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The centromere of an eukaryotic chromosome can move to a new
position during evolution, which may result in a major alteration
of the chromosome morphology and karyotype. This centromere
repositioning phenomenon has been extensively documented in
mammalian species and was implicated to play an important role
in mammalian genome evolution. Here we report a centromere
repositioning event in plant species. Comparative fluorescence in
situ hybridization mapping using common sets of fosmid clones
between two pairs of cucumber (Cucumis sativus L.) and melon
(Cucumis melo L.) chromosomes revealed changes in centromere
positions during evolution. Pachytene chromosome analysis re-
vealed that the current centromeres of all four cucumber and
melon chromosomes are associated with distinct pericentromeric
heterochromatin. Interestingly, inactivation of a centromere in the
original centromeric region was associated with a loss or erosion
of its affixed pericentromeric heterochromatin. Thus, both centro-
mere activation and inactivation in cucurbit species were associ-
ated with a gain/loss of a large amount of pericentromeric het-
erochromatin.

cucumber | melon | pericentromeric heterochromatin

he centromere governs chromosome segregation and trans-

mission by serving as the chromosomal docking site for
kinetochore assembly. Centromere function is not determined
by its underlying DNA sequence, but by epigenetic mechanisms
(1). Functional centromeres can emerge from non-centromeric
regions due to poorly understood epigenetic mechanisms. Such
new centromeres, also called neocentromeres, have been re-
ported in both animal and plant species (2-6). Neocentromeres
can also be induced by artificially deleting the original centro-
mere on a chromosome (7, 8).

Neocentromere activation in humans is often associated with
chromosomal rearrangements that are generally deleterious (5).
In addition, human neocentromeres appear to be significantly
smaller than native centromeres based on the size of the
centromeric chromatin domain marked by the presence of
centromere-specific histone CENP-A (CENH3 in plants) (9).
Thus, neocentromeres do not seem to have any evolutionary
advantage over existing native centromeres. However, compar-
ative mapping among closely related mammalian species has
revealed position changes of some centromeres during evolution,
most likely via neocentromere formation (5, 10-15). Centro-
mere repositioning (CR) events have occurred frequently in
some mammalian lineages. For example, at least five CR events
have occurred in donkey after its divergence from zebra approx-
imately 1 million years ago (16).

Despite extensive documentation of CRs in mammalian spe-
cies, CRs have been rarely reported in other eukaryotes. Thus
far, only a single non-mammalian CR case was reported in birds
(17). The lack of CR reports in non-mammal eukaryotes made
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us speculate if the CR phenomenon is associated with a structure
unique to mammalian chromosomes. In addition, there has been
little information on the genomic impact associated with CR. In
this report, we describe a CR case in plants. Cucumber (Cucumis
sativus L., 2n = 2x = 14) and melon (Cucumis melo L., 2n = 2x =
24) diverged from the same ancestor approximately 9 million
years ago (18). Comparative fluorescence in situ hybridization
(FISH) mapping using the same sets of genomic DNA clones
revealed different centromeric positions between two pair of
chromosomes from these two species. We also demonstrate that
centromere activation or inactivation could have a major impact
on the accumulation or loss of pericentromeric heterochromatin
in the cucurbit species.

Results

Cucumber and Melon Centromeres Contain Different Satellite Re-
peats. We previously demonstrated that cucumber centromeres
contain a 177-bp Type III satellite repeat (19). The Type III
repeat is highly abundant and accounts for approximately 4% of
the cucumber genome. This satellite repeat is exclusively located
in the centromeres of every cucumber chromosome, although
the amount of repeat varies considerably among the different
centromeres (Fig. 14 and B).

We have identified a 352-bp satellite repeat in melon and
named this repeat CentM. The CentM repeat is also highly
abundant in the melon genome and is restricted within the
centromeres of every melon chromosomes (Fig. 1 C and D).
Sequence analysis revealed no similarity between the Type III
and the CentM repeats. These two repeats did not generate any
cross-hybridization signals when they were used reciprocally in
the two species. These results indicate that the centromeric
repeats of cucumber and melon chromosomes have completely
diverged since these two species evolved from their common
ancestor.

Comparative FISH Mapping of Cucumber Chromosome 6 and Melon
Chromosome I. We launched a project to develop pachytene
chromosome-based molecular cytogenetic maps of individual
cucumber and melon chromosomes. The maps were constructed
by FISH mapping of cucumber fosmid clones on cucumber and
melon pachytene chromosomes. The fosmid clones are anchored
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Fig. 1. Centromeric Satellite DNA repeats cucumber and melon. (A) FISH
mapping of the Type Ill satellite repeat on the somatic metaphase chromo-
somes of cucumber. (B) FISH mapping of the Type lll satellite repeat on the
pachytene chromosomes of cucumber. (C) FISH mapping of the CentM satellite
repeat on the somatic metaphase chromosomes of melon. (D) FISH mapping

of the CentM satellite repeat on the pachytene chromosomes of melon. [Scale
bars, 5 um (A), 10 um (B-D).]

by Simple Sequence Repeat (SSR) markers that have been
genetically mapped (20). A total of 8 and 12 SSR markers
associated with cucumber linkage groups 3 and 7, respectively,
were used to screen a fosmid library developed from the
cucumber inbred line 9930. The SSR markers were dispersed at
an average distance of ~10 cM along the two linkage groups
(Table S1). Individual cucumber chromosomes at mitotic meta-
phase can be identified by FISH mapping using the 45S rDNA
probe and the Type III satellite repeat (19). FISH mapping of
linkage group-specific fosmid clones together with the Type III
repeat and 45S rDNA probes revealed that cucumber linkage
groups 3 and 7 are associated with chromosome 7 and 6,
respectively (Fig. S1).

We first determined the physical order of adjacent fosmid
clones based on the genetic positions of their corresponding SSR
markers by dual-color FISH on somatic metaphase chromo-
somes. Multifosmid probe cocktails were then hybridized to the
pachytene chromosomes along with the Type III repeat (Fig.
2A4). Eleven of the 12 fosmid clones mapped to chromosome 6
generated a single FISH signal in the cucumber genome. Fosmid
6-6, however, generated two distinct signals flanking the cen-
tromere of cucumber chromosome 6 (Fig. 2B). The fosmid 6-6
signal on the short arm overlapped with the signal from fosmid
6-5. The centromere of chromosome 6 was located between
fosmids 6-5 and 6-6 (Fig. 2B). The order of individual fosmids
along chromosome 6 was concordant with the order of the SSR
markers along the linkage map (Table S1).

The 12 fosmids were then mapped on melon somatic chro-
mosomes. Adjacent fosmid pairs were labeled in different colors
and mapped on melon chromosomes, which revealed if a pair of
adjacent fosmid clones were located on the same melon chro-
mosome and whether their order is the same as that on cucumber
chromosome (Fig. S2). Fosmids 6-1 to 6—7 mapped to several
different melon chromosomes. However, five consecutive fos-
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Fig. 2. Comparative FISH mapping of cucumber chromosome 6 and melon
chromosome I. (A) Cucumber chromosomes at the pachytene stage were
probed by a set of 12 fosmid clones together with the Type Ill satellite repeat.
(B) Three straightened cucumber pachytene chromosome 6. One of the chro-
mosomes was converted into a black-white image. Distinct heterochromatin
is visible in the centromeric region and the distal end of the short arm. (C)
Melon chromosomes at the pachytene stage were probed by a set of five
fosmid clones together with the CentM satellite repeat. (D) Three straight-
ened melon pachytene chromosome |. One of the chromosomes was con-
verted into a black-white image. Distinct heterochromatin is visible in the
centromeric region and the pericentromeric region on the long arm. (Scale
bars, 10 um.)

mids, 6—8 to 6—12, mapped to a single melon chromosome, which
was named chromosome I (Fig. 2 C and D). These five fosmids
were mapped to melon pachytene chromosomes together with
the CentM repeat. The five fosmids covered almost the entire
length of the melon chromosome 1. The mapping order of these
five fosmids was the same in cucumber and melon. Interestingly,
the centromere of melon chromosome I is located between
fosmid 6-8 and 6-9 (Fig. 2D). In addition, the physical distance
between fosmid 8 and 9 was significantly expanded in melon
compared to that in cucumber. Fosmids 6-8 and 6-9 were
separated by a short euchromatic segment in cucumber chro-
mosome 6. In contrast, these two fosmids were separated by a
large heterochromatic segment that accounts for approximately
47% of the length of melon chromosome I (Fig. 2D).

Comparative FISH Mapping of Cucumber Chromosome 7 and Melon
Chromosome Il. Eight fosmids associated with cucumber chromo-
some 7 were selected for FISH mapping (Table S1). Similarly, we
first determined the physical order of the adjacent fosmids by
dual-color FISH on cucumber somatic chromosomes. Multifos-
mid probe cocktails were then hybridized to the pachytene
chromosomes together with the Type III repeat (Fig. 34). The
order of individual fosmids along chromosome 7 was concordant
with the corresponding SSR markers on the linkage map, except
that fosmids 7-7 and 7-8 showed an inverted positions compared
to SSR20122 (61.0 cM, anchoring fosmid 7-8) and SSR17062
(66.5 cM, anchoring fosmid 7-7) (Table S1). The centromere was
located between fosmids 7-2 and 7-3 (Fig. 3B).

Seven of the eight fosmids were mapped to a single melon
chromosome, named chromosome II (Fig. 3 C and D; Fig. S2).
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Fig. 3. Comparative FISH mapping of cucumber chromosome 7 and melon
chromosome II. (A) Cucumber chromosomes at the pachytene stage were
probed by a set of eight fosmid clones together with the Type llI satellite
repeat. (B) Three straightened cucumber pachytene chromosome 7. One of
the chromosomes was converted into a black-white image. Distinct hetero-
chromatin is visible in the centromeric region and the distal ends of both
chromosome arms. (C) Melon chromosomes at the pachytene stage were
probed by a set of seven fosmid clones together with the CentM satellite
repeat. (D) Three straightened melon pachytene chromosome Il. One of the
chromosomes was converted into a black-white image. Distinct heterochro-
matin is visible in the centromericregion and in the region spanned by fosmids
7-2 and 7-3. The red boxes in Band D highlight the heterochromatin domains
containing the centromere for the cucumber chromosome but not the melon
chromosome. (Scale bars, 10 um.)

Fosmid 7-4 generated dispersed FISH signals on all melon
chromosomes without distinct signals associated with chromo-
some II (Fig. S3). The order of the other seven fosmids was
identical between cucumber chromosome 7 and melon chromo-
some II. Interestingly, the centromere of melon chromosome II
was located between fosmids 7-5 and 7-6 (Fig. 3D). Fosmids 7-5
and 7-6 span an euchromatic segment on cucumber chromo-
some 7. These two clones, however, span the centromere and a
large section of the pericentromeric chromatin on melon chro-
mosome II (Fig. 3D). The chromosomal domain spanned by
fosmids 7-2 and 7-3, which includes the centromere of chromo-
some 7 in cucumber, showed a similar physical distance in melon
chromosome II even though the centromere of chromosome 11
was not located within this domain. In addition, heterochromatin
was associated with both chromosomes between these two
fosmids (Fig. 3 B and D).

Discussion

Centromere Repositioning in Plant Species. Comparative analysis of
the melon genetic map with the cucumber sequence map re-
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Fig. 4. Diagrammatic illustration of the marker orders and centromere
positions of two pairs of cucumber and melon chromosomes.

vealed that cucumber chromosome 6 (Cu6) is an equivalent to a
fusion of two melon chromosomes (21). Thus, a chromosomal
fusion/fission event possibly occurred during the evolution of
these cucurbit chromosomes. Such fusion/fission events have
been well characterized in the Brassicaceae species by FISH
using chromosome-specific painting probes (22, 23). Elimination
of minichromosomes resulted from chromosomal translocations,
rather than centromere inactivation, was used to explain the
reduction of chromosome/centromere numbers during karyo-
type evolution of the Brassicaceae species (22, 23).

If the ancestor species for cucumber and melon contained
2n = 14 chromosomes (24), then melon chromosome I (MeI)
would be derived from a chromosomal fission event. The cen-
tromere of Mel would have evolved from a neocentromere
emerging between fosmids 6—-8 and 6-9. Pericentromeric het-
erochromatin accumulation may have significantly expanded the
distance between these two fosmids in Mel (Fig. 4). Alterna-
tively, if the ancestor species contained 2n = 24 chromosomes
(25, 26), Cu6 would be derived from a chromosomal fusion event.
The current centromere of Cu6 would be derived from one of the
two ancestor chromosomes, whereas the centromere between
fosmids 6-8 and 6-9 from the second ancestor chromosome
became inactivated. Interestingly, heterochromatin is not ob-
served between fosmids 6—8 and 6-9 in Cu6, suggesting that the
pericentromeric heterochromatin may have lost after the inac-
tivation of the centromere. In cither scenario, a dramatic loss/
accumulation of a large block of heterochromatin was associated
with the neocentromere emergence (after chromosome fission)
or centromere inactivation (after chromosome fusion). In addi-
tion to the chromosomal fission/fusion-based hypothesis, the
current centromere position on Mel may also be explained by an
inversion, which spans the centromere and fosmid 6-8, followed
by the loss or movement of the chromosomal region that spans
from fosmids 6-1 to fosmid 6.7.

DNA markers and their order on Cu7 and melon chromo-
some II (Mell) are well conserved (21), suggesting that no
major rearrangement events have occurred during the evolu-
tion of these two chromosomes. However, the centromeres in
these two chromosomes are located in different positions,
which is similar to the X chromosomes of primate species that
also share DNA marker order except for the centromeric
positions (11). Thus, the different centromeric position of Cu7
and Mell is best explained by a CR event that occurred during
the evolution of these two chromosomes (Fig. 4). Nevertheless,
we cannot exclude the possibility that the centromere position
change between Cu7 and Mell was caused by two consecutive
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pericentromeric inversions with breakpoints located on dif-
ferent sides of the centromere.

Interestingly, Mell contains two interstitial heterochromatin
domains. The first heterochromatin domain spans the current
centromere and is located between fosmids 7-5 and 7-6 (Fig. 4).
The second heterochromatin domain is spanned by fosmids 7-2
and 7-3 and is located within a similar position as the pericen-
tromeric domain in Cu7 (Fig. 3 B and D). These results support
the CR hypothesis that the original centromere of Mell was
located in the second heterochromatin domain, but moved to the
current position during evolution. Mapping the same centromere
in another cucurbit species, such as watermelon, will provide
additional evidence for this centromere repositioning event,
because mapping results indicated that no fission or fusion event
has occurred during the evolution of this chromosome in all
three species (21). FISH mapping of additional fosmid clones
close to the Cu7/Mell centromeres will also provide more
evidence on whether pericentromeric inversions have occurred
during the evolution of these two chromosomes.

Extensive comparative genome mapping and sequencing
efforts in several model plant species have not revealed CR
events. For example, the genetic colinearity between potato
and tomato, which diverged ~12 million years (27), was well
documented by comparative genetic linkage mapping (28, 29).
Potato and tomato chromosomes differ by several large chro-
mosomal inversions (29, 30). However, the centromeric posi-
tions of potato and tomato chromosomes seem to be un-
changed. Similarly, comparative mapping among several grass
species, including rice, sorghum, and maize, has revealed
extensive chromosomal rearrangements during the evolution
of these species (31, 32). However, it is not clear if CRs have
been associated with any chromosomes in these species.

The lack of CR reports in Solanaceae and grass species
suggests that CRs may be less prevalent in certain eukaryotic
lineages, including plant species, although there is no biological
explanation for such lineage specificity. However, it is also
possible that CR events in the Solanaceae and grass species may
not be revealed by the previous DNA marker-based comparative
mapping efforts, which often lacked precise locations of the
centromeres. In mammalian species, comparative FISH mapping
has proved to be the most effective methodology to reveal CR
events. A number of cucurbit species are diploids and have not
undergone whole genome duplications (21). These species also
have relatively small genomes, thus, genomic DNA clones can be
readily used in cross-species FISH mapping. These genomic
characteristics of the cucurbit species make them ideal model
plants for future CR research.

Potential Genomic Impact Associated with Centromere Repositioning
in Plants. Although CRs occurred frequently in the evolution of
mammalian species and was implicated to play an important role
in mammalian genome evolution (14), very little is known about
the genomic consequences of re-seeding a centromere in an
eukaryotic chromosome. Segmental duplication is a prominent
feature associated with the pericentromeric regions of most
human chromosomes (33). However, there has been limited
evidence indicating that centromere re-seeding may trigger
formation of such segmental duplications (14). Similar segmen-
tal duplications were not found in the pericentromeric regions of
several well sequenced model plant species, including rice and
Arabidopsis thaliana.

A major characteristic associated with plant chromosomes is
the large amount of pericentromeric heterochromatin. The
pericentromeric heterochromatin domains in many plant spe-
cies are cytologically distinct compared to those of mammalian
chromosomes and represent the majority of the heterochro-
matin in plant species with small genomes, such as A. thaliana
(34). Pericentromeric heterochromatin domains account for

14940 | www.pnas.org/cgi/doi/10.1073/pnas.0904833106

more than 50% of the DNA of the chromosomes in some
plants, such as tomato (35). Dominant pericentromeric het-
erochromatin was associated with all cucumber and melon
chromosomes (36) (Figs. 2C and 3C). One general feature
associated with the pericentromeric heterochromatin is the
severe suppression of crossovers (37, 38). Pericentromeric
heterochromatin probably also plays an important role in sister
chromatid cohesion (39). Thus, one potential genomic impact
of CRs in plants is inducing the accumulation of pericentro-
meric heterochromatin.

The CR events in the cucurbit species provide cytological
evidence on the genomic impact of centromere re-seeding.
Comparative mapping of Cu6 and Mel showed two possibilities
after the chromosome fusion or fission event: either loss of the
heterochromatin between fosmids 6—8 and 6-9 in Cu6 or gain of
the pericentromeric heterochromatin in Mel. Thus, a centro-
mere inactivation or centromere re-seeding event resulted in a
dramatic loss in Cu6 or gain of the pericentromeric heterochro-
matin in Mel, which accounts almost 47% of the chromosome
(Figs. 2D and 4). Similarly, a CR event in Mell may induce the
accumulation of heterochromatin in the region spanned by
fosmids 7-5 and 7-6. Interestingly, the DAPI staining of the
chromatin domain spanned by fosmids 7-2 and 7-3 in Mell is
clearly not as bright as the corresponding domain in Cu7 as well
as the centromeric domain in Mell (Fig. 3 B and D). Thus, the
inactivation of the original centromere in this region may cause
the erosion of the heterochromatic characteristics of this chro-
mosomal domain.

Methods

Plant Materials and Chromosome Preparation. Cucumber inbred line 9930 and
melon inbred line 3A832 were used for cytological studies. Root tips were
harvested from germinated seeds, pretreated in 0.002 M 8-hydroxyquinoline
at room temperature for 2 h, and fixed in methanol : glacial acetic acid (3:1).
Root tips were macerated in the enzyme mixture of 2% cellulose and 1%
pectolyase at 37 °C for 2 h, and squashes were made in the same fixative.
Young panicles were harvested and fixed in 3:1 (100% ethanol:glacial acetic
acid) Carnoy’s solution. The procedure for meiotic chromosome preparation
was the same as that used for preparing mitotic chromosomes from root tips
with the following modification: Anthers were digested in the enzyme mix-
ture for 4.5 h at 37 °C. The digested anthers were macerated on glass slides in
50% acetic acid solution with fine-pointed forceps and then *‘flame-dried”
over an alcohol flame.

Fluorescence In Situ Hybridization. All fosmid clones were from the cucumber
fosmid library constructed from the cucumber inbred line 9930. SSR markers
spaced ~10 cM apart across linkage groups 3 and 7 (20) were used to select
fosmids for FISH. Fosmid DNA was isolated using QIAGEN plasmid midi kit and
further purified by Plant DNeasy spin columns (QIAGEN). The Type Ill repeat of
cucumber (19) and the CentM repeat of melon (GenBank accession no.
3929695) were used for centromere identification. FISH was performed ac-
cording to published protocols (40). DNA probes were labeled with digoxige-
nin-dUTP or biotin-dUTP via nick translation and detected with anti-
digoxigenin antibody coupled with Rhodamine (Roche) or avidin-conjugated
with FITC (Vector Laboratories), respectively. Chromosomes were counter-
stained by 4,6-diamidino-2-phenylindole (DAPI) in a VectaShield antifade
solution (Vector Laboratories). Images were captured digitally using a CCD
camera (QIMAGING, RETIGA-SRV, FAST 1394) attached to an Olympus BX61
epifluorescence microscope. Gray-scale images were captured for each color
channel and then merged. Chromosome straightening was performed using
the ‘straighten-curved-objects’ plug-in of Image J (41), and final image opti-
mization was performed using Adobe Photoshop (Adobe Systems).
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