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The genetic structure of Parus caeruleus
(blue tit) populations as revealed by
minisatellite single locus probes
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The genetic structure of three blue tit (Parus caeruleus) populations near Antwerp in Belgium
was determined with the use of three hypervariable minisatellite DNA single locus probes. The
degree of genetic variability within and among populations, deviations from Hardy-~Weinberg
equilibrium and population differentiation were estimated to determine whether these DNA
regions are informative for studying population processes in birds. All populations were signifi-
cantly differentiated. In one population, consisting of several subpopulations in discrete wood-
lots, a slight heterozygote deficit (Wahlund effect) was observed. More detailed information
concerning the population structure was found using Wright’s F-statistics. Gene flow between
all populations was high. Furthermore, Nei’s genetic distance showed a slight increase with
increase of geographical distance between, populations, despite their close proximity.
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locus probe.

Introduction

Several studies have used genetic markers to study
the structure of bird populations. Most investiga-
tions have been based on protein and mitochondrial
DNA polymorphisms (Rockwell & Barrowclough
1987; Ball et al. 1988; Johnson & Marten 1989,
Moore et al, 1991; Taberlet et al, 1992; Wenink et
al, 1993). Most indicate that gene flow is high, and
therefore genetic differences are low, between bird
populations. However, some studies show higher
levels of differentiation between populations (Leb-
erg, 1990; Stangel et al.,, 1992).

The DNA fingerprinting technique was developed
in 1985 by Jeffreys et al. Multilocus probes are used
to detect several hypervariable minisatellite (VNTR)
loci at the same time, thus yielding a very complex
and individual-specific banding pattern or DNA fin-
gerprint. Consequently, this technique has found
widespread use in several fields including individual
identification in forensics (Jeffreys et al, 1985),
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paternity analysis in human and animal species (Jef-
freys et al., 1986; Burke & Bruford, 1987) and deter-
mination of population structure (Gilbert et al,
1990; Haig et al, 1993). Because of the impossibility
of identifying the alleles of individual loci in this
highly complex banding pattern, DNA fingerprints
are difficult to compare between gels. This renders
the technique less useful in studies in which it is
desirable to characterize the alleles of separate loci.
In such studies, hypervariable single locus probes
(SLPs), detecting only one minisatellite locus, can be
useful. Unfortunately, most of these markers are
species-specific and thus have to be developed for
each species separately (Hanotte ef al., 1991).

We have used DNA fingerprinting in order to
assign extra-pair paternity in the blue tit (Parus caer-
uleus: Kempenaers et al., 1992, 1995), a small forest-
dwelling passerine bird (Dhondt, 1989). For this
purpose, several hypervariable minisatellite SLPs
were developed (Verheyen et al., 1994).

In this paper we present results on the application
of this relatively new type of genetic marker (three
hypervariable minisatellite SLPs) to describe the
genetic population structure of blue tits in a number
of forest fragments around Antwerp, North Belgium.
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The markers are believed to be selectively neutral
(Clark 1987; Jeffreys et al., 1988), which makes them
potentially very useful for these kinds of studies. It
can thus be assumed that differences between popu-
lations at these loci are most probably caused by
migration and random genetic drift and not by
selection.

Materials and methods
Study areas

Blue tits were sampled from three populations near
Antwerp: plot Boswachter (plot B in Dhondt (1989),
12.5 ha) is part of the large ‘mainland’ population
Peerdsbos (total >100 ha, hereafter called PB), Cal-
ixbergen (hereafter called CX, plot C in Dhondt
(1989), 17 ha) is an isolated estate situated at about
2 km south of the Peerdsbos, and the Boshoek
population (hereafter called BO) comprises four
subpopulations in discrete woodlots (VS, 1.5 ha and
LA, 7.3 ha, which were always combined because of
low sample sizes, KB 11.8 ha and ZZ 11.5 ha; all
subpopulations are within 0.5 to 2 km of each
other). The Boshoek population is situated about 13
km south of Calixbergen. The populations are situ-
ated in a landscape matrix of residential and agri-
cultural areas.

In all study areas, small-holed nestboxes in which
blue tits can breed, have been present for several
years. Despite some differences, all areas can be
considered to be suitable habitats for blue tits.

Blood samples and DNA extraction

During spring, blood samples of 10-50uL were col-
lected in the field by venipuncture of the brachial
vein of captured adult blue tits and were stored at
—70°C. After thawing, 10uL of whole blood was
suspended in 600uL 1 x SET buffer (0.15 m NaCl, 1
mm EDTA, 50 mm Tris~-HCI, pH 8.0). The mixture
was incubated overnight at 55°C in the presence of
1.5 U/mL proteinase K and 0.3 per cent SDS. DNA
was extracted once with one volume of phenol and
twice with one volume of phenol/chloroform/iso-
amylalcohol (25/24/1). The DNA was precipitated
with 99 per cent ethanol and resuspended in 50uL
I1xTE™* buffer (1 mm Tris-HCI, 0.01 mm EDTA,
pH 7.5).

Sing/e locus probes

Three blue tit specific SLPs (cPcaMS1, cPcaMS3
and cPcaMS14, hereafter called MS1, MS3 and

MS14, respectively) were used in this study. Details
of the isolation and characterization of these mini-
satellite markers are described in Verheyen et al
(1994).

Electrophoresis, radiolabelling and hybridization

Four ug of DNA was digested overnight at 37°C
with 20 U Hinfl restriction enzyme (Gibco-BRL) in
the presence of 4 mm spermidine. The DNA frag-
ments were separated by electrophoresis over 24 h
on 20x20 cm 0.6 per cent agarose gels in TBE
buffer (0.09 M Tris, 0.09 M boric acid, 0.002 M
EDTA). The DNA was transferred in 10 x SSC to
nylon membranes (Hybond N*, Amersham) by
Southern blotting. SLPs were [x-*’P]dCTP-labelled
using a multiprime labelling kit (Gibco~BRL). SLPs
were hybridized to the filters overnight at 68°C in a
0.5 m Na phosphate pH 7.2, 1 mm EDTA and 7 per
cent (w/v) SDS buffer (Church & Gilbert, 1984) with
variable amounts of human competitor DNA. High
stringency washes at 68°C were performed up to two
times in 0.1 xSSC, 0.1 per cent SDS for 15 min.
Autoradiography was performed overnight at —70°C
using two Kodak regular intensifying screens and
Kodak X-OMAT K or X-OMAT AR films.

Allele designation

The alleles of the three minisatellite markers behave
as codominant markers and were observed to segre-
gate in a Mendelian fashion in blue tit families
(Kempenaers et al, 1992). Allele sizes were deter-
mined by comparing the migration distances of the
bands in the gel to those of length markers of known
sizes (Analytical Marker System, Promega). These
distances were converted into allele sizes using the
method of Duggleby et al. (1981). Because of the
limited resolution of the agarose gel electrophoresis
technique, resulting in quasi-continuous allele dis-
tributions, alleles were grouped in 100 bp classes.

Computer software

Statistical tests of Hardy-Weinberg (HW) equi-
librium and of population differentiation were per-
formed using the GENePOP computer program
(Raymond & Rousset (1995a,b)). This software
package computes exact tests for deviations from
Hardy-Weinberg equilibrium, genotypic disequi-
librium and population differentiation. The program
FSTAT (Goudet, 1994) was used to estimate Wright’s
F-statistics. The fixation index Fsr is a measure of
the genetic differentiation between subpopulations.
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F\s and Fyr are measures of the deviation from HW
proportions within subpopulations and in the total
population respectively. Fir takes into account the
effects of random genetic differentiation between
subpopulations (Fsr) and the effects of deviation
from HW equilibrium in subpopulations (Fig).
Because of the nature of the theta estimator (Weir,
1990), negative Fsr values can occur. Using Fgr, the
number of migrants (Nm) between populations was
estimated by

Nm = (1/Fy —1)/4.

The model behind this formula assumes neutral
markers and an island population structure. As an
alternative to Fgr, Nei’s genetic distance measure,
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provided by the puyLip version 3.5¢ software pack-
age (Felsenstein, 1989), was calculated.

Resuits
Allelic polymorphism

Table 1 illustrates the extreme variability displayed
by the three minisatellite loci studied. The observed
heterozygosities range from 79 per cent to 97 per
cent, and the number of alleles is high for each locus
(mean number of alleles per breeding season: for
MS1 =13.2; for MS3 =24; for MS14 =31.2). For
each marker a positive correlation was found
between the number of alleles detected and the

Table 1 Variability displayed by three minisatellite SLPs in the blue tit

POPUIation Hobs chp Fobs Fexp Nl NA
MS1
CX 92 0.85 0.88 9 7.37 59 11
CX 93 0.84 0.79 4 5.34 25 14
CXT 0.87 0.88 11 10.26 84 14
PB 92 0.97 0.89 1 4.37 39 15
PB 93 0.79 0.88 6 3.45 29 12
PBT 0.90 0.89 7 7.36 68 16
BO 92 0.87 0.87 4 3.78 30 11
BO 93 0.85 0.89 10 7.59 67 16
BOT 0.86 0.89 14 11.14 97 17
MS3
CX 92 0.97 0.95 2 3.25 63 26
CX 93 0.92 0.92 2 2.03 25 24
CXT 0.95 0.95 4 4.36 88 30
PB 92 0.90 0.93 4 2.63 39 25
PB 93 0.86 0.92 4 2.47 29 23
PBT 0.88 0.94 8 4.16 68 28
BO 92 0.97 0.93 1 2.07 29 21
BO 93 0.88 0.94 8 4.18 66 25
BOT 0.91 0.94 9 5.82 95 28
MS14
CX 92 0.89 0.96 9 3.60 7 37
CX 93 0.96 0.91 1 2.18 25 30
CXT 0.91 0.95 9 4.43 96 33
PB 92 0.96 0.95 2 1.73 39 31
PB 93 0.97 0.94 1 1.64 29 26
PBT 0.96 0.96 3 3.04 68 38
BO 92 0.95 0.97 1 1.62 30 27
BO 93 0.96 0.91 6 3.00 69 36
BOT 0.93 0.96 7 4.23 99 39

Breeding seasons 1992, 1993 and T = combined data of 1992 and 1993.

H s, observed heterozygosity; Hex,, expected heterozygosity, assuming Hardy-
Weinberg equilibrium; F, observed number of homozygous individuals; Feyp,

expected number of homozygous individuals; Ny, number of individuals

sampled; N, number of alleles.
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number of individuals sampled (Spearman rank
correlation coefficient; MS1: r=041, P =057,
df =4; MS3: r=0.88, P=0.021, d.f. =4; MS14:
r=0.94, P=0.006, d.f.=4). Because of the large
differences in sample sizes and the highly polymor-
phic nature of these markers, resulting in an incom-
plete description of allele frequencies, we pooled the
data from the different breeding seasons (making
sure not to include the same individual twice). Pool-
ing the data from different breeding seasons seems
justified, because the populations are not signifi-
cantly differentiated between the two successive
breeding seasons (Table 2).

Hardy-Weinberg equilibrium

Table 3 shows that Hardy-Weinberg equilibrium
does not always hold in these populations. Only
MSI1 never shows significant deviations from HW
expectations. MS3 appears to be the least stable
locus. In the BO population a consistent deficit in
heterozygotes is shown for the three markers. This
could be the result of clumping the data from
several subpopulations in different woodlots. This
inbreeding-like effect of sampling from a subdivided
population is called the Wahlund effect (Hartl &
Clark, 1989). The differences between observed and

Table 2 Tests for differentiation of a blue tit population between the successive

breeding seasons 1992 and 1993

Population Marker Fst P SE
PB cPcaMS1 0.000 0.1859 0.0010
PB cPcaMS3 0.015 0.0593 0.0006
PB cPcaMS14 —0.004 0.6868 0.0014
PB Combined 0.004 0.1348

BO cPcaMS1 —0.006 0.7976 0.0009
BO cPcaMS3 —0.001 0.1287 0.0009
BO cPcaMS14 —0.003 0.7502 0.0014
BO Combined —0.003 0.5276

CcX cPcaMS1 0.009 0.1023 0.0008
cX cPcaMS3 —0.003 0.4882 0.0015
CX cPcaMS14 0.003 0.1725 0.0013
cX Combined 0.003 0.1469

Fysr, fixation index; P, exact probability; SE, standard error.

Table 3 Probabilities (and standard errors) for deviation from Hardy-Weinberg
equilibrium for each marker for the combined data from blue tit populations

Population Marker P SE Fis Het.
PB cPcaMS1 0.5358 0.0041 0.001 Excess
PB cPcaMS3 0.0051 0.0009 0.068 Deficit
PB cPcaMS14 0.3657 0.0108 0.007 Excess
PB Combined 0.0316 0.026

BO cPcaMS1 0.0584 0.0019 0.038 Deficit
BO cPcaMS3 0.0007 0.0004 0.041 Deficit
BO cPcaMS14 0.3891 0.0101 0.034 Deficit
BO Combined 0.0012 0.038

cX cPcaMS1 0.1396 0.0023 0.019 Deficit
cX cPcaMS3 0.1634 0.0056 —0.004 Excess
cX cPcaMS14 0.0001 0.0001 0.047 Deficit
CX Combined 0.0002 0.021

Het., the observed excess or deficit of heterozygote individuals compared to the

expected number.
Significant results are marked bold.

Bold inbreeding coefficients (Fis values) are significant at P<0.05.
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expected numbers of homozygotes are not signifi-
cant (x5 = 12.07, P>0.05 NS, for the combined data
of the markers). However, Fys for the combined data
is significantly different from 0. The subpopulations
of plot BO are not significantly differentiated (Table
4) and the consistent deficiency in heterozygotes dis-
appears when considering the subpopulations sepa-
rately (data not shown).

Population differentiation and genetic distance

Table 4 displays the overall differentiation (exact
test, Raymond & Rousset, 1995a) between all popu-
lations. All markers indicate significant differentia-
tion. By combining the results of the three markers
(Fisher’s method), highly significant results are
obtained, confirming differentiation between the
populations. The BO subpopulations, however, are
not significantly differentiated (Table 4). Table 5
gives the differentiation between all combinations of
two populations using the exact test for population
differentiation. Many of the markers are significantly
differentiated between populations, and the com-
bined results of the three markers again indicate
differentiation. The probabilities given in Table 4
are not indicative of the degree of differentiation
between the populations. Therefore, Wright's F-
statistics (for all three markers) were estimated
according to Weir using the program rstaT (Weir,
1990; Table 6 gives the total F-statistics of the three
markers combined). All Fgr values were shown to be
significantly different from zero, except between the
subplots of BO, confirming the results obtained by
the exact test. Table 6 also includes estimates of the
number of migrants (Nm) among the populations.
These numbers clearly show that gene flow is high
among all populations. All total Fg values in Table 6,

Table 4 Overall test of differentiation between blue tit
populations PB, CX and BO and between BO
subpopulations LA/VS, ZZ and KB

Locus Populations P SE
cPcaMS1 PB/CX/BO 0.00003 0.00001
cPcaMS3 PB/CX/BO 0.00000 0.00000
cPcaMS14 PB/CX/BO 0.02353 0.00071
Combined PB/CX/BO 0.00001

cPcaMS1 BO 0.20100 0.00138
cPcaMS3 BO 0.05938 0.00084
cPcaMS14 BO 0.36667 0.00223
Combined BO 0.09271

Significant results are indicated in bold.
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except that for populations CX and PB, are signifi-
cantly different from zero, indicating deviations from
Hardy-Weinberg equilibrium in the populations.
When considering the Fig values of the separate loci
in the separate populations (Table 3), only two signi-
ficant deviations were obtained, not always confirm-
ing the exact test on HW equilibrium.

Nei’s genetic distance measure yields the smallest
genetic distance (0.1641) for the two populations
that are the closest to one another, i.e. PB and CX
(separated by 2 km), while genetic distances are
higher between these populations and the more geo-
graphical distant BO population (0.1731 for CX/BO
separated by 13 km; and 0.1781 for PB/BO, sepa-
rated by 15 km).

Table 5 Tests of differentiation between pairs of blue tit
populations

Locus Population P SE
cPcaMS1 PB/BO 0.02701 0.00053
cPcaMS3 PB/BO 0.00008 0.00002
cPcaMS14 PB/BO 0.45807 0.00224
Combined PB/BO < 0.00010

cPcaMS1 PB/CX 0.00555 0.00023
cPcaMS3 PB/CX 0.01518 0.00033
cPcaMS14 PB/CX 0.19233 0.00173
Combined PB/CX < 0.00500

cPcaMS1 BO/CX 0.00059 0.00007
cPcaMS3 BO/CX 0.00042 0.00004
cPcaMS14 BO/CX 0.00174 0.00011
Combined BO/CX < 0.00010

Significant results are indicated in bold.

Table 6 Total F-statistics (standard error) for blue tit
populations using the three genetic markers combined

Population FIT FST FIS Nm

CX/BO/PB 0.034 0.006 0.028 39
(0.003)  (0.002) (0.003)

CX/BO 0.035 0.007 0.029 35
(0.005)  (0.002) (0.003)

CX/PB 0.020 0.007 0.014 48
0.011)  (0.004) (0.014)

PB/BO 0.039 0.006 0.033 41
0.013)  (0.004) (0.010)

BO 0.058 0.002 0.056 131
(0.006)  (0.0006)  (0.006)

Bold indicates values significantly different from zero
(P<0.05).

Nm estimated number of migrants among the
populations.
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Discussion and conclusion

In all populations, all markers displayed an
extremely high heterozygosity. This is typical of this
type of genetic marker (Jeffreys et al, 1988). An
exact test for Hardy—Weinberg equilibrium showed
that MS3 was in disequilibrium in two populations
and that MS14 was in disequilibrium in plot CX.
The reasons for the departures from HW equi-
librium are not clear. The markers are assumed to
behave neutrally (Clark 1987; Jeffreys et al, 1988).
The most likely explanations would therefore be dis-
persal among populations (which is high in blue tits
(Berndt & Sternberg, 1969), and the relatively high
variance in reproductive success between blue tits
(Dhondt, 1989, Kempenaers et al., 1992). Random
genetic drift could be important because of the large
number of alleles and the relatively small population
sizes.

Exact tests on differentiation show that all popula-
tions are significantly differentiated from each other.
These results were confirmed by Wright’s Fsr values
which all differed significantly from zero. This was
very surprising given the short distance between the
populations and the ability of blue tits to disperse.
No differentiation, however, was found between the
subpopulations of the BO population which are
separated by no more than 0.5-2 km, indicating suf-
ficiently high levels of gene flow to prevent differ-
entiation. Most Fig indices for the separate loci
(Table 3), indicating the amount of inbreeding in
the populations, were very low. Moreover, there was
no consistent heterozygote deficiency except for the
total BO population, as should be the case with
inbreeding. Within the BO population, our data sug-
gest the occurrence of a Wahlund effect, with a con-
sistent heterozygote deficit in the overall population
but not in the subpopulations.

When calculating the number of migrants (Nm)
from the Fgr values, it becomes clear that gene flow
is very high among all blue tit populations. These
values are comparable to those obtained in most
other avian studies (Rockwell & Barrowclough,
1987; Johnson & Marten, 1989) and should only be
considered as being very high. Despite the high Nm
values and the small distances between populations,
significant differentiation still occurs for these mini-
satellite markers. It therefore appears that random
drift in combination with relatively high mutation
rates (maximal mutation rates: 0.0024 for cPcaMS1,
0.0032 for cPcaMS3 and 0.001 for cPcaMS14; Ver-
heyen et al, 1994) and variances in reproductive
success (which result in a reduction of the effective
population size), have an important influence on

hypervariable loci. Furthermore, their effects can be
high enough to prevent gene flow from equalizing
the allele distributions of nearby populations.
Hence, gene flow may have to be much higher to
prevent substantial differentiation at these loci.
Measuring Fsr between pairs of populations indi-
cates that the neighbouring plots CX and PB are the
least differentiated. This isolation by distance effect
can also be seen by considering Nei’s genetic dis-
tance measure between the populations. However, a
more extensive study, including some more distant
populations, should be performed to verify whether
these markers are indeed able to detect isolation by
distance or whether the differentiation between
populations is generated solely by chance processes.

In conclusion, we can say that these markers are
not representative of the genome because of their
general characteristics. The high mutation rates and
the high number of alleles (resulting in the need for
large sample sizes) can present problems in studying
population processes. However, in this paper we
have shown that they could be informative in popu-
lation studies, because they are most probably
selectively neutral and because they allow us to
detect small differences (possibly reflecting random
drift) between very nearby populations despite high
levels of gene flow. These markers might therefore
be useful in estimating levels of gene flow between
populations. However, more elaborate studies will
have to be undertaken to confirm this.
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