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Abstract

Despite the progress of the chicken (Gallus gallus) genome
sequencing project, the centromeric sequences of most
macrochromosomes remain unknown. This makes it difficult
to determine centromere positions in the genome sequence
assembly. Using giant lampbrush chromosomes from grow-
ing oocytes, we analyzed in detail the pericentromeric re-
gion of chicken chromosome 3. Without knowing the DNA
sequence, the centromeres at the lampbrush stage are de-
tectable by immunostaining with antibodies against cohe-
sin subunits. Immunostaining for cohesin followed by FISH
with 23 BAC clones, covering the region from 0 to 23 Mb on
chicken chromosome 3 (GGA3), allowed us to map the GGA3
centromere between BAC clones WAG38P15 and WAG54M22
located at position 2.3 and 2.5 Mb, respectively. This corre-
sponds to the gap between 2 supercontigs at the 2.4-Mb
position in the current GGA3 sequence assembly (build 2.1).
Furthermore, we have determined that the current putative
centromeric gap at position 11.6-13.1 Mb corresponds in fact
to a long cluster of tandem chicken erythrocyte nuclear

membrane repeats (CNM) Copyright © 2010 S. Karger AG, Basel

Genome sequencing of the red jungle fowl (Gallus gal-
lus) was completed at 6.6X coverage in 2004 [Interna-
tional Chicken Genome Sequencing Consortium, 2004]
followed by a new draft genome assembly (Gallus_gal-
lus-2.1) in 2006 (http://www.ncbi.nlm.nih.gov). Although
this new build improved the genome sequence assembly,
the supercontigs on which this genome sequence is based
are still interrupted by numerous gaps. Furthermore,
many contigs still remain unanchored to specific chro-
mosomes and instead are combined on chromosome
‘ChrUn’. On the current assembly, centromeres are indi-
cated by 1.5-Mb gaps on macrochromosomes and by 0.5-
Mb gaps on microchromosomes.

Notwithstanding many attempts to clone centromer-
ic repeats from the chicken genome, only 4 repetitive
sequences have been described so far as centromere as-
sociated sequences. These repeats are the chicken eryth-
rocyte nuclear membrane (CNM) repeat found in peri-
centromeric regions of microchromosomes and macro-
chromosomes 6, 9 and W [Matzke et al., 1990; Wang et
al., 2002; Krasikova et al., 2006], the Xhol repeat near the
centromeric region of chromosome W [Solovei et al.,
1998; Krasikova et al., 2006], the HinfI repeat concen-
trated in the pericentromeric region of chromosome 4
[Li and Leung, 2006], and the partially inverted tandem
repeat (PIR) specific for the centromere of chromosome
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Fig. 1. Localization of BAC clones on chicken chromosome 3.
A Cytological map of chicken LBC3. The red circle indicates the
centromere-specific cohesin-enriched structure (CEN). Chromo-
meres and loops bearing CNM repeats are shown in green. Chro-
mosome landmarks: LL, lumpy loop; TBL, telomere bow-like
loop. B Enlarged region with mapped BAC clones. Positions of
BAC-linked markers in the sequence assembly of GGA3 are indi-
cated. C Scheme of contigs for the 0-14-Mb region of GGA3 (re-
trieved from http://www.ncbi.nih.gov). The position of the cen-
tromere (CEN) and CNM repeat arrays are indicated.

8 [Wang et al., 2002; Krasikova et al., 2006]. Even in the
case of known centromeric repeats these might not rep-
resent reliable centromeric markers. In fact, pericentro-
meric repeat CNM has been shown to be concentrated
both at centromeric regions of microchromosomes and
at subtelomeric regions of the long arms of the same
chromosomes [Krasikova et al., 2006; Deryusheva et al.,
2007).

Recently, we have shown that centromeres are marked
by cohesin-enriched structures on chromosomes at the
lampbrush stage [Krasikova et al., 2006]. Lampbrush
chromosomes (LBCs) are highly extended bivalents that
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can be found in the growing oocytes of many animals
including birds [reviewed in Gaginskaya et al., 2009].
Being extremely long, more than 30 times longer than
the corresponding mitotic metaphase chromosomes,
LBCs represent a very promising system for high resolu-
tion physical gene mapping [Galkina et al., 2006]. In our
previous studies we took advantage of using LBCs to
map centromeres in chicken and Japanese quail [Kra-
sikova et al., 2006; Deryusheva et al., 2007]. We showed
that in most cases predicted centromeric regions in the
chicken genome sequence assembly perfectly match
with the position of centromeric cohesin-enriched
structures [Krasikova et al., 2006] except for chromo-
some 3. The position of the centromere detected by im-
munostaining with antibodies against cohesin subunits
was very close to theloop bearing BAC clone WAG29L12
(0.8 Mb; see fig. 1), which does not correspond to the gap
at position 11.6-13.1 Mb annotated as the centromere on
GGA3. We assume that the annotated centromeric gap
in the current GGA3 sequence assembly is a non-cen-
tromeric cluster of CNM repeats mapped on chicken
chromosome 3 [Krasikova et al., 2006]. The question
which gap in the sequence assembly of GGA3 actually
represents the centromeric DNA repeat therefore still
remained open. Here we focus on a detailed analysis of
the pericentromeric region of GGA3 to answer this
question.

Materials and Methods

Twenty-three chicken BAC-clones from the Wageningen
chicken BAC library [Crooijmans et al., 2000; http://www.bioin-
formatics.nl/gbrowse/cgi-bin/gbrowse/] were selected from the
0-23-Mb region of GGA3 for FISH mapping on chicken LBC3.
The BACs cover the region of the first 9 Mb at 0.1-0.5-Mb inter-
vals, and flank in the closest proximity the annotated centromer-
ic gap at position 11.6-13.1 Mb and 2 other gaps in the region on
GGA3 (fig. 1).

Chicken LBCs were isolated manually from growing oocytes
of 0.5-1.5 mm in diameter according to standard protocols. The
detailed description of LBC preparation is available at http://
www.exeter.ac.uk/projects/lampbrush/. FISH with BAC clones on
LBCs was performed as described [Galkina et al., 2006]. Oligo-
nucleotide probes specific for CNM repeats [Krasikova et al.,
2006; Deryusheva et al., 2007] were additionally used to assign the
clusters of this repeat on chicken chromosome 3 to the specific
positions in the GGA3 sequence assembly. Before FISH some
preparations were stained with an antibody against STAG2, one
of the cohesin subunits, as previously described [Krasikova et al.,
2006] to map the centromere on LBC3.
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Results and Discussion

The combination of immunostaining for centromer-
ic cohesin-enriched structures with high-resolution
multi-color FISH on chicken LBCs allowed us to narrow
down the position of the centromere on chromosome 3
to a region between BACs WAG38P15 and WAG54M22
(figs. 1 and 2A). These BACs are assigned to position 2.3
and 2.5 Mb, respectively. This indicates that the elusive
GGA3 centromeric repeats should be located in a 0.2-
Mb region between these 2 BACs. In the current GGA3
sequence assembly, a gap does exist in this region at po-
sition 2.4 Mb which we argue is the location of the cen-
tromere.

When the actual position of the centromere is located
at 2.4 Mb, the question arises: what sequences are lo-
cated at the current putative centromeric gap at position
11.6-13.1 Mb and the third gap in the region of interest,
the gap at position 5.6 Mb? Gaps in the sequence assem-
bly are usually the result of a sequencing break at tan-
dem repeat clusters. In the sequence assembly of GGA3,
a few units of CNM repeat can be found near position
11.5 Mb. Earlier we have detected 2 large blocks of this
repeat on LBC3 by FISH with CNM-specific probes
[Krasikova et al., 2006]. To verify whether the 2 CNM
arrays detectable by FISH are located at the positions
corresponding to these 2 gaps we performed FISH with
CNM-specific oligoprobes followed by repeated FISH
with BAC clones assigned to genomic positions closely
surrounding the gaps. Proximal CNM-positive FISH
signals are mapped at the 2 chromomeres between BACs
WAG44P17 and WAGI13DI11 at positions 5.4 and 5.8 Mb,
respectively (fig. 1). This FISH pattern confirms our
assumption that CNM repeats are clustered at position
5.6 Mb, where a gap exists in the current sequence as-
sembly of GGA3. The other CNM array was revealed in
long transcription units on lateral loops arising from
the chromomere flanked by BACs WAG22J22 and
WAG32A13 (figs. 1, 2B); these BACs are assigned to po-
sitions 11.0 and 14.0 Mb, respectively. Together with the
fact that CNM units are present in the contig at the po-
sition around 11.5 Mb, this supports the idea that the
current centromeric gap at position 11.6-13.1 Mb con-
sists of CNM repeat sequences.

The pattern of CNM hybridization on GGA3 remind-
ed us of chicken microchromosomes with CNM repeats
at both termini [Krasikova et al., 2006; Deryusheva et al.,
2007]. Indeed, H4 gene-rich isochores, which are typical
for the majority of chicken microchromosomes, concen-
trate in the region flanked by CNM clusters on GGA3
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Fig. 2. Centromere positioning on chicken chromosome 3. A Im-
munofluorescent detection of the centromere followed by FISH
with BAC clones WAG35013 (green) and WAG54M22 (yellow)
on LBC3. Centromeric cohesin-enriched structures (red) localize
between these BACs . The schematic drawing shows the distribu-
tion of these signals (inset). Scale bar = 5 um. B FISH with CNM-
specific oligoprobes (red and pink) and BAC clones WAG22]22
(yellow) and WAG32A13 (green). The schematic drawing shows
the distribution of these FISH signals (inset). Chromosomes are
counterstained with DAPI (blue). Scale bar = 10 pm.

[Andreozzi et al., 2001]. The equivalence of chicken mi-
crochromosomes to gene-rich T-blocks in mammals was
hypothesized earlier [Andreozzi et al., 2001]. We ana-
lyzed the distribution of 54 human orthologs for genes
localized in the region of GGA3 mentioned above. In hu-
man, these genes split into 3 groups on HSA2 which cor-
relates with 3 gene-rich blocks on 2p13.3-p23.1 [Saccone
et al,, 1999]. These correlations suggest a microchromo-
somal origin of the region between the gaps at positions
5.6 Mb and 11.6-13.1 Mb on GGA3. The sequences at po-
sition 11.6-13.1 Mb on GGA3 therefore presumably rep-
resent an inactivated centromere of a fused microchro-
mosome that showed some centromere-specific features,
when analyzed previously.

In conclusion, we have shown again that giant chro-
mosomes in the lampbrush form represent a powerful
system for integration of precise physical gene mapping
and genome sequence data, including chromosome re-
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gions with unknown DNA sequences. Our present data
provide strong evidence for centromere location at posi-
tion 2.4 Mb on GGA3 in the current sequence assembly
(build 2.1). In the next version of the chicken genome as-
sembly, the centromere of chromosome 3 should there-
fore be moved to the gap at position 2.4 Mb. The gaps at
positions 5.6 Mb and 11.6-13.1 Mb should be preserved
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as they represent long clusters of tandem repeats.
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