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Abstract

Mitochondrial DNA (mtDNA) from 25 blue tits Parus caeruleas sampled from two
populations of the Grenoble region (France) was assayed for polymorphism with L7
restriction endonucleases. Nine genotypes were found. Several mtDNA genotypes were
also analysed by amplification ztia the polymerase chain reaction (PCR) and direct
sequencing of 903 bp of the cytochrome b gene. The mtDNA polymorphism is greater in
P. caeruleus than in other comparable bird species and tesults from the presence of two
clearly differentiated mitochondrial lineages. Using the data of restriction polymorphism,
the mean sequence divergence between individuals of the two lineages is 1.23Vo.
Therefore, P. caeruleus should fall into the category II of phylogeographic pattern sensu
Avise ef al. (1987): discontinuous mtDNA genotypes which co-occur in the same region.
P. caeruleus, like humans and other mobile species with high gene flow, seems to have
lost its geographic structure in terms of mtDNA phylogeny. This unusual mitochondrial
polymorphism can be explained by the recent admixture of two long-term isolated
populations. This could be accounted for by two different scenarios. One assumes a
simultaneous post-glacial colonization of the Grenoble region by two isolated European
populations of P. caerulezs. Alternatively, hybridization between P. caeruleus and.
P. cyanus could have caused the observed pattern of mtDNA variation.
Keywords: cytochrome b gene, evolutionary history, intraspecific phylogeny, mitochondrial
DNA, Pnras cneruleus, polymerase chain reaction
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number of female lineages, but low mean

Introduction
The first continent-wide survey of mtDNA variation in a
bnd, Agelaius phoenicetLs (Bail ef aI. 1988) revealed very
limited mtDNA variation across all of North America.
The maximum sequence divergence between individuals

was only 0.8%. The principal mtDNA genotypes were
widely distributed and occurred frequently in the same

locality. Another continent-wide survey,

in

Colaptes

auratus (Moore, Graham & Price 1991) showed geographic
variation in haplotype frequencies across North America,

which may reflect past isolation of populations. In the
same way, Zink (1991) found that two sympatric passerine
birds (Passerella iliaca and Melospiza melodia) are characterized by very different geographic pattern of mtDNA
variation, in reiation to different probable evolutionary
histories. In Sweden, Tegelström (1987a) found a large
+Present address: Department of Ecology and Evolution, State
University of New York, Stony Brook, NY 11794, USA.

sequence

divergence (0.19qü within a regional population of Parus
major (great tit). Other studies on avian mtDNA mostly
concern systematic relationships between related species

& Avise 1984, 1,985; Mack ef al. 1986;
Ovenden, Makinlay & Crozier 1987; Edwards & Wilson
1990; Zrnk & Avise 1990), between closely reiated species
(Avise & Zink 1988), or between subspecies (Shields &
Wilson 1987a; Avise & Nelson 1989; Shields 1990; Van
(e.g. Kessler

Wagner & Baker

1,990;

Fleischer, Rothstein & Milier 1991).

A summary of genetic distances for birds is given in
Tegelström & Gelter (1990). As a general rule, avian
species tend to have lower interspecific genetic distance

than their non-avian counterparts

in

other vertebrate

classes, both for mtDNA (Kessler & Avise 1985; Avise &
Zink 7988) and for nuclear DNA or proteins (Avise &
Aquadro 1982). The data of BalI et al. (1988) suggest that

intraspecific genetic distances could also be lower in
birds. However, Avise & Zink (1988) have found a high
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mtDNA genetic distance between two sibling

species

within the genus Limnodromus (8.27o). Similarly, Edwards
& Wilson (1990) have detected very high mean sequence
divergence among two allopatric populations of the species
Pomatostomus temporalis (8.2%).

used: 16 with hexanucleotide recognition sites (r : 6 Asnl,
Asp718, BamHl, BgIlI, ClaI, EcoRl, HindIIl, NdeI, Nhel,
SaII, Snol; r : 7613 Banl, DraII, Eael, StyI, XftoII) and one

with pentanucleotide recognition site (r - f4ß AuaII).
Digestion fragments were endJabelled with the appro-

The P. caeruletrs'complex' (Vaurie 1957) includes a
European and North African species, P. caeruleus (bIue
tit), and an Asiatic species, P. cyanus (azure tit). The P.

of E. coli polymerase

caeruleus'complex' has been re-examined by Martin (1991)

0.G7.5% horizontal agarose gels. These gels were vacuum-

using morphological and coloration characters. He proposed, following Mayr's (1963) concepts, that this
'complex' is a super-species consisting of four sisterspecies: European populations of P. caerttletts, African
populations of P. caeruIeus, and two allopatric populations
of P. cyanus. Blue tits can hybridize with azure tits in a
sympatric area which is localized in eastern Europe.
Furthermore, the extent of this zone varies over time due
to periodic westward expansion of P. cyanr.rs (reviewed

dried, and the fragments were visualized by autoradiography. HindIII digests of \DNA, run in adjacent lanes
on all gels as molecular-weight markers, were used to
estimate the sizes of the mtDNA fragments produced.
No attempt was made to score fragments smaller than

in Martin

1991).

BIue tits represent one of the most studied bird species
in relation to their ability to breed in nestboxes. Therefore,
many data concerning breeding biology, and variations
in morphology and colour are available. In contrast, no
genetic data have been published, except preliminary
results on the biogeographical aspects of mtDNA polymorphism (Taberlet & Bouvet 1990). We investigated
here the mtDNA variation among two local populations
of P. caeruleus using a restriction site analysis. For comparison, we also generated sequence data from a large
part of the cytochrome b gene (Genbank accession nos.
M87527-M87531) from a small number of individuals.

Material and methods
Specimen collection

During the 1989 breeding season, 25 young P. caeruleus
were collected at nesting boxes in two localities of the
Gr6sivaudan valley, near Grenoble (Locality A: 3'85'W;

50"23'N; Locality B: 4"09'W, 50'52'N). The distance
between these two localities is 30 km. Only one nestling
was sampled in each nestbox. Nine individuals were
from locality A and 16 from locality B.
Restriction fragment length polymorphism of mtDNA

Purified mtDNA from each individual was isolated by
CsCl-ethidium-bromide gradient centrifugation (Lansman
al. l98l). Fresh liver and heart were used for mtDNA
extraction. A sample (5-10 ng) of each individual DNA
sample was then cleaved with restriction endonucleases
according to manufacturer's specifications (Boehringer
Mannheim). Seventeen restriction endonucleases were
et

priate ct-32P-labelled nucleotide, using the large fragment
I (Brown 1980), and then electrophoretically separated according to molecular weight in

300-500 bp.

Restriction patterns produced by a given enzyme were

identified with the letters A, B, C and D in descending
order of the pattem's frequenry. Each tit was then assigned
an observed composite mtDNA genotype of 17 letters.

For convenience, any individuals sharing the

same

composite mtDNA genotype were assumed to belong to
the same clone; however, the use of other endonucleases
or the sequencing of any part of mtDNA would probably
reveal several additional genotypes within such clones.
A data matrix consisting of presence/absence information
for each restriction fragment in each mtDNA clone was
used to compute the overall proportion of shared restriction
fragments (F) between pairs of clones and furthermore to
estimate nucleotide sequence divergence (p) using Upholt's
(1977) equation. Calculations for the three categories of
endonucleases were computed separately, and weighted
according to the total number ofbase pairs recognizedby
each type of enzyme. The minimum number of restriction
site changes between all mtDNA genotype pairs corresponding to a given endonuclease were also estimated.

After that, the different clones were interconnected in
an unrooted phylogenetic network by the parsimony
approach of Avise et aI.

(1,979).

Amplification and sequencing of a part of the cytochrome
b gene
Amplifications via the polymerase chain reaction (Saiki ef
al.1988; White, Arnheim & Erlich 1989) were carried out
as described by Kocher et al. (1989). Amplifications were
carried out in 25 pl of 67-mr'r Tris (pH 8.8) containing
2-mr'l MgCl2, 1-mw concentrations of each dNTP, 1-pv
concentrations of each primer, 10-1000 ng of template
DNA and 1.25 units of Taq polymerase (Cetus Corp.). The
primers used are shown in Table 1. Methods by which
the single-stranded DNA was obtained and sequences
determined are detailed in Kocher et aI. (7989). The DNA
sequence data were analysed with a parsimony approach
using rrur (Swofford 1989).
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Table

I

Primers used in the study
DNA sequence

Primer

Reference

Kocher et al. (1989)
Kocher ef aL (1989)

L75424
H75573

5'_AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA_3'
5'_AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3'
5'-GCAAGCTTCTACCATGAGGACAAATATC-3'
5'_ATCCCATTCCACCCATACTACTC-3'
5' _AATAGGAAGTATCATTCGGGTTTGATG_3'

H15915

5'_AACTGCAGTCATCTCCGCTTTACAAGAC-3'

Kocher ef ai. (1989)

Ll4841.
H15149
L7s1,62
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S. Pääbo (unpubl.)
Edwards et aI. (7991)
S. V. Edwards ef a/. (unpubl.)
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Fig. 1 MinimumJength phylogenetic network interconnecting composite mtDNA
genotypes in P. caeruleus. The lines crossing the branches indicate restriction site
changes and the length of the branches is proportional to the number of restriction
site changes. The area of each circle corresponding to one composite mtDNA
genotype is proportional to the number of individuals represented in our sample.

Results
The 17 restriction endonucleases used in this study gave
a mean of 74 DNA fragments per individual, representing
403 nucleotides, or 2.4Vo of the mitochondrial genome.

Table 2 provides a summary of the restriction morphs
produced by all digests.
If endonucleases EaeI and SfyI are not included because
of numerous small fragment losses, the estimated total
number of base pairs in the P . caeruleus mtDNA molecule
varies between 16 000 ar.d 77 190. This estimate agrees
with values obtained for other birds.

Table 4 gives the fraction of shared fragments (F) and the
nucleotide sequence divergence (p) for all pairs of mtDNA

clones. The greatest sequence divergence found is 1.49
+ 0.607o. The phylogenetic network (Fig. 1) and the
UPGMA phenogram (Fig. 2) indicate the presence of two
well-differentiated maternal lineages (X and Y) which cooccur in the two localities. The mean sequence divergence
is 1,.23% between individuals of the two lineages, and
0.\2Vo between individuals of the same lineage.

clones

localities

AB

Nine different mtDNA clones were resolved with
restriction analysis of the 25 P . caeruleus assayed. Table 3

-+

shows their observed composite mtDNA genotype.

++
maternal lineage X

+
+
Fig. 2 Phenogtam for the nine composite
rntDNA genotyp es of P . caeruleus generated
bv UPGMA cluster analysis of a matrix
of nucleotide sequence divergences. The
malrix of nucleotide sequence divergences
was eslimated from restriction fragment
data according to Upholt (192).

+

Nucleotide sequence divergence (p)

0.0rs

0.010

0.00s

0
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2 Restriction fragment sizes (kilobase pairs) oI P . caeruleus mtDNA produced by each of the
Only differences with restriction morph A are indicated in restriction morphs B, C and D

Table

Enzyme

restriction endonucleases.

Restriction

Fragment size (kb) of differences

morph

with restriction morph A

AsnI

Asp71.8

17

6

4.1, 3.6, 3.0, 2.65, 2.1.5, 0.5
-4.7, +2.85, +7.25

16.00
16.00

15-8, 1-15

1,6.95

-15.8, -1.15,

+1.6.95

1,6.95

BamHl

6

1,7.0

77.00

BgIII

6

1.1.2,5.3

16.50

CIal

6

15.0,1.55

16.55

EcoRI

6

77.0

77.00

HindlIl

6

1,0.5,6.2

1.6,70

NdeI

6

11,.s,3.1,5,2.3

1,6.95

Nhel

6

15.5,1.5
-75.5, +13.3, +2.2
-15.5, +10.0, +3.3, +2.2

77.00
77.00
77.00

Sall

6

R) 7a 1)q

16.75

Snol

6

1,4.0,2.8

16.80

Banl

1.613

7

DraIl

16l3

4.L, 3.3, 2.9, 1..7, 7.67, 1.65, 0.9
-7.67, +L.55

.7 , 4.7

, 2.7 , 1 .15, 0.45

-4.1, -3.3, +7.4
-3.3, +2.7, +0.63

16,70
76.22
16.10
16.22
16.25

EaeI

1613

4.0, 3.5, 2.4, 1.55, 1.3, 1.7, 0.96, 0.59
*7.1. -0.96, +1.08, +0.98

15.40
15.40

Styl

t6l3

3.3, 2.35, 1.8, 1.55, 0.77, 0.75, 0.67, 0.61

11.80

-0.75, -0,67, +0.64
-0.75, +0.9

t7.02

Xholl

Aaall

11.60

8.4, 5.3, 7.55, 1.03, 0.47

16.75

-8.4, +5.7, +3.3

t6.75

A

3.8, 3.8, 1.6, 1.25, 1.7, 1.7, 0.9, 0.78. 0.63, 0.63,
0.55, 0.36, 0.36, 0.33

17.19

B

-3.8, -7,25,
-0.5

t6l3

1.413

11.95

-2 ?q +, lq

-1..1., -0.63, -0.36, +4.2, +2.35,
17.10

(}J
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L K L

RTCG GCCRRCT flGCCTCC CTRTCgTRC TTCRCRRTCßT CCTß6TCC TRTTTC CCCTTG CRGCCflT CC TR GRGflRCRßRßTCCTCR RRCTT
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P, coeru leusa
P, caeruleusr2
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P, caeruleusal
P, najort5
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690

CTRCR

CTRC

R

CCRCR
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RGCCGCGfl
BGCCGCGR
RGCCGCOR

RRRTTRTCTRRCCRCTOCCCRTRRTS6

of P. caeruleus (individuais 1 and 2 are from clone 8 and individuals 3 and 4 from clone 1, see Fig. 1). The two parts (A and B) of the consensus seqnences correspond respectively to
bases 14840*15529 and 15674-15886 of the human mtDNA sequence (Anderson et nl.7987) or to bases 74989-75678 and 15823-16035 of the chicken mtDNA sequence (Desjardins &
Morais 1990). The inferred amino-acid sequence (in oneletter code) of P. caeruleus is shown on the upper line. "Indicates an amino-acid change among the four individuals of
P. caeruleus. R and Y represents, A or C, C or T respectively. The variable sites below correspond to underlined ones in the consensus sequence.

tu

:

o
c
ln

F-l

(,)
].J

F
Fl
FN

'

N F G V F L G I

T

C L U T Q I

U T G L L L R N H V T ß t] T S L R F T S U R H T C R

RRCTTCGGRTRCTTCCTRGGCRTCTGCCTEGTRRCgCRRßTC6TCRCR66CCTRCTCCTßGCCsTGCRCTßCssRGCRGRCRCCTClCTGGCCTTCTCCTCqGTTGCCCRCRCCTGCCGR

N U Q F G I-I L
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CTßCRTCc CCGGT GGACCCCRCCTT
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RGCCGCGß
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CTCfl
flGCCGC6R
TCTITCRRRTRR
RßRTTfrTCTRACCRCTGCCCRTRflTflG

of P. caeruleus (individuais 1 and 2 are from clone 8 and individuals 3 and 4 from clone 1, see Fig. 1). The iwo parts (A and B) of the consensus sequences coffespond respectively to
bases 14840-15529 and 15674-15886 of the human mtDNA sequence (Anderson et al. 1981) or to bases 1,4989-15678 and 15823-16035 of the chicken mtDNA sequence (Desjardins &
Morais 1990). The inferred amino-acid sequence (in one-letter code) of P. caeruleus is shown on the upper line. *Indicates an amino-acid change among the four individuals of
P. caeruleus. R and Y represents, A or G, C or T respectively. The variable sites below correspond to underlined ones in the consensus sequence.
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Fig. 4 Phylogenetic tree based on a parsimonv analysis using pAUp (Swofford 1989) using the DNA sequence data from Fig. 3. The
bootstrap value is indicated on the branch that connects the two clones (99 out of 100 replicates gave this branching order). Assuming
a sequence divergence of about 2% per million years (Wilson et a|.7985) the phylogenetic depth of this branch is about 300 000 vears.
Based on this rate and the amount of divergence (see Table 5) it appears that the split between P . major and P . caeruleus took place about
2.5

million years ago.

Discussion
Two clearly differentiated mitochondrial lineages were
found in the local populations of P. caeruleus, both by
restriction analysis and by direct sequencing. One and
two nucleotide substitutions of 903 bp of cytochrome b
were found between the two individuals of each clone
analysed by direct sequencing. This points out one of the
advantages of PCR and direct sequencing over a restriction
analysis: a higher resolution can be obtained. Based on
restriction analysis for the whole mitochondrial genome,
the clones 1 and 8 differ by 1,.1,3 + 0.53% (p + SD). But
they differ only by 0.55-0.66% for the cytochrome b gene.

Apart from the variations due to the standard errors of
the estimates, one possible explanation for this discrepanry

is that the cytochrome b gene might be slower in its
evolution than the mitochondrial genome as a whole.
The maximum genetic distance observed for mtDNA in
a local population of P. caeruleus (1.49%) is approximately
twice as high as that of Agelaius phoeniceus across the
North American continent (Ball ef al. 1988) and three
times greater than that of PartLs major (Tegelström 1987a).
It appears the local polvmorphism of mtDNA is greater
in P. caeruleus than in the two above-mentioned bird
species. This result stems from the presence of two weildifferentiated matemal lineages. The phylogenetic network
of each of these two lineages has the same basic structure
as that found in Agelaius phoeniceus (Bali ef al. 1.988) , i.e. a
central clone linked to the others only by a limiied number
of losses or gains of restriction sites. The average genetic
distance between individuals of the same lineage is almost
identical to that found in P. major (Tegelström 1987a). As
a result, both the diversity and the genetic structure of
each of these two lineages of P. caeruleus correspond
approximately to that which occurs in other comparable

bird species.
The genetic distance between these two lineages (7.237")

is three times greater than that found for two sibling
species within the genus Parus (0.47a) (Avise & Zink
1988), is comparable to that for two groups of clearly

differentiated subspecies of Branta canadensis (Shields &
1987a), and is smaller than that found by Mack ef

Wilson

al. (1986) for Parus atricapillus and Partrs carolinensis (47o).
Compared with other species of birds, the two lineages

within the populations of P.

caeruleus

have diverged

as

much in their mtDNA sequences as two clearly demarcated
subspecies, or two closely related sibling species. Does

this imply that the individuals belonging to the two
? This seems not to be the
case as no previous study of P. caeruleus suggests
such isolation based on behavioural or morphological
differences; the two lineages also co-occur in the same
environment.
The co-occurrence within the same population of two
very distinct mitochondrial lineages has been previously
reported for other species. For humarrs, each geographic
area studied by Cann et aI. (1987) and by Yigilant et al.
(1989) contains clones that are specific to the area, and
clones whose nearest relatives are on other continents.
Stoneking and colleagues (Stoneking, Bhatia & Wilson
1986; Stoneking et a\.1990; Stoneking & Wilson 1989), as
well as Cann, Stoneking & Wilson (1987) and Wiison e/
al. (1987), offered the following interpretation: areas like
New Guinea were coionized by multiple females, each
of whom founded a maternal lineage, some of which

lineages are genetically isolated

flourished and survive today. A simiiar situation has
been also reported for house mice (Ferris et al.1983) for
which the same lineages can occur in two distant areas,
in relation to the human displacements.
The lack of macrogeographic structuring in mtDNA
clones seems to be a feature of species with high gene
flow. However, for humans and for house mice there are
no genetic discontinuities (sensu Avise ef al. 7987) in
mtDNA at the species ievel. The situation seems to be
somewhat different in P. caeruletLs: a genetic discontinuity
is apparent between the maternai lineages X and Y because

the observed sequence divergence is high compared to
other Parus species. Therefore P . caeruleus should fail into
the category II of phylogeographic pattern sersl Avise
(Avise el al. 1987; Avise 1989): discontinuous mtDNA
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genotypes which co-occur in the same geographic region.
Until now, only the East African black-backed jackal Canls
mesomelas elongae has been reported to exhibit such a
phylogeographic pattern (Wayne et al. 1990). Avise et al.
(1987) explain this type of phylogeographic pattern either
by the presence of recent secondary admüture zones for
two popuiations that have been previously isolated, or by
an intrinsic barrier, e.g. reproductive isolation, between
two sympatric sibling species. Also, bearing in mind the
stochastic extinction of mitochondrial lineages, these are
the two most plausible explanations, as survival since the
period of divergence of two so totally different lineages
appears very unlikely within a single population (Neigel
& Avise 1986; Avise, Neigel & Amold 1984). Nevertheless,
the persistence of an ancestral polymorphism in the same
population cannot be definitively excluded because of the
high variance in time of maternal lineage extinctions

(Ball, Neigel & Avise 1990). Reproductive isolation between

two subspecies is highly implausible, but this possibility
could be tested by the study of nuclear genes.
Recent admixture of two isolated populations from two
different refuges during Pleistocene cold periods would
appear to be the most likely explanation (Taberlet &
Bouvet 1990). This is supported by recent analyses showing
that intraspecific mtDNA variations appear to correlate
with the historical biogeography of a taxa (Moore et al.
1.991.; Zink 1991). This could be accounted for by two
different scenarios. The first would be based on a simultaneous post-glacial colonizatioil of the Grenobie region
by two isolated European populations of P, caeruleus . The
current pattem of variation in mtDNA would be a reflection
of this past event. The second scenario involves the

possibility of hybridization with another species. The
introgression of the mitochondrial genome of one species
into another has already been observed in mammals
(Ferris ef al. 1983; Carr et aI. 1986; Tegelström 1987b;
Gyllensten & Wilson 1987; Lehman et al. 799I; Wayne &
Jenks 1991), and amphibians (Spolsky & UzzelI7984).The
species most likely to be involved in this hybridizafion
is P. cyanus. The hybridization zone for P. caeruleus and
P. cyanus varies in accordance to westward invasions
of P. cyanus. The mtDNA of this oriental species could
have been maintained in P. caeruleus populations, thereby
explaining the two distinct mitochondrial lineages found
in the Grenoble region. We are planning to sequence
P. cyanus and P. caeruleus from a wider geographic range
to put the Grenoble populations into a more complete
context.
The mtDNA sequence divergence rate for geese calcu-

lated by Shields & Wilson (1987b) is approximately 2%
per million years. The same rate that has been advanced
for mammals (Brown, George & Wilson 7979;Feris et al.
1983; Higuchi et aI. 1984). The restriction data suggest
that the two maternal lineages diverged approximately

600 000 years ago (Taberiet & Bouvet 1990). Because of a
large standard error in estimates of sequence divergence
and also the uncertainty of the rate of nucleotide substitution, this dating of lineage divergence is imprecise. Nevertheless, these estimations are in agreement with the three
major cold periods (between 800 000 and 450 000 years

ago) after the mid-Pleistocene climatic change (Williams
et aL 1988; Shackleton

& Imbrie

1990).
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