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DNA methylation is one of the main epigenetic mechanisms that can regulate gene expression and is an important
means for creating phenotypic variation. In the present study, we performed methylation profiling of 2 candidate genes
for personality traits, namely DRD4 and SERT, in the great tit Parus major to ascertain whether personality traits and
behavior within different habitats have evolved with the aid of epigenetic variation. We applied bisulphite PCR and
strand-specific sequencing to determine the methylation profile of the CpG dinucleotides in the DRD4 and SERT
promoters and also in the CpG island overlapping DRD4 exon 3. Furthermore, we performed pyrosequencing to
quantify the total methylation levels at each CpG location. Our results indicated that methylation was ~1-4% higher in
urban than in forest birds, for all loci and tissues analyzed, suggesting that this epigenetic modification is influenced by
environmental conditions. Screening of genomic DNA sequence revealed that the SERT promoter is CpG poor region.
The methylation at a single CpG dinucleotide located 288 bp from the transcription start site was related to exploration
score in urban birds. In addition, the genotypes of the SERT polymorphism SNP234 located within the minimal
promoter were significantly correlated with novelty seeking behavior in captivity, with the allele increasing this
behavior being more frequent in urban birds. As a conclusion, it seems that both genetic and methylation variability of
the SERT gene have an important role in shaping personality traits in great tits, whereas genetic and methylation

variation at the DRD4 gene is not strongly involved in behavior and personality traits.

Introduction

The behavioral system of vertebrates is thought to be con-
trolled via the dopaminergic and serotonergic neurogenic sys-
Dopamine receptor D4 (DRD4) and
transporter (SERT) are 2 prime candidate genes for personality
traits. Single nucleotide polymorphisms (SNPs) within the third
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exon of the DRD4 gene are related to variation in novelty seeking
behavior in humans and other mammals.> In birds, the great tit
(Parus major) is a classic model species to study avian personality,
and an association between DRD4 SNP830 and exploratory
behavior has also been described."®

However, the relationship between genes and behavior
appears far more complex than previously described, as the rela-
tionship holds in some populations but not in others."’ This
made Mueller et al. '* suggest that the link between DRD4 gene
and personality is context-dependent, probably mediated by cer-
tain characteristics of habitat at a local scale. In a recent study, we
found that urban and forest great tits differed greatly in novelty
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seeking behavior, but we were unable to link this variation in
behavior to DRD4 SNP830 (Riyahi & Senar personal observa-
tion). Heterogeneous association of DRD4 gene with exploratory
behavior in different environments suggests a possible gene-gene
or gene-environment interaction.

In addition to DRD4, the SERT (also known as SLC6A4) gene
is recognized as a candidate gene for anxiety, harm avoidance, and
other behavioral syndromes in humans. A recent study on 12
paired urban and rural populations of the blackbird Turdus mer-
ula found a highly significant divergence at an exonic microsatel-
lite of SERT gene between habitats."? They concluded that the
SERT gene can be considered as one of the candidate loci for local
adaptation to novel conditions and urbanization. Hence, the pos-
sible gene-environment interaction has been suggested in both
DRD4 and SERT genes. One of the ways to detect gene-environ-
ment interaction is investigating epigenetic modifications. DNA
methylation is one of several epigenetic modifications that can
directly affect gene expression. Any change in environmental con-
dition can potentially modify the phenotype through epigenetic
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modification.'*'® In many cases, epigenetic marks are not inher-
ited in a Mendelian fashion but different lines of evidence suggest
that genetics can influence the epigenetic marks.'”'® Currently,
several studies have shown the effect of the genotype on the epige-
notype. Particularly, SNPs can influence DNA methylation, a
phenomenon referred to as allele-specific methylation (ASM) or
methylation quantitative trait loci (meQTL)."”

Associations of DNA methylation in the SERT and DRD4
genes and personality have been described before in humans. In
humans, prenatal exposure to maternal depression affects methyl-
ation patterns of the SERT promoter.”**" Moreover, the methyl-
ation level of the SERT promoter was associated with abuse
during childhood.** In addition, the DNA methylation level of
both DRD4 and SERT genes were negatively associated with
attention deficit hyperactivity disorder symptom score.”> Fur-
thermore, in genetically identical twins, methylation differences
of SERT and DRD4 genes have been described, which are mostly
attributable to environmental factors.”* As a result, methylation
is a strong candidate mechanism to explain differences in person-
ality between habitats. The urban habitat, due to rapid changes
in diet as well as environmental pollution, is undoubtedly
impacting not only the human epigenome, but also the evolution
of many other species. Since urban habitats have independently
been found to affect levels of DNA methylation through pollu-
tion effects™ and also personality traits,"* we hypothesize that
differences in personality between urban and forest Parus major
populations could be related to variation in methylation.

Since the promoter region of a gene primarily influences tran-
script expression, in this study we determine the methylation pat-
terns of the DRD4 and SERT gene promoters in the great tit
from 2 different environments, city and forest. In addition, we
investigate the potential function of SNP830 of the DRD4 gene,
which has previously been found to relate to exploratory behav-
ior,'®'" by looking at the DNA methylation profile of the flank-
ing interval. The great tit inhabiting Barcelona city is an ideal
model species to test for that, since the urban population is genet-
ically isolated from the surrounding forest populations®® and
urban birds display higher levels of exploration and novelty seek-
ing behavior compared to the nearby forest (Riyahi & Senar per-
sonal observations).””

This study aims to answer the following specific questions: (1)
Are DRD4 and SERT promoters differently methylated in urban
and forest great tits? (2) Is novelty seeking behavior linked to the
level of DNA methylation in the promoter of these 2 genes? (3)
Is methylation of SERT and DRD4 promoters associated with
allelic states at nearby SNPs? In particular, does the synonymous
substitution SNP830 in the DRD4 gene, associated with diversity
in the exploratory behavior in the great tit,'*""
influencing methylation at nearby CpG sites?

exert its effect by

Methods
DNA sample set

We obtained blood samples from 96 different birds that were
captured from October to March in 2012 and 2013 for
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personality experiments in captivity. The sample was composed
by 46 forest birds from Can Cata field station, located in Collser-
ola National Park, close to Barcelona city (3 km). It is a mixed
forest consisting mainly of pure oak (Quercus ilex and Quercus
cerrioides) located at the bottom of the valleys and Aleppo pine
(Pinus halepensis) forests in the upper hills. A further 50 city birds
were captured at 2 different urban parks in Barcelona city (Ciuta-
della Park and Setmenat-Sarria Park). The blood samples were
stored in pure ethanol at 4°C. Finally, we collected brain biopsies
from 13 great tits (from city and forest) that died during field-
work or in captivity. DNA was extracted using Ecogen Master-
Pure DNA Purification kit (MCD85201).

Gene sequencing

The genotyping for SNP830 of DRD4 in all the samples was
performed following the protocol described by Fidler et al.'
Additional polymorphisms within the DRD4 and SERT loci
were genotyped by standard PCR amplification and direct
sequencing of the resulting amplicons. Approximately 200 ng
genomic DNA was amplified in 25 pl reactions containing 1x
NH4 reaction buffer, 25 ng of each oligonucleotide primer,
0.2 mM of each dNTP, 1.5 mM MgCI2 and 2 units DNA Taq
DNA Polymerase (Bioline). PCR was performed for 35 cycles
(see Table 5 for primer sequences). The resulting amplicons
were purified using ethanol precipitation and subsequently
sequenced in both directions using the BigDye Terminator reac-
tion kits on an ABI 3730 DNA analyzer (PE Bio-systems). The
sequence electropherograms were interrogated using Sequen-
cherv4.6 (Gene Codes Corporation, MI, Ann Arbor, USA) to
distinguish heterozygous and homozygous samples. The sequence
of SERT gene and SNPs has been deposited in GenBank: acces-
sion number KP869099.

Bisulphite treatment and strand-specific methylation
analysis

Approximately 1 pg DNA was subjected to sodium bisulphite
treatment and purified using the EZ GOLD methylation kit
(ZYMO, Orange, CA, USA) and was used for bisulphite PCR
analysis. Bisulphite PCR primers for each region (see Table 5 for
primer sequences) were used with Hotstar Taq polymerase (Qia-
gen, Crawley, UK) at 40 cycles and the resulting PCR product
cloned into pGEM-T easy vector (Promega, Madrid, Spain).

Quantitative methylation pyrosequencing

Pyrosequencing was used as an accurate method of quantifying
total methylation at CpG dinucleotides within a PCR amplicon.
Standard bisulphite PCR was used to amplify across the region of
interest with the exception that the reverse primers were biotiny-
lated. The entire biotinylated PCR product (diluted to 40 l) was
mixed with 38 pl of binding buffer and 2 pl (10 mg/ml) streptavi-
din-coated polystyrene beads. Bead-amplicon complexes were cap-
tured on a vacuum prep tool (Qiagen, Crawley, UK) and the PCR
products denatured using 0.2 M NaOH. The denatured DNA was
resuspended in 40 pmol of sequencing primer dissolved in 12 pl
water and primers annealing was achieved by heating the sample to
80°C for 2 min before cooling to room temperature. For
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sequencing, internal forward primers were designed to the comple-
mentary strand (see Table 5). The pyrosequencing reaction was
carried out on a PyroMark Q96 instrument (Qiagen, Crawley,
UK). The interrogated peak heights of C/T variants at CpG dinu-
cleotides were determined using the pyrosequencing commercial
software.

Phenotyping

Two different standard tests were performed. Each bird was tested
alone in the whole sequence of tests and used only once. On the
morning of the second day after capture, we performed a standard
novel object tests inside the individual cages (1 x 1 X 1.5 m) using a
pen light battery put on the feeder where we had previously intro-
duced a few mealworms.***? We measured the latency to approach
the feeder (in seconds) within a period of 10 min. Birds were then
allowed to continue with their activities for one hour.

We then performed a standard novel environment test.”
Birds were first introduced into an individual cage (100 x 40 x
40 cm) within the experimental room. After 30 min, the individ-
ual cages were opened with a remote control string to allow the
birds to fly into the observation room. The size of the room was
3 x 2 x 2 m and contained 5 artificial trees, as in Verbeek
et al.”” We observed the birds from a one-way screen and we
recorded movement of birds with a video camera. Number of
flights and hops within the first 2 min after entering the room
was used as exploration score.”® Exploration score was standard-
ized by date (days from September 1) to account for within-sea-

1
son temporal trends.”*?

Statistical methods

Comparisons between genomic DNA of different species
were performed using BLASTN  (http://www.ncbi.nlm.nih.
gov). Screening for CpG islands (>200 bp; obs/exp 0.6; GC
content >50%) utilized the CpG island finder bioinformatics
tool (http://dbcat.cgm.ntu.edu.tw). To normalize the data, the
average value of DNA methylation percentage were arcsin
transformed. The relation between exploration score and
DNA methylation of SERT and DRD4 was tested using Gen-
eral Linear Model (GLM) in STATISTICA 8 software (Stat-
Soft 2013). In relation to the novel object test, the response

included censored observations (birds that did not approach
the novel object). Applying standard statistical methods to
censored data, or not taking them into account, can lead to
biased estimates. Hence we applied a stratified Cox propor-
tional hazards regression model, a specialized nonparametric
regression survival analysis which deals with this problem,3 2
to check the latency to approach to the novel object according
to DNA methylation. We included the methylation levels of
SERT and DRD4 as independent variables and habitat (forest
vs. city) as a grouping variable.

The association of each SNP with average CpG DNA methyl-
ation percentage of DRD4 promoter was tested using GLM in
STATISTICA 8 software. In addition, we used the same method
to reveal SNP associations within the SERT promoter and DNA
methylation.

Haplotypes were reconstructed with the PHASE program.
Population genetic statistics and neutrality tests such as Tajima’s
D were calculated using DNAsp5.10* 1°° soft-
ware packages. Linkage disequilibrium was determined using

and Arlequin3.1

Haploview.?® Chi-square test was performed to check whether
genotype frequencies of each SNP in each population followed
the Hardy-Weinberg equilibrium and to test whether the geno-
types frequencies differed between habitats. We used a Cox pro-
portional hazards analysis to assess the association between
neophobia (novel object test) and DRD4 and SERT different
SNPs one by one, and we estimated the association between
exploration score in a novel environment and DRD4 and SERT
SNPs with General Linear model (GLM). Cox and GLM analy-
sis were done using STATISTICA 8 (StatSoft 2013) and R
software (R Development Core Team 2011).

Results

Extensive genotyping of the DRD4 promoter interval
in great tit

We designed 2 PCR assays which resulted in amplicons cover-
ing ~1.5 kb of the DRD4 exon 1 and proximal promoter inter-
val. Subsequent sequencing of the PCR products revealed 9
SNPs, 7 located in the promoter region (detailed in Table 1).

Table 1. Allele names and minor allele frequency (MAF) of each SNP for the DRD4 gene in each population. Population sample size: 46 forest great tits and

50 urban great tits.

Major/minor MAF MAF HW P-value
DRD4 locus allele(s) location (forest) (urban) (forest) HW P-value (urban)
1.SNP784 G/A promoter 0 0.057 1 <0.001
2.SNP795 G/A promoter 0.026 0.029 1 1
3. SNP830g G/T promoter 0 0.057 1 <0.001
4. SNP835 T/G promoter 0.079 0.057 <0.001 <0.001
5.5NP876 T/G promoter 0 0.057 1 <0.001
6. SNP1006 G/A promoter 0.132 0.129 1 1
7.SNP1173 C/G promoter 0.368 0414 1 0.256
8.SNP1878 (@) exonT 0.042 0.014 1 1
9.SNP1884 (@2) exonl 0 0.014 1 1
10.SNP830(10086) (@2) exon3 0.180 0.150 0.97 0.98
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Four of the SNP variants (SNP784, SNP830, SNP835, and
SNP876) deviated from Hardy-Weinberg equilibrium in our
urban population. Allele frequencies showed significant differen-
ces between the urban and the forest population only for
SNP830 (10086), which is located in exon 3 (x% = 9.99, P <
0.01). Contrary to other northern Europe populations,“’12 the
In/del ID15 was not observed in our populations. Two SNPs
were observed in exon 1 of the DRD4 gene. One of these coding
polymorphisms, SNP1884, resulted in an amino acid substitu-
tion, a change from alanine to valine in amino acid position 11.
A valine at this position is conserved among passerine birds, while
it is not found in other avian orders,”” which makes the func-
tional significance of this amino acid change uncertain. However,
the functional prediction returned by SIFT (http://sift.jevi.org)
was “likely benign.”

Characterization of the SERT promoter in great tit

The promoter sequence of the SERT gene has not previously
been reported for the great tit. As a prerequisite for identifying
possible genetic variants at this interval, we performed sequence
homology comparisons between additional bird species for which
genomic sequence was available to enable us to identify the
orthologous region in great tits. We performed BLAST2
sequence analysis comparing the genomic sequence of common
blackbird (7urdus merula) for which the SERT promoter interval
was already available (Genbank accession number KC584781.1).
We subsequently designed PCR primers to conserved regions
identified in multiple species [Collared flycatcher (Ficedula albi-
collis), Atlantic canary (Serinus canaria), American crow (Corvus
brachyrbynchos), Rock dove (Columba livia)] and performed
PCR on DNA derived from great tits. The resulting ~850 bp

CpG islands No. : 41 14 No.
a
11 III\I | I\\ /I
\ cn\ \\ SNP10086(830
+ L9weo SR 23 (830)
0 RO~ O T oo
E CE2AEE ai an
Zz2Z 2 Z
G o006 56 5o
exon3
C) o (Average of 5 CpGs)
b DRD4 promoter DRD4 exon 3
) a4
o
-]
o
E 23
x
Q
£ =
Forest 2
o |
3
[
@
g2 .
q, 16
> o
C!w .E 14
5
-E 2 promoter
g (Average of 7 CpGs)
10 r—1
Forest y
8
% forest urban
habitat

Figure 1. Structure and methylation profile of the DRD4 gene. (a) Schematic representation of the DRD4 gene. Horizontal bars show the number and
location of CpG islands and gray boxes represent exons. The location of SNPs is shown by black bars. (b) Methylation status at DRD4 locus in brain and
blood-derived DNA samples. The left panel shows the methylation profile of the promoter and the right panel shows the results for the CpG island within
exon 3. Each circle represents a single CpG dinucleotide on a DNA strand. (@): methylated cytosine; (O): unmethylated cytosine. (c) Methylation per-
centage of DRD4 promoter and exon 3 regions comparing urban and forest populations. Differences are significant (see text).
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Figure 2. Structure and methylation profile of the SERT promoter. (a) The Schematic representation of SERT gene. Gray boxes showing the location of
CpG sites and the gray box represents the exon. The location of SNPs is shown by black bars. (b) The methylation status at 2 CpG sites in the SERT pro-
moter in brain and blood-derived samples. (c) Variation in methylation percentage of second CpG site in the SERT promoter, according to habitat and
SNP290 genotype. The black data points represent forest birds and the gray urban birds. Methylation percentage was both affected by genotype and
habitat, but the lack of significant interaction suggests that the difference between habitats was similar for the different genotypes (see text for tests).

PCR product was sequenced, revealing that the amplicon com-
prised SERT exon 1 and a 770 bp interval within the proximal
promoter (Fig. 2a), which contained 11 SNP variants in our
populations (Table 2). All of the SNPs were in the Hardy-

Weinberg equilibrium except SNP65, in both populations. Allele
frequencies were significantly different between urban and forest
populations in SNP136 and SNP234 (X2 = 6.45, P = 0.039;
le = 9.96, P < 0.001, respectively), so that AA genotype for

Table 2. Allele names and minor allele frequency (MAF) of each SNP for the SERT gene in each population. Population sample size: 46 forest great tits and 50

urban great tits.

SERT locus Major/minor allele(s) location MAF (forest) MAF (urban) HW P-value (forest) HW P-value (urban)
1.SNP30 t/g promoter 0.088 0.022 1 1

2. SNP65 c/t promoter 0.188 0.267 0.002 0.011
3.SNP136 alg promoter 0.238 0.111 1 0.144
4.SNP234 t/a promoter 0.212 0.067 0.229 1
5.SNP290 g/a promoter 0.138 0.156 1 1
6.SNP313 g/a promoter 0.075 0.078 1 0.445
7.SNP363 a/g promoter 0.05 0 0.150 1
8.SNP433 c/t promoter 0 0.011 1 1

9. SNP440 c/a promoter 0.262 0.211 0.476 0.573
10. SNP478 c/t promoter 0.275 0.300 0.755 1
11.SNP613 g/t promoter 0.295 0.350 1 0.972
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SNP136 and TT genotype for SNP234 were more frequent in
the urban population while GA (SNP136) and TA (SNP234)
genotypes were more abundant in forest birds (Table 2).

Identification of CpG islands in great tit

Approximately 60% of gene promoters are associated with
DNA sequences rich in CpG dinucleotides, termed CpG islands.
These genomic features are usually unmethylated and permissive
to transcription. Tissue-specific difference in expression can be
explained by different methylation profiles with highly methyl-
ated regions being associated with robust gene silencing. To
determine the methylation profiles of the DRD4 and SERT pro-
moters, we first performed a bioinformatics screen for CpG
islands. This revealed that the DRD4 locus contains 3 CpG
islands. The largest encompasses the first exon and 5'UTR
(1094 bp; GC 66%), whereas 2 smaller CpG island are inter-
genic overlapping exon 3 (350 bp; GC 52%) and within intron
3 (262 bp; GC 86%), respectively. Interestingly the same analysis
on SERT sequence failed to identify any CpG islands, the interval
being CpG sparse, containing only 2 CpG dinucleotides.

Methylation profiling of the DRD4 promoter and exon
3 CpG islands

To determine the methylation profile of the 2 largest CpG
islands in the DRD4 locus in brain and blood-derived DNA, we
performed bisulphite PCR and sequencing. To ensure that
we would identify any genotype-dependent methylation effects,
we performed the analysis on birds with different genotype com-
binations. This revealed that the DRD4 promoter interval was
robustly unmethylated in both blood and brain, whereas the
CpG island overlapping exon 3 was fully methylated. The overall
methylation profiles in samples with different genotypes were
similar; however, 2 of the SNPs abolish CpG dinucleotides
(SNP1878 and SNP1884) that would indirectly affect methyla-
tion at these sites. We observed no association between the syn-
onymous SNP830 genotype and the methylation surrounding
exon 3, suggesting that variation in methylation due to geno-
type does not explain the function for this SNP in relation to
personality.

To allow for accurate quantification of methylation in an
extended cohort of birds from different environments, we
optimized the bisulphite PCRs for pyrosequencing. This
allowed for 7 of the 41 CpGs included in the DRD4 pro-
moter PCR amplicons to be measured, while 5 of the 14
CpGs within the exon 3 CpG island PCR product would be
quantified. The average DNA methylation level across all
CpGs was 8% (SE = 0.16%) for DRD4 promoter and 93%
(SE = 0.08%) for the DRD4 exon 3. Furthermore this analy-
sis revealed, despite similar methylation profiles at these 2
genomic locations, that urban-dwelling great tits exhibited
~1% higher methylation levels than forest-dwelling birds
(DRD4 promoter: urban = 8.61+0.24, forest = 7.38 +
0.18, F = 16.48, df = 1,89, P < 0.005; DRD4 exon3: urban
= 93.82 £ 0.09, forest = 93.19 £+ 0.13, F = 14, df = 1,93,
P < 0.005).
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Allele-specific methylation at the SERT promoter in great tit

Bisulphite PCR encompassing the 2 CpG dinucleotides
within the SERT gene promoter revealed that both sites were
fully methylated in brain and blood-derived DNA samples con-
sistent with reports for CpG-poor promoters.”® One of the CpG
dinucleotides, located 288 bp from the transcriptional start site
(TSS), is abolished by a genomic variant (SNP290) in which the
G nucleotide is replaced by an A variant, therefore behaving as a
site of ASM. Bisulphite pyrosequencing enabled us to quantify
the methylation of the 2 CpG dinucleotides in our extended
cohort. Consistent with the allele-specific bisulphite PCR results,
average methylation at the first CpG site within the SERT pro-
moter was 83% (SE = 0.26%), with methylation level being
~2% higher in urban-dwelling than in forest great tits (F = 8.9,
df = 1,94, P < 0.005). However, the methylation levels of the
second CpG site clearly stratified into three groups dictated by
SNP290 genotype: birds homozygous for the A allele were
~8.1% (SE = 0.55%) methylated, GA heterozygous individuals
were ~31.3% methylated (SE = 1.03%) and homozygous G
birds were ~49.0% methylated (SE = 0.85%) (Fig. 2c). Methyl-
ation percentage at SERT second CpG site was not only signifi-
cantly affected by genotype but also by habitat, so that city birds
showed ~3.9% hypermethylation than forest birds (urban:
46.89 £ 1.40%; forest: 43.01 £1.49 %) (habitat: F = 5.69, df
= 1,78, P < 0.05; SNP290 genotype: F = 116.74, df = 1,78, P
< 0.005; habitat x genotype: F = 0.26, df = 1,78, P = 0.60)
(we only considered here GA and GG genotypes because the AA
genotype had a too small frequency in our populations to provide
enough sample size). A similar genotype-associated methylation
profile was also observed for SNP440 and SNP478, located 150—
188 bp from SNP290, presumably because the variants are in
linkage disequilibrium and the methylation profile is dictated by
SNP290.

Table 3. Result of GLM on the variation in exploration score (season cor-
rected) in relation to methylation. Results for the methylation percentage of
(A) DRD4 promoter, (B) methylation percentage of DRD4 exon 3, (C) methyl-
ation percentage of SERT first CpG site and (D) methylation percentage of
second SERT CpG site and habitat (forest vs. urban).

F Df P
A)
Habitat 004 1,58 085
methylation of DRD4 promoter 0.3 1,58 0.58
Habitat x methylation of DRD4 promoter 011 1,58 074
B)
Habitat 277 1,62 0.10
methylation of DRD4 exon3 308 1,62 0.08
Habitat x methylation of DRD4 exon3 282 162 0.10
@)}
Habitat 036 163 055
methylation of SERT first CpG site 012 163 073
Habitat x methylation of SERT first CpG site 042 1,63 052
D)
Habitat 284 1,59 0.10
methylation of SERT second CpG 049 1,59 049

Habitat x methylation of SERT second CpG site 3.9 1,59 <0.05
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Trait association percentage of methylation in SERT second CpG site was related

DNA methylation in the DRD4 promoter or in DRD4 exon 3 to exploration score. Nevertheless, the relationship was complex,

was not significantly associated with personality scores, measured ~ with exploration score showing a significant interaction between

as time to approach to a novel object and exploration score in a  habitat and methylation percentage (Table 3d). Although no
novel environment (Table 3a and b). However, we found that relationship was found between exploration score and methyla-
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Figure 3. Exploration score of wild great tits, measured as number of movements during 2 min in a standard
room with five artificial trees, in relation to methylation level of SERT second CpG site. We provide independent
figures for urban (a) and forest (b) great tits (urban: r = 0.37, P = 0.06; forest: r = —0.13, P = 0.40).
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tion for forest birds (Fig. 3b),
the relationship was marginally
significant  for urban  birds
(Table 4, Fig. 3a). No relation-
ship was found for SERT first
CpG site (Table 3c¢).

No SNPs in the DRD4 gene
or in the SERT promoter were
significantly associated with the
behavioral traits tested (all P >
0.42), with one remarkable
exception: SERT SNP234. This
SNP showed highly significant
association with the novel object
test, with birds with TT geno-
type approaching faster to the
novel object (Cox analysis Z =
2.03; P < 0.05; Fig. 4). The
explained variance in response to
novel object by SNP234 was
7%. Accordingly, and as shown
before, the TT genotype was also
significantly more frequent in
the urban population while TA
heterozygotes were more abun-
dant in forest birds. The
Tajima’s D neutrality tests were
not significant  for  SERT
SNP234 in either population.

Discussion

Recent studies in human and
laboratory animals have found a
relationship between methylation
changes and intraspecific variation
in personality traits. For instance,
rats treated with
endocrine-disrupting  chemicals
showed changes in mate choice
behavior due to methylation vari-
ation, even after 3 generations.39
Here we found, for the first time
in a free-living bird species, that
variations in methylation levels,
via a region of allele-specific
methylation (ASM) within the
SERT promoter, may be related
to personality traits and may
modify exploratory behavior in
the urban-dwelling great tits. In
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Table 4. Result of GLM on the variation in exploration score (season cor-
rected) in relation to methylation percentage of SERT second CpG site. The
results are provided for the 2 sampled populations: forest and urban.

Population F Df P
Forest 1.03 1,38 0.32
Urban 3.57 1,23 0.07

addition, our results showed that methylation variation could be
relevant in urbanized areas.

Methylation, habitat, and novelty seeking behavior

DRD4 and SERT have both previously been suggested as 2
prime candidate genes for personality traits and, therefore, have
been the focus of our research. Regarding the DRD4 gene, the
only epigenetic difference we observed was associated with habi-
tat and not tissue-specificity or underlying genotype. The ~1%
difference in methylation between urban and forest-dwelling
birds did not explain personality variations between habitats.

In SERT promoter, we found a similar ~2% hypermethyla-
tion in urban compared to forest birds at CpG dinucleotide
located nearest transcriptional start site (TSS). However, intra-
specific variation in methylation was far more extreme at the sec-
ond CpG site, with levels dictated by the genotype of a single
SNP irrespective of the habitat. The higher level of methylation
within DRD4 and SERT loci in urban birds might be due to
some environmental conditions, for instance pollution. In sup-
port of this, air pollution has been previously shown to be related
to whole genome hypermethylation in the sperm DNA of
mice.”” Tt remains to be determined whether additional loci
show this habitat-associated gain in methylation, and if this
occurs genome-wide in our great tit population.

Interestingly, we found that the relationship between methyla-
tion levels of the SERT second CpG site and exploration score
interacted significantly with habitat, with more explorative
urban birds tending to have higher levels of methylation at
this site; however, no relationship was found for forest birds.
Although there is no available study on wild birds, studies in
human have shown how early environmental conditions affect
SERT methylation differences between individuals and, hence,
account for some inter-individual phenotypic variation.***!
This could explain habitat differences we have found in this
study. Furthermore, the importance of early stress in shaping
higher methylation in serotonin transporter gene and, conse-
quently, health composite scores has been reported recently in
monkeys.*? Therefore, we suggest that early environmental
conditions in the city may adjust methylation at this particular
CpG site in the SERT gene, and this may affect adult behavior.

Differential methylation in the promoter of the SERT gene
may lead to alteration in different gene expression levels
(mRNA and protein). Nevertheless, the mechanism by which
allele-specific methylation can affect SERT gene expression
and, consequently, personality is still unclear. Future studies
should provide further into the

insights underlying
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Table 5. List of primers. The primers used for bisulphite conversion and
pyrosequencing are marked in bold font

GGGAAGGACAGTGCTTGGATCTG
AGTGCTCTAGATAAGTTGGCAAATGCA
CTCGGAGTAGACGTAGAGGGGCAGGAC
AGGCTCCTCCCGCGGCTCGGCGGGCA
AGTAGTTGGTGGTGGTTTTGA
TGAGGAGGATGAGGAGGATGT
CTAACATTACTTAAAAAACAACCC
TGGGATAAGTTGGTATATTTTTTAT

DRD4 genotype promoter 1F
DRD4 genotype promoter 1R
DRD4 genotype promoter exon 1F
DRD4 genotype promoter exon 1R
DRD4 promoter Bis F

DRD4 pyro seq F

DRD4 promoter Bis R

DRD4 exon 3 Bis F

DRD4 pyro seq F TTTTAGTTATTTTTGATAGTTATT
DRD4 exon 3 Bis R CAAAAAACTATATCACCCCCCAACC
SERT gentype F CATCTTCTCCTTTGCTACAGCC

ACAGAGCCTCAGAAGTTAGTTGA
TTAGGGGTTTTGTTTTATTGTTTGTG

SERT genotype R
SERT promoter Bis F

SERT pyro seq 1F GAGATTTGTTTTGGTTAT
SERT pyro seq 2F GGTTATTAATTATTATAGTA
SERT promoter Bis R CAAATTACCTACTCCATAATTC

mechanisms by which genetic and epigenetic modification in the
SERT gene interact to shape personality traits.

SERT SNPs and novelty seeking behavior

Previous studies had tried to link novelty seeking behavior and
genetic variability. However, although earlier works found an
association between DRD4 SNP830 polymorphism and novelty
seeking in great tits,'* this association was only found in one pop-
ulation.' %% More recently, the SERT gene has been suggested
as one of the candidate genes for local adaptation to novel condi-
tions and urbanization.'? Since we found that one of the main
differences between urban and forest great tits probably relied on
personality,””** we thought that it could be valuable to look for
a direct relationship between SERT polymorphisms, in addition
to DRD4, and personality. Out of 21 SNPs (10 SNPs in DRD4
and 11 SNPs in SERT), we found a highly significant association
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Figure 4. Survivorship plot function for latency to approach a novel
object (a penlight battery on the feeder) by wild great tits according to
SERT SNP234 genotypes. Black line represents TT birds and dash line rep-
resents TA birds. The figure shows the proportion of great tits that do
not approach the object (‘surviving’) up to the respective time interval.
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between SERT SNP234 and novelty secking behavior: TT birds
approached faster to a novel object than TA birds. Accordingly,
TT birds were more frequent within the urban habitat. To
explore whether this polymorphism is indeed adaptive, we per-
formed Tajima’s D neutrality tests, which were not significant in
cither population. In this case, adaptation would mean an
increase in a pre-existing polymorphism, and natural selection
based on standing variation is notoriously difficult to detect by
neutrality testing.*> The actual mechanism by which SNP324
affects personality remains to be known. Non-synonymous sub-
stitutions and distinctive codon bias have been reported in the
same region of DRD4 in Passeriform species, which may have
contributed to the degree of behavioral diversity and potential

for adapting to the novel environments such as big cities.®’

Final considerations

As we know, natural selection can be triggered by epigenetic as
well as genetic variation. As a result, DNA methylation is a
potential source of inter-individual phenotypic variation.*®
Recent studies comparing plants in different environments came
to the conclusion that the genome contains single site methyla-
tion polymorphisms in addition to SNPs.*” These polymor-
phisms at the epigenetic level allow individuals in the
populations to react differently to fluctuating environments.*®
Considering that, epigenetic modifications can occur much faster

than genetic divergence,”” methylation might have a role in shap-
ing personality traits in newly formed environments. We believe
that this can be a fructiferous future avenue of new research.
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