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Summary. Another satellite DNA repeat (type IV) in the
genome of Cucumis sativus (cucumber) was found and
investigated with respect to DNA sequence, methyl-
ation, and evolution. This satellite shows a repeat length
of 360 bp and a GC-content of 47%. The repeats of type
IV are highly conserved among each other. Evidence for
CG and CNG methylation is presented. By comparison
to the previously described satellites (type I/1I and type
1) from cucumber, it is evident that this repeat is creat-
ed by an insertion of a 180 bp DNA sequence similar to
type I-III into another DNA sequence (or vice versa),
and subsequent amplification forming a new satellite
repeat. The different satellites of the type I/11, type III,
and the 180 bp insert of type IV show a sequence ho-
mology of 60%—70%, indicating that the complex satel-
lite DNA of cucumber is originated from a common
progenitor by mutation, additional insertion, and am-
plification events. Copies of a sequence similar to a
part of type IV are present in the genome of the related
species Cucumis melo (melon).
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Introduction

Highly repeated DNA sequences often occur as tan-
demly arranged DNA sequences in almost all eukary-
otic genomes (Singer 1982; Beridze 1986; Miklos 1986).
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A common feature of these sequences is that the single
repeating units evolve in a specific manner, also called
“concerted evolution” (Dover 1982, 1986; Dover and
Tautz 1986). The mechanism of unequal crossing over is
mostly responsible for this kind of evolution and vari-
ation (Smith 1976). This process is also involved in the
creation of new variants from a single repeat type, often
resulting in either two related satellite repeats or one re-
peat family replacing another in a population (Dover
1986). In addition, there are further possibilities of gen-
erating new variants by processes such as reverse tran-
scription and transposition (Dover 1982; Flavell 1982,
1985).

Plants in the Cucurbitaceae family are often charac-
terized by an enormous amount of such repeated DNA
sequences (Ingle et al. 1975) therefore offering a system
to study the generation and spreading of different satel-
lite repeats. Species from the genera Cucumis and Cu-
curbita show several satellite repeats of either
169182 bp or about 352 bp in length (Shmookler-Reis
et al. 1981; Hemleben et al. 1982; Brennicke and Hem-
leben 1983; Ganal et al. 1986; Ganal and Hemleben
1986 a).

An extreme example in this family of dicotyledon-
ous plants is Cucumis sativus. The proportion of hetero-
chromatin in this organism is about 50% (Ramachan-
dran etal. 1985). An analysis of the nuclear DNA by
gradient centrifugation revealed that approximately
30% of the total nuclear DNA is satellite DNA and an
additional 10% is represented by the genes coding for
the large ribosomal rRNAs (Timmis and Ingle 1977;
Hemleben et al. 1982; Ganal and Hemleben 1986 b).

We have recently characterized two tandemly re-
peated DNA sequences out of this satellite fraction of
cucumber (type 1/II and III), and shown that they are
related in their DNA sequence and not interspersed into
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each other (Ganal et al. 1986). Here we have analyzed a
further tandemly arranged DNA sequence, with in-
teresting features concerning its structure and evolu-
tionary relationships to the other satellite-type se-
quences in the genome of cucumber.

Material and methods
Plant material

Seeds of Cucumis sativus cv Sensation Typ Neckarruhm and of
Cucumis melo cv Zuckerkugel were purchased commercially
(Hild, Marbach am Neckar, FRG), and cultivated for 7 days in
the dark before harvesting.

DNA isolation

DNA from seedlings was isolated as described by Hemleben
etal. (1982). After a first purification step on a CsCl gradient,
satellite DNA was separated from the bulk of nuclear DNA by
CsCl-actinomycin D gradients (Hemleben et al. 1977). Stan-
dard methods for analyzing DNA were applied according to
Maniatis et al. (1982).

Hybridization

The eluted inserts were used for hybridization experiments.
Type IV repeats were cut either from plasmids or from the re-
plicative form of MI13. Hybridization and labelling of DNA
was performed as previously described (Ganal etal. 1986).
Stringent hybridization temperature was 68°C, and relaxed
conditions included a hybridization temperature of 60 °C.

Cloning and sequencing

All cloning experiments were carried out using the plasmid
pUC 8 (Vieira and Messing 1982), or the phages M13mp8 or
M13mp9 (Messing and Vieira 1982), and DNA fragments from
enriched satellite DNA which were eluted from preparative
polyacrylamide gels using the method of Maxam and Gilbert
(1977). Recombinant plasmids and M13 phages were selected
by colony and plaque hybridization (Grunstein and Hogness
1975), and DNA sequencing was done according to Sanger
et al. (1977). The programs of Larson and Messing (1982) were
used for computer analysis.

Results

Two different, but related, satellite DNA repeat types of
either 182 bp (type 1/11) or 177 bp (type III) have been
characterized in Cucumis sativus by cloning, DNA se-
quencing, and hybridization (Ganal et al. 1986). How-
ever, after digestion with Haelll some additional bands
of 212, 80 and 70 bp were observed, which could not be
explained by the DNA sequences obtained from a num-
ber of type I-III repeats. The observation of these ad-
ditional bands suggests the presence of at least one
further element in the genome of Cucumis sativus.

Cloning of the type IV satellite DNA of Cucumis sativus

The region containing the 212 bp Haelll fragment was
eluted from a preparative polyacrylamide gel and the

DNA directly cloned into M13mp8. By sequencing a
number of clones, we found that almost all clones of the
expected size contained an identical insert (as indicated
in Fig. 1). Although the fragments were cloned after a
complete digestion with Haelll, the clones contained an
internal Haelll site. This indicates that this site is
masked in genomic DNA by methylation. Since Haelll
does not cut the sequence GG™CC (Kessler et al. 1985),
and the second cytosine residue of the cutting site is fol-
lowed by a guanosine residue (Fig. 1), it is direct evi-
dence that plant DNA can be methylated in CNG (here
CCG) sequences (Gruenbaum et al. 1981). To reveal the
genomic organization of this DNA sequence, the 212 bp
Haelll fragment was used to probe genomic DNA of
Cucumis sativus. The hybridization pattern resulted in a
ladder which is typical for a tandemly arranged satellite
DNA sequence (see Fig. 2). The digestion with Sau3A
revealed a repeat length of 360 bp, which is in
contrast to the previously analyzed satellite sequences
with a repeat length of either 177 or 182 bp. Therefore,
the 212 bp sequence is part of another satellite repeat in
cucumber.

To characterize the entire 360 bp repeat (type IV),
enriched genomic satellite DNA was then cut with
Sau3A and the 360 bp region eluted and cloned. Clones
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GATCTTGTGCAACCTCTTTAGGCCGATGATAGCCCGCGCATAGGTGTGCAAACCCATCTA
SaudA Haelll
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-
TATTGCACCCAGTACGACACAGAAAAAAAGCCCAGGGCCTAGGGGTCGGGTGGLGLCTCGT
Rsal Haelll

130 140 150 160 170 180

TCGGGG‘GCACAACGEITBCGCCAAIAACGGTCCAAAAAYGCCCAAGGCTY!ACCATACG
Cfol Haelll

190 200 210 220 230 240
AAGAATCGGCCGAYTTITAACCATCTGAGAAACGTICCCCAAAATTCACTGATAACTACTA

Heelll

2%0 260 270 280 290 300

-
CGAGGCCTCACTCIGAGTAATATCAAAGYTITTTICCCACAAGAACCGLTCGGAGATGLLE

Heelll

310 320 330 340 350 360
GGACTTAGTTITTTAYTTIGITCCCAATACTTITTICTTCCAATGGACTAGTYIGTGTYTCTTTY

GATC
SaulA

Fig. 1. DNA sequence of a representative type IV repeat of
Cucumis sativus (cucumber). Region showing the homology to
type I/11 and type III satellites is indicated by a continuous
line. The direct repeats flanking this region are marked by wo
arrows. The beginning (245) and end (97) of the 212 bp Haelll
fragment are marked by an asterisk. The methylated cytosine
residue of the methylated Haelll site (23) is indicated by a™
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Fig. 2. Hybridization analysis of type IV satellite DNA. Total
nuclear DNA was digested with (/) Rsal, (2) Haelll, (3)
Sau3A, and (4) Cfol, separated on an 1.5% agarose gel, and af-
ter transfer hybridized with a cloned 3?P-labelled type IV re-
peat

Table 1. Different satellite repeats in the genome of Cucumis
sativus (cucumber). For each repeat type at least three in-
dependently cloned repeats were sequenced and analyzed
(Ganal et al. 1986; unpublished results)

Satellite Repeat  GC-con- Maximum % of satellite
DNArepeat length  tent%  variation DNA (approx.)
type in bp

1/11 182 47 4% 50

1T 177 53 6% 35

v 360 47 3% 15

were identified by hybridization to the 212 bp Haelll
fragment at high stringency, since the type I dimer
(354 bp) is migrating at approximately the same site.

Characterization of the type IV repeat
by DNA sequencing and hybridization

Some clones containing the entire type IV repeat were
sequenced (one representative is shown in Fig. 1); all
show a repeat length of exactly 360 bp with a GC-con-
tent of 47%. The heterogeneity within individual type IV
repeats was very limited (3% sequence divergence), as it
was observed for the type I-IIl repeats (Table 1).
Furthermore, the genomic organization of the type
IV repeats was investigated by hybridization to
Southern blots of digested cucumber DNA. There was
no significant difference between the hybridization pat-
tern with the complete 360 bp repeat (Fig. 2), and the
212 bp Haelll fragment (not shown). Sau3A is creating
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Type 1/11 CGCCCCAAAACGGGTCAAAAAGGGC CAATGCATT AGCCTACGAAGAGA
EE KK ERXEXER AREEEE RRE EEF X FE K F EERRNNENR
lype 1V GTTGCG CCAAAAACGGTCCAAAAATGGL CAA GGCTTTACCATACGAAGAAT
HE FE R REER EREE T IS RS T LS L N 4 E I
Type II1 CCGTCCCAAAACGCGC AAAAAAGGCACAATGGCCT AG AAAGGGA
Type 1/11 GGACCCATCTTACAAC GGTGCCAAAGGTCTCGAAAATTCACACCTAACTACT
EE IR I I * ¥ % ERE RRF BARREXE XN LR RS S 2 LR
Type 1V CGG CCGATTTTTAACCATGTGAGAAACGTCCEGAAAATTCACTGATAACTACT
LA T T N X 3 * %% ** E R O REFRE O ERNE R L L &
Type 111 CGGTCGGACTTGGAAC  GGGGTCCGAGGCCTCGAAAGTCCACATCTAGCTACT

Type 1/11 GGGTGGCCTCATTTITGAGCGGTATTAAAGTTCTCTGUCCATAAAGGCCGAAAAA

R N EER EEFE N K EEEX AN EETS

AGGAGGCCTCACTCTGAGTAATATCAAAG TTTTTTCCCACAAGAACCGCTLGG

EE K K R FRE FEE KR KR RNE R KE KAXEEAE K OREF EEHE

GGGIGGICCGATICTTAGTGATCTCGAAGT TTCTIGCCTACAAAAGLEGAACGE

Type 1V

Type 111

Type 1/11 AATATGCCCGGGAGTCAGITTTIGTITTT

B RREBERE AR RNEEEAE ERER

Ry
AGATGECCG GACTTAGTTTIIATTIIGTT

X OKREE ORREE EEEE K **

TGACGCCCCAGACTCGGTTTICTIGGTT

Type 1V

Type {11

Fig. 3. Sequence homologies of type I/1I and type I satellites
to the type IV repeat. Representative type I and type III re-
peats were aligned to that part of type IV showing homology to
these repeats. From type IV only the homologous region and
the flanking direct repeats are shown. The asterisks indicate
identical bases

a typical ladder characteristic for a tandemly repeated
sequence. Rsal (and to a lower extent Taql) are cutting
only part of the type IV repeats, indicating a limited
heterogeneity. Haelll is degrading the repeat into small
fragments since it contains several sites as revealed by
the DNA sequence. There is no evidence that the type
IV repeat is associated with the other repeat types
(I-TII) to a major extent since due to their differing re-
peat length there should occur additional bands at
3601 180 bp in the hybridization pattern. Finally, Cfol,
which is sensitive for C-methylation (Kessler etal.
1985), does not degrade type 1V satellite DNA, although
there was a single Cfol site in all sequenced repeats
(Fig. 1) indicating CG-methylation.

Sequence homologies between the different cucumber
satellite DNA repeats

Previous data and the results presented here show that
the satellite DNA of cucumber contains at least three
different repeat types. In Table 1 these repeat classes are
compared with respect to their repeat length, GC-con-
tent, and sequence heterogeneity within each single
type (Ganal et al. 1986). The data suggest that each type
is highly conserved in DNA sequence, since the hetero-
geneity within each type is between 3% and 6%. The de-
tailed sequence comparison indicates a region of se-
quence homology in type IV to type I/1I of ca. 70%,
and to type III of ca. 65% (Fig. 3). The homology, how-
ever, is limited to a 180 bp stretch within the 360 bp
type IV repeat. The other parts of the type IV repeat
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Fig. 4. Hybridization of the typeIV repeat to total nuclear
DNA from Cucumis melo. Total DNA from Cucumis sativus
(about 50 ng, lanes 1-3) and Cucumis melo (about 10 pg, lanes
4-6) was separated on a 1.5% agarose gel and hybridized at re-
duced stringency (60°C) to a type IV repeat. Lanes are as fol-
lows: (4, 4) Rsal, (2, 5) Sau3A, and (3, 6) Taql

show no significant homology to any of the type I-III
satellite repeats. This suggests that the type IV repeat is
created by an insertion. An indication of this insertional
event occurred when we found a 3 bp direct repeat
(GTT) immediately flanking the region of homology to
the types I-1II (see Figs. 1 and 3). Since the difference
in sequence homology of type I/1I is nearly identical to
the one of type III, it is not possible to determine the
ancestor of the homologous type IV sequence. It is,
however, evident that all repeat types are derived from
the same ancestor.

A type 1V homologous sequence is present in Cucumis
melo

Since the satellite repeat of Cucumis melo is present in a
low copy number in cucumber (Ganal et al. 1986), we
have tested the presence of the type IV repeat of cu-
cumber in melon. At reduced stringency there is a weak
signal from the melon DNA indicating the presence of a
few copies of a type IV related sequence (see Fig. 4).
Compared to the pattern of cucumber there are signifi-
cant differences. In cucumber only a small proportion
of the type IV repeats are cut by Tagl and most of the
repeats are cut by Rsal. In melon the type IV homolo-
gous sequence is almost completely cut by Taql and on-
ly rarely cut by Rsal.

Sau3A, which cuts the type IV repeats of cucumber
mostly into monomers, degrades the melon sequences
into very small fragments. This could be hardly detected
in the hybridization which indicates that the type IV-like
repeats of melon are cut more than once by this enzyme.

This, and the reduced stringency for the detection of the
respective sequences, indicate a considerable sequence
divergence since. the separation of these two species.
Hybridization with type 1/II or III repeats to melon
DNA does not give a satellite-like pattern. Therefore the
hybridization pattern with type IV is probably due to
that part of type IV which shows no homology to type
I-III. No hybridization to type IV repeats was detected
in the more distantly related species Cucurbita pepo and
Cucurbita maxima (data not shown).

Discussion

Several different, tandemly arranged DNA sequences
are now detected in the genome of C. sativus. Two of
them show a similar repeat length of either 182 bp (type
I/10) or 177 bp (type III) with a sequence homology of
about 60%—63% (Ganal et al. 1986). Therefore, we con-
cluded that they are derived from a common progenitor
by mutation and subsequent amplification as it is ob-
served for many other satellites (Roizes and Pages 1982;
Flavell 1982; Singer 1982; Dover 1986; Miklos 1986).
The type 1V satellite repeat described here is clearly re-
lated to the previously described repeats as it is revealed
by a sequence homology of ca. 65%-70% to type
I-1II in one half of the repeating unit, and therefore is
generated from the same common ancestor as the type
I-1II repeats. However, it is created by a different
mechanism. A 180 bp DNA sequence is probably insert-
ed into a type I-III related sequence, or vice versa, and
subsequently amplified. As a relict of this insertional
event the region showing homology to the other satel-
lites is flanked by direct repeats of three base pairs (here
GTT), a phenomenon which is observed for many in-
sertional events caused by transposition (Freeling 1984;
Saedler and Nevers 1985).

Insertional events in the evolution of satellite DNA
were only observed in a few species until now. In plants,
the highly repeated telomeric sequences of Secale
species are created by rearrangements, variation, in-
sertion, and amplification (Bedbrook et al. 1980; Flavell
1982, 1986), resulting in a clustered appearance of spe-
cific elements on individual telomers. In animals, com-
parable events were observed in the satellite DNA of
the bovine genome. From an ancestral sequence several
distinct satellites are formed by similar mechanisms
(Pech etal. 1979; Poschl and Streeck 1980; Streeck
1982; Taporowsky and Gerbi 1982). For the insertion of
DNA sequences transposition and RNA-mediated DNA
transfer are discussed (Dover 1982, 1986).

Once such a new variant has occurred by any of
these processes they can be spread over the whole ge-
nome by mechanisms like unequal crossing-over or
gene conversion (Smith 1976; Dover 1982; Arnheim
1983; Dover and Tautz 1986).



The repeat was found in the related species Cucumis
melo at a very low copy number and only at low strin-
gency hybridization, indicating a considerable sequence
heterogeneity between the repeats of these plants. Simi-
lar results were received with the melon satellite in cu-
cumber (Ganal et al. 1986; unpublished results). Since
the species Cucumis melo and Cucumis sativus are only
distantly related in the Cucumis genus (Perl-Treves and
Galun 1985; Peri-Treves et al. 1985) there is the possi-
bility to trace the variation of these repeats by compar-
ing more closely related species, and to get some indi-
cations on the sequence variation and rearrangements
in this family during speciation and cultivation.
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