphase,
anaphase, and telophase chromosomes (Fig. 4). We
found that they were co-localized on mitotic chromo-
somes in various stages and that Menolird18 is restricted
to the primary constrictions. Menolird18 shared low se-
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quence homology with melon centromeric satellite DNA,
i. e., Cmcent, CmSat162, and CmSat189 (online suppl.
Fig. 2).

Discussion

Non-LTR retrotransposons lack LTRs, possess a
poly(A) tail at the 3" terminus, and contain 2 open read-
ing frames (ORF), which encode gag protein (ORF1) and
endonucleases, as well as reverse transcriptase domains
(ORF2) [Schmidt, 1999]. We confirmed the structure of
the CM3B0051961 TE DNA sequence (Menolird18) us-
ing a conserved domain database in NCBI for the annota-
tion of functional protein units in this sequence. Our re-
sults showed that Menolird18 is classified as a non-LTR
retrotransposon (LINE-like), consisting of a reverse tran-
scriptase (RT) domain commonly found in retrotranspo-
sons and a zinc-finger putative reverse transcriptase do-
main near the N-terminal (online suppl. Fig. 1). We also
found that it was similar to R2 in arthropods, which pos-

45S rDNA

sess 1-3 zinc finger domains (species-dependent) in ad-
dition to the RT domain [Kojima and Fujiwara, 2005].

Some non-LTR retrotransposons have specific tar-
gets within the genome, particularly rRNA genes or re-
petitive sequences [Kojima and Fujiwara, 2003]. R2 is
inserted into 28S ribosomal RNA (rRNA) genes in fruit
flies (Drosophila melanogaster) [Roiha and Glover,
1981] and domestic silkworms (Bombyx mori) [Fuji-
waraetal., 1984], and it is widely distributed in 6 animal
phyla [Kojima et al., 2016]. It was also reported that
non-LTR retrotransposons had different insertion sites
(e.g.,in 185 rDNA) dependent upon the host organisms
[Kojima et al., 2006, 2016]. Information on its insertion
and chromosomal distribution in plant species is still
limited, with differing insertion sites of non-LTR and
LTR retrotransposons having only been reported in
sunflowers [Nagaki et al., 2015], bananas [Cizkova et al,
2013], tomatoes [Jo et al., 2009], and wild rice (O.
brachyantha) [Gao et al., 2012].

Our study confirmed the high conservation of Meno-
lird18 sequences in both melon and cucumber plants (on-

Menolird18

Merged

Fig. 2. Fine mapping of 45S rDNA and Menolird18 on pachytene chromosomes and extended DNA fibers in
melon. a-c Hybridization of 455 rDNA and Menolird18 on pachytene chromosomes. b Asterisks in inset show
weak signals of Menolird18 which co-localize with 455 rDNA. d Extended DNA fiber of US205. Signals of 45S
rDNA and Menolird18 are shown in green and red, respectively. Yellow and red arrowheads depict co-localized
signals and single dots of Menolird18 signals, respectively. Scale bars, 10 um.

Fig. 3. Structure of 45S rDNA, insertion site of Menolird18, and gene expression of Menolird18 in melon. a Full
length scheme of 45S rDNA. bMenolird18 inserted into 18S rDNA visualized by dot plot analysis. ¢ Transcrip-
tion of Menolird18 amplified from melon leaves.
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Fig. 4. Co-localization of Cmcent and Me-
nolird18 signals on various stages of mitot-
ic chromosomes in melon, Nobel F1 hy-
brid. a-c Interphase nuclei. d—f Early pro-
phase. g-i Prometaphase. j-1 Metaphase.
m-o Anaphase. p-r Telophase. Arrow-
heads depict Menolird18 signals at NORs.
Scale bars, 10 pum.

line suppl. Table 2). FISH results revealed that Meno-
lird18 was inserted into 2 specific regions: 185 rDNA and
melon centromeres. This non-LTR retrotransposon
showed different preferential insertion sites in compari-
son to those of animals, where it was mostly located at
only one specific gene locus [Roiha and Glover, 1981; Fu-
jiwara etal., 1984; Kubo et al., 2001; Kojima and Fujiwara,
2004; Kojima et al., 2006, 2016].
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Menolird18

Merged

Menolird18 was consistently localized at 45S rDNA
and centromeric regions of metaphase and pachytene
chromosomes and at extended DNA fibers of melon. The
organization of Menolird18 was intermingled with its 45S
rDNA array. This result suggests that Menolird18 inserts
into 45S rDNA, which is supported by our results of this
element in the 18S rDNA of melon. The sequence com-
parison of 45S rDNA indicated that another type of ret-
rotransposon, a Ty3/Gypsy-like LTR retrotransposon, in-
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serts into the 26S rDNA of melon. These results suggest
that different types of retrotransposons, both LTR and
non-LTR, insert into the 45S rDNA sequence of melon,
which is similar to the reports by Jo et al. [2009] and Gao
et al. [2012], who both found LTR retrotransposons in-
serted into the rDNA of tomato plants.

The number of 45S rDNA signals detected in cucum-
ber accessions varied, which is consistent with previous
reports [Han et al., 2008; Tagashira et al., 2009; Wibowo
et al., 2018]. Five pairs of 45S rDNA signals, 3 major and
2 minor ones, were found in RAR 930024, however, 2 cu-
cumber accessions showed different numbers of 45S
rDNA loci. Okute Aodai possessed 9, while Shiroibo
Fushinari possessed 8. RAR 930024 originated from the
USSR (Uzbekistan, Kazakhstan, and Kyrgyzstan area),
while Okute Aodai and Shiroibo Fushinari are histori-
cally domesticated Japanese landraces (online suppl. Ta-
ble 1).

Previous studies reported that rDNA clusters are mo-
bile due to their transposable activities [Schubert and
Wobus, 1985; Dubcovsky and Dvorak, 1995; Raskina et
al., 2008]. The different number of 45S rDNA loci in these
3 cucumber accessions may be due to the insertion of
non-LTR retrotransposons and ectopic recombination
during their domestication. Similar observations were re-
ported in common bean plant (Phaseolus vulgaris) acces-
sions, which showed variation in the numbers of 45S
rDNA loci (3-9 loci) [Pedrosa-Harand et al., 2006].
Transposable elements were able to transfer rDNA se-
quences that were capable of causing evolutionary chang-
es to rDNA chromosomal distribution [Raskina et al.,
2008]. Our results showed that both non-LTR and LTR
retrotransposons insert into 45S rDNA (Fig. 3b), which
indirectly supports the hypothesis that the variation of
rDNA loci amounts are regulated by mobile element ac-
tivities [Schubert and Wobus, 1985; Dubcovsky and
Dvorak, 1995; Raskina et al., 2004a, b, 2008].

Menolird18 waslocalized at the centromeric regions of
melon (Fig. 4). This result suggests that melon centro-
meres consist of a centromere-specific non-LTR ret-
rotransposon besides centromeric repetitive sequences,
CmSatl162, CmSatl189, and Cmcent [Koo et al., 2010; Se-
tiawan et al., 2020]. Moreover, Menolird18 did not share
the sequence homology with these centromeric satellite
DNAs of melon (online suppl. Fig. 2). Thus, Menolird18
preferably inserted into centromeric regions of melon
other than 455 rDNA loci. This finding is similar to those
reported in O. sativa, Z. mays, sorghum, Beta species, bar-
ley, and sunflower in which their centromeres were com-
posed of satellite DNAs and retrotransposons [Miller et

Non-LTR Retrotransposon Menolird18 in
C. melo and C. sativus

al., 1998a, b; Presting et al., 1998; Gindullis et al., 2001;
Hudakova et al., 2001; Cheng et al., 2002; Nagaki et al.,
2003, 2015].

The insertion of Menolird18 into 185 rDNA and other
specific regions might be caused by the function of ret-
rotransposons. This process is known to be initiated by
nicking one strand of DNA at the target site and creating
a 3'-hydroxyl end under the control of endonuclease ac-
tivity. Then, it can be used as a primer for reversing the
transcription of the retrotransposon mRNA onto the
DNA target. This unique process is called target-primed
reverse transcription (TPRT) [Luan et al., 1993; Fujiwara,
2015]. Thus, the selection of a sequence-specific target by
non-LTR retrotransposons is primarily regulated by en-
donucleases [Zingler et al., 2005].

It was found that Menolird18 is highly conserved in 2
different species, melon and cucumber, and this was clar-
ified by a BLAST result of Menolird18 in the cucumber
genome (online suppl. Table 2). Based on FISH stringen-
cy calculation by Schwarzacher and Heslop-Harrison
[2000], the hybridization stringencies of the probes were
77% (online suppl. Fig. 3). High stringency means that
only high homologues sequences were hybridized during
the hybridization process and it does not allow imperfect
probes and targets to hybridize.

Both melon and cucumber are members of the genus
Cucumis. They derived from a common ancestor and di-
verged approximately 10 Mya [Sebastian et al., 2010]. It
was considered that the genome size of melon has been
increased due to a recent higher accumulation of trans-
posable elements [Garcia-Mas et al., 2012]. Menolird18
showed contrast hybridization patterns between melon
and cucumber. Although Menolird18 was consistently
found in the NORs of the 2 species, the evolutionary di-
rections of the chromosomes might be different. Meno-
lird18 occurred at pericentromeric and subtelomeric re-
gions of the chromosomes in cucumber. On the other
hand, in melon it was found at heterochromatic blocks of
primary constrictions. Moreover, the more loci of 45S
rDNA were found, the more signals of Menolird18 were
seen at NORs. This might be the evidence for the hypoth-
esis that the amount of rDNA is correlated with those of
mobile elements, especially non-LTR retrotransposons,
as previously reported [Schubert, 1984; Dubcovsky and
Dvorak, 1995; Raskina et al., 2008; Jo et al., 2009]. These
results suggest that Menolird18 might have been involved
in the evolution of rDNA and centromeres in both melon
and cucumber. We hypothesize that before the diver-
gence of melon and cucumber from the same common
ancestor around 10 Mya [Sebastian et al., 2010], Meno-
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lird18 was inserted into 2 locations: NORs and pericen-
tromeric regions. After the divergence, Menolird18 would
have remained in NORs and expanded into centromeric
regions in melon, while in cucumber, it would have re-
mained in NORs and pericentromeric regions and then
expanded into subtelomeric regions.

The sqRT-PCR revealed that Menolird18 was not ex-
pressed in leaf tissues of melon. This suggests that Meno-
lird18 might be inactive under normal growing condi-
tions. Retrotransposons are mostly silent and can be acti-
vated under stress conditions [Ramallo et al., 2008; Cavrak
et al., 2014; Makarevitch et al., 2015]. Further gene ex-
pression studies using other tissue samples treated with
various abiotic stresses, such as salinity and drought,
would be needed to confirm the expression of Menolird18
in melon.

In conclusion, Menolird18, a non-LTR retrotranspo-
sons, possesses 2 different patterns of hybridization sig-
nals in Cucumis species: (1) it was inserted into 18S rDNA
in melon and cucumber, and (2) it was restricted to cen-
tromeric regions in all melon chromosomes, whereas it
was located at pericentromeric and subtelomeric regions
in cucumber. The clear distinction in chromosomal loca-
tions of Menolird18 in melon and cucumber allows us to
study evolutionary effects of non-LTR retrotransposon in
Cucumis species. The differences in the chromosomal lo-
cations of Menolird18 clearly showed its involvement in
the expansion/reduction of the melon and cucumber ge-
nome during the evolutionary process which subsequent-
ly gave rise to the present Cucumis taxa with different
genome sizes. These results provide an initial step for fu-
ture cytogenetic studies, such as chromosomal evolution
and cytogenetic mapping, in the related species of the ge-
nus Cucumis by utilizing retrotransposons.
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