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Studies of a range of taxa, including birds, have revealed latitudinal clines in allele length at the conserved Clock locus,
a gene with known influences on behaviour and physiology. Such clines might reflect adaptation to seasonal variation, a
suggestion supported by a recent within-population analysis of blue tits Cyanistes caeruleus, which found associations
between Clock genotype and timing of breeding in females. To test the generality of this pattern, we sequenced the
polymorphic poly-Q locus of the Clock gene in 521 female great tits Parus major, which were selected based on possession
of extreme breeding phenotypes. In total, we identified five alleles with one allele accounting for 96% of allelic diversity
in the sample set. Overall variability at the poly-Q locus was very low, and the spatial distribution of Clock alleles across
Wytham was highly homogenous. Our data further provide no evidence for a connection between Clock genotype and
reproductive timing phenotype in female great tits; further, we found no effect of Clock genotype on reproductive success.
Hence, these results are in contrast to the pattern found for the sympatric blue tit population inhabiting the same
woodlands, suggesting that phenotypic effects of Clock are not general in passerine birds.

Characterisation of the role of genetic differences among
individuals and populations in determining adaptive phe-
notypic differences is crucial for our understanding of
evolution (Hoekstra and Coyne 2007, Ellegren and Sheldon
2008). One approach that has been taken in this field is to
study the associations between candidate genes that are con-
served across species and phenotypic variation (Abzhanov
et al. 2004, Fitzpatrick et al. 2005, Fidler et al. 2007). The
Clock gene was first identified in mice and has subsequently
been characterised in a large number of animals, including
several bird species. The C terminal portion of the Clock
protein contains a variable poly-glutamine (poly-Q) motif
influencing behaviour and physiology (Young and Kay
2001, Panda et al. 2002). Recent work in a blue tit
population has demonstrated phenotypic correlates of
variation in Clock genotype, showing females, but not
males, with fewer poly-Q repeats at the variable Clock locus
to breed earlier in the season (Liedvogel et al. 2009). The
pattern found for within-population variation at the
variable Clock locus in blue tits matches predictions derived
from earlier results in birds, fish and insects, which revealed
associations between Clock genotype and latitude across
populations concordant with latitudinal variation in the
timing of reproduction (Tauber and Kyriacou 2005,
Johnsen et al. 2007, O’Malley and Banks 2008).

In order to understand the importance of single gene
effects on behaviour and phenotypes in wild populations it
is important to assess their generality. For example, one
might compare the extent to which associations were similar

at the same locus across populations (Haas et al. 2009,
Korsten et al. 2010). Alternatively, for genes for which
function is thought to be highly conserved, one might ask to
what extent associations are consistent within sympatric
populations of different species. In a previous study, we
investigated the phenotypic correlates of variation at the
poly-Q locus of the Clock gene within a population of blue
tits Cyanistes caeruleus inhabiting Wytham Woods, near
Oxford (Liedvogel et al. 2009). The data on blue tits
suggest that selection in females, but not in males, for fewer
poly-Q repeats may be operating, and the across-population
associations in timing of reproduction involving this locus
could be linked to intra-population variation. The present
study focussed on the great tit population in Wytham, for
which a great deal is known about the ecological causes and
consequences of variation in timing of breeding, due to a
comprehensive programme of research stretching over the
last four decades (Perrins 1965, McCleery et al. 2004,
Charmantier et al. 2008). Both great tits and blue tits have
rather similar ecological requirements, exploit similar
resources, and are under similar selection with respect to
timing. Both species show similar within-year phenotypic
variability in breeding phenotype (though mean first egg
date in blue tits is on average 1.5 days earlier than in great
tits) and for both species there is evidence of similar
selection processes with respect to the timing of reproduc-
tion (Garant et al. 2007, Liedvogel et al. 2009).

The main objectives of this work were to characterise the
poly-Q locus of the Clock gene in female great tits with
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extreme breeding phenotypes and investigate genetic varia-
bility in the target region to determine how this variation
relates, if at all, to the phenotypes of individuals, and finally
measure the selective consequences of that variation. So far
nothing is known about the generality of the latitudinal
cline, or the within-population association between Clock
genotype and breeding phenotype in the great tit. Com-
plementing the previously obtained findings for the blue tit
population with data from the sympatric great tits allows us
to assess the generality of the patterns seen; if the patterns
we see are general and reflect conserved underlying bio-
chemical pathways, then we expect to see the same patterns
of variation in both species.

Methods

Study population and sampling

We used data and blood samples obtained as part of an
ongoing study on the breeding ecology and haematozoa of
great tits in Wytham Woods, Oxfordshire, UK (51847?N,
1820?W). All breeding attempts of great tits in nestboxes
(approximately 250�450 breeding pairs) are monitored
from nest-building until all nestlings have fledged, by
regular visits to each nestbox. Parents are caught and
identified, and nestlings are ringed on day 15 after hatching
(hatch day�day 1, where hatch date is defined as the date
of first hatching in cases of asynchronous hatching). Since
2004, blood samples of the entire breeding population have
been collected by brachial vene-puncture, under licence,
and stored in Ethanol or SET buffer (0.15 M NaCl, 1 mM
EDTA, 50 mM Tris-HC1, pH 8.0). All blood samples used
in this study were collected during the breeding seasons
between 2004 and 2008 (between day seven and day 14 of
the nestling phase). Genomic DNA was extracted using a
standard ammonium acetate protocol, and purified DNA
was stored at �208 C.

Phenotype selection criteria

In this study, we analysed blood samples from great tit
female breeders between 2004 and 2008 with extreme
breeding phenotypes (either early or late). Selection criteria
for extreme breeding phenotypes were based on upper and
lower quartiles of standardized values for lay date (LD)
(standardized values were calculated as (LDstand�(LD�
LD(average/year))/SD) with SD as the standard deviation of
LD per year). To select birds with extreme breeding
phenotypes we used two approaches: 1) each breeding
event (including multiple breeders more than once), and 2)
each female great tit breeder was individually scored as
being very early or very late, where single values (for birds,
that bred only once between 2004�2008), or average values
over all breeding years (for multiple breeders), were taken
as relevant measures. ‘Extreme phenotypes’ were defined
as breeding attempts, and/or individual values falling in the
upper or lower quartile. Birds (n�521) that were cate-
gorised as extreme phenotypes in at least one of the two
selection methods were genotyped at the poly-Q locus of
the Clock gene (mean differences (SE) in standardized first
egg date between the two groups of birds so formed: 1.039

(0.042) upper quartile; �0.927 (0.040) lower quartile) Of
the 521 genotyped individuals, 199 (38.2%) bred more
than once in the focal period 2004 to 2008: 135 female
great tits bred twice, 45 bred three times, 18 individuals
bred four times and one individual bred successfully in all
five years. The full dataset (including multiple breeders)
covered 804 breeding events. In addition, and as a control
for our female dataset selected for extreme phenotypes,
we analysed Clock gene variability at the poly-Q locus of
randomly selected (with respect to phenotype) samples from
55 females and 36 male breeders.

Clock poly-Q characterisation

Genomic DNA samples were sequenced at the poly-Q locus
of the Clock gene to characterise the allelic variation at the
trinucleotide tandem repeat locus, which has been shown to
be polymorphic in several bird species (chicken: Larkin
et al. 1999; barn owl: Fidler and Gwinner 2003; bluethroat:
Johnsen et al. 2007; blue tit: Johnsen et al. 2007, Liedvogel
et al. 2009, Steinmeyer et al. 2009; blackcap: Steinmeyer
et al. 2009). We characterised the glutamine rich tandem
repeat locus of the Clock gene for 225 great tit females with
extreme breeding phenotypes by PCR amplification using
the primer set previously described for sequencing of the
Clock poly-Q allele in blue tits (Johnsen et al. 2007). This
primer set has further been shown to successfully amplify
the poly-Q Clock locus in another songbird species, the
blackcap (Steinmeyer et al. 2009). PCR protocol and
temperature profiles were adapted according to Johnsen
et al. 2007 in a 10 ml reaction volume. Amplified products
were prepared for sequencing using Qiagen MinElute 96
UF PCR Purification Kits and QiaVac Multiwell vacuum
manifolds. Nucleotide sequences of purified PCR fragments
were determined with the BigDye Terminator ready
reaction mix, ver. 3.1 under standard sequencing conditions
according to the manufacturer’s protocol. Unincorporated
dye terminators were removed by isopropanol precipitation.
Reaction products were detected on an ABI PRISM genetic
analyser 3100, and edited using Sequencher 4.8. To
determine the Clock genotype of all selected 521 females
with extreme breeding phenotypes on a larger scale, we
adapted the 6-FAM labelled primer combination design
and amplification protocol as described in Johnsen et al.
(2007). Amplification products (2 ml) were resolved using
an ABI PRISM genetic analyzer 3100 and a molecular size
standard. Allele sizes were resolved by GeneMapper 3.7
alongside with three positive control samples of known
Clock genotype (number of tandem repeats was determined
by sequencing). We succeeded in genotyping all 612 great
tit samples. To assess the repeatability of the genotyping
protocol, we analysed different samples from the same
individuals (multiple breeders) collected over subsequent
years (ten individuals; three samples per individual), the
results agreed in all cases. To confirm the comparability of
sequencing and genotyping reaction, all samples for which
Clock genotype was characterised by sequencing reaction
(n�225) were also analysed by genotyping reaction,
resulting in 100% consistency. Hence both methods used
to determine Clock genotype in this study reveal a high level
of reliability of the applied methods.
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Sequence identities were determined by comparison
with homologous sequences present on GenBank using
WU-BLAST 2 (<http://www.ebi.ac.uk/Tools/blast2/>).
Sequence alignment was constructed using ClustalW
(Thompson et al. 1994).

Ecological genetic analysis

Calculation of allelic frequency data and tests for deviation
from Hardy�Weinberg equilibrium (HWE) were performed
using Genepop v. 4.0 (Raymond and Rousset 1995) with
the following Markov chain parameters: dememorisation
10 000; batches 10 000; iterations per batch 10 000.

Defining clock genotype

A phenotypic correlation of Clock gene variation with
breeding phenotype has been found for female blue tits
inhabiting the same woodlands as the great tits analysed
in this study (Liedvogel et al. 2009). To investigate the
generality of this pattern, we analysed the Clock gene
variation in the great tit for phenotypic correlation with
breeding type in a similar manner. As in the previous study,
we defined poly-Q Clock genotype as the sum of poly-Q
repeats of both alleles (p�q) (Liedvogel et al. 2009). To
facilitate comparison with the study on blue tits (Liedvogel
et al. 2009), we analysed the data with Clock genotypes
classified in three categories of allele length, grouped
(agreeable with Johnsen et al. 2007) as follows: 1)
heterozygous birds with one allele smaller than Q14 and
the other allele Q14 or longer (BQ14/]Q14) (n�36), 2)
birds homozygous for the most common allele (Q14) (n�
480), and 3) heterozygous birds with one allele Q14 and the
other allele longer than Q14 (]Q14/�Q14) (n�5). Both
genotype classification methods revealed similar results, and
as in Liedvogel et al. (2009) we opted for the use of a
continuous variable representing Clock poly-Q genotypes.
To facilitate comparison between great tits and blue tits
(Johnsen et al. 2007, Liedvogel et al. 2009) we used the
genotype categories defined here for graphical representa-
tion of associations between genotype and timing of
breeding.

Clock genotype and timing of breeding

We explored the relationship between Clock genotype at the
variable poly-Q locus and timing of breeding using general
linear mixed models (GLMM) with normal error distribu-
tion and identity links, while correcting for appropriate
fixed (age, sex, altitude, breeding density), and random
(ring number to account for repeated measures of indivi-
duals between years) effects based on the knowledge
developed over the course of the population studies at
Wytham (for further details see Liedvogel et al. 2009, all
parameters and effects used in the models applied here are
identical, unless stated otherwise). We tested for associa-
tions between Clock genotype and the following aspects of
reproductive scheduling, which together summarise impor-
tant aspects of reproductive timing phenotype: 1) lay date,
i.e. date of laying the first egg (LD); 2) observed hatch date

(OH); 3) incubation duration (ID). Timing parameters
were standardized for each year as described.

Clock genotype and environmental variation

To test whether the distribution of specific alleles in the
great tit population varies as a function of the environment,
and whether any patterns detected are related to changes in
the timing of breeding, we modelled Clock genotypic
variation as a function of the following environmental
variables known to be associated with variation in repro-
ductive scheduling in great tits: altitude, oak richness
(measured as number of oaks within 75 m radius) and
breeding density (calculated per year per woodland sector,
Liedvogel et al. 2009).

Clock genotype and fitness measures

We estimated selection on the polymorphic locus of the
Clock gene directly, by regressing fecundity-related fitness
measures (specifically: number of fledglings, number of
recruits, and number of grand recruits (in total, and via
daughters and sons separately) on genotypic values of
individuals. We calculated standardized selection differen-
tials measuring the effect of genotype on fitness by
regressing fitness (relative number of fledged individuals,
calculated as number of individuals fledged for a breeding
event divided by the mean fitness of the population) on the
standardized value of Clock genotype (individual value-
mean/SD).

Analyses were carried out using GenStat 11 (VSN
International Ltd).

Results

Characterisation of the great tit poly-Q locus

We identified five great tit poly-Q Clock alleles in the
Wytham great tits (n�521) that differed in length by
increments of Q-encoding CAG repeats. An alignment of
the predicted protein sequences with the corresponding
blue tit (DQ026515) and bluethroat (AY905385) ortholo-
gues is shown in Fig. 1. Sequence information for each
Clock allele was obtained from a minimum of two
representative great tits, amplified sequences were con-
firmed as Clock orthologues, and nucleotide sequences were
deposited with GenBank (GenBank acc. no. GQ847506�
GQ847510). At the nucleotide level, all great tit alleles are
related by poly-Q encoding CAG repeats (Fig. 1). The
composition of CAG and CAA (both poly-Q coding)
repeats within the variable tandem repeats region differed
slightly between bluethroat, blue tits and great tits, but is
highly consistent within each species (Fidler and Gwinner
2003).The poly-Q flanking sequence in great tits is 100%
identical with the blue tit and bluethroat sequences, and this
region in general is highly homologous within Aves (Fidler
and Gwinner 2003).
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Within-population allelic variation in the great tit

We determined Clock allele frequencies for 521 great tit
females with extreme breeding phenotypes (Table 1). The
level of genetic variability at the poly-Q locus of the Clock
allele was very low: mean observed heterozygosity H of the
great tit population was 0.077. The low level of hetero-
zygosity reflects one single great tit allele (Q14, 14 poly-Q
repeats) being much more abundant than the other four
alleles; this common allele accounts for 96% of the Wytham
population. Mean observed heterozygosity for both subsets
of male (H�0.0909) and female (H�0.0027) controls
(randomly selected breeding phenotypes) is similarly low as
for the group of females with selected breeding phenotypes.
The great tit population deviated slightly, but significantly,
from HWE at the poly-Q locus of the Clock gene (p�
0.009) displaying a deficiency of heterozygotes (expected/
observed no. homozygotes�477.33/481; expected/ob-
served no. heterozygotes�43.67/40), but the overall allelic
diversity at the variable locus is very low when compared
with within-population variation in other passerines (Fidler
et al. 2007, Liedvogel et al. 2009, Steinmeyer et al. 2009).

Clock genotype, timing phenotype and
environmental variation

We did not find an association between Clock poly-Q
genotype and timing parameters in female great tits
(supplemental Fig. S1; p�0.535, for details of the full
models, including all fixed effects, supplemental Table S1).
To test for an association between environmental and genetic
variation in the great tit population, we analysed the spatial
distribution of Clock genotype across Wytham. Given the
result that Clock gene variability in the Wytham great tit
population (female breeders) is generally very low, we would
expect Clock alleles to be homogenously distributed across
the woodlands. Spatial distribution of Clock genotype did
not vary with respect to altitude, oak tree abundance (within
a 75 m radius) or breeding density as measures of environ-
mental heterogeneity (p�0.141). We further found no
evidence for any genotype�environment interaction with
respect to reproductive scheduling. We analysed the data
using the same model as described in supplemental Table S1
(age, altitude, breeding density included as fixed effects; ring
number fitted as random effect) plus the relevant interac-
tions, fitting the interaction between Clock genotype and
each measure for environmental heterogeneity as selected

above (all interactions n.s.: Clock�altitude: p�0.565;
Clock�oak richness: p�0.102; Clock�breeding density:
p�0.471). No small-scale correlation between Clock geno-
type and environmental parameter is present in the Wytham
great tit population (female breeders only), analysed here.

Clock genotype and fitness measures

We found no evidence for natural selection on allelic
variants. There was no effect of Clock genotype on the
number of fledged young, the number of recruits or the
number of grand recruits (separately analysed for grand
recruits via daughters and sons; p�0.293), data on the full
model with the number of fledglings per breeding event as
fitness measure are shown in supplemental Table S2 and
Fig. S2.

Discussion

The glutamine-rich region of the Clock gene is highly
conserved and of variable length in different species (for an
across-taxa comparative analysis see Saleem et al. 2001) and
highly homogeneous within Aves (Fidler and Gwinner
2003). Evidence for a latitudinal cline in mean poly-Q Clock
repeat length (with longer alleles associated with higher
latitudes) has been found in blue tits, but not in bluethroats
(Johnsen et al. 2007). A latitudinal cline in the same direction
as obtained in the blue tits was also found in Chinook salmon
Oncorhynchus tshawytscha (O’Malley and Banks 2008).
Together these data suggest an adaptation to ecological
factors correlated with latitude such as photoperiod.

Recent data on a within-population study of Clock gene
variation in blue tits further suggest that the latitudinal
across-population associations involving this variable locus
could be linked to intra-population variation with respect to
the timing of reproduction. Clock genotypes with varying
length of the poly-Q locus have been shown to correlate
with timing parameters in female, but not in male blue tits
of the Wytham population: fewer poly-Q repeats were
associated with shorter incubation duration, earlier lay date
or observed hatch date (Liedvogel et al. 2009). Here,
we analysed selected female great tits with extreme breeding
phenotypes, to enhance the power of our analysis. The great
tit population inhabits the same woodlands as the blue tit
population studied earlier, which allows us to supplement

Figure 1. Comparative alignment of identified great tit Clock alleles around the poly-Q with published blue tit and bluethroat sequence
(alleles with the highest number of poly-Q repeats from published sequences were chosen as reference). The predicted protein sequences
of great tit poly-Q alleles identified here only differ in the number of CAG repeats at the variable Clock poly-Q locus; sequence flanking
this variable locus is identical. Qs highlighted in grey depict glutamine residues encoded for by the triplet CAA. GenBank accession no.
associated with the sequences are shown; suffixes correspond to the species (Ls�Luscinia svecica; Cc�Cyanistes caeruleus ; Pm�Parus
major) and number of poly-Q repeats.
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the great tit dataset with blue tit information on poly-Q
Clock genotype readily available and test the generality of
the pattern of phenotypic correlates of Clock gene variation
found in the blue tit population. If the identified pattern in
the blue tit reflects a conserved underlying biochemical
pathway then we expected the same patterns of variation in
both species. However, overall variability at the poly-
morphic locus in the sample set of female great tits analysed
here was very low, reflecting one allele (Q14) accounting for
96% of the great tit alleles identified. This finding is in
contrast to the within-population blue tit Clock gene
variability (Table 1), where the mean level of heterozygosity
was 0.565 (the most common allele in the blue tit was
Q12, accounting for 60% of the allelic variation). Allelic
variability in bluethroats analysed in the cross-population
study (Johnsen et al. 2007) was also lower than in the blue
tit populations analysed in the same study (12 bluethroat
populations; mean observed heterozygosity�0.213, one
monomorphic population, otherwise H between 0.048 and
0.476). Bluethroats, unlike blue tits, did not show any
correlation of allelic variation in the Clock gene with
latitude.

The fact that the (variable) poly-Q motive is highly
conserved in many organisms is indicative of a functional
role of the Clock protein. In vitro studies have shown that
deletion of part of the poly-Q region resulted in reduced
transcription activation efficiency of the protein, demon-
strating that the trinucleotide tandem repeat is important
for Clock protein function (Darlington et al. 1998). As
longer tandem repeats are more likely to be polymorphic,
an increase in repeat number would result in the variable
locus exhibiting a greater degree of polymorphism. The fact
that we do not see an enhanced degree of polymorphism in
the great tit samples analysed might be due to the fact that
CAG-repeat variation at the poly-Q locus is tightly
regulated and selection acts in favour of Q14 in this species.

What can we conclude about the generality of an
association between Clock gene variability and breeding
phenotype? Our analyses on female great tits of the Wytham
population do not confirm the association between breeding
phenotype and Clock genotype we found in female blue tits
of the population inhabiting the same woodland. If the
pattern found in blue tits reflects a conserved underlying
biochemical pathway, we would expect the pattern to be
general; this is clearly not the case. Two further interesting
questions remain: First, whether great tit populations in
general show a lower degree of variability at the poly-
morphous Clock locus, or if the pattern found here is
specific for this population. Second, comparisons of
latitudinal clines in allele frequency in the great tit would
help to establish whether variation at this locus may have
played a role in adaptation to variable environments
(Johnsen et al. 2007). Comparative studies of variation at
this locus across the species’ latitudinal range would be an
important next step.

In summary, we identified five Clock alleles in great tits,
varying in poly-Q repeat lengths at the polymorphic locus,
with one allele accounting for 96% allelic diversity. Among
female great tits of the focal population there is no evidence
for an association between poly-Q Clock genotype and
breeding phenotype, in contrast to the finding for sympatric
female blue tits. Our data suggest that within populationTa
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associations between Clock genotype and breeding pheno-
type are not general across species.
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Figure S1. Association of Clock poly-Q genotype and timing of
reproduction in female great tits. Clock genotype scored in classes
similar to those in Johnsen et al. (2007): 1 (BQ14/]Q14) n�45,
2 (Q14) n�749, and 3 (]Q14/�Q14) n�10. The average value
of each timing trait is plotted for each Clock genotype class. Life-
history traits related to the timing of reproduction in focus here
are: A date of the first egg i.e. (standardised) lay date (LD);
B observed hatch date (OH); C incubation duration (ID). There is
no clear association between Clock poly-Q and any of the three
timing of breeding traits analysed here in female great tits. This is
in contrast to the pattern found for female blue tits, where higher
number of poly-Q repeats at the Clock locus were associated with
later hatch and lay dates. Timing traits are plotted as standardised
values (zero mean, unit variance). Error bars represent standard
errors.
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Figure S2. Association between Clock poly-Q genotype (genotype
classes as in Fig. S1) and reproductive success in blue tit females
calculated as average number of fledged offspring. Our results
show no clear effect of Clock poly-Q allele length on the number of
offspring successfully raised to the fledging stage. Error bars
represent standard errors.

Table S2. GLMM testing for an effect of Clock poly-Q genotype
(standardised values for p�q) on reproductive success (shown for
number of fledged offspring, also tested for number of total recruits
and number of total grand recruits (tested separately for grand
recruits via daughters or sons, and total grandrecruits), all n.s.).
Fixed effects included are: age, year of breeding. Ring number
included as random effect.

804 breeding events, 521 females

Model n DF F p Regression
coefficient (SE)

(p�q)stand 804 1 1.11 0.293 0.2438 (0.24761)
((p�q)stand)2 1 0.29 0.588 0.0270 (0.04976)
Age 1 1.12 0.308
Year 1 15.14 B0.001
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