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Abstract Although the human genome sequence is gener-
ally considered “finished”, the latest assembly (NCBI Build
36.1) still presents a number of gaps. Some of them are
defined as “clone gaps” because they separate neighboring
contigs. Evolutionary new centromeres are centromeres that
repositioned along the chromosome, without marker order
variation, during evolution. We have found that one human
“clone gap” at 18q21.2 corresponds to an evolutionary new
centromere in Old World Monkeys (OWM). The partially
sequenced gap revealed a satellite-like structure. DNA
stretches of the same satellite were found in the macaque
(flanking the chromosome 18 centromere) and in the
marmoset (New World Monkey), which was used as an
outgroup. These findings strongly suggested that the repeat
was present at the time of novel centromere seeding in
OWM ancestor. We have provided, therefore, the first
instance of a specific sequence hypothesized to have played
a role in triggering the emergence of an evolutionary new
centromere.
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Introduction

The “finished” human sequence still contains a number of
gaps that can be distinguished in “sequence gaps” when
spanned by one or more sequencing clones, and “clone
gaps” if they separate neighboring contigs (Eichler et al.
2004; Kouprina et al. 2003; Leem et al. 2004).

Clone gaps probably represents unstable sequences that
were refractory to transversion by any cloning vector,
including fosmid clones that were recently exploited to
close some of the gaps (Bovee et al. 2008).

Marker order comparisons between species have shown
that the centromeres of orthologous chromosomes can
sometimes be embedded in a different genomic context
without incurring marker order variation. These reposi-
tioned centromeres are indicated as evolutionary new
centromeres (ENC). Following seeding, an ENC rapidly
acquires the complex organization typical of eukaryotic
centromeres (Cardone et al. 2006; Ventura et al. 2007),
while the inactivated centromere degrades (Eder et al. 2003;
Ventura et al. 2003). The phenomenon appears widespread
in the animal kingdom and in plants (for a review, see
Marshall et al. 2008).

Within the framework of evolutionary studies aimed at
identifying ENCs in primates, we found that the centromere
of macaque chromosome 18 is an ENC that emerged in the
Old World Monkey (OWM) ancestor. Therefore, the
arrangement of the region in humans very likely repre-
sented the ancestral organization of the region before ENC
seeding. Surprisingly, the mapping of this ENC in humans
perfectly corresponded to a clone gap. We hypothesized
that the sequences of the gap could have played a role in
centromere seeding. The actual length of the gap was
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determined and a partial sequencing was achieved. The
sequence exhibited a satellite-like structure, with monomers
of 111 bp conserved in the great apes and in the marmoset.
We also demonstrated that this satellite structure is
responsible for the inclonability of the region.

Materials and methods

Fluorescence in situ hybridization (FISH) studies Meta-
phase preparations were obtained from lymphoblastoid or
fibroblast cell lines of the following species. Great apes:
common chimpanzee (Pan troglodytes, PTR), gorilla
(Gorilla gorilla, GGO), Borneo orangutan (Pongo pyg-
maeus pygmaeus, PPY); OWM: rhesus monkey (Macaca
mulatta, MMU, Cercopithecinae), African green monkey
(Cercopithecus aethiops, CAE, Cercopithecinae), silvered
leaf-monkey (Trachypithecus cristatus, TCR, Colobinae);
New World Monkeys (NWM): common marmoset (Calli-
thrix jacchus, CJA, Callitricinae), dusky titi (Callicebus
moloch, CMO, Callicebinae), squirrel monkey (Saimiri
boliviensis boliviensis, SBO, Callicebinae).

DNA extraction from BACs was as reported previously
(Ventura et al. 2001). FISH experiments were performed
essentially as described by Lichter et al. (1990). Digital
images were obtained using a Leica DMRXA2 epifluor-
escence microscope equipped with a cooled CCD camera
(Princeton Instruments, Princeton, NJ, USA). Cy3-dCTP,
FluorX-dCTP, DEAC, Cy5-dCTP, and DAPI fluorescence
signals, detected with specific filters, were recorded
separately as gray scale images. Pseudocoloring and
merging of images were performed using Adobe Photo-
shop™ software.

Long-range PCR and sub-cloning PCR products were
obtained using primers L1 and R1 reported in Table 2a.
LA Takara amplification kit (Takara cat. TAK RR002M)
was mainly used for amplification experiments. Standard
cloning techniques were used to sub-clones PCR product
into pUC19 vector. Briefly, each amplification product was
purified using NucleoSpin Extract II kit from Clontech (cat.
636972). Subsequently, ends were repaired using T4
polymerase reaction and ligation reaction was set up.
Ligated products were electroporated into DHI0B cells
(Invitrogen) and plated on ampicillin plates. White/blue
selection was used to discriminate the self-ligated vector
from successful cloning events.

Zoo blot Standard Southern blot techniques were used to
transfer the PCR products from the gel to the membrane.
Hybridization was carried out using as a probe an overgo
probe (McPherson et al. 2001) designed in the 111U repeat
(sequence=TTGAAGTGCCTGCAGTTGTTGTGGCAG
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ACTGTTCAGTTGC). The experiment was performed at a
low stringency conditions: 50% formamide, 6x SSC, 5x
Denhardt solution, 0.5 sps, and 100 pg/ml sonicated
herring sperm DNA at 42°C overnight. Washing were done
twice at 65°C for 15 min in 2x SSC, 0.1% SDS.

Sequence analysis The dot-plot analysis was performed
using GENtle software (http://gentle.magnusmanske.de/;
window size=19; mismatch limits=7). The 111SAT con-
sensus analysis was performed using the Consensus software
available at http://mobyle.pasteur.fi/cgi-bin/MobylePortal/
portal.py?form=consensus.

Results

Chromosome 18 evolutionary history The evolutionary
history of human chromosome 18 was investigated by
FISH, using an appropriate panel of human BAC clones
(Table 1). Analysis of chromosome organization in great
apes (chimpanzee, gorilla, and orangutan), in representa-
tives of OWMs (rthesus macaque and vervet monkey,
Cercopithecinae; silvered leaf-monkey, Colobinae), and in
NWMs (common marmoset, Callitrichinae; dusky titi and
squirrel monkey, Callicebinae) showed that, with the
exception of humans, the marker order of this chromosome
was perfectly conserved if the position of the centromere
was not taken into account (Fig. la; FISH examples in
Fig. 1b). The present results in Macaca mulatta perfectly
match the rheMac2 (January 2006) sequence assembly now
available for this species (Gibbs et al. 2007). The human
form is due to a well-known human-specific pericentric
inversion of HSAI18 short arm (Dennehey et al. 2004;
Goidts et al. 2005). At variance with the high marker order
conservation, in all the three studied OWM species, the
centromere was located in a region corresponding to human
18q21.2, between markers D and E, clearly representing an
example of an ENC. The three studied species are
representative of both Cercopithecinae and Colobinae
subfamilies. Very likely, therefore, the ENC seeding
occurred in the OWM ancestor. Using reiterative FISH
experiments, the novel centromere was precisely mapped
between human BAC clones RP11-61D1 and RPI11-
289E15 (D2 and E2, respectively, in Fig. la; FISH
examples in Fig. 1b; sequence position in Table 1).
Surprisingly, in humans, the D2 and E2 clones exactly
flanked a gap at chrl8:50,313,135-50,360,134 (UCSC
genome browser, hgl8 release).

Evolutionary conservation of the 18q21.2 human sequence
In order to validate the human 18g21.2 sequence as a
reference sequence with respect to the ancestral organization
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Table 1 Panel of BAC clones used to track the evolution of chromosome 18

Code BAC Acc. N. Mapping UCSC March 2006

A RP11-78H1 BES 18pl11.32 chr18:2,136,811-2,307,213

B RP11-96111 BES 18p11.21 chr18:12,904,782-12,904,961

Human centromere
C RP11-10G8 BES 18ql1.2 chr18:17,274,438-17,431,001
D RP11-104N11 BES 18ql12.2 chr18:33,436,610-33,608,704
D2 RP11-61D1 AC090897 18q21.2 chr18:50,155,761-50,313,129

Gap 18q21.2 chr18:50,313,129-50,360,135
E2 RP11-289E15 AC091135 18q21.2 chr18:50,360,135-50,526,341
E RP11-153B11 BES 18q21.2 chr18:52,818,203-52,977,905
F RP11-53N15 BES 18q22.3 chr18:70,195,436-70,195,693
G RP11-87C15 BES 18q23 chr18:75,965,206-75,965,502

Telomere 1823 chr18:76,117,153

Letters (code) in the first column corresponds to letters used in Fig. 1. Non-sequenced BACs are placed on the human sequence according to their

BAC end sequences (BES) position

of the region at the time of ENC seeding in OWMs, a DNA
segment of 2 Mb, centered on the gap, was investigated for
conservation against orangutan, mouse, cow, and dog
genomes, by visually inspecting the UCSC Comparative
Genomics Net tracks (http://genome.ucsc.edu, hgl8 assembly).
The analysis did not show noteworthy differences.

Sequencing of the 18q21.2 gap The hgl8 sequence
assembly (UCSC March 2006) reports that the gap is
47 kb in size. The estimation, however, was only based on
human—-mouse synteny comparison (Nusbaum et al. 2005).
In order to define the actual length of the gap, we
performed a long-range PCR (LR-PCR) experiment, using
primers designed on sequences closely flanking the gap (L1
and R1 in Table 2a). The amplification yielded a fragment
of about 9 kb (Fig. 2). The sequencing of the gap was
attempted by primer walking, using the LR-PCR-amplified
product as template. The sequencing reaction using primer
R1 (Table 2a and Fig. 3, which summarizes the sequencing
strategy) produced a sequence of about 1 kb. This sequence
was aligned against the human genome. It identified the
fosmid clone XXfos-87120G11 (38.5 kb, acc. n.
AC138661.1) which almost completely overlaps with
BAC RP11-289E15 (E2, acc. n. AC091135), with the
exception of about 4 kb that protrude into the gap. The
second draft (.2) of the ACI138661 fosmid sequence
contains only its centromeric end (4.262 bp): the first
411 bp overlap with BAC RP11-289E15, while the
remaining 3.851 bp protrude inside the gap. This
AC138661.2 represents the only chrl8 random:1-4,262
(unassigned fragment) of chromosome 18. The sequencing
of the telomeric boundary of the gap was resumed using a
primer located at the centromeric end of the fosmid
sequence (R2 in Table 2a and Fig. 3). All efforts to obtain
reads of acceptable quality, however, failed. Sequence

analysis revealed that the protruding fosmid sequence was
composed of a tandemly repeated DNA (see below).
Primer-walking sequencing starting from the centromeric
boundary of the gap was more successful. Five rounds of
primer walking yielded, in total, about 3.8 kb of sequence
(accession number EU074794; primers are reported in
Table 2a and Fig. 3). Then the sequence quality dropped
dramatically because of the difficulties in designing unique
primers, leaving about 1.3 kb of the gap unfinished, as
illustrated in Fig. 3a.

Gap sequence organization The dot-plot analysis of
AC138661.2 sequence (XXfos-87120G11 fosmid), per-
formed using GENtle software, disclosed that the terminal
2,150 bp of this sequence had a satellite-like structure, with
a tandemly repeated monomer of 111 bp (we named
111SAT), in turn composed of three degenerated 37 bp
subunits (Supplementary Fig. 1). A consensus sequence of

14 111SAT core monomers present in the AC138661.2
sequence is reported in Supplementary Table 1. The 3.8-kb
sequence we obtained by primer-walking experiments
(EU074794) was composed of 2.1 kb of unique sequence
(centromeric side) and 1.7 kb featuring the same 111SAT
structure found in the AC138661.2 sequence. The homol-
ogy among monomers belonging to EU074794 or
AC138661.2 sequences ranged, approximately, from 60%
to 85%. We assumed that the unsequenced portion of the
gap (1.3 kb) was similarly organized. Therefore, the total
length of the satellite DNA stretch was approximately 5 kb
in size.

AT content and gene density have been suggested to play a
role in neocentromere seeding in human clinical cases and
in ENC progression, respectively (Marshall et al. 2008;
Ventura et al. 2007). The portions of DNA sequence,
composed of the 111-bp repeat in XXfos-87120G11 and in
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Fig. 1 Evolutionary history of human chromosomes 18. The figure
summarizes the evolutionary studies on human chromosomes 18 (a),
supporting the emergence of ENCs, indicated by the N in a red circle.
The [etters on the left of each chromosome indicate the BACs used in
the study, reported in Table 1. The acronyms indicate: great apes: PTR
common chimpanzee (Pan troglodytes), GGO gorilla (Gorilla goril-
la), PPY Borneo orangutan (Pongo pygmaeus); OWM: MMU rhesus
monkey (Macaca mulatta), CAE vervet monkey (Cercopithecus
aethiops), TCR silvered leaf-monkey (Trachypithecus cristatus);
NWM: CJA common marmoset (Callithrix jacchus), CMO dusky titi
(Callicebus moloch), SBO squirrel monkey (Saimiri boliviensis
boliviensis). PA stands for primate ancestor. OWM chromosome 18
is upside down to facilitate comparison. GA stands for great apes
ancestor. b Examples of FISH experiments using BAC clones RP11-
61D1 (D2, red), RP11-289E15 (E2, green), and RP11-151D11. D2
and E2 flank the gap in humans and the centromere in OWMs. The
RP11-151D11 BAC clone maps, in humans, at 18p11.21, very close to
the centromere on 18p, while it gives signals at the telomere in OWM
because of the human-specific inversion (see text). Note the large
block of alpha satellite repeat revealed by the DAPI staining. Also in
(b) the OWM chromosome 18 is upside down to facilitate comparison
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EU074794, were pooled for AT percentage calculation.
They yielded a value of 57%. The AT content was then
calculated also for the 50-kb intervals flanking the gap in
each side (gap not included). The AT content was 62.8%.
C18orf54 (chr18:50,140,895-50,162,381) and C18orf26
(chr18:50,409,388-50,417,722) were identified as the most
centromeric and telomeric genes with respect to the gap,
respectively. The analysis was performed by querying the
human RefSeq-related tracks of UCSC genome browser.
The interval between the two genes was 247 kb in size.

Non-clonability of the 18q21.2 gap repeat 1t is well known
that certain DNA repeats are toxic for Escherichia coli and
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it is therefore not possible to clone them in the commonly
used vectors. In order to prove that the cloning difficulties
of the gap region were imputable to the 111-bp repeat, we
set up the sub-cloning experiments illustrated in Fig. 3b
(Table 2b). The region was sub-divided into three amplicons:
segment 1 contained unique sequences, segment 2 contained
approximately two 111SAT copies, and segment 3 was entirely
composed of the 111SAT. Segments 1 and 2 were successfully
cloned. Cloning of segment 3 failed despite several attempts.
In the attempt to overcome the limitations of classical cloning
vectors, we use a different system (Big Easy Cloning kit,
Lucigen) based on a novel vector derived from the linear phage
N15 of E. coli. Because of its unique replication system, this
vector (pJAZZ-KA) behaves like a linear plasmid, thus
avoiding insert instability due to supercoiling. We performed
several cloning attempts in combination with the BigEasy-
pTel electrocompetent cells. No colonies were recovered.
These results further supported the hypothesis that the
absence of clones covering the gap was due to the non-
clonability of this stretch of satellite DNA.

Gap sequence evolutionary history

BLAST alignment of the EU074794 sequence against the
macaque genome detected a stretch of about 3.1 kb
(chr18:47,766,135-47,769,239), of which 2.1 kb were
unique sequence and 880 bp were composed of a 111-bp
repeat homologous to the human 111SAT (average homol-
ogy of macaque versus human monomers=76%). The
macaque 111SAT was bound, as in humans, to a gap of
47,647 bp (chrl8:47,769,245-47,816,891). The human
AC138661.2 sequence was aligned, using dot-plot, to the
identified macaque sequence. Results clearly showed a
similar organization of the human and macaque 111SAT
(see Supplementary Fig. 3). The 47-kb gap pinpointed by
the AC138661.2 alignment (see above) corresponded to the
MMUI18 centromere which the rheMac2 assembly missed
annotating. Apparently, the theMac2 assembly did not take
into account that several macaque centromeres do not
correspond to human centromeres because they are evolu-
tionarily new (Ventura et al. 2007; Roberto et al. 2008). In
fact, the macaque sequence facing the gap on the opposite
side corresponds to the centromeric BAC end sequence
(BES) of the E2 BAC (RP11-289E15).

BLAST analysis using the 111SAT (the stretch present in
the EU074794 sequence) picked up in marmoset genome
(CJA) the portion 1-725 bp of the unfinished Contig8720
(70.8 kb; callacl release, June 2007; note that the
marmoset contigs are not assembled in chromosomes yet).
Dot-plot analysis, using GENtle, of the ungapped portion of
the contig8720:1-4,035 showed that the 1-725 bp stretch
had the same satellite-like structure found in humans
(Supplementary Fig. 4).
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Table 2 Oligo primers used in PCR experiments and in sequencing reactions

Primer name Symbol Primer sequence Sequence Product
acc. n. size (bp)
a. Primers used in sequencing experiments
61D1_L1 L1 AGCGACCCTTGAACACTCAG chr18:50,313,095-50,313,114 EF458047
61D1_L2 L2 CTTTAGAGCTGGCTAAATGG EF458048
61D1 L3 L3 TATCAACACAAAATGGCAAA EF458049
61D1_L4 L4 CTACCACAAAATCCACTTCAC EF458050
61D1_LS L5 TTCTATTGAGACTGCAACCAC EF458051
289E15_R R1 TAACCCCACGTTTTTGGAGT chr18:50,360,168-50,360,187 EF458052
fosmid_R2 R2 ACTCTTCACTTGCAGTGCTT ACI138661.2:3,899-3,918 -
b. Sub-cloning experiments
Sub-clonel R Scl R CTGATCTAATCAACCCTCATCT 1,394
Sub-clonel L (61D1_L1) Scl L (L-1) AGCGACCCTTGAACACTCAG
Sub-clone2_R Sc2_ R ATTCAGTAGACGTGGTAGTGGT 1,381
Sub-clone2_L Sc2 L CTGAAAAGGAATCTCAAAAGAC
Sub-clone3_R Sc3_R AGAGGTAGTAGTGGTCGGTGTA 1,254
Sub-clone3 L Sc3 L CTGAGTCTACAATCACAACAGC
Sub-clone4 R (289E15_R) Sc4 R (R-1) TAACCCCACGTTTTTGGAGT ~4,000
Sub-clone4 L (61D1_L4) Sc4 L (L-4) CTACCACAAAATCCACTTCAC
Positive control R PC_R TGCTACTAGTTTCCTTCCATCT 4,315
Positive control L PC_L TTCAAATGTCACAGGAAAAATA

In order to directly detect these repeat sequences in the
primates under study, we performed several FISH experi-
ments, under different stringency conditions, using long-
range PCR products obtained with oligo pairs L-1/R-1 and
R-1/L-4 (Table 2). However, no specific signal was
obtained. The failure can be attributed to the relatively
small size of the target sequences.

The evolutionary history of the satellite segment was
then investigated by PCR and Southern blot experiments on
amplified products. Long-range PCR, using L1 and RI
primers (Table 2a), were performed on DNA from
representatives of Prosimians (ring-tailed lemur, Lemur
catta, LCA), New World monkeys (common marmoset,
CJA), Old World monkey (rhesus macaque, MMU), and
great apes (orangutan, PPY; gorilla, GGO; chimpanzee,
PTR). Bovine (Bos taurus, BTA), was used as an outgroup.
A 9-kb PCR product, comparable to the human amplifica-
tion product, was obtained in great apes (Fig. 4). A slightly
smaller and weaker band was obtained in marmoset, while
an amplification band of about 4 kb was observed in lemur.
No amplification product was seen in macaque. The
amplified products were digested with the restriction
enzyme Pstl, which is supposed to cut on both sides of
the 111-bp monomer, and blotted on nylon membranes. The
hybridization was carried out at low stringency using an
overgo probe spanning the whole monomer sequence (see
“Material and methods” section). Figure 5 shows the
digestion products (a) and the hybridization pattern (b).
Clear bands were present in great apes but absent in all
remaining analyzed species, including the marmoset.

Discussion

In the present paper, we have reported an intriguing
example of a human clone gap, at 18q21.2, that corre-
sponds to an ENC in OWMs. Two BAC clones, precisely
delimiting the gap in humans, were found to perfectly flank
the ENC of macaque chromosome 18. We attempted the
sequencing of the 18q21.2 human gap in order to identify
the sequences supposedly responsible for the inclonability
of the region and, potentially, for the ENC emergence.
Although we were not able to achieve a complete sequence
of the gap, the partial sequence strongly indicated that the
gap core was composed of approximately 5 kb of tandemly
repeated 111-bp unit (111SAT). Sub-cloning experiments
indicated that this repeat was responsible for the inclon-
ability of the region.

The BLAST analysis of the human EU074794 repeat
against macaque and marmoset genomes, using low
stringent criteria, identified sequences that mapped exactly
to the region corresponding to the human gap, including a
DNA stretch composed of the 111SAT repeat. In macaque,
these sequences precisely flanked the evolutionary new
centromere. We also tracked in several primate species the
evolution of the 111SAT repeat, by Southern blotting
analysis, on genomic DNA amplified using oligos designed
on the sequences flanking the gap (L1 and R1) (Fig. 4). As
expected, the macaque genomic DNA failed to amplify
because of the intervening centromere. Southern blotting on
amplified products digested with Pszl yielded positive
bands in humans and great apes. No hybridization bands
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Fig. 2 Long-range PCR. Long-
range-PCR-amplified product of
L1 and R1 oligo primers (see
Table 2), designed on sequences
flanking the gap at 18q21.2,
using human genomic DNA as
template (lane 2). Lane 1: DNA
size markers

were present in marmoset (CJA), lemur (LCA), and cattle
(BTA). The absence of signals was probably due to the
inadequacy of the technique to detect sequences with a
relatively low similarity.

Our bioinformatics investigation on the macaque and
marmoset assemblies established that the 111SAT was
present in OWM ancestor at the time of neocentromere
seeding. The repeat, according to the present rheMac2
macaque assembly, faces the gap corresponding to the
MMUI18 centromere. The perfect correspondence of the
neocentromere seeding point with the 111SAT mapping

a
3.0k
- Sub-clone PC - i
L
IF :
D2 RP11-61D1 1D1-Li—>
L2
Primer Walking T

b Gt > -

Sy -

a — <
Sub-cloning Segmentd —=

suggests that 111SAT could have been involved in
triggering the emergence of the evolutionary new centro-
mere. The emergence of evolutionary and clinical neo-
centromeres has been hypothesized to be epigenetic in
nature, that is, not accompanied by any sequence transpo-
sition (Marshall et al. 2008), and epigenetic factors are
supposed to play a fundamental role in the functioning of a
normal centromere (Gieni et al. 2008).

The repositioned centromere recruited a large block of
alpha satellite DNA, which then apparently acquired the
centromeric function. A similar process have affected all
the nine repositioned centromeres in macaque (Ventura et
al. 2007). The recruiting mechanism remains, however,
obscure. The seeding of a human neocentromere in the
heterochromatic block of chromosome Y has been reported
by Tyler-Smith et al. (1999). To our knowledge, there are
no prior examples specifically linking a satellite DNA to
the emergence of a neocentromere.

In humans, several cases of clinical neocentromeres have
been described (Marshall et al. 2008). Seven of them have
been precisely mapped using ChIP-on-chip technology
(reviewed in Marshall et al. 2008; Capozzi et al. 2008),
but a satellite DNA has never been implicated in the
neocentromere emergence. The only shared feature was a
relatively high AT content (59.9-66.1%), with respect to the
average 59% of the entire human genome (Lander et al.
2001) and to the AT content of the alpha satellite DNA
(61.4%). The AT content around the gap was relatively high
(higher than 62%), while the 111-bp repeat, composing
most of the gap, was 57%, which is relatively low. Very
likely, it was the satellite DNA that played a major role in
centromere seeding.

Domains at 326, 13g21, and 9q33.1 have been shown
to retain latent, inherent potential to form novel centro-

XXT68-BT120GT1
GAP R2 I

I
R RP11-289E15 E2"

Repeat TTZITECS

Fig. 3 Map of the region around the 18q21.2 gap. a shows the
primer-walking strategy starting from the two BAC ends flanking the
gap on chromosome 18, along with the distribution of the 111U repeat
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and its structure. b graphically shows the sub-cloning experiments
performed to test the clonability of the region. Primers are reported in
Table 2. For details see text
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Fig. 4 Amplification product in
different species, using L1 and
R2 primers (Table 2). For acro-
nyms indicating the different
species, see legend to Fig. 1. For
details see text

KbLadder

Bovine

meres, both in evolution and in clinical cases (Capozzi et al.
2008; Cardone et al. 2006; Ventura et al. 2004). Clinical
cases showing a neocentromere at 18q21.2 have never been
reported, contrary to theoretical expectations suggested by
the present findings. It can be argued, however, that most of

Fig. 5 The amplified products shown in Fig. 4 were digested with
Pstl restriction enzyme (a) and hybridized using, as a probe, the
overgo probe designed in the 111U repeat (see “Materials and
methods” section) (b). Negative bands in HSA, PTR, GGO, and

CJA

MMU PPY GGO PTR HSA

the supernumerary fragments bearing a neocentromere are
organized as inverted duplications (invdup) leading to a
tetrasomy of the region, a condition that, in case of
chromosome 18, could be incompatible with a normal
development.

BTA LCA CIA PPY GGO PTR HSA

— W% = 1500bp
A
. —
-

S0 W =~ 500bp

«—& ~——— ~250bp

PPY very likely represent DNA stretches external to the repeated
region. For acronyms indicating the different species, see legend to
Fig. 1
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