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Abstract

Background: Differentiation and copy number of repetitive sequences affect directly chromosome structure which
contributes to reproductive isolation and speciation. Comparative cytogenetic mapping has been verified an
efficient tool to elucidate the differentiation and distribution of repetitive sequences in genome. In present study,
the distinct chromosomal structures of five Cucumis species were revealed through genomic in situ hybridization
(GISH) technique and comparative cytogenetic mapping of major satellite repeats.

Results: Chromosome structures of five Cucumis species were investigated using GISH and comparative mapping
of specific satellites. Southern hybridization was employed to study the proliferation of satellites, whose structural
characteristics were helpful for analyzing chromosome evolution. Preferential distribution of repetitive DNAs at the
subtelomeric regions was found in C. sativus, C hystrix and C. metuliferus, while majority was positioned at the
pericentromeric heterochromatin regions in C. melo and C. anguria. Further, comparative GISH (cGISH) through
using genomic DNA of other species as probes revealed high homology of repeats between C. sativus and

C. hystrix. Specific satellites including 45S rDNA, Type I/Il, Type Ill, Type IV, CentM and telomeric repeat were then
comparatively mapped in these species. Type I/Il and Type IV produced bright signals at the subtelomeric regions
of C sativus and C. hystrix simultaneously, which might explain the significance of their amplification in the
divergence of Cucumis subgenus from the ancient ancestor. Unique positioning of Type Ill and CentM only at the
centromeric domains of C. sativus and C. melo, respectively, combining with unique southern bands, revealed rapid
evolutionary patterns of centromeric DNA in Cucumis. Obvious interstitial telomeric repeats were observed in
chromosomes 1 and 2 of C. sativus, which might provide evidence of the fusion hypothesis of chromosome
evolution from x=12 to x =7 in Cucumis species. Besides, the significant correlation was found between gene
density along chromosome and GISH band intensity in C. sativus and C. melo.

Conclusions: In summary, comparative cytogenetic mapping of major satellites and GISH revealed the distinct
differentiation of chromosome structure during species formation. The evolution of repetitive sequences was the
main force for the divergence of Cucumis species from common ancestor.
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Background

Plant genome contains large amount of repetitive se-
quences, even up to 85 % of genome in some plant species
[1]. The distribution and copy number of repetitive DNA
affect directly the genomic organization and chromosome
structure through forming constitutive heterochromatin
[2]. Tandem repetitive sequence (or called as satellite re-
peats) can yield species-specific patterns on chromosomes
through fluorescence in situ hybridization (FISH) technol-
ogy which could be used for karyotyping and phylogenetic
analysis [2-5].

Chromosome structure differentiation is the main fac-
tor to affect the meiosis pairing which results to the re-
productive obstacle among close relative species. The
research about chromosome structure differentiation
will provide key information for species formation and
evolution. So far, it is still unpractical to investigate
chromosome structure differentiation of most plant spe-
cies based on the genome sequence due to the lack of
genome information, especially majority of wild species.
Genomic in situ hybridization (GISH) and comparative
cytogenetic analysis provide powerful tools to study
chromosome structure through the distribution pattern
of characterized and uncharacterized gDNA sequences
along chromosomes [2]. GISH technique has been
widely applied for the analysis of parental genomes in
hybrid and allopolyploids, and also the phylogenetics of
closely species [2, 3, 6]. GISH-banding has also been
proved to enable to elucidate genome-specific repeats
having non-random distribution which were used for
karyotype analysis [7-9]. The GISH banding pattern cor-
related with evolutionary distance and has been used to
study the evolution of some species [2, 10].

The genus Cucumis comprises of two subgenersa,
Cucumis and Melo, containing 52 species which include
two economically important crops, C. sativus L. (cucumber,
2n = 2x = 14, 367 Mb) and C. melo L. (melon, 2n = 2x = 24,
450 Mb) [11]. Besides these two species, the species C.

Page 2 of 13

anguria (West Indian gherkin) and C. metuliferus (African
horned cucumber) are commercially cultivated in some
areas as well [12], and are also the important resources
of resistance for some disastrous disease in cucumber
and melon production, such as root knot nematode
[13, 14]. In addition, many wild Cucumis species are of
economic interest because of their potential useful
genes for crop improvement. C. hystrix is the only wild
species grouped as Cucumis subgenus together with C.
sativus in Cucumis genus, while all others are classified
into Melo subgenus (Fig. 1) [11]. Also, C. hystrix bear-
ing multiple disease-resistant characteristics is the only
wild species cross-compatible with C. sativus in this
genus [15]. The researchabout the differentiation of
chromosome structure will provide important informa-
tion for the utilization of useful genes among Cucumis
species through inter-specific hybridization. In genus
Cucumis, cucumber is the only species which has the
basic chromosome number of x =7, while all other species
have the chromosome number of x =12, which provides
interesting model for studying genome size and chromo-
some number evolution [11, 16]. However, except for
cucumber and melon, little genomic information is
available for the comparative genomic research among
other Cucumis species. Comparative chromosome re-
searches based on fluorescence in situ hybridization
(FISH) of homologous repetitive sequences have been
proved to be an efficient method for providing reliable in-
formation for elucidating the chromosome evolution
among relative species [2, 17-19].

Specific repetitive sequences have been used to analyze
their cytogenetic positions among relative species to
reveal the chromosomal structural evolution [17, 18, 20].
In Cucumis, ribosomal DNAs have been comparatively
mapped in C. sativus and C. melo to investigate their
differentiation in which the unusual location of 45S rDNA
interposed with centromeric domain provided evidence
for the evolution of chromosomes 1 and 2 [21]. Except
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Fig. 1 Phylogenetic relationship of the five Cucumis species used in comparative cytogenetic analysis. Values for age estimates (Mya) are placed
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for rDNA sequences, in Cucumis species, a few satel-
lites, such as Type I, Type II, Type III and Type IV from
C. sativus, and CentM from C. melo, have been identi-
fied. Type I and Type II usually were grouped as Type
I/II due to only one base different between them. Type
I/II and Type IV were found to locate at the ends of al-
most all cucumber chromosomes [22, 23]. Type III and
CentM repeats produced obvious signals at the primary
constriction of cucumber and melon chromosome, re-
spectively [22, 24]. Researches about these repeats
mainly focus on their cytogenetic distribution in cu-
cumber and melon. However, their cytogenetic distribu-
tions or homology in chromosomes among other
Cucumis species remain to be investigated.

In this study, firstly self-GISH (sGISH) technology was
applied to reveal the overall distribution of repetitive ele-
ments along chromosomes, through which the unique
distribution patterns of repeats of each species were re-
vealed. Secondly, comparative GISH (cGISH) was carried
out to detect the homology of repeats among these spe-
cies. Thirdly, specific repeats, like Type I/1I, Type III and
Type IV, combined with 45S rDNA and telomeric probes
were used to investigate their distributions in these spe-
cies. Southern hybridization was further employed to
analyze the characteristics of genomic organization of
specific repeats in different Cucumis species. Based on
the results, the karyotypes including the differentiation
of satellites among these species were analyzed, and the
evolution of repetitive elements in Cucumis species was
discussed as well.

Results

The distribution of repetitive sequences along
chromosomes in Cucumis species revealed by self-GISH
The distribution patterns of repetitive DNAs along chro-
mosomes in Cucumis species were investigated based on
the sGISH method in which gDNA probe was hybrid-
ized onto its own metaphase chromosomes. Five Cucu-
mis species including C. sativus, C. hystrix, C. melo, C.
metuliferus and C. anguria which are of Asia or African
origin (Fig. 1) were investigated [11]. The sGISH signal
patterns for each species were showed in Fig. 2.

Signal patterns from C. sativus sGISH

Self-GISH produced unique signal patterns in each
chromosome of C. sativus (Fig. 2a-1). Except for the end
of long arm of chromosome 6, obvious signals were
found at the ends of all other chromosomes. Very strong
signals appeared at the both ends of chromosomes 1 and 7,
short arm ends of chromosomes 4 and 6, and long arm
end of chromosome 5. In addition, the distinct signal
patterns were also observed at the pericentromeric
heterochromatin regions of each chromosome, and very
strong signals appeared in chromosomes 1, 2, 4 and 7.
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The signals in chromosomes 2 and 4 covered a large
region across centromeres. The signal patterns revealed
sGISH at the pericentromeric heterochromatin regions
colocalized with those from 45S rDNA and Type III
(Additional file 1: Figure S1).

In order to confirm that the signals located on the
ends of chromosomes are from other repetitive sequence
rather than from telomeres, we probed simultaneously
the Arabidopsis type telomere on C. sativus chromo-
somes. The telomere signals were detected at the ends
of every chromosome of cucumber (green signals in
Fig. 2a-2). The FISH from telomere and sGISH gave
different signal patterns at the ends of each chromo-
some, which confirmed repeats-derived sGISH patterns
(Fig. 2a-3). Interestingly, besides the terminal signals,
some interstitial signals from telomere probe were also
detected on chromosomes 1 and 2 (shown by arrows in
Fig. 2a-2). Chromosome complement for C. sativus
species was determined based on the signals of 45S
rDNA (Fig. 3) and chromosome morphology according
to previous reports [22, 25].

Signal patterns from C. hystrix sGISH

Due to no reference data about the karyotype of C.
hystrix so far, the chromosome number was given here
based on their sizes, in descending order (Fig. 2b). Self-
GISH produced very strong signals at two ends or one
end of chromosomes (Fig. 2b-1), which indicated a
preferential location of repeats at the distal regions of
chromosomes in this species. Chromosome 1 gave very
strong signals at the both ends. Chromosomes 3, 4 and 8
display strong signals at the end of long arms, and weak
signals at the end of short arms. Three weak signals pro-
duced in chromosomes 3, 4 and 8 were found to locate
at the same positions with 45S rDNA loci as showed in
Fig. 3g. All other chromosomes produced strong signal
only at one end of chromosomes. We also compared the
FISH mapping of telomere and sGISH. The FISH signals
from telomere probe were detected at the ends of every
chromosome and gave different patterns with sGISH,
which indicted sGISH signals was produced by specific
repeats rather than telomeres in C. hystrix (Fig. 2b-3).

Signal patterns from C. melo sGISH

For C. melo, signals from sGISH were detected at the
primary constriction region of every chromosome
(Fig. 2c-1). Further, we used CentM repeat located at the
C. melo centromere regions [24], to compare the differ-
ence of sGISH and CentM signals. The FISH results
showed that CentM produced exactly the same signal
patterns as that from sGISH (Fig. 2c-2). In addition, we
found that sGISH of this species did not produce any
signals at the nucleolar organizing regions (NORs)
(shown by arrow in Fig. 2¢-3), which bear 45S rDNA loci
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 Distribution of repetitive sequences along chromosomes revealed by self-GISH in Cucumis species. a C. sativus; b C. hystrix; ¢ C. melo; d

C. metuliferus; e C. anguria. Red signals in (a), (b), (c), (d), and (e) represent the signals produced by genomic DNA themselves. Green signals in
(@), (b), (d), and (e) represent the signals produced by Arabidopsis type telomere probes. Green signals in (c) represent the signals produced by
C. melo centromere probe, CentM. Scale bars =5 pum. Arrows in (a)-2 show interstitial telomere signals. Arrows in (c)-3 and (d)-3 show the nucleolar
organizing regions (NORs)
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Fig. 3 Distribution of conserved homologous sequences detected by reciprocal comparative GISH in Cucumis species. Each row represents the
metaphase chromosomes from the same species, and the species was showed at left side; each column represents the signal patterns using total
genomic DNA probe from one species, and the species used as probes was showed on the top. Green signals pointed by arrows in self-GISH
pictures show the 45S rDNA loci. Scale bars=5 pum
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(Fig. 3m). The FISH result from telomeric probe de-
tected clear signals at the ends of each chromosome
(Additional file 1: Figure S2). Unlike C. sativus and C.
hystrix, sGISH of C. melo did not produce any signals at
the ends of chromosomes.

Signal patterns from C. metuliferus sGISH

For C. metuliferus, except for two chromosomes without
any sGISH signals, all other ten chromosomes possessed
obvious sGISH signals. Among ten chromosomes having
signals, nine chromosomes displayed signals at the both
ends of chromosomes, while chromosome three produced
signal only at one end (Fig. 2d-1). We also used the
telomere probe to differentiate the signals of sGISH from
telomeres. The different telomere signal pattern eliminated
the possibility of sGISH signals from telomere (Fig. 2d-2).
Like C. melo species, sGISH in C. metuliferus did not de-
tected any signals at the nucleolar organizing regions
(shown by arrow in Fig. 2d-3) which were detected by 45S
rDNA probe (Fig. 3s). These results showed that the dom-
inant repeats derived from GISH in C. metuliferus were
located at the distal ends for majority of chromosomes.

Signal patterns from C. anguria sGISH

For C. anguria, sGISH detected the signals at the peri-
centromeric heterochromatin regions of all chromo-
somes (Fig. 2e-1). However, whether the signals are from
the centromeric region or not could not be confirmed,
because the centromere repeat sequence in this species
is not available so far. Like in other species, the telo-
meric probe produced bright signals at the ends of each
chromosome (Fig. 2e-2).

The homology of repeats among Cucumis species based
on the comparative genomic in situ hybridization

To reveal the homology of repeats among five Cucumis
species, comparative GISH (cGISH) was employed to
probe the signals of gDNA on metaphase chromosomes
of all other species (Fig. 3). We also compared the FISH
mapping of 45S rDNA on metaphase chromosomes of
these species (shown by arrows in Fig. 3). The FISH
signal patterns were shown in Fig. 3. ¢cGISH from differ-
ent xspecies revealed the distinct signal patterns when
different gDNA probes were used. It is found that on C.
sativus metaphase chromosomes, the gDNA of C
hystrix probed obvious subtelomere signals on majority
of chromosomes (Fig. 3b), which is similar to the signal
patterns produced by C. sativus sGISH at the chromo-
some ends (Figs. 2a and 3a). However, cGISH on C.
sativus chromosomes using gDNAs of C. melo, C. metu-
liferus and C. anguria showed obvious signal patterns at
the pericentromeric heterochromatin regions of some
chromosomes (Fig. 3c, d, and e), which have same
position with 45S loci (data not shown).

Page 6 of 13

In C. hystrix metaphase chromosomes, cGISH using
C. sativus gDNA probe produced bright signal patterns
at majority of chromosome ends (Fig. 3f), which is
similar to that produced by C. hystrix sGISH (Fig. 3g).
Interestingly, gDNA of C. melo gave clear signals at the
pericentromeric heterochromatin regions of all chromo-
somes of C. hystrix, and NORs as well (Fig. 3h). However,
gDNAs of C. metuliferus and C. anguria did not probe
strong signals along chromosomes except for the six 45S
rDNA loci (Fig. 3i and j).

In C. melo, both gDNA probes of C. sativus and C.
hystrix only detected four bright signals on four chro-
mosomes (Fig. 3k and 1), which were found to be the
45S rDNA loci (as shown with arrows in Fig. 3m).
The signal patterns detected by gDNA of C. metuli-
ferus and C. anguria showed bright 45S rDNA loci
signals, as well as some weak telomeric and scattered
signals along every chromosome (Fig. 3n and o).

Similar to C. melo, in C. metuliferus metaphase chro-
mosomes, gDNA probes from C. sativus and C. hystrix
only produced signals at the NORs (Fig. 3p and q).
Genomic DNA probe from C. melo detected the peri-
centromeric heterochromatin regions of every chromo-
some, and NORs as well (Fig. 3r). However, cGISH using
C. anguria gDNA produced weak scattered signals on
some chromosomes, and clear NORs signals.

In C. anguria chromosome spreads, gDNA probes of C.
sativus and C. hystrix also only detected the 455 rDNA
loci (Fig. 3u and v). ¢cGISH using gDNA probe of C. melo
produced clear signals around pericentromeric hetero-
chromatin domains, though the signal intensity varied in
different chromosomes, and 45S rDNA loci (Fig. 3w).
Genomic DNA probe of C. metuliferus produced scattered
signals along C. anguria chromosomes (Fig. 3x).

Different signal pattern of 45S rDNA were produced
among five Cucumis species. In C. sativus, 10 chromo-
somes displayed 45S rDNA loci, including 6 very strong
loci and 4 weak signals, which all were located adjacent
to centromeric regions. Six chromosomes in C. hystrix
bear 45S rDNA loci which were mapped at the distal of
chromosomes. And only 4 chromosomes displayed 45S
rDNA loci with interstitial or subtelomeric locations in
C. melo, C. metuliferus and C. anguria species (shown
by arrows in Fig. 3). However, all five species bore a pair
of 5S loci (data not shown).

Comparative mapping of specific satellites revealed the
significant divergence among Cucumis species

High similarity of signal patterns shown by cGISH from
C. satvius and C. hystrix (shown by Fig. 3a, b, f and g) is
likely to be explained by the high homology of satellites.
To further reveal the homology of satellites between
species, specific types of satellites, including Type I/II,
Type I1I, Type IV and CentM were comparatively mapped
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on metaphase chromosomes of five Cucumis species.
Among these satellites, Type I/II and Type IV have been
mapped on the subtelomeric domains of C. sativus chro-
mosomes, and Type III was located at the centromeric re-
gions of C. sativus chromosomes [22, 23, 26], and CentM
was identified as the centromeric satellite DNA of melon
[27]. As expected, Type I/1I (Fig. 4a) and Type IV (Fig. 4b)
produced bright signals at the subtelomeric regions of
almost all chromosomes, and Type I/II was mapped at the
distal position compared with Type IV in C. sativus
chromosome spreads (Fig. 4c). Interestingly, Type I/II and
Type IV also produced clear signals at the end of chromo-
somes of C. hystrix (Fig. 4d, e and f), presenting the simi-
lar relative positions as them in C. sativus chromosomes,
though their copy numbers varied significantly in individ-
ual chromosome based on the sizes and intensities of the
FISH signals. However, Type I/Il and Type IV did not
probe clear signal in other three Cucumis species. Type 111
and CentM probes only detected the centromeric signals
in C. sativus and C. melo, respectively, and no signal in
any other species (Data not shown).

To characterize the molecular organization and the
abundance of the specific tandem repeats observed by
fluorescence in situ hybridization, southern blot was
conducted to further analyze the genomic organization
of them in Cucumis species. Genomic DNA of C. sati-
vus, C. hystrix, C. melo, C. metuliferus and C. anguria
was digested with the restriction enzymes EcoRI, blotted,
and hybridized with Type I/II, Type IV, CentM and 45S
rDNA probes. We found that C. sativus and C. hystrix
shared almost the same patterns of Type I/II and Type
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IV, but the fragments from C. sativus are stronger than
those from C. hystrix. The ladder of fragments indicates
a tandem organization of these repeats. However, no
bands appeared in other three species for Type I/II and
Type IV probes. For CentM, obvious ladder of bands
was observed only in C. melo species. For 45S rDNA,
five species gave three types of patterns. C. sativus and
C. hystrix produced the same two bands, and C. metuli-
ferus and C. anguria shared the same one band. C. melo
produced one band with shorter size compared with that
from other species (Fig. 5).

The relationship between GISH patterns and gene
distribution

The sGISH showed the distinct signal patterns in different
Cucumis species. Some species such as C. sativus, C. hystrix
and C. metuliferus produced bright telomeric signals, and
some species, such as C. melo and C. anguria only detected
signals in pericentromeric heterochromatin region. These
results showed the obvious difference of chromosomal
structure in Cucumis species. We further analyzed the gene
density along chromosome to reveal the relationship
between chromosomal structure and gene distribution. In
Cucumis, C. sativus and C. melo are the only two species
whose genome sequences are available [28, 29]. The
chromosome 5 was selected randomly to conduct this
analysis. According to the Cucumber Genome Database
(http://cucumber.genomics.org.cn/page/cucumber/index.jsp)
and Melon Genome Database (https://melonomics.net/),
the numbers of annotated genes along chromosome 5 in
two species are 3344 and 1840, respectively. The number

(A)

)

f Merged picture from (d) and (e). Scale bars =5 um

Fig. 4 FISH mapping of two types of satellites on metaphase chromosomes of C. sativus and C. hystrix. a Signals of Type I/Il on C. sativus.
b Signals of Type IV on C. sativus. € Merged picture from (a) and (b). (d) Signals of Type I/l on C. hystrix. e Signals of Type IV on C. hystrix.
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of annotated genes per 300 kb was calculated to investi-
gate the gene density along chromosome 5 of both
species. The distributions of gene density along the two
chromosomes were illustrated in Fig. 6a and b, respec-
tively. The uneven distribution of gene density was
observed along chromosomes 5 in both species. In general,
lowest gene density was observed in the heterochromatin
regions (showed by the gray color in Fig. 6) in two chromo-
somes, and relative high gene density in the euchromatin
region of chromosome arms. However, obvious different
distribution patterns were found between two chromo-
somes. In C. sativus chromosome 5, the highest gene
density appeared at the central regions of chromosome
arms, and decreased towards the ends of chromosome
and pericentromeric heterochromatin region (Fig. 6a).
However, in C. melo chromosome 5, the gene density
increased towards the ends of chromosome, and the high-
est appeared at the ends (Fig. 6b). The distribution pat-
terns of gene density of these two chromosomes were
found to be relative with the sGISH patterns. The regions
with strong sGISH signals, like the ends of chromosomes
and pericentromeric heterochromatin regions in the
chromosome 5 of C. sativus (Fig. 2a-1) have the lowest
gene density (Fig. 6a). Similarly, in chromosome 5 of C.
melo species, the lowest gene density (Fig. 6b) was
detected at the pericentromeric heterochromatin region
with strong sGISH signals. Meanwhile, a significant in-
crease of gene density towards the ends of chromosome
arms was observed where nearly no sGISH signals were
detected (Fig. 2¢-1).

Discussion

The chromosome structural differentiation in Cucumis
species detected by GISH

In Cucumis species, only the genome sequences of C.
sativus and C. melo are available so far. The research of
evolution relationship based on the genome sequence
among them and other majority of wild species with un-
available genome information is impossible now. Further,
even in the era of high throughout sequencing, there are
missing gaps caused by technical inability to correctly
sequence tandem repeats and to accurately determine
their copy number and chromosome position. GISH and
FISH provide powerful tools for elucidating the genome
organization and chromosome structure. Based on the
sGISH in present study, we found that five Cucumis
species produced different bands that showed the unique
chromosome structures of each species. In general, C.
sativus, C. hystrix, and C. metuliferus detected significant
sGISH bands at the ends of chromosomes, whereas
other two species, especially C. melo did not produce
any signals at the ends of chromosomes. This is likely to
be explained by the lack of repeats at the distal end of
chromosomes in C. melo species. In our previous inves-
tigation for chromatin structures, obvious heterochro-
matin knob (usually rich in repetitive sequences) was
found at the chromosome ends of C. sativus [26], while
no obvious heterochromatin region existed on C. melo
chromosome ends [30]. Thus, results from sGISH in this
study are likely to directly reflect the chromosomal
structure about repeats distribution in Cucumis species.
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The high similar signal patterns detected by cGISH
between C. sativus and C. hystrix indicated the high
repeats homology in subtelomeric regions in C. sativus
and C. hystrix (Fig. 3a, b, f, and g). Genomic DNA
probes of C. sativus and C. hystrix detected mainly 45S
rDNA loci in other three Cucumis species which demon-
strated the low repeats homology between C. sativus/C.
hystrix and other three species.

Chromosomal rearrangements during Cucumis species
formation inferred from the distribution of satellites

C. sativus is the only species with x =7 chromosomes in
Cucumis, and all other species in this genus have x =12
chromosomes. So far, there are two hypotheses about

the evolution of chromosome numbers in Cucumis spe-
cies. Early studies supported the hypothesis that the
species with x=7 chromosomes gave rise to species
with x =12 chromosomes through chromosomal fission
events [31], while more recent researches supported
another hypothesis that x =7 species was formed by
chromosomal fusion from x=12 progenitor species
[11, 32, 33]. Molecular and cytogenetic data from
current study proposed that chromosomes 1 and 2 of
C. sativus appeared to be the result of fusion of two chro-
mosomes of x =12 species [16, 21]. Interstitial telomeric
repeats were proposed to be a relic of two ancestral chro-
mosomes fusion in some eukaryotes [34—36]. Interstitial
telomeric signals detected in chromosomes 1 and 2 of C.
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sativus in this study are likely to be the vestige of the
chromosome fusion of two progenitor species. This
phenomenon conversely also supported the fusion hy-
pothesis for chromosome evolution in Cucumis species.
The accumulation of specific repeats has been proved to
be the main force of species formation. Comparative FISH
revealed that C. sativus and C. hystrix shared high hom-
ology of satellites, and Type I/Il and Type IV produced
strong signals on the chromosomes of both species, which
was also confirmed by the southern hybridization results
(Figs. 4 and 5). Among all Cucumis species, C. sativus and
C. hystrix are the only two species grouped as Cucumis
subgenus, while all other are classified into Melo subgenus.
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C. hystrix is also the only species which is cross-compatible
with C. sativus in this genus [37, 38], and had the closest
relationship with C. sativus (Fig. 1) [11]. Our results might
indicate that the preferential proliferation of specific re-
peats, like Type I/II and Type IV diverged the Cucumis and
Melo subgenera from common ancestor species (Fig. 7),
which happened within approximately ten million years
[11]. This phenomenon was also found in other species,
such as Nicotiana in which new satellite repeats evolved
and amplified within about 5 million years [39].

Genomic DNA probe of C. melo produced obvious peri-
centromeric heterochromatin signals in all tested Cucumis
species which likely indicated relative conserved repeat
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type in this region in C. melo species. However, specific re-
peat from C. melo, CentM did not detect obvious FISH
signal in other species, also no visible southern blot bands
in other four species (Fig. 5). Hence, the signals from C.
melo gDNA probe in pericentromeric regions of other
species might be derived from other specific unknown
repeats rather than CentM.

In addition, gDNA probes of C. metuliferus and C.
anguria did not detected clear signals in other species
except for 45S rDNA loci which implied the high diver-
gence between these two species and the others. Evidence
from plastid DNA sequences and nuclear markers also
grouped C. metuliferus and C. anguria as of Africa and
other three species as of Asian origin, and diverged from
the common ancestry about 12 million years ago [11].

We also found that the number of 45S rDNA loci have
the significant difference in two subgenera, Melo and Cucu-
mis, though all species bear a pair of 5S rDNA loci (data
now shown). All three species in subgenus Melo displayed
two pairs of 45S rDNA loci, while subgenus Cucumis had
more 45S rDNA loci. C. hystrix and C. sativus displayed six
and ten loci of 45S rDNA, respectively. Therefore, the ex-
pansion of ribosomal DNA loci is likely to be contributed
to the divergence of subgenus Cucumis from the common
ancestry (Fig. 7). The southern results revealed that C. sati-
vus and C. hystrix shared the same 45S rDNA band pattern,
and C. metuliferus and C. anguria shared another same
band pattern, while C. melo had the different southern blot
pattern. This result might explain the phylogenetic relation-
ship among five species, which is coincidence with the re-
port from the analysis of sequence (Fig. 1) [11]. However,
researches from majority of plants showed that in spite of
the wide dispersion capacity of ribosomal DNA, the num-
ber of rDNA locus tends to be restricted in two and four
per diploid karyotype [40]. The significant meaning of more
45S rDNA loci in subgenus Cucumis than that in subgenus
Melo species remains to be explored.

Conclusion

Significant differentiation of chromosome structures
was observed among Cucumis species, which could be
revealed by the repeats distribution along chromo-
somes. The preferential accumulation of repeats mainly
around subtelomeric regions was found in C. sativus, C.
hystrix and C. metuliferus species, while in C. melo and
C. anguria species, majority of repeats located at the
pericentromeric regions. C. sativus and C. hystrix species
shared the high homology of satellites, like Type I/II and
Type IV which were positioned on the subtelomeric
domains. Besides, expansion of these specific satellites was
supposed to diverge the Cucumis subgenus from ancient
ancestor. What's more, the copy number and nucleotide
sequence are the main changing parameters during the
evolution process in the specific repeats. Among Cucumis
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species, except for C. sativus and C. melo, nearly no
genomic resources are available in all other species. As a
consequence, the chromosome structures shown by GISH
and comparative FISH of satellites in this study provide an
important clue and strike out path for elucidating the
formation of species and evolution in Cucumis species.

Methods

Plant materials

Five species with different geographical origin and basic
chromosome numbers in Cucumis were used for this
study. Phylogenetic relationship of the five Cucumis
species was showed in Fig. 1 [11]. These species belong
to two subgenera of the genus of Cucumis, respectively.
C. sativus and C. hystrix are from subgenus Cucumis,
originated in Asia. Species of C. anguria and C. metuliferus
belong to subgenus Melo, with of African origin. C. melo is
believed to be of Asian origin which belongs to subgenus
Melo [11].

Chromosome preparation

The procedure for mitotic chromosomes preparation was
essentially the same as published protocols [26] with some
modifications. The seeds of all species were geminated on
moistened filter paper at 28 °C. Lateral roots were induced
through cutting away the main root tips. About 1 cm long
lateral root tips were harvested and pretreated in 0.002 M
8-hydroxyquinoline at room temperature for 2 h, then
fixed in 3:1 Carnoy’s fixative solution for at least 1 day.
For chromosome preparation, the fixed root tips were
digested with enzyme mixtures containing 4 % cellulase
R-10 (Yakult, http://www.yakult.co.jp) and 2 % pectinase
(Sigma-Aldrich, http://www.sigmaaldrich.com) in 1x PBS
buffer, pH 5.5, at 37 °C for 50 min, followed by replacing
the enzyme solution with deionized water and keeping it
on ice for about 10 min. The digested root tips were then
fixed in 3:1 Carnoy’s fixative solution. The slides with
well-spread metaphase chromosomes were obtained
according to the published protocol [41].

DNA probes

For GISH, total genomic DNA (gDNA) was extracted
from young leaves of seedlings using the cetyltrimethy-
lammonium bromide (CTAB) based method described by
Murray and Thompson [42]. DNA quality was evaluated
by electrophoresis in 1 % agarose gel. DNA concentration
was estimated using the ultraviolet spectrophotometer.
About 1 ug gDNA of each species was used for probe
labeling. For repeat DNA probes, Type III repeat of with
the size of 177 bp (GenBank accession no. 18287), and
CentM repeat of melon with the size of 352 bp (GenBank
accession no. 3929695) were used for identification of cen-
tromeres of C. sativus and C. melo, respectively. Plasmids
pTa71 with the size of 9 kb from wheat [43] was used to
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detect the 45S ribosomal DNAs. Type I/II repeat with the
size of 182 bp (GenBank accession no. 18285) and Type IV
repeat with the size of 360 bp (GenBank accession
no. 18288) were also used for comparative mapping. The
Arabidopsis-type telomere DNA was generated by poly-
merase chain reaction method in the absence of template
using primers (TTTAGGG), and (CCCTAAA), according
to Ijdo et al. [44]. The gDNA and all repeat DNA probes
were labeled with either biotin-dUTP or digoxigenin-
dUTP (Roche, http://www.roche-applied-science.com) by
standard nick translation reaction.

Fluorescence in situ hybridization

FISH was carried out essentially according to published
procedures [45]. Twenty microliter hybridization mixture
containing denaturated probes, 50 % formamide and 10 %
dextrane sulfate in 2 x SSC were applied to the denaturated
slide. Slide was incubated at 37 °C overnight. Signals were de-
tected using a fluorescein isothiocyanate-conjugated antibio-
tin antibody and a rhodamine-conjugated anti-digoxigenin
antibody (Roche, http://www.roche-applied-science.com),
respectively. Images were captured using a SENSYS
(http://www.photometrics.com) CCD camera attached to an
Olympus (http://www.olympus-global.com) BX51 mic
roscope. The CCD camera was controlled using FISH
view 5.5 software (Applied Spectral Imaging Inc,
http://www.spectral-imaging.com). Images were proc-
essed using Adobe Photoshop 5.0 (Adobe Systems,
http://www.adobe.com).

Southern hybridization

Ten microgram of gDNA of five species were digested
with restriction enzymes (with recognition sites for six
bases) EcoRI (Takara, Japan), separated by electrophor-
esis at 25 V (1 V/cm) overnight on a 0.7 % agarose gel in
0.5x TBE buffer. Specific satellite DNAs, including 45S
rDNA, Type I/II, Type III, Type IV and CentM, were
labeled to be probes following the standard protocols
according to the procedures of DIG High Prime DNA
Labeling and Detection Starter Kit II (Roche, Germany).
DNA fragments were transferred onto nylon membranes
(Roche, Germany) by electric transfer (Tanon EPS 200,
China). Hybridization was carried out with 25 ng/ml of
chosen digoxigenin-labeled probe at 42 °C in oven
(HL-2000 HybriLinker, UVP) for 20 h. A stringency washes
were conducted by using 0.5x SSC (Solution of Sodium
Citrate) containing 0.1 % SDS (sodium dodecylsulphate),
and the kit working solutions for appropriate time. The
hybridization signals were visualized on recorded using
Tanon 5200 (Tanon, China).

Gene density analysis
To analyze the relationship between chromosomal
structure and the distribution of genes, the numbers
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of annotated genes per 300 kb along chromosomes of C.
sativus and C. melo were calculated. The distribution pat-
terns of gene density along chromosomes were plotted.
The annotated gene location and number were accessed
through Cucumber Genome Database homepage (http://
cucumber.genomics.org.cn/page/cucumber/index.jsp) and
Melon Genome Database homepage (https://melonomics.-
net/).

Additional file

Additional file 1: Figure S1. FISH mapping of 455 rDNA and Type Il on
C sativus metaphase chromosomes. (A) 45S rDNA signals. (B) Type Ill signals.
(©) Merged picture. Scale bars =5 um. Figure S2. FISH mapping of Telomere
on C. melo metaphase chromosomes. Scale bars =5 pm. (PDF 159 kb)
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