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INTRODUCTION

Repetitive sequences constitute a substantial part of
the eukaryotic genome. At the same time, the data on
repetitive sequences in birds are very scarce. Relatively
well studied are the satellite DNA sequences specific to
sex chromosomes of some members of the order Galli-
formes [1]. Three different types of repetitive
sequences with centromeric localization were also
described. These are the PR1 in two pigeon species [2],
FCP in chaffinch [3], and a 190-bp repeat found in the
representatives of many families, including Falconidae,
Gruidae, Psittacidae, Anatidae, and some others [4].
Satellite DNA sequences were found in the genomes of
chicken [5], turkey [6], and quail [7]. The proposed
localization of these repeats in the centromeric regions
of microchromosomes is doubtful and refuted by the
results of the in situ hybridization on the giant lamp-
brush chromosomes from the growing chicken oocytes
[8]. Satellite DNA sequences were also isolated from
the genomes of various other bird species, but their
chromosomal localization was not examined [9–14].

One of the most popular techniques for the isolation
of satellite sequences consists in cloning of the frag-
ments forming distinct bands in the gels after electro-
phoretic separation of the genomic DNA fragments
digested with restriction endonucleases. However, this
standard technique can be applied only for analysis of
sequences comprising more than 0.5% of the genome.
Avian genomes are much smaller than the genomes of
other vertebrates mostly due to the fact that the propor-
tion of repetitive sequences in them is far lower [15].

For these reasons, isolation of avian satellite DNA
sequences by use of standard methods often meets with
certain difficulties. Recently, a genome self-priming
PCR technique (GSP–PCR) enabling in vitro amplifi-
cation of tandemly repeated genomic DNA sequences
in polymerase chain reaction, where genomic DNA
simultaneously serves as a template and as a primer for
elongation of the nucleotide chain, has been described
[14]. In the present study, this method is applied for the
isolation and characterization of a novel GS satellite
sequence of chaffinch (

 

Fringilla coelebs

 

 L., Aves: Pas-
seriformes) genomic DNA.

MATERIALS AND METHODS

Genomic DNA was extracted by standard methods
from the whole blood samples of (1) chaffinches (

 

Frin-
gilla coelebs

 

, Fringillidae, Passeriformes), caught for
banding during spring migration in 2000 at the Kurshs-
kaya spit Ornithological Station (Zoological Institute,
Russian Academy of Sciences); (2) house sparrows
(

 

Passer domesticus

 

, Ploceidae, Passeriformes); and
(3) redwings (

 

Turdus iliacus

 

, Turdidae, Passeriformes).

Satellite DNA was amplified in vitro using the
GSP–PCR technique [14]. The following modification
of the method was used. An aliquot of genomic DNA
was incubated at 100

 

°

 

C for 30 min. In these conditions
DNA degraded with the formation of the fragments less
than 1 kb in size. A total of 0.15 

 

µ

 

g of the 1 : 1 mixture
of degraded and nondegraded genomic DNA was added
to a standard polymerase chain reaction mixture.
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Abstract

 

—A novel repeated sequence of chaffinch (

 

Fringilla coelebs

 

) designated as GS was isolated from
genomic DNA after in vitro amplification of satellite DNA sequences using GSP–PCR technique. The propor-
tion of this repeat in the chaffinch genome constitutes about 0.2%. Monomers are 176 to 199 bp in size and
contain a short cluster of the TTAGGG telomeric tandem repeat. The oligomer of the telomeric hexanucleotide
is flanked by the sequences that are significantly different in different monomers. The GS sequences are orga-
nized as tandemly repeated units and located in a number of chromomycin-positive blocks on the long arms of
macrochromosomes 1, 2, 3, 5, and 6, as well as on several microchromosomes. The sequences homologous to
the GS satellite of chaffinch were not found in the genomes of redwing (

 

Turdus iliacus

 

) and house sparrow
(

 

Passer domesticus

 

).
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Amplification conditions included 8 min at 94

 

°

 

C, fol-
lowed by 35 cycles of 50

 

°

 

C for 3 min; 72

 

°

 

C for 3 min;
and 94

 

°

 

C for 1 min; and a final cycle of 50

 

°

 

C for 3 min;
and 72

 

°

 

C for 20 min.
The products of GSP–PCR reaction were digested

with the 

 

Pst

 

I restriction endonuclease and separated by
electrophoresis in 1% agarose gel. A fraction of DNA
fragments of 190 to 200 bp in size was isolated from the
gel by centrifugation on a spin-column (Sileks-M, Rus-
sia) and cloned into the pBluescript II KS (+) plasmid.
Clones containing recombinant plasmids were desig-
nated GS-1, GS-2, and GS-3.

Recombinant plasmids were sequenced by use of
standard pBluescript primers and the BlueDye Termi-
nator Ready Reaction Mix (PE Applied Biosystems,
United States) and a protocol recommended by the
manufacturer with slight modifications described by us
earlier [16]. Consensus sequence of the GS monomer
from chaffinch genome was determined by direct
genome sequencing method. Synthesized fimers (Fidel-
ity Systems, United States) specific for different GS
regions, i.e., primers chemically modified in a way to
prevent the synthesis of primer dimers, as well as non-
specific PCR during sequencing, were as follows:

 

ZYAB008 GTTTGCGAGATGCTAACCCTAGGCG

 

T

 

AACC

 

ZYAB009 TAGGCAGGGCAGCCAATCGGCC

 

T

 

AGGGT

 

(positions of modified nucleotides are boldfaced and
underlined).

Genome sequencing was carried out in a final vol-
ume of 5 

 

µ

 

l, containing 100 ng of genomic DNA;
10 pmol of fimer; 0.1 

 

µ

 

l of ThermoFidelase 2A (Fidel-
ity Systems, United States); and 2 

 

µ

 

l of BigDye Termi-
nator Ready Reaction Mix. A panel with the samples
was placed in the thermal cycler with the following pro-
gram: 95

 

°

 

C for 2 min, followed by 400 cycles of 95

 

°

 

C
for 5 s; 55

 

°

 

C for 30 s; and 60

 

°

 

C for 2 min. The results
were analyzed using ABI377 automated DNA sequencer
(PE Applied Biosystems, United States).

A search for homologous sequences in the world-
wide GenBank database was performed using the
BLASTN 2.2.1 software [17].

Relative quantity of the GS sequences in the
genome was estimated by means of dot–blot hybridiza-
tion. Organization of the GS sequences in the chaffinch
genome was determined by use of Southern blotting.
Genomic DNA was digested with the 

 

Pvu

 

II and 

 

Pst

 

I
restriction enzymes. DNA fragments were immobilized
onto Hybond-N

 

+

 

 membranes (Amersham Pharmacia
Biotech, United Kingdom) by use of alkaline vacuum
blotting with subsequent irradiation with UV light.
Digoxigenin labeled (Digoxigenin-11-dUTP, Roche,
Germany) cloned GS fragment was used as a hybridiza-
tion probe. Labeling was carried out by means of PCR
with standard M13 primers. Hybridization, washing,
and hybridization signal detection procedures were car-
ried out according to a standard protocol recommended
by Roche Company. To prevent hybridization of the GS
probe to the genomic DNA telomeric repeat, a prehy-
bridization procedure with an excess of the
(TTAGGG)

 

6

 

 and (CCCTAA)

 

6

 

 oligonucleotides was
performed. The (TTAGGG)

 

n

 

 DNA sample, amplified
by means of PCR with telomere-specific primers and
without the DNA template, placed on a membrane, was
used as control. Comparative densitometry of hybrid-
ization signals was carried out by use of the PhotoM 1.2
software designed by A. Chernigovskii (Ioffe Physi-

cotechnical Institute, Russian Academy of Sciences, St.
Petersburg, Russia).

Metaphase spreads of chaffinch chromosomes were
prepared from primary fibroblast cultures according to
a standard method.

Fluorescence in situ hybridization (FISH) was carried
out according to a standard technique [18]. The pGS-2
insert biotinylated (Biotin-16-dUTP; Roche, Germany)
by PCR was used as the FISH probe. To prevent cross-
hybridization of GS with the telomeric repeat, a carrier
salmon sperm DNA was added to a hybridization mix-
ture. Detection of hybridization signals was performed
with conjugated avidin-FITC or avidin

 

-

 

Cy3. Hybrid-
ization signal was amplified with anti-avidin D-anti-
bodies (Vector Laboratories, United Kingdom).

Slides were viewed with the DM RXA fluorescent
microscope (Leica Wetzlar, Germany) equipped with
white-and-black CCD camera (Cohu). Images were
captured and processed with the QFISH software
(Leica Cambridge, United Kingdom).

RESULTS AND DISCUSSION

Electrophoregrams of chaffinch genomic DNA
digested with the 

 

Bam

 

HI, 

 

Hind

 

III, 

 

Pst

 

I, 

 

Sau3

 

AI, 

 

Pvu

 

II,

 

Msp

 

I, and

 

 Hpa

 

II restriction endonucleases were
described in our previous paper [16]. Briefly, in addi-
tion to the main fraction comprised of 500-bp repeated
DNA fragments and detected in the digests of the

 

Bam

 

HI, 

 

Hind

 

III, 

 

Pst

 

I, and 

 

Sau3

 

AI restriction endonu-
cleases, the use of the 

 

Pvu

 

II or 

 

Pst

 

I endonuclease
enabled visualization of a band corresponding to the
fraction of 200-bp fragments. The 500-bp repeat desig-
nated as FCP, was characterized as centromeric satellite
element [3]. The fragments of about 200 bp in size rep-
resented another repeat of chaffinch genome. Our study
was focused on the examination of this repeat.

Since repeated DNA fragments of about 200 bp in
size constituted only a small proportion of chaffinch
genomic DNA, to obtain preparative amounts of this
DNA fraction we used the GSP–PCR technique, which
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makes possible to increase the proportion of satellites
in the total pool of genomic DNA [14]. Fraction of the

 

Pst

 

I fragments of about 200 bp in size from the GSP–
PCR product was cloned into pBluescript II KS (+) and
designated GS. Three independent clones containing
pGS-1, pGS-2, and pGS-3 recombinant plasmids were
selected.

Southern-blot hybridization of digoxigenin-labeled
cloned GS fragment onto chaffinch genomic DNA
digested with 

 

Pvu

 

II or 

 

Pst

 

I restriction endonuclease
revealed a ladder consisting of the bands with the frag-

ment sizes approximately multiple to 200 bp (Fig. 1).
These data suggest tandem organization of the GS
sequences in the chaffinch genome.

Cloned fragments were sequenced (the pGS-1 and
pGS-3 sequences were deposited into GenBank at the
accession numbers AF427996 and AF427997, respec-
tively). A search for homologous sequences in the Gen-
Bank database did not reveal any known sequence sub-
stantially similar to the GS. The GS-1 (196 bp), GS-2
(199 bp), and GS-3 (176 bp) sequences demonstrated
the presence of the TTAGGG (CCCTAA) telomeric
motif, tandemly repeated for five times in GS-3 and for
six times in GS-1 and GS-2. Tandem regions of the telo-
meric repeat were flanked by the sequences that were
remarkably different in different clones. The differ-
ences between the GS-1 and GS-3 constituted 25%
(Fig. 2). Cloned repeated GS sequences could be arbi-
trarily divided into two parts: the relatively constant
part, where sequence differences between different
clones did not exceed 15%, and the more variable part,
containing a cluster of TAACCC hexanucleotides with
the flanking regions.

The presence of variable and conservative regions
within the GS monomer was confirmed by direct
sequencing of the repeat from chaffinch genomic DNA
with the ZYAB008 and ZYAB009 fimers. In genomic
DNA these fimers anneal to variable and conservative
GS regions, respectively. Genome sequencing was pos-
sible only with the ZYAB009 fimer. The determined
350 nucleotide-long sequence represented a fragment
consisting of three GS 

 

Pst

 

I monomers, located tan-
demly in the head-to-tail orientation. Based on these
data, a consensus sequence of the GS monomer was
established (Fig. 2). These results also suggest that in
the chaffinch genome the repeat is organized in long
tandem arrays. The fact that in the 

 

Pvu

 

II and 

 

Pst

 

I
digests of genomic DNA the GS repeat is mostly
revealed in the form of monomers and dimers (Fig. 1)
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Fig. 1.

 

 Southern-blot hybridization of chaffinch genomic
DNA digested with 

 

Pvu

 

II (

 

1

 

) and 

 

Pst

 

I (

 

2

 

) restriction endo-
nucleases with digoxigenin labeled cloned GS fragment.
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Fig. 2. 

 

Nucleotide sequences of the cloned GS-1 and GS-3 fragments and a consensus sequence of the GS monomer (cons), obtained
by means of direct genome sequencing with the GS-specific ZYAB009 fimer. Identical nucleotides are designated by dots. In frame
is the region containing tandem of telomeric hexanucleotide, telomeric motif is shaded.



 

1362

 

RUSSIAN JOURNAL OF GENETICS

 

      

 

Vol. 38

 

      

 

No. 12 

 

     

 

2002

 

LIANGOUZOV

 

 

 

et al

 

.

 

is explained by high conservatism of this region, con-
taining the recognition sites for the restriction enzymes
used (Fig. 2). It is tempting to assume that these regions
are functionally important and that natural selection
acts against mutation in them. On the other hand, the
repeat described can be evolutionary young: the mono-
mers have already amplified, but have not yet diverged
largely. The increased polymorphism level characteris-
tic of the regions containing the TAACCC arrays can be
associated with the presence of this simple repetitive
sequence in the monomer. This repeat cause the
increased mutation rate by possible strain slippage dur-

ing replication, repair and conversion, as well as
because of recombination and other factors affecting
the high rate of microsatellite divergence [19].

Relative content of the sequences homologous to the
cloned GS fragments in the chaffinch genome was
assessed by use of dot–blot hybridization technique.
Comparative densitometry of the signals obtained after
hybridization of different amounts of genomic DNA
and pGS-1 reference DNA to digoxigenin labeled GS-
1 fragment showed that proportion of the GS repeat in
the chaffinch genome constitutes 0.2%, which approxi-
mately corresponds to 2 

 

× 

 

10

 

4

 

 copies per diploid
genome.

Dot–blot hybridization technique was also used for
searching the GS homologous sequences in the
genomes of other passerine birds: redwing and house
sparrow. The hybridization data showed that genomes
of these two species lacked the sequences homologous
to the GS repeat of chaffinch. These data are consistent
with the current views that tandemly organized satellite
DNA sequences evolve very rapidly and usually are dif-
ferent even in phylogenetically close species [5–7, 20].

Mapping of the GS repeat to chaffinch metaphase
chromosomes was carried out using FISH. The GS sat-
ellite DNA was localized in a number of blocks on the
long arms of macrochromosomes 1, 2, 3, 5, and 6 (Fig. 3).
Chromosomal locations of the examined satellite coin-
cided with the chromosome regions that are intensively
stained with the GC-specific fluorochrom, chromomy-
cin A

 

3

 

. These data are in a good agreement with the data
on the enrichment of the repeat with GC. Depending on
the structure of the monomer variable part, total G + C
content of the GS sequence varies from 56 to 58%.
After FISH, multiple hybridization signals were also
revealed on microchromosomes. However, precise
localization of the repeat on these chromosomes is
impossible because of their small size. The Z and W sex
chromosomes of chaffinch, as well as macrochromo-
some 4, lack the repeat clusters large enough to be
detected by FISH.

In eukaryotic chromosomes satellite DNA
sequences are located predominantly in the blocks of
constitutive heterochromatin, which are usually
detected by means of C-banding. This method, how-
ever, do not permit obtaining of reproducible banding
patterns in case of avian chromosomes. Some authors
suggest that the blocks not detectable by means of C-
banding technique but displaying intense fluorescence
after staining with chromomycin A

 

3

 

 fluorochrom, can
represent interstitial heterochromatin [21]. Until now,
this proposal was not confirmed experimentally and
seemed rather speculative. However, the coincidence of
the regions of the chaffinch GS satellite localization
with the chromomycin-positive blocks on metaphase
chromosomes of this species suggests that avian karyo-
types, and chaffinch karyotype in particular, contain the
blocks of interstitial heterochromatin, which are not
detectable by use of standard C-banding.

 

(a)

(b)

1 2 3 4

5 6 Z W

 

Microchromosomes

 

Fig. 3.

 

 (a) Metaphase spread; (b) individual chromosomes
(macrochromosomes 1 to 6, Z and W sex chromosomes,
and some microchromosomes) from chaffinch fibroblasts
after FISH with cloned GS sequence as a probe. Arrows on
ideograms of macrochromosomes indicate the positions of
chromomycin-positive blocks containing the GS sequence.
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The presence of the tandemly repeated TTAGGG
telomeric hexanucleotide in the GS satellite monomers
deserves special interest. Analysis of telomeric repeats
localization in the members of different orders of mam-
mals, birds, reptiles, amphibia, and fish showed that the
(TTAGGG)n repeats can be also found in the internal
chromosomal loci [22–24], mostly in the regions of
constitutive heterochromatin [22]. The origin of nonte-
lomeric sites of the TTAGGG repeat is unknown. It can
be associated with such mechanisms as telomere–
telomere fusion of ancestral chromosomes and/or
amplification of the short regions of tandem repeat,
present in the ancestral karyotypes as “cryptic telom-
eres.” Indeed, interstitial (TTAGGG)n sites mark the
regions of chromosome fusion in karyotypes of humans
[25], Indian muntjac [26], okapi, and some other spe-
cies [23, 27]. At the same time, interspersed TTAGGG
repeats are found in the nucleolus organizer regions,
i.e., the chromosome regions containing blocks of tan-
demly organized rRNA genes [28, 29]. Species-specific
interspersion of telomeric repeats within the pericentric
chromosomal regions, not associated with the centric
fusions was also observed [24, 30]. In this case a dis-
tinct correlation between the size of the heterochroma-
tin blocks and the intensity of hybridization signals in
them after FISH with telomeric probe was revealed. It,
however, remained unclear whether the telomeric motif
detected was a component of the repetitive unit of sat-
ellite DNA or it formed independent blocks alternated
with satellite monomers. Analysis of the position of sat-
ellite DNA and the (TTAGGG)n repeat relative each
other in the region of their colocalization in centro-
meric heterochromatin showed that these sequences
formed two independent compartments [31]. Our find-
ings demonstrate the possibility of telomeric hexanu-
cleotide expansion directly into monomers of satellite
DNA. Short clusters of TTAGGG telomeric motif were
earlier found in satellite DNA monomers from cat [32]
and from one of the fish species [20]. At present, it
remains obscure, how telomeric sequences appear in
satellite DNA. It can be hypothesized that a certain
role in this processes is played by long-lived single-
stranded DNA breaks typical of the regions of tandem
repeats [33].

In conclusion, it should be noted that the GS
sequence is a tandem repeat with monomer size identi-
cal to that of the known centromeric 190-bp repeat
found in genomes of the representatives of many avian
families [4]. However, the GS sequence lacks conserva-
tive regions typical of the centromeric repeat, has non-
centromeric location, and is species-specific.
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