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Low Frequency of Microsatellites in the
Avian Genome

Craig R. Primmer,* Terje Raudsepp,* Bhanu P. Chowdhary,*
Anders Pape Mgller,? and Hans Ellegren®-

'Department of Animal Breeding and Genetics, Swedish University of Agricultural Sciences, Box 597,
S-751 24 Uppsala, Sweden; ?Laboratoire d’Ecologie, Université Pierre et Marie Curie, F-75252 Paris, France

A better insight into the occurrence of microsatellites in a range of taxa may help to understand the evolution
of simple repeats. Previous studies have found the relative abundance of several repeat motifs to differ among
mammals, invertebrates, and plants. Absolute numbers of microsatellites also tend to correlate positively with
genome size. We analyzed the occurrence, frequency, and distribution of microsatellites in birds, a taxon with
one of the smallest known genome sizes among vertebrates. Dot-blot hybridization revealed that about half of
22 different di-, tri-, and tetranucleotide repeat motifs were clearly more common in human than in three
species of birds: chicken, woodpecker, and swallow. For the remaining motifs no clear difference was found.
From searching avian database sequences we estimated there to be 30,000-70,000 microsatellites longer than
20 bp in the avian genome. The number of (CA)-,, would be around 7000-9000 and the number of (CA).,,
about 3000. The calculated density of avian microsatellites (total, one every 20-39 kb; (CA).,,, One every
136-150 kb) is much lower than that estimated for the human genome (one every 6 and 30 kb, respectively).
This may be explained by the fact that the avian genome contains relatively less noncoding DNA than most
mammals and that avian SINE/LINE elements do not terminate in poly(A) tails, which are known to provide a
resource for the evolution of simple repeats in mammals. We found no association between microsatellites and
SINEs in birds. Primed in situ labeling suggested fairly even distribution of (CA), repeats over chicken
macrochromosomes and intermediate chromosomes, whereas the microchromosomes, a large part of the Z and
W chromosomes, and most telomeres and centromeres had very low concentrations of (CA), microsatellites.
The scarcity of microsatellites on the microchromosomes is compatible to these regions likely being unusually
rich in coding sequences. The low microsatellite density in the genome in general and on the
microchromosomes in particular imposes an obstacle for the development of marker-rich genetic maps of
chicken and other birds, and for the localization of quantitative trait genes.

Less than 10 years after their introduction, micro-
satellites have developed into the marker of choice
in a number of genetic areas, including genome
mapping and medical, evolutionary, and ecological
genetics. Despite this widespread use, many ques-
tions still remain unresolved regarding the evolu-
tion of these simple, repeated sequences, not least
the mutational processes involved (Amos et al.
1996; Primmer et al. 1996). Such understanding is
important for the proper use of microsatellites in
evolutionary contexts, for example, for phylogeny
reconstruction (Jarne and Lagoda 1996) and also for
addressing general questions relating to genome or-
ganization. Knowledge of the patterns of microsat-
ellite evolution may also help to reveal whether
these sequences are associated with a functional sig-
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nificance. One intriguing question in this respect is
why certain repeat motifs are more common than
others, and why this varies among taxa. In human,
(A), and (CA),, are by far the most common motif
variants, the latter being the most widely studied
marker. Although a similar situation exists in other
mammals (e.g., Beckmann and Weber 1992), the
same pattern is not true for all taxa. In at least some
insect species, (CT), is more common than (CA),
(Estoup et al. 1993) as is the case for an oyster spe-
cies Ostrea edulis (Naciri et al. 1995). In plants, (AT),,
which is rare in mammals, clearly outnumbers
(CA),, (Lagercrantz et al. 1993).

Related to evolution and a possible functional
role, comprehensive studies of the absolute num-
bers of microsatellites in various genomes are
needed to comparatively address whether microsat-
ellite abundance is a direct function of genome size.
Microsatellites predominantly occur in noncoding
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DNA, and if the amount of such sequences acts as
the sole constraint for the evolution of simple re-
peats, the absolute numbers of repeats in the ge-
nome should correlate closely to DNA content. That
this is at least probable has been indicated from hy-
bridization experiments with divergent taxa (Ha-
mada et al. 1982). Furthermore, bats, which have
one of the smallest genomes among mammals, ap-
pear to harbor considerably fewer microsatellites
than other mammalian species (Van Den Bussche et
al. 1995).

In this study we have analyzed the occurrence,
frequency, and distribution of microsatellites in
birds. Avian genomes are generally small; the do-
mestic chicken (Gallus gallus) genome, for instance,
is estimated to contain close to one-third the num-
ber of base pairs of that in the human genome
(Bloom et al. 1993; Wachtel and Tiersch 1993). It
would thus be expected that avian genomes harbor
significantly fewer microsatellites than most mam-
mals, and there are indications that this may be the
case for dinucleotide motifs (Hamada et al. 1982;
Manor et al. 1988). Our data from dot-blot hybrid-
izations and database searches now show conclu-
sively that microsatellite repeats generally occur less
frequently in birds compared to other vertebrates,
and in contrast to mammalian microsatellites, bird
microsatellites do not appear to be associated with
short interspersed repetitive elements (SINES).

RESULTS

Dot-Blot Hybridization

To compare the abundance of different repeat mo-
tifs in avian and mammalian genomes we per-
formed dot-blot hybridizations with equimolar
amounts of chicken, white-backed woodpecker Den-
drocopus leucotos, barn swallow Hirundo rustica, pig,
and human DNA. The three bird species were cho-
sen so as to represent three divergent avian lineages;
human and pig were included as reference mamma-
lian species. A large set of hybridization probes was
applied, including 2 dinucleotide repeats [(CA)s
and (CT),5], all 10 possible trinucleotide repeats
[(AAT)10, (AAC)1o, (AAG)1q, (AGT)1o, (GAT)y0,
(ACG)10, (CAG) 10, (CCT)10, (GGT)40, (CCG)40], and
9 tetranucleotide repeats [(AAAT),s, (AAAC)-,
(AAAG),, (CATT),, (GAAT),, (GATA),, (GACA),,
(GGAA),, and (GGAT),].

In general, hybridization signals from mamma-
lian DNA were stronger than signals from avian
samples, whereas there were only slight variations
between the signal intensities obtained from the
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two mammalian and the three avian species (Fig. 1).
We scanned the hybridization filters using a Phos-
phorlmager to quantify these differences and de-
rived hybridization intensity ratios for human/bird
signals (Table 1). Dinucleotide repeats were particu-
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Figure 1 Dot-blot hybridization signals of (CA),5 (a),
(AAC)4, (b), and (AAGG), (c) to genomic DNA of hu-
man (1), pig (2), chicken (3), woodpecker (4), and
swallow (5). Intensity ratio calculations from these fil-
ters suggested (CA),s and (AAC),, to be more com-
mon in the mammalian than in the avian genomes,
whereas (AAGG), appeared to occur equally in all spe-
cies (refer to Table 1). The uppermost dot on each filter
contains 300, 280, 120, 120, and 120 ng of genomic
DNA, respectively. The remaining three dots represent
50%, 25%, and 12.5% dilutions of the above concen-
trations. Different exposure times were used for the
filters; therefore signal intensities between filters can-
not be compared.
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Table 1. Intensity Ratios (Human:Bird) of Hybridization Signals (a(l?]'g)(JéA)(CA/ijiili‘IO(S?]i‘il'éﬂ(ec(ﬁ');-]%
to Genomic DNA Probed with Various Microsatellite Motifs . 18 rough

signal was obtained with (CA),q
Motif Chicken Woodpecker Swallow Avian average | and (CA);, plasmid DNAs, hy-

bridization intensities for (CA),4,
AC 14.3 15.0 14.8 14.7 (CA).6, and (CA),s were about
AG 159 12.2 10.9 12.7 the same (data not shown). From
ACC 7.0 7.6 1.4 73 this we concluded that hybrid-
AAAT? =5.2 =5.2 =5.2 =52 L . :
AAGT? =45 =45 ~45 ~45 ization strlngen(;y was adjusted
AAC 4.9 4.6 3.2 41 to the detection of repeat
AGAT? =3.9 =3.9 =3.9 =3.9 lengths of (CA),, and longer. By
ATGG 5.2 3.8 2.0 3.1 relating hybridization intensities
AAG 45 2.2 2.2 2.6 of genomic and plasmid DNAs
ACAG 4.5 4.5 1.0 2.0 we subsequently estimated there
ATG 3.5 1.8 1.6 2.0 to be (11500 copies of (CA)~,, in
ACG 18 5.2 11 1.8 the chicken genome. The corre-
AAAC 1.6 2.7 12 1.6 sponding estimates for human
AAT 3.2 13 1.2 16 and pig DNA were 17,000 and
AGG 1.9 2.0 0.8 1.3 16,000, respectively
AGC 1.9 1.3 1.0 1.3 e '
AAGG 15 1.8 0.8 1.2
CCG 0.8 2.0 0.6 0.8 Survey of Database Sequences
AAAG 1.6 1.0 0.4 0.7

There was (3.5 Mb of avian non-

Mean 4.6 4.2 2.3 3.4 mitochondrial sequence in Gen-

Human and all bird species DNA gave hybridization signals below the background level bank release 93, with the major-
using the probe AGT. ity constituting chicken se-
2All three bird species gave hybridization signals below the background level. quences. We searched these

larly less frequent in birds, with the CA and CT mo-
tifs both being 10-15 times more common in hu-
man. Some tri- and tetranucleotide repeat motifs
(AAC, ACC, AAAT, AAGT, and AGAT) were similarly
biased toward a considerably higher frequency in
human. For most of the remaining types of repeats
the human/bird intensity ratio fell between 0.5 and
2, which we do not consider to be clear evidence for
significantly different frequencies in the two taxa.
Only 3 of 22 human/pig ratios fell outside the 0.5-
2.0 range, with two motifs being more common in
human (AAG ratio = 3.6; AAAT ratio = 2.3) while
AAC was more than twice as common in the por-
cine genome (ratio = 0.4).

For the most commonly used microsatellite
marker (CA), we also employed dot-blot hybridiza-
tion to estimate the absolute number of loci present
in the chicken genome. Because this estimate is
highly dependent on the minimum length of re-
peats that are detected by the probe, we first deter-
mined the lower limit of repeat length uncovered by
the hybridization stringency applied. This was ac-
complished by including a panel of plasmid DNAs
with cloned (CA), repeats of different length:

2933 sequences for the presence
of microsatellite repeats with the
criterion of a perfect repetitive
array of at least 20 bp in length, that is, the same
search routine as used by Beckmann and Weber
(1992) analyzing human repeats. In total, 117
unique bird microsatellites were identified, yielding
an average density of 1 every 31 kb (Table 2). This
density is clearly lower than one every 6 kb reported
for human DNA, but the avian estimate may be
flawed, as discussed below. The most common
avian repeat type was (A), (26 hits) followed, some-
what surprisingly by (AGG), (15 hits) and then
(CA), (10), (CCG), (9), (AAAC),, and (AAAT), (8).
Most repeats however, were rather short, and (A),
and (CA),, clearly outnumbered all other repeat mo-
tifs if only considering loci with at least 10 repeat
units (Table 2).

A closer dissection of database sequences indi-
cated that the observed frequencies of different mi-
crosatellites may not be representative for the avian
(chicken) genome. Avian Genbank entries are sig-
nificantly biased toward coding sequences, with al-
most two-thirds of sequences being cDNA clones.
When one also considers the proportion of DNA in
remaining genomic clones that constitute coding
sequences, the total fraction of coding DNA among
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estimates of the absolute num-
Table 2. Number of Avian Microsatellites in the GenBank 93 bers of microsatellites in the
Database avian genome. First, similar to
) Beckman and Weber (1992), we
Size class (bp) extracted long (>10-kb) genomic
Motif 20-23 24-27 28-31 32-35 36-39 =40 Total | clonesand tallied the number of
microsatellites. Seven repeats
A 13 7 > 1 26 | found within the 272 kb of DNA
AGG 9 4 2 15 contained in 15 such clones give
AC 4 2 1 1 2 10 -
cCG 5 3 1 9 an estimated frequency of one
AAAC 6 1 1 8 repeat every 39 kb, or a total of
AAAT 4 1 1 2 8 (131,000 loci in the genome. This
AGC 4 1 1 6 density, though obviously very
AT 3 1 4 approximate, is significantly
ACC 3 2 5 lower than that calculated by
AAAG 2 1 3 Beckmann and Weber (1992) for
AAG 1 2 3 the human genome (x®=16.1,
AGGG 1 2 3 P = 0.0001; df = 1; 122 microsat-
AAGG 1 1 2 ellites in 745 kb). Second, we
AAT 1 1 2 sought to convert the frequen-
ACAG 2 2 - . . . .
ACCT 1 1 5 cies of avian microsatellites in
ACGG 1 1 2 Genbank to that expected for
AG 1 1 2 the whole genome by compen-
c 2 2 sating for the overrepresentation
AAC 1 1 of expressed sequences in the da-
ACG 1 1 tabase. This can be done using
ACGC 1 1 the simple expression D =1/
Mononucleotide 15 7 5 0 1 0 28 [afe + (1 — a)fnc], where D is the
Dinucleotide 8 3 1 1 0 3 16 genomic density (one microsat-
Trinucleotide 24 11 5 2 0 0 42 ellite every D bp), a is the pro-
Tetranucleotide 19 5 2 0 0 5 31 portion of coding DNA in the ge-
Total 66 26 13 3 1 8 117 nome a_nd f, and fn? are the mi_c-
rosatellite frequencies (per bp) in
One hundred eight of the repeats were from domestic chicken, four were from quail, coding and noncoding DNA, re-
(Coturnix coturnix), three were from ducks (Anas sp.), one was from turkey (Meleagris spectively, as determined from
gallopavo), and one was from pigeon (Columba livia). database occurrence (see Meth-

avian Genbank entries is >60%, a considerably
higher proportion than in the genome as a whole.
The fact that most microsatellites should be ex-
pected to be situated in noncoding DNA suggests
therefore that the database screening underesti-
mated the number of bird microsatellites. In sup-
port of this, different repeat types showed marked
differences with regard to their location within cod-
ing or noncoding DNA (Table 3). Importantly,
mono-, di-, and tetranucleotide repeats were totally
excluded from coding DNA, whereas trinucleotide
repeats were found regularly within coding se-
quences. Therefore, trinucleotide repeats may be
over-represented in our sample of database hits.
We used two approaches to derive appropriate
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ods). A problem in this context is
to derive an estimate of what
proportion of the avian genome
is made up of coding DNA. In mammals, a figure of
10% is often assumed (Hochgeschwender and Bren-
nan 1991), but as birds have only about one-third of
the mammalian DNA content, avian genes may
constitute as much as 30% of the genome. Using
gene proportions of both 10% and 30%, the total
number of microsatellites =20 bp was estimated at
60,000-73,000 (one every 16-20 kb; Table 4). The
number of (CA).,, copies would be 6600-8500, or
one every 140-180 kb. Although data are sparse and
must be treated cautiously, the number of (CA)_,4
would be 2600-3400 (one every 350-450 kb). Inter-
estingly, both database approaches used for estimat-
ing total microsatellite numbers in the avian ge-
nome gave similar figures, suggesting a markedly
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S - - - ti f (CA t th
Table 3. Distribution of Repeat Classes in Different DNA bution of (CA), repeats over ne
- macrochromosomes and the in-
Regions . .
termediate chromosomes, with
Motif Noncoding 5 UTR  Coding  3' UTR Unknown | slight variation in the intensity
of fluorescent signals, as exem-
plified in Figure 2. To get a proper
Mono- 12 2 0 5 8 picture of how signal intensities
Di- 9 3 0 3 1 -

; varied over chromosomes, hy-
Tri- 4 2 28 1 7 bridi . . Is f 4
Tetra- 15 6 0 3 7 ridization signals from O

metaphase spreads were quanti-

lower density than in the human genome. Further-
more, the estimated number of avian (CA).,, loci
was similar to that obtained from the dot-blot hy-
bridization experiments.

No Association with Other Repetitive Elements

Various microsatellites in other taxa are known to
be directly associated with SINEs (e.g., Beckmann
and Weber 1992) and may even have evolved from
seguences contained in such elements (Arcot et al.
1995; Nadir et al. 1996). We therefore investigated
whether this type of association is also found in
birds. The predominant SINE in chicken is called
CR1 (Stumph et al. 1981), and estimates of its copy
number range from 7,000 to 20,000 (Hache and
Deeley 1988) to >100,000 (Vandergon and Reitman
1994). In 81 genomic sequences harboring CR1 el-
ements (Vandergon and Reitman 1994) we found
14 that also harbored microsatellites. In none of
these was the microsatellite directly associated with
the CR1 element. In fact only one (A), repeat was
located 25 bp 3’ of a CR1 element whereas all other
13 microsatellite repeats were situated farther than
350 bp, 5’ or 3’, from the SINE. Moreover, a data-
base search with, on average, 40 bp of DNA flanking
each side of all 117 identified microsatellites failed
to find significant homology with known repetitive
elements, avian or otherwise, or with each other,
which also indicates that any association between mi-
crosatellites and SINEs in birds would, at best, be rare.

Primed In Situ Labeling

We also investigated whether the apparent lower
density of avian microsatellites could be explained
by an unusual chromosomal distribution. Primed in
situ (PRINS) labeling (Koch et al. 1989) of chicken
metaphase chromosome spreads with a (CA);,
primer suggested, however, a relatively even distri-

fied by dividing the larger auto-

somes and the sex chromosomes

into equal sized discrete regions.
This was not possible for the intermediate chromo-
somes and microchromosomes, as they are ex-
tremely difficult to identify by cytological means.
Neither were we able to distinguish the two chro-
mosomal arms of the nearly metacentric W chro-
mosome. The signal in each region was classified as
weak, medium, or strong (Fig. 3). Several interesting
patterns emerged. First, pooled data from all micro-
chromosomes revealed that they generally hybrid-
ized less intensely. Second, the telomeric regions of
the macrochromosomes also hybridized less brightly
than other chromosomal regions. This was also true
for most centromeres, although this is not mani-
fested in Figure 3 because of the classified intervals
containing centromeres generally being too large to
allow such a resolution. Third, although mostly
showing only weak signals over large parts of the
chromosomes, the telomeric part of the p arm of the
Z chromosome and, similarly, the end of one of the
chromosomal arms of the W chromosome showed
intense signals. Therefore, these data indicate a rela-
tively low frequency of (CA),, microsatellites on the
microchromosomes, on most of the Z and W chro-
mosomes and on telomeres and centromeres.

DISCUSSION

Density of Avian Microsatellites

Dot-blot hybridization, as well as the incidence of
repeat sequences in database entries, suggests mic-
rosatellites to be generally less frequent in birds
than in mammals. For instance, 11 of 22 di-, tri-,
and tetranucleotide repeat motifs gave considerably
weaker dot-blot hybridization signals to avian than
to human or porcine DNA, whereas no probe motif
showed the opposite trend. Based on database
screening, we estimated the total number of micro-
satellites =20 bp in the avian genome to be 60,000-
73,000, or 1 every 16-20 kb and if only genomic
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Table 4. Estimated Numbers of Microsatellites =20 bp in genes as "?am.m"i"s apd If mean
Length in the Avian Genome Assuming a Gene Content of 10% gene size 15 5|m|lar In the two
or 30% per Genome taxa. C(_)mparlsons of exon
lengths in orthologous genes
10% coding DNA 30% coding DNA (Hughes and Hughes 1995) lend
. - - support to a similar gene size in
Motif total spacing (kb) total spacing (kb) human and birds. It should be
A 22,085 54 17,177 70 noted that our estimated micro-
AC? 8,494 141 6,607 182 satellite frequencies were ob-
AAAC 6,795 177 5,285 227 tained mainly from chicken se-
AAAT 6,795 177 5,285 227 quence data. The similarity of
AT 3,398 353 2,643 454 avian hybridization intensities
AGG 3,191 376 3,912 307 for most repeat motifs (Table 1)
ﬁég% ggig gi iggg 282 and the remarkable consistency
AAGG 1:699 706 1:321 208 of bird species’ DNA content
AAT 1,699 706 1,321 908 (Tiersch and Wachtel 1991) indi-
ACAG 1,699 706 1,321 208 cate that these estimated repeat
ACGG 1,699 706 1,321 908 frequencies may also be repre-
ACCT 1,699 706 1,321 908 sentative for other birds.
AG 1,699 706 1,321 908 The smaller genome size of
C 1,699 706 1,321 908 birds compared to mammals
CCG 1,278 939 1,947 616 would logically predict avian ge-
AGC 1,117 1,074 1,465 819 nomes to contain lower absolute
AAG 956 1,254 993 1,222 numbers of microsatellites than,
ﬁggc gjg 1212 221 1212 for example, human, as was the
ACC 268 4:478 804 1:493 case. However, the number of
AAC 54 22388 161 7.463 microsatellites in the human
) compared to the avian genome
mgg@g:g@t'de ig;gi gg 12‘513? 1?2 still exceeds this expectation
Trinucleotide 9,414 127 11,253 107 greatly. Although our dot-blot
Tetranucleotide 26,332 46 20,480 59 data suggested that there are
1500 (CA)-,4 copies in chicken,
Total 73,120 16 60,802 20 the number in human was at
i . . least 10 times more, [117,000.
Avian species as in Table 2. . R .
2The proportion of these repeats estimated to be =14 repeat units in length was Our human estimate is consider-
2600-3400 (1 in 350-450 kb). ably less than the 50,000-
100,000 estimated in earlier

clones =10 kb were considered, the estimated num-
ber of avian repeats was only 31,000 (1 every 39 kb).
The number of (CA)-,, copies would be 6600-8500
(1 every 140-180 kb), and the number of (CA)_14
loci would be 2600-3400 (1 every 350-450 kb). Dot-
blot hybridization gave an estimate of 1500 loci for
the latter repeat type. The higher densities are
reached if the proportion of genes in the avian ge-
nome is 10%, as assumed for many mammals,
whereas the lower densities can be estimated if
genes constitute 30% of the avian genome. A figure
of 30% seems more plausible, as the mean avian
genome size is only 1.2 x 10° bp (Tiersch and
Wachtel 1991; Bloom et al. 1993). This also depends
on whether birds have about the same number of
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studies (e.g., Hamada et al. 1982;

Tautz and Renz 1984; Beckmann
and Weber 1992), but these kind of estimates are
highly dependent on the length of repeats detected
during hybridization and it is evident that at least
some of the previous studies of human DNA have
included (CA), loci with <14 repeat units. Our da-
tabase screenings gave further support for the non-
proportional excess of human microsatellites. We
estimated the total microsatellite density to be one
every 39 kb in birds, whereas Beckmann and Weber
(1992) obtained an estimate of one every 6 kb in
humans using similar search procedures. Similarly,
our estimate of one (CA).,, copy every 136 kb in
birds is clearly lower than one every 30 kb estimated
in human (Beckmann and Weber 1992). The gen-
eral low frequency of avian microsatellites found in
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Figure 2 PRINS hybridization of a (CA),, oligonucleotide to a female chicken
metaphase spread. (A) Chromosomes were counterstained with DAPI. (B) (CA),o

hybridization in the absence of DAPI staining

this study is compatible with circumstantial obser-
vations of low numbers of avian dinucleotide re-
peats found previously (Hamada et al. 1982; Manor
et al. 1988; Moran 1993; Cheng et al. 1995).

Is the fact that birds seem to be devoid of mic-
rosatellites adaptive, or is this just a matter of coin-
cidence? This question should take into account the
low levels of interspersed repetitive DNA observed
in birds ((30%; Epplen et al. 1978; Eden and Hen-
drick 1978; Venturini et al. 1987) and the shorter
average size of avian introns compared with human
homologs (Hughes and Hughes 1995). Taken to-
gether, this suggests that there is (or has been) a
constraint on avian genome size operating. It has
been speculated that the physical requirements re-
lated to flight may place limits on genome size and
therefore on the amount of nonfunctional DNA tol-
erable (Cavalier-Smith 1978; Hughes and Hughes
1995). In support of this theory, bats have one of
the smallest known genome sizes of all mammals
(Burton et al. 1989) and have also a reduced fre-
quency of microsatellites (Van Den Bussche et al.
1995).

If one assumes that there is a constraint on
avian genome size, it still remains to be explained
why the density of microsatellites is low in birds. A
higher gene density in birds compared with mam-
mals would imply that the relative amount of non-
coding DNA should be less in birds, in turn giving
less opportunities for avian microsatellites to
evolve. This could be accentuated if unique noncod-
ing DNA is favored over repetitive DNA in birds, a
possible scenario if noncoding DNA acts at least

LOW FREQUENCY OF MICROSATELLITES IN BIRDS

partly as raw material for the
evolution of novel genes. If
so, it remains to be clarified if
the low tempo of microsatel-
lite evolution is governed by
factors involved in the gen-
eration of simple repeats by
replication slippage or solely
by direct selection against
“superfluous” repetitive DNA.

Another situation that
may contribute to low fre-
quencies of microsatellites in
birds is the apparent lack of
association between avian
SINEs/LINEs (long inter-
spersed repetitive elements)
and microsatellites as com-
pared to mammals, where the
two types of repetitive ele-
ments are commonly found
adjacent to each other (Economou et al. 1990; Beck-
mann and Weber 1992; Buchanan et al. 1993; El-
legren 1993; Varvio and Kaukinen 1993). Mamma-
lian SINEs (and LINEs) regularly terminate in a
poly(A) tail derived from retrotransposition, and
these stretches provide the basis for the evolution of
more complex A-rich repeats like (A;_3N), (Arcot et
al. 1995; Duffy et al. 1996; Nadir et al. 1996). Be-
cause SINEs and LINEs appear to be less abundant in
birds than in mammals (Deininger 1989; Hutchison
et al. 1989) and, importantly, because those avian
interspersed elements characterized so far do not
terminate with a poly(A) tail (e.g., Chen et al. 1995),
low frequencies of microsatellites in birds may be at
least partly attributable to a lack of poly(A) tails of
interspersed elements providing a source for transi-
tions into various types of repeats.

Distribution of (CA), Loci on Chicken Chromosomes

PRINS labeling of chicken metaphase chromosomes
using a (CA),, primer suggested a relatively even
distribution of (CA), loci across the five largest chro-
mosomes and the intermediate chromosomes. The
only exceptions were the centromeres and telo-
meres, which consistently stained less brightly on
all chromosomes. Centromeres and telomeres are
known from a wide variety of species to be built up
by other specific repeats (e.g., Biessmann and Ma-
son 1992), and the scarcity of (CA),, microsatellites
in these regions is therefore not surprising. A lack of
(CA), repeats has also been observed on porcine
centromeres and telomeres using the same tech-
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Figure 3 Quantification of PRINS (CA), hybridization to 40 chicken metaphase spreads. Signal intensities for the five
largest chromosomes, the sex chromosome, and the microchromosomes as a whole were classified using a point system
as either weak (0), average (+1), or strong (+2). These values were transformed into percentages for defined regions of
each chromosome so that, e.g., a classification of average for a particular chromosomal region on all metaphases
correlates to a value of 50%. Signals from the W chromosome are shown with the assumption that the bright signal on
the end of one of the chromosomal arms was consistently from the end of the p arm (see text).

nique (Winterg et al. 1992). Most of the female-
specific W chromosome (birds have a reversed sex
chromosome system as compared with mammals,
with females being heterogametic ZW and males be-
ing homogametic ZZ) also gave rather faint signals
with only one of the chromosomal ends staining
brightly. We were not able to distinguish the two
arms of the W chromosome, but the fact that we
never observed a W chromosome with intense sig-
nals at both ends suggests that it consistently was
the same end that labeled brightly. Some 75% of the
chicken W chromosome constitutes huge arrays of
satellite DNAs of a few repeat motifs (Saitoh and
Mizuno 1992). These fill up the entire g arm and the
proximal half of the p arm. Accordingly, the W
chromosome harbors very few coding sequences,
and the first avian W-linked gene has been identi-
fied only recently (Ellegren 1996; Griffiths et al.
1996). The fact that only the distal part of the p arm
appears to contain unique DNA (Saitoh and Mizuno
1992) agrees very well with our detection of (CA),
loci on only one end of the chromosome, which
hence should be expected to be the telomeric part of
the p arm. The few genes present on the W chro-
mosome should similarly be expected to reside in
this region. The observation that the (CA),, probe
hybridized more intensely to the telomeric part
of the p arm of the Z chromosome than to the
remaining part of the chromosome is more surpris-
ing. Perhaps the similar distribution of (CA),, loci on
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the Z and W chromosomes reflects a common an-
cestry.

Generally faint signals from the microchromo-
somes suggested (CA), density to be low on these
tiny DNA segments. An alternative explanation
could possibly be that the small size of the chromo-
somes prevented strong signals from emerging to
some extent; however, we do not think this was the
case because careful examination of 40 metaphases
did not reveal any strong signal from any micro-
chromosome. It has become evident from the as-
signments of a number of genes that the microchro-
mosomes do not represent genetically inert reserves
of DNA (e.g., Bloom and Bacon 1985), a situation
assumed previously. McQueen et al. (1996) have
shown recently that there are a disproportionately
high number of CpG islands, indicative of a high
gene content, on the chicken microchromosomes.
The average density may be as high as one gene per
10 kb, an exceptional value as compared with ge-
nome organization in mammals. This high concen-
tration of genes coupled with a generally shorter
avian intron size (Hughes and Hughes 1995) would
imply reduced possibilities for the evolution of
simple repeats from noncoding DNA on the micro-
chromosomes. It should be noted, however, that the
lower microsatellite density in the avian genome can-
not be attributed entirely to their sparsity on the mi-
crochromosomes as they only account for 25% of the
DNA in the avian genome (Bloom et al. 1993).
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Practical Implications for Avian Genome Analysis

Regardless of the reason behind the lower frequency
of microsatellites in birds, this factor will limit the
ability to develop marker-rich genetic maps to the
extent of those achieved in mammalian species. The
lack of association with SINEsS/LINEs helps to but
does not entirely cancel out this negative effect, as it
should be possible to derive locus-specific amplifi-
cation of a higher percentage of microsatellites than
it is when these microsatellites are immediately
flanked by other repetitive elements (Economou et
al. 1990). As there does not appear to be a single
microsatellite motif in birds as common as (CA), in
mammals, it would be advisable to search with a
range of repeat motifs in library screenings. The low
density of avian microsatellites also warrants the use
of marker-enriched libraries (e.g., Armour et al.
1994) to avoid screening extensive numbers of
clones from bulk libraries. Another practical conse-
quence is that cloning the same marker more than
once will become increasingly common (Cheng et
al. 1995), highlighting the importance of screening
sequence databases before developing PCR primers
for new clones.

The particularly low microsatellite density on
microchromosomes, together with a contrasting
high gene density, introduces a special obstacle for
genetic mapping in chicken and other birds.
Chicken microchromosomes possess an obligate
chiasmata, meaning that the genetic length of each
chromosome is 50 cM. The 29 chicken microchro-
mosomes contain 300 Mb (Bloom et al. 1993), and
the average ratio of genetic to physical distance
would thus be 5 cM per megabase of DNA. This is an
extremely skewed figure, paralleling that recorded
in telomeric regions of mammalian chromosomes
(e.g., Hultén 1974). Frustratingly, the chromosomal
regions likely associated with the highest gene con-
tents also coincide with regions of unusually high
recombination frequencies but with reduced num-
bers of potential genetic markers. Coupled with the
difficulty in using comparative gene map data from
phylogenetically divergent mammals like human
and mouse, the localization of trait genes by posi-
tional (candidate) cloning will not be easy for avian
geneticists.

METHODS

Dot-Blot Hybridization

Genomic DNA was prepared by proteinase K digestion, phe-
nol extraction, and ethanol precipitation from blood of three
avian species belonging to different superorders: the domestic
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chicken, the white-backed woodpecker, and the swallow and
from human and large white domestic pig. The quality of the
different DNA preparations was similar, as judged from A,go/
A,go ratios. The amount of genomic DNA used on dot-blot
filters was calculated taking into account the differing ge-
nome sizes so that the quantity of DNA used for each species
contained approximately the same number of genome copies
(equimolar amounts). Starting from 300 ng of human DNA
(assuming a genome size of 3.0 X 10° bp), 280 ng of pig DNA
(2.8 x 10° bp; Schmitz et al. 1992) and 120 ng of DNA of the
three avian species (1.2 X 10° bp; Bloom et al. 1993), serial
dilutions of 50%, 25%, and 12.5% were also analyzed to mini-
mize potential experimental biases (cf. Anchordoguy et al.
1996).

Twelve identical Hybond-N+ filters (Amersham, UK)
containing DNA as indicated above were prepared following
the manufacturer’s instructions by manually dotting DNA so-
lutions using recently calibrated pipettes. Filters were prehy-
bridized for 1 hr in a solution of 7% SDS, 1 mm EDTA, 1% BSA,
0.26 m Na,HPO,, and 10% dextran sulfate at 65°C, after which
40 pmoles of single-stranded oligonucleotide, previously end-
labeled using 1.6 pCi of [y->2P]ATP, was added to the solution
and hybridization was allowed to continue overnight. Filters
were then washed three times in 0.3 X SSC solution; once for
5 min at room temperature, followed by two 15-min washes
at the following temperatures (calculated melting tempera-
ture of oligonucleotide in 0.3 SSC 5°C): (AAT),, at 32.4°C;
(AAAC),, (AAAG),, (CATT),, (GAAT),, and (GATA), at 41.0°C;
(AAAT),5 at 43.7°C; (AAC) 0, (AAG), 0, (AGT),0, and (GAT),, at
46.1°C; (GACA),, (GGAA),, and (GGAT), at 51.3°C; (CA)15
and (CT),5 at 52.9°C; (ACG),o, (CAG);0, (CCT),0, and (GGT),o
at 59.7°C; and (CCG),, at 73.4°C. The two remaining di-
nucleotide motifs, (AT), and (GC),,, were not included in the
experiment because of the difficulty of using self-
complementary probes. The filters were subsequently exposed
to Phosphorimager screens for 4-40 hr, and images were
scanned from the screens using a Phosphorlmager scanner
(Molecular Dynamics). The pixel values above background
level were calculated for all dots using ImageQuant software
(Molecular Dynamics) with a gray-scale range of 2-100 and
local background. The 12 di- and trinucleotide oligonucleo-
tide probes were first hybridized to filters and analyzed, after
which filters were stripped with boiling water, exposed over-
night as described above to ensure that probe molecules had
been removed efficiently, and then screened with the 9 tetra-
nucleotide probes.

To determine the absolute number of (CA),, microsatel-
lites in the chicken genome along with calibrating hybridiza-
tion stringency with the minimum length of repeats detected,
a filter with human and chicken DNA dilutions together with
five plasmid (pUC19) preparations of clones containing dif-
ferent sized (CA), repeats (n = 10, 12, 14, 16, or 18) was also
prepared. Plasmid dilutions equivalent to 25,000, 12,500, and
5,000 CA copies were included. Hybridization conditions and
method of detection were as described above. The number of
(CA),, repeats in the avian and human genomes was estimated
from the calibration of signal intensities against known plas-
mid copy numbers.

Database Searching

Searches for all possible avian mono-, di-, tri-, and tetra-
nucleotide motifs at least 20 bp in length (no mismatches
allowed) were carried out on the (nonmammalian vertebrate)
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VRT subsection of GenBank release 93.0, using the FASTA
program of the GCG computer package. Sequences annotated
as derived from microsatellite library screenings were ex-
cluded. Hits corresponding to the poly(A) tails of cDNA clones
were also excluded as were mononucleotide stretches appar-
ently originating from terminal transferase treatment. In
cases when the same microsatellite locus was present more
than once in the database, only a single match was recorded.

One hundred genomic and 100 cDNA GenBank chicken
entries were selected randomly using the Entrez World Wide
Web site (http://www3.ncbi.nlm.nih.gov/Entrez/) to derive
an estimate of the relative proportions of noncoding, tran-
scribed but not translated (UTR), and coding DNA in the da-
tabase. Estimates of the total number of base pairs in the dif-
ferent categories were subsequently obtained by extrapolating
figures from this selection. Regions from entries not anno-
tated to a particular category were allocated proportionally to
the different groups. By relating the number of microsatellites
found in coding and noncoding DNA, respectively, to the
estimated number of base pairs contained in GenBank, mic-
rosatellite frequencies in the two types of DNA were calcu-
lated. Totally, there were 1026 genomic sequences and 1907
cDNA sequences in the database.

Primed In Situ Labeling

Chicken metaphase chromosome spreads were obtained from
bone marrow using standard methods (e.g., Christidis 1983).
Briefly, bone marrow cells from chicken femur were incu-
bated in RPMI-1640 (Sigma), containing 30% fetal calf serum
and 0.1 mg/ml of colcemid for 1 hr, followed by routine hy-
potonic treatment and fixation. The labeling reaction was
based on the study of Winterg et al. (1992) as follows: 50 pl of
reaction mixture that contained 150 pmoles of CA,, primer, 1
mm dNTP, 10 nm spectrum orange dUTP (Vysis Inc.), 10 mm
Tris-HCI (pH 8.3), 50 mm KCI, 2.0 mm MgCl,, and 5 units of
AmpliTag DNA polymerase (Perkin Elmer), was added to a
metaphase slide, and a coverslip was added and sealed with
rubber cement to limit evaporation. Slides were then incu-
bated at 95°C for 5 min followed by a 1 hr incubation at 60°C
or 65°C. The reaction was terminated by washing once in 50
mm NaCl, 50 mm EDTA at 60°C for 5 min followed by two 5
min washes at room temperature in 4x SSC, 0.1% Tween 20.
Chromosomes were counterstained with 4',6-diamidino-2-
phenylindole (DAPI) that produced a G-band like pattern for
chromosome identification. The results were analyzed using
an Olympus BX60 fluorescence microscope equipped with an
IMAC-CCD S30 video camera. Images were captured and ana-
lyzed using ISIS 1.65 (Metasystems) software.
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