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Is there evidence of selection in the dopamine receptor D4
gene in Australian invasive starling populations?
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Abstract  Although population genetic theory is largely based on the premise that loci under study are selectively neutral, it has
been acknowledged that the study of DNA sequence data under the influence of selection can be useful. In some circumstances,
these loci show increased population differentiation and gene diversity. Highly polymorphic loci may be especially useful when
studying populations having low levels of diversity overall, such as is often the case with threatened or newly established inva-
sive populations. Using common starlings Sturnus vulgaris sampled from invasive Australian populations, we investigated se-
quence data of the dopamine receptor D4 gene (DRD4), a locus suspected to be under selection for novelty-seeking behaviour in
a range of taxa including humans and passerine birds. We hypothesised that such behaviour may be advantageous when species
encounter novel environments, such as during invasion. In addition to analyses to detect the presence of selection, we also esti-
mated population differentiation and gene diversity using DRD4 data and compared these estimates to those from microsatellite
and mitochondrial DNA sequence data, using the same individuals. We found little evidence for selection on DRD4 in starlings.
However, we did find elevated levels of within-population gene diversity when compared to microsatellites and mitochondrial
DNA sequence, as well as a greater degree of population differentiation. We suggest that sequence data from putatively non-
neutral loci are a useful addition to studies of invasive populations, where low genetic variability is expected [Current Zoology 61
(3): 505-519, 2015].
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All loci are affected equally by demographic proce-
sses, which determine the strength of genetic drift, but
the effects of selection will vary across genes (Caval-
li-Sforza 1966; Bowcock et al., 1991) potentially af-
fecting variation within and between populations. As a
result, a higher variance in measures of population dif-
ferentiation is expected when calculated using genes
under selection than those that are neutral (Lewontin
and Krakauer, 1973). Therefore, Allendorf et al. (2008)
have suggested that population data from genes under
strong selection may be useful for detecting between-
population variation where neutral markers have failed
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to do so. However, there are caveats for the use of mar-
kers under selection. First, the identification of genes
that are under selection is problematic, since DNA that
is not protein-coding may sometimes be under selection
(Pimpinelli and Dimitri, 1989; Andolfatto, 2005). Se-
cond, there is a range of possible effects of selection
upon gene diversity within-populations, genetic diffe-
rentiation between populations, and the interaction be-
tween them. Depending upon the mode of selection and
the similarity of selective pressures across environments,
population differentiation in loci under selection may be
significantly lower or significantly higher than expected
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from neutral markers. Karl and Avise (1992) demon-
strated lowered population differentiation in their com-
parison of geographic changes to allele proportions of
markers under balancing selection (allozymes) to those
from putatively neutral mtDNA and anonymous nuclear
loci. Conversely, compared to neutral loci, those under
different selection regimes in different environments
may show enhanced differentiation. This approach has
been used to identify genes that are putatively under
selection, using genome-wide single nucleotide poly-
morphism (SNP) scans (Akey et al., 2002) and many
studies have demonstrated that Fgr values from genes
believed to be under strong selection were significantly
higher than those estimated from neutral microsatellites
(Pampoulie et al., 2006; Hemmer-Hansen et al., 2007).
Finally, selection also affects within-population diversi-
ty: directional selection may depress or eliminate ge-
netic diversity within populations, whereas balancing
selection maintains within-population diversity (Nielsen,
2005).

For the estimation and comparison of within-popula-
tion gene diversity, functional genes (or linked loci such
as introns) may provide different information to micro-
satellite or mitochondrial sequence data. For example,
in a study of eight populations of four different carni-
vore species, Vili et al. (2008) found that the variance
in within-population genetic diversity across popula-
tions was approximately ten times greater at nuclear
intron loci than at microsatellite loci analysed for the
same group of individuals. They concluded that esti-
mates of within-population genetic diversity based on
microsatellite data may not be representative of genomic
levels of diversity due to ascertainment bias (i.e. the
highly polymorphic microsatellites selected for popula-
tion studies inflate estimates of within-population di-
versity, thereby reducing variation in diversity across
populations). Villablanca et al. (1998) found approxi-
mately 30% more genetic diversity at nuclear introns
than mitochondrial DNA (mtDNA) in native range
medfly populations Ceratitis capitata, but when intro-
duced populations were analysed, within-population
genetic diversity in introns was approximately three
times higher than that found for mtDNA. They con-
cluded that higher levels of genetic diversity found in
intron sequence data may render them more useful than
other types of markers for understanding invasion his-
tory and detecting variation between populations. This
is especially true in situations where neutral diversity is
expected to be low, such as founder events initiating in-
vasive populations. However, it is important to note that

the presence of higher levels of within-population ge-
netic diversity may not, by itself, result in more infor-
mative data regarding population history and differen-
tiation between populations.

Although the study of functionally important loci
may provide advantages over other types of markers as
described above, it is important to consider the effects
of selection on demographic and evolutionary history of
the gene under study (Zhang and Hewitt, 2003). In some
cases of strong selection, population history remains
unobscured (e.g. Pampoulie et al., 2006), but other exa-
mples show that population history can be completely
obscured by strong selection (e.g. Hemmer-Hansen et
al., 2007). For this reason, it is vital that multiple un-
linked loci are investigated to form an accurate picture
of the evolutionary history of populations of interest.

In this study, we examine population genetic patterns
using sequence data from the dopamine receptor D4
(DRD4) gene in introduced starling Sturnus vulgaris
populations in Australia. Polymorphisms of DRD4 have
been associated with variation in personality traits in
humans, but support for this relationship is equivocal
(Kluger et al., 2002). Polymorphisms in exon 3 of this
gene have also been linked to novelty-seeking beha-
viour in great tits Parus major (Fidler et al., 2007) and
yellow-crowned bishops Euplectes afer (Mueller et al.,
2014) but this gene has not been studied in starlings.

Starlings were introduced to eastern Australia (New
South Wales, Victoria, Tasmania and South Australia) in
the mid-19" Century (Jenkins, 1977) and have subse-
quently spread westward into Western Australia across
the arid Nullarbor Plain (Fig. 1; Woolnough et al., 2005).
Other than the occasional vagrant, starlings were first
found in Western Australia in the area surrounding Con-
dingup (Fig. 1) in 1971, presumably following the con-
struction of a bitumen road across the arid expanse of
the Nullarbor Plain, which may have increased access to
water (Woolnough et al., 2005). In 2001, starlings were
discovered approximately 200 km to the west of Con-
dingup in the vicinity of Munglinup, Western Australia.
It has been shown that these two incursions are likely to
represent separate secondary introductions from differ-
ent parts of eastern Australia (Rollins et al., 2009; Rol-
lins et al., 2011).

The well-documented history of invasion and availa-
bility of data from both nuclear (Rollins et al., 2009)
and mitochondrial (Rollins et al., 2011) neutral markers
for comparison, as well as the potential for strong selec-
tion in invasive populations, makes this an ideal study
system to evaluate how well DRD4 describes the evolu-
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tionary history of invasive starlings in Australia. Here
we combined DRD4 gene sequence data with putatively
neutral mtDNA and microsatellite data to address the
following:

1) Range expansion populations in the current study
may well have been established by individuals exhibit-
ing novelty-seeking behaviour. We ask whether DRD4
allele proportions differ between localities near the
original introduction sites as compared to those on the
range expansion front.

2) In the early stages of invasion, if long-distance
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dispersers experience selection on DRD4, gene diversity
should be suppressed. However, as more individuals
arrive, this may no longer occur. We ask whether non-
neutral gene sequence data show differing levels of ge-
netic diversity to that found in putatively neutral mtDNA
and microsatellite loci.

3) In light of what we have learned about the nature
of selection on DRD4, we ask how useful this locus is
for revealing population differentiation and invasion
history and if all of the markers assessed infer similar
invasion histories.
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WMB (N=7) Mason Bay, WA
WIJC (N=21) Jerdacuttup, WA
WMN (N=23) Munglinup, WA

SNU (N=27) Nullarbor, SA
SCR (N=33) Coorabie, SA
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Fig.1 Map of sampling localities

SAS (N=29) Stansbury, SA
SMA (N=33) Mallala, SA

TAN (N=17) Devonport, TAS
TAS (N=12) Hobart, TAS

Abbreviations and sample sizes (V) used for DRD4 sequencing shown below map. Original sites of introduction (OSI) denoted with open squares.

Inset map shows sites > 1,000 km from OSI.
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1 Material and Methods

1.1 Sampling and DNA extraction

Samples were collected during control operations at
17 localities across the introduced range of starlings in
Australia (Fig. 1). Some individuals were shot at nests
(N = 230), some were trapped in modified crow traps
containing lure birds (n = 113), and the method of cap-
ture of some birds was not recorded (n = 87). Samples
from areas with low sample size were pooled with those
from nearby locations (WMB with WJC, 32 km apart;
TAS with TAN, 190 km apart; see Fig. 1), after DRD4
data were tested for homogeneity in ARLEQUIN using p-
values of pairwise exact test on allele frequencies. DNA
was extracted using a Gentra PureGene extraction kit
(QIAGEN) according to manufacturer’s instructions.
These same individuals were previously analysed for
between-population variation using putatively neutral
markers including eleven microsatellites (Rollins et al.,
2009) and 942 base pairs (bp) of mitochondrial control
region (mtCR) sequence (Rollins et al., 2011). We com-
pare our current results to data from these previous stu-
dies (see below).
1.2 Primer design

Because exon sequence is typically conserved across
taxa, primers to amplify introns are often designed in
adjoining exons, termed EPIC (exon-primed intron-
crossing) primers (Palumbi and Baker, 1994). We de-
signed primers for this study using the EPIC approach
and PRIMER3 (Rozen and Skaletsky, 2000) software.
Primers D4E3a-F and D4E4a-R (Table 1) were designed
in DRD4 exons 3 and 4 respectively, using blocks of

(2007) found to contain polymorphisms that were linked
to exploratory behaviour in P. major. An NCBI BLAST
search revealed this sequence matched well to DRD4
sequences of a wide variety of passerine birds (e.g. P.
major, DQ006801, query coverage = 100%, e-value =
0, sequence identity = 89%; Taeniopygia guttata,
GQ359780.1, query coverage = 39%, e-value = 9e-93,
sequence identify = 96%). We designed a second set of
primers internal to the first set: D4E3b-F and D413a-R
(Table 1, Fig. 2).
1.3 DRD4 amplification and sequencing

The initial polymerase chain reaction (PCR) for all
samples was conducted using primer pair D4E3a-F /
D4E4a-R. PCR reactions containing 30 ng of genomic
DNA, 0.5 pM primers, 1x buffer, 2.5 mM MgCl, 200
uM dNTPs, and 0.2 units of AmpliTaq Red (ABI) in a
final volume of 20 pl were run for 30 cycles at 59° C
(annealing temperature). Samples with poor or no am-
plification were re-run using alternate primer combina-
tions and 3.0 mM MgCI. All PCR products were clean-
ed with Exo-Sap-It (GE Healthcare) following manu-
facturer’s instructions. Big-Dye chemistry (ABI) was
used in sequencing reactions and products were ethanol
precipitated and run on an ABI 3730. A subset of sam-
ples was sequenced in the reverse direction to assure
accuracy of base identification. All individuals having
singleton polymorphisms were sequenced twice to mi-
nimise sequencing error. Sequences were edited, aligned

Table 1 Sturnus vulgaris DRD4 primer sequences and
melting temperatures

Position Primer Sequence T °C
sequence conserved between the chicken genome and P,
major DRD4 (GenBank DQ006801). The resulting am- Exon3  DdEaF 3"~ TGGAGGATGACRACTACATCG 61
plicon was approximately 700 bp in length and con- Exon3 DA4E3b-F 5 — CATGTTCCAAGGACTCAAGC 60
tained a portion of exon 3 and th.e entirety of the .mtro.n fron3 D4l3aR 5 — AAGGTGATGTTCAARAGGGTT 57
found between exons 3 and 4 (Fig. 2). Included in this
. . Exon4 D4E4a-R 5’ — CCAGCAGAAGAGGAAAGCAC 62
sequence was the portion of exon 3 that Fidler et al.
Qg “0g >
. m.m I L L1, e
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Fig. 2 Schematic of portion of DRD4 gene sequenced in S. vulgaris

Primers from Table 1 are shown as black boxes. Sequence from Exon 3 and Intron 3 analysed here is highlighted in grey. SNPs are indicated by thin
vertical lines. Information below the line relates to DRD4 sequence from P. major (GenBank DQ006801), including SNP830, which showed a cor-
relation with novelty-seeking behavior in that species. Exon/intron boundaries are shown at the bottom of the figure.
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and trimmed to a uniform length in SEQUENCHER ver-
sion 4.2. We aligned starling DRD4 sequence with ho-
mologous sequence from the chicken and zebra finch
genomes (phylogenetically closest published genomes)
to delineate the boundary between exon 3 and intron 3.
A data file was constructed containing both exon and
intron data, as well as a file that only contained exon
data for investigations of selection and one containing
only intron data for comparisons of genetic diversity to
other markers (see below).
1.4 Allele discrimination

We used the Excoffier-Laval-Balding (ELB) haplo-
type inference algorithm implemented in ARLEQUIN ver-
sion 3.11 (Excoffier et al., 2005) to infer alleles (haplo-
types). Excoffier et al. (2003) demonstrated that this
method is much faster computationally than Bayesian
methods, while performing equally well, and that in the
presence of high levels of recombination, ELB’s per-
formance is more accurate. The ELB approach has been
compared to other methods of haplotype inference (e.g.
expectation-maximum and simple inference methods),
all of which have yielded highly similar results (Zaro-
wiecki et al., 2014). Values for a, €, and y were all set to
0.01 following recommendations of the authors (Excof-
fier et al., 2003). Because this method assumes Hardy-
Weinberg equilibrium, data were tested for adherence to
this assumption using ARLEQUIN. Using the combined
dataset, allele proportions were calculated for each lo-
cality.
1.5 Tests for selection

Polymorphisms in the exon sequence were classified
as synonymous or non-synonymous. For each polymor-
phism found, the number of copies of each genotype at
that position were calculated for each of the following
distance classes: localities at sites from the original in-
troduction (NOR, VYV, TN/S, SMC), localities to the
east of the Nullarbor Plain that were located less than
1000 km from introduction sites (SMN, SMA, SAS,
STB, SST, SCR, SNU), and localities to the west of the
Nullarbor Plain that were located more than 1,000 km
from introduction sites (WCO, WCB, WMN, WM/J)
(Fig. 1). Assuming long-distance dispersal is correlated
with novelty-seeking behaviour in starlings as has been
shown in great tits (Dingemanse et al., 2003), the ratio-
nale behind the choice of these groups was that if a se-
quence variant is associated with a predisposition for
long-distance dispersal, the proportion of that variant
should increase with distance from site of introduction.
For each SNP, we used chi-square contingency tests to
determine whether allele counts were different across
distance classes. For each sampling locality, we used the

combined dataset to calculate two neutrality indices:
Tajima’s D (1989) and Fu’s Fs (1997). Although these
indices are indicators of neutrality/selection, they are
also sensitive to population expansion and contraction.

Patterns consistent with selection, identified using
the methods described above, may also be the result of
genetic drift. Therefore, it would be useful to have a
measure of novelty-seeking behaviour that is indepen-
dent to population history. Given the management of
this invasive species, captive experiments were not
possible. However, we did obtain samples using a va-
riety of methods including shooting and trapping. Me-
thod of capture has been used previously as a proxy for
boldness behaviour (Gonzalez-Bernal et al., 2014) so
we tested whether SNPs were associated with method of
capture in our study. We used willingness to go into a
trap as a proxy for boldness whereas individuals that
were shot were used as controls.
1.6 Genetic diversity within populations

Values of DRD4 intron 3 molecular diversity (6,)
within populations were estimated in ARLEQUIN and
plotted as a function of estimated time since coloniza-
tion and a linear regression was performed on these data.
To compare estimates of genetic diversity found in DRD4
intron 3 to estimates from the same individuals using
microsatellites (Rollins et al., 2009) and mtDNA data
(Rollins et al., 2011), we selected a group of 318 indi-
viduals from 11 localities for which we had sufficient
sample sizes for all three classes of markers (Table 2).

Table 2 Sample size and gene diversity (GD) calculated
for the same group of individuals using microsatellite,
DRD4 and mtCR datasets

Locality Sarpple Microsatellite DRD4-13 mtCR
Size GD GD GD
WCO 25 0.630 (0.029)  0.868 (0.003)  0.680 (0.009)
SNU 27 0.639 (0.032)  0.915(0.002)  0.704 (0.007)
SCR 31 0.666 (0.028)  0.915 (0.002)  0.740 (0.005)
SST 28 0.673 (0.031)  0.902 (0.003)  0.664 (0.007)
STB 28 0.655(0.029)  0.892 (0.003)  0.704 (0.008)
SAS 26 0.648 (0.030)  0.896 (0.003)  0.668 (0.010)
SMA 32 0.641 (0.028)  0.914 (0.002)  0.692 (0.007)
SMC 32 0.664 (0.030)  0.889 (0.003)  0.692 (0.007)
SMN 30 0.675(0.027)  0.857 (0.003)  0.639 (0.009)
VYV 29 0.655(0.022)  0.820 (0.006)  0.569 (0.009)
NOR 30 0.650 (0.028)  0.941 (0.001)  0.800 (0.006)

Values in parentheses are standard error
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Using this group of individuals, gene diversity (GD)
was calculated in ARLEQUIN using DRD4 data. For an
equitable comparison, genetic diversity was calculated
using microsatellites (equivalent to expected heterozy-
gosity, Hg) and mtCR sequence data from these same
individuals following methods in the previous studies of
these markers (Rollins et al., 2009; Rollins et al., 2011).
Linear regressions were performed in SPSS comparing
GD of DRD4 to that of microsatellite and mtCR data.
Absolute amounts of GD were plotted for the three mar-
ker classes across all localities and paired -tests were
used to assess the significance of any differences found
between DRD4 GD and similar estimates from the other
two marker classes.

1.7 Genetic variation between populations

Genetic variation between populations was assessed
using the combined dataset (exon and intron sequence).
P-values from pairwise exact tests (Raymond and Rous-
set, 1995) were used to identify variation between locali-
ties and multiple comparisons were adjusted for false
discovery rate (FDR) following the method of Benjami-
ni and Hochberg (1995). AMOVA was used to examine
hierarchical population structure based on the regions
which were identified using microsatellite loci in this
species (Rollins et al., 2009).

We also assessed population subdivision using the
Bayesian clustering approach implemented in STRUC-
TURE version 2.3.4 (Pritchard et al., 2000; Falush et al.,
2003). To analyse STRUCTURE results, we used the AK
method (Evanno et al., 2005) to infer the number of
genetic groups sampled. We chose the admixture model
with correlated allele frequencies and ran ten replicates
of each run and set the number of genetic groups to test
to K =1 to 8. Each run consisted of a burn-in period of
100,000 MCMC (Markov chain Monte Carlo) steps
followed by 10° iterations.

2 Results

P-values of pairwise exact tests of DRD4 differentia-
tion between WMB and WJC (P = 0.115), and TAN and
TAS (P = 0.110) were not significant. In all subsequent
analyses, WMB and WIJC are pooled (hereafter referred
to as WM/J), as are TAN and TAS (TN/S).

2.1 Amplification and allele discrimination

The majority of samples used in this study amplified
well with primer pair D4E3b-F / D4I3a-R. However,
approximately one-quarter of our samples did not ampl-
ify well with this primer pair, presumably due to poly-
morphisms in the primer annealing sites. These samples
did amplify using alternative primer pairs (Table 1).

The combined dataset for subsequent analyses con-
tained 248 bp from the 3’ end of exon 3, and 307 bp
from the 5’ end of intron 3. The exon sequence contain-
ed six single nucleotide polymorphisms and the intron
sequence contained seven. None of these loci showed
significant departures from Hardy-Weinberg equili-
brium. Using the ELB algorithm, we defined thirty-
eight alleles (Table 3; Supplementary Material, Table S1;
GenBank KP941028).

2.2 Tests for selection

All six polymorphisms found in the exon sequence
were third-codon position synonymous substitutions.
Allele counts for four single-nucleotide polymorphisms
(SNPs; sites 26, 56, 92 and 131) were significantly dif-
ferent across distance classes (Table 4). However, Taji-
ma’s D and Fu’s Fs were not significantly different from
zero for any sampling locality after FDR correction (Ta-
jima’s D ranged from 0.98-1.97; Fu’s Fs ranged from
-5.65 to -0.01). Further, none of the six SNPs identified
in DRD4 exon 3 were significantly associated with
capture method (Table 4).

2.3 Genetic diversity within populations

DRD4 showed a significant linear relationship be-
tween date of first record and the nucleotide diversity
measure 6, (+* = 0.55, P = 0.002; Fig. 4). Levels of ge-
netic diversity in localities from the westernmost locali-
ties (WM/J, WMN, WCB and WCO) were lower than
those in other parts of Australia (Fig. 5). As a group,
these western localities had lower values of ; (mean 6,
= 1.85) than all other localities to the east (mean ¢, =
2.40) (t test, P < 0.001). The locality having the greatest
number of alleles was SMA (20 alleles) and the locality
having the fewest was WCB (9 alleles). Using the sub-
set of samples for which we had sufficient sample sizes
to compare estimates across markers (see above), we
calculated GD of microsatellites, DRD4 and mtCR (Ta-
ble 2). The regression of DRD4 GD versus microsatel-
lite GD was not significant (* = 0.021, P = 0.670).
However, the regression of DRD4 GD versus mtCR GD
was highly significant (* = 0.809, P < 0.001). Across
all sampling localities included in our subset of samples,
estimates of GD were significantly lower for mtCR (GD
ranged from 0.57 to 0.80; paired #-test P < 0.001) and
microsatellite data (GD ranged from 0.63 to 0.67; paired
t-test P < 0.001) than for DRD4 intron data (GD ranged
from 0.82 to 0.94; Fig. 6).

2.4 Genetic variation between populations

Large shifts in proportions of DRD4 alleles 3, 5, 6
and 10 occurred across the range of starlings in Austra-
lia and all of these frequency changes occurred between



511

ROLLINS LA et al.: DRD4 in invasive starling populations

SYSLI9)SE AQ PAJOUSP I8 UOHIONPOLUI JO SIS [RUISLIO Y} WO U 000 ] < 9SOY) PUB JSBS 0] 1SOM WOIJ
pastuedio are sanIed0T ‘870164 Juegquon ul payisodop aouanbas [ S d[qe] ‘TeLdle]y Arejuowa(ddng ur umoys aIe 9[a[[e Yoed 10J SINS PIoq ur (001'0 < Aousnbaiy) uonemndod yoes 10J S9[d[[e UOWILIO))

L10°0 8¢

L10°0 LE

L10°0 9¢

L10°0 33

L90°0 500 9100 0€0°0 143

S10°0 133

L10°0 [43

L10°0 1€

L10°0 0€

L10°0 6C

L10°0 L10°0 8¢C

L10°0 S10°0 L10°0 LT

S10°0 L10°0 9T

6900 €00 ST

S10°0 S10°0 1£4

L10°0 £€0°0 £€80°0 L¥0°0 S¥0°0 500 L10°0 0€0°0 €C

LIT°0 050°0 £€90°0 190°0 L10°0 050°0 S¥0°0 (44

8100 1C

8100 0T

500 L10°0 L¥0°0 €01°0 L10°0 L10°0 0€0°0 ¥50°0 61

¥€0°0 £€80°0 L10°0 L10°0 9100 6900 LIT°0 500 0€0°0 1L0°0 8100 81

££0°0 L¥0°0 S10°0 0€0°0 8100 Ll

980°0 L10°0 $€0°0 €€0°0 L¥0°0 9L0°0 L10°0 L9070 690°0 0€0°0 9¢0°0 6100 810°0 91

6100 SI

0S0°0 9100 S10°0 €00 6100 €200 4!

L10°0 0500 L10°0 S10°0 ££0°0 ¥€0°0 0€0°0 ¥50°0 12741} £20°0 €l

£20°0 00 4!

00 IT

£€67°0 €E10 L6€0 L9T0 wro 1o wro LIT°0 061°0 1o 8¥1°0 €LT°0 00 ()1

6900 L90°0 9800 001°0 L¥00 190°0 7o £€0°0 6900 9L0°0 £v0°0 8100 6

L90°0 6900 1€0°0 0€0°0 690°0 L10°0 L10°0 0€0°0 LEOO 6100 651°0 601°0 500 8

L10°0 L10°0 S10°0 S10°0 8€0°0 S¥0°0 §90°0 6800 L

$€0°0 £€0°0 500 L10°0 S¥0°0 L10°0 L1070 500 0€0°0 1L0°0 o 160°0 4341} 961°0 9

¥€0°0 L10°0 L10°0 €€0°0 L10°0 S¥0°0 950°0 SIT0 yIro vLT'0 6L1°0 S

S10°0 S10°0 6100 8100 14

8€1°0 L90°0 L10°0 007°0 YeTo LTT0 9800 001°0 wo o 8¥1°0 9€0'0 €

SST°0 £€80°0 €E€T°0 601°0 9L0°0 L0T'0 £€87°0 690°0 1Zro L9T°0 850°0 sSSP0 8Y€°0 1€°0 (4

500 0500 £01°0 £80°0 601°0 160°0 ¥€0°0 0500 00 160°0 ¥L0'0 €LT°0 8900 £v0°0 ¥50°0 !
S/NL AON AAA NIAS JOINS VIAS SVS qLS LSS dOS NNS «*00M «*dOM *NIANM *[/INM SNV

*Kyredof Surjdwes yoed oy suonaodoad S YA € 21qeL



512 Current Zoology Vol. 61 No. 3
Table 4 Allele counts per substitution site in DRD4 exon data
Site 26 Site 56 Site 92 Site 125 Site 131 Site 248
G C G T C G A T C T C

Distance class

1 (OSI) 66 174 235 136 104 233 7 203 37 240 0

2 (< 1,000 km from OSI) 131 291 420 285 137 409 13 360 62 418 4

3 (> 1,000 km from OSI) 123 75 198 274 24 197 1 136 62 198 0
r 69.15 7.02 50.64 4.07 26.86 4.17

df 2 2 2 2 2 2

P <0.001 0.030 <0.001 0.131 <0.001 0.124
Capture method

Shot 179 281 453 314 146 452 8 371 89 457 3
Trapped 8 M@ 26 0 ] 170 %6 220 6 18 4 s 1
v 0.06 2.13 3.21 0.26 0.00 0.04

df 1 1 1 1 1 1

P 0.807 0.144 0.072 0.610 1.000 0.842

Distance class: data are separated into three distance classes from original sites of introduction (OSI). Capture method: data are separated according
to whether the sample was shot or trapped. Chi square values, degrees of freedom (df) and P-values are given.
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T
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T T T T T T T
SAS SMA SMC SMN VYV NOR TN/S

Fig. 3 STRUCTURE Q plot showing membership of two genetic groups present in Australia, based on sequence data from

DRD4

Each individual is represented by a vertical bar indicating degree of admixture.

1840 1860 1880 1900 1920 1940 1960

Date of First Record

1980 2000 2020

Fig. 4 Relationship between molecular diversity (6,) and
date of first starling record (= 0.550, P = 0.002)

WCO and one of its two adjoining localities (Table 3).
Exact tests indicated that the three westernmost sam-
pling localities (WM/J, WMN, WCB) were not diffe-
rentiated from one another (P-values ranged from 0.187
to 0.851; Supplementary Material, Table S2) but were
significantly differentiated from all other sampling lo-

calities across Australia (all P-values < 0.001). After
FDR correction for multiple comparisons, two sites
were significantly differentiated from all other localities
sampled (WCO and VYV; all pairwise p-values with
these sites were < 0.001; Supplementary Material, Table
S2). Using the four regions defined by microsatellite
data (eastern Australia including NSW, TAS, VIC; all
sites in South Australia; WCO in Western Australia;
WMB, WJC, WMN, WCB in Western Australia; Rollins
et al., 2009), AMOVA of DRD4 data showed significant
differentiation among regions (8.3% of variation, P-
value < 0.001, Fcr = 0.083) but the majority of the vari-
ation was found among localities among regions (91.6%,
P-value < 0.001, Fgr=0.084). Less than 1% of the vari-
ation was attributed to differences among localities
within regions (P-value = 0.309, Fsc = 0.002). STRUC-



ROLLINS LA et al.: DRD4 in invasive starling populations 513

TURE analyses indicated the presence of two genetic
groups: all Western Australian localities formed one
group and all other localities formed the other group

(Fig. 3).
3 Discussion

3.1 Evidence of selection

Polymorphisms of the DRD4 gene have been linked
to novelty-seeking behaviour in humans (Chen et al.,
1999), where it has been shown to be highly variable
(Ding et al., 2002). DRD4 may provide one of the best-
described examples of balancing selection in humans
(Ding et al., 2002). However, investigations of the rela-
tionship between DRD4 alleles and such behaviours
have not always yielded clear results (Kluger et al.,
2002). More recently, this gene has been investigated in
other taxa in relation to behaviour. Here we ask whether
an invasive population of starlings displays evidence of
selection at this locus. Contrary to the results of DRD4

studies in great tits (Fidler et al., 2007) and yellow-
crowned bishops (Mueller et al., 2014), our investiga-
tions did not find compelling evidence of selection for
novelty-seeking behaviour acting on this locus in Aus-
tralian starling populations. No significant departures
from Hardy-Weinberg equilibrium were found. Neither
Tajima’s D nor Fu’s Fs showed evidence of selection for
any locality but these tests will only detect selection at
specific times relative to its onset and the time at which
equilibrium is regained, which will vary depending
upon the type and intensity of selection (Halliburton,
2004). All identified substitutions were synonymous (i.e.
did not result in an amino acid change). However, evi-
dence now suggests that synonymous mutations can
alter translation and therefore gene expression, and this
has been demonstrated in the DRD2 gene in humans
(Duan et al., 2003).

We did find three polymorphisms showing differen-
ces in relative abundance across distance classes (Table 4),

WM/J WMN WCB WCO SNU SCR SST

STB  SAS SMA SMC SMN VYV NOR TN/S

Fig. 5 Molecular diversity (6,) found in each sampling locality
Error bars represent standard error. Localities are organised from west to east.

1.0 O mtCR

0.6

GD

02

m DRD4

@ microsatellites

1 | 1 1 1 ]

0 (.
WCO SNU SCR  SST STB

SAS SMA SMC SMN VIC NSwW

Fig. 6 Gene diversity (GD) estimated from mtCR, DRD4 (intron 3) and microsatellite data with standard error bars

Localities are organised from west to east.



514 Current Zoology

Vol. 61 No. 3

which might be linked to novelty-seeking behaviour.
However, these changes could also be the result of ge-
netic drift. To investigate association between these
SNPs and novelty-seeking behaviour, we analysed these
data according to whether individuals were shot (control
sample) or trapped using conspecific lure birds. None of
these SNPs were significantly associated with capture
method, suggesting that drift may be the more likely
explanation for allele differences across populations. In
summary, we have found little support for selection
acting on DRD4 in Australian starling populations.

Given results of other studies of DRD4 in birds that
have found evidence of selection at this locus (Fidler et
al., 2007; Mueller et al., 2014), our results may be sur-
prising. However, it has previously been demonstrated
that Australian starling populations show evidence of
genetic bottlenecks (Rollins et al., 2009) and substan-
tially reduced genetic diversity as compared to starlings
in their native range (Rollins et al., 2011). Therefore,
diversity of functional polymorphisms at DRD4 could
have been lost through the process of introduction. Fur-
ther, it is possible that capture methods used when
starlings were translocated from their native range re-
sulted in pre-establishment selection (Carrete et al.,
2012) for particular personality types, and potentially
for particular DRD4 alleles. It is also possible that the
earliest immigrants to Western Australia were bolder
than later immigrants and these early immigrants are no
longer represented in the population we sampled. Final-
ly, we have only sequenced a portion of this gene, and
other coding regions of DRD4 may harbour functional
polymorphisms in starlings. Further support for an ab-
sence of directional selection at DRD4 comes from our
investigations of within-population genetic variation
(below).

It should be noted that Korsten et al. (2010) con-
ducted a second study to investigate the relationship be-
tween novelty-seeking behaviour and DRD4 in free-
living great tits from four wild populations, including
that used for Fidler et al.’s (2007) study (Westerheide).
While the same patterns emerged from Westerheide
samples in both studies, the remaining three populations
in Korsten et al. (2010)’s study showed little evidence
of selection for exploratory behaviour at this locus.
They point out that at Westerheide, only approximately
5% of the variation in exploratory behaviour was ex-
plained by genetic variation at DRD4 and, in a meta-
analysis using human data, genetic variation at this lo-
cus only explains about 3% of novelty-seeking beha-
viour (Munafo et al., 2008). These small effects are,

nonetheless, substantial by the standards of other asso-
ciation studies of complex traits (Munafo and Flint,
2004). However, such small effects may be difficult to
detect. Further in-depth investigation of DRD4 in these
same four populations revealed evidence of association
between exploratory behaviour and different SNPs
across populations within this gene, indicating that se-
lection for exploratory behaviour may have evolved
locally in these populations (Mueller et al., 2013).
Therefore, it is possible that in Australian starlings, oth-
er areas of this gene outside of our sequenced region
may contain SNPs linked to exploratory behaviour.

3.2 Genetic diversity within populations

Other than singleton alleles, no DRD4 allele was
private to any sampling locality, nor to any region pre
viously defined using microsatellite data (Rollins et al.,
2009). To the east of the Nullarbor Plain, molecular
diversity (6;) was similar across all sampling localities,
and at localities in WA, 6, was lower. Because 6, is re-
lated to effective population size, we can infer that lo-
calities in WA might have experienced smaller effective
population sizes than those in the east; this pattern could
also result from directional selection occurring in WA
localities, but in that case we would expect to see lo-
wered diversity only at DRD4 (and not putatively neu-
tral loci), which is not the pattern we observed. The
lowest value of molecular diversity of DRD4 was found
in WCB, in accordance with previous results from both
the microsatellite and mitochondrial datasets (Rollins et
al., 2009; Rollins et al., 2011). Similarly, molecular di-
versity measures for all three marker types were lower
for sampling localities with a more recent date of first
record (e.g. Western Australian localities, Figs. 4-6),
supporting the idea that this measure may be useful for
determining whether newly founded populations result
from recent incursions.

Vili et al. (2008) investigated the relationship be-
tween diversity found at microsatellite loci and diversity
found at random DNA sequences, studying four species
of carnivores from a total of eight populations. They
found that nucleotide diversity estimated from a suite of
10 intron sequences varied 30-fold across their study
populations. Their estimate of microsatellite gene diver-
sities for the same individuals varied only 1.4-fold (or
3-fold when converted to H./(1-H,), which is directly
comparable to nucleotide diversity; Vili et al., 2008).
The large difference in diversity found across the two
marker classes used by Vili et al. (2008) was driven by
the large number of introns having no variation in two
populations included in their study, which are believed
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to have passed through a bottleneck (Hellborg et al.,
2002; Cegelski et al., 2006). However, microsatellite
gene diversity in their populations (approximately 0.50)
did not reflect the extreme lack of intron diversity. This
could be because of the different ways that variable mi-
crosatellites were ascertained in the studies summarised
by Vili et al. (2008), or possibly because the microsa-
tellite diversity had recovered from the bottleneck faster,
due to a higher mutation rate (Halliburton, 2004). In our
study, within-population diversity estimates (GD) using
the DRD4 data had a larger range across localities (1.15-
fold) than GD estimates using microsatellite data (1.07-
fold). The difference was much less pronounced than in
the Vili et al., (2008) study, possibly because they in-
cluded several species, while our study included only
one species, using populations resulting from a common
introduction.

While it is expected that diversity measures across
different marker classes should be correlated in the ab-
sence of selection, in our study no significant relation-
ship was found between DRD4 and microsatellite gene
diversity. This may be due to ascertainment bias be-
cause microsatellites are typically chosen by virtue of
their degree of diversity. As a result, while populations
may have varying degrees of diversity at DRD4, they
may have similar diversity estimates using microsatel-
lite loci, which were originally chosen because they
showed consistently high levels of diversity across pop-
ulations. However, we found a highly significant rela-
tionship between DRD4 and mitochondrial gene diver-
sity (+* = 0.808, P < 0.001). In a study of medfly native
and invasive populations, Villablanca et al. (1998) found
a greater loss of gene diversity at introduction in mito-
chondrial data than at nuclear intron data. In their study,
for both native and introduced populations, nuclear gene
diversity was higher than mitochondrial gene diversity.
Similarly, in our study, gene diversity was significantly
greater at DRD4 than for mtCR or microsatellite data, in
every locality tested. This pattern could result from
higher mutation rates or balancing selection at DRD4,
increasing diversity at this locus, or from a reduction in
diversity at other loci. For example, Villablanca et al.
(1998) concluded that the greater loss of diversity in the
mitochondrial genome at introduction was likely to be a
result of stronger genetic drift acting on the mitochon-
drial genome, whose inheritance mode lowers the effec-
tive population size relative to nuclear DNA.

We note that our investigations of within-population
genetic variation also support an absence of directional
selection at DRD4. Although newly-established invasive

populations are not likely to be at equilibrium, Chao et
al. (2015, in press) have demonstrated that mutation-
drift equilibrium is a reasonable approximation for Aus-
tralian starlings. Assuming equilibrium, within-popula-
tion GD is proportional to 4N,u/ (1+4N,p), where N, is
the effective population size and p is the mutation rate
(Crow and Kimura 1970) for loci evolving under the
Infinite Alleles Model (e.g. DRD4, mtCR). This rela-
tionship is similar for loci evolving under the Stepwise
Mutation Model (e.g. microsatellites, Kimura and Ota,
1975). Mutation rates have been estimated for nuclear
genes at 10™ per gene of ~1,000 bases, mitochondrial
DNA an order of magnitude higher, and microsatellites
at 107 (Halliburton, 2004); all these rates might vary by
an order of magnitude. Effective population sizes in
starlings might be between 1,000 to 10,000 (Rollins un-
published). Effective population size of mtDNA is four-
fold lower than nuclear markers (Ballard and Whitlock,
2004). Applying these values in the equation above
show that unless population sizes are extremely small,
changes to N, have a small effect on estimates of GD,
whereas differences in estimates of p across markers
impacts GD. If we assume all of these loci are neutral,
we would expect that GD DRD4 should be somewhat
lower than for mtDNA and microsatellites. However,
our data show that GD estimated from DRD4 is clearly
not lower than GD estimated from mtDNA or microsa-
tellite loci, but actually slightly higher (Fig. 6). Thus
there is not perfect agreement to a neutral scenario, but
certainly not evidence for directional selection, which
would be expected to depress within-population varia-
bility of DRD4 relative to neutral expectations (Nielsen,
2005).
3.3 Genetic variation between populations

Using the DRD4 dataset, we found similar patterns of
population differentiation to that found for the same in-
dividuals using microsatellites (Rollins et al., 2009) and
mtDNA sequence data (Rollins et al., 2011). Localities
in WA were differentiated from eastern localities (Fig.
3), and exact tests indicated that WA localities on the
edge of the range expansion (WM/J, WMN, WCB) were
not different to one another but were differentiated from
the original area of colonisation in WA (WCO). Similar
to what was found with microsatellite and mtCR data in
previous studies of these individuals, shifts in allele
proportions occurred on either side of WCO (Table 3),
indicating that this may be an area where two genetic
groups are converging. Although it appears that broad
patterns are similar across the markers we used in this
study, we found a greater degree of between-population
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variation using DRD4 (Supplementary Material, Table
S2), possibly due to the higher number of alleles found
at this locus. Within the two eastern regions defined by
microsatellites (Rollins et al., 2011), exact tests indi-
cated that some localities were differentiated from oth-
ers at DRDA4. In particular, VYV was differentiated from
all other localities in the East. Allele 10 was the most
common allele only in the four easternmost localities
(TN/S, NOR, VYV, SMN; Table 3) and the frequency of
this allele was extremely high in VYV (0.397). It is
possible that this reflects the genetic composition of the
founding population in VY'V. Although substructure was
identified within the regions delineated by microsatellite
data, in the DRD4 dataset more of the variation could be
explained by differences between regions (8.36%) than
with the microsatellite dataset (4.6%). This suggests that
the DRD4 dataset may have a greater power to identify
variation between populations.

3.4 Nuclear gene sequences and invasive popula-
tion genetics

One of the greatest challenges in using genetics to
understand the history and dynamics of invasive popu-
lations stems from the reduction in genetic diversity that
often accompanies newly established populations. Vil-
lablanca et al. (1998) concluded that markers with high
levels of genetic diversity are likely to be more useful to
the study of invasive populations (Villablanca et al.,
1998). In the present study, DRD4 showed a greater de-
gree of population differentiation than either microsatel-
lites or mtDNA sequence. While we do not suggest that
sequence data from a single nuclear gene is representa-
tive of an entire genome, the results from this study and
others (Villablanca et al., 1998; Pampoulie et al., 2006;
Hemmer-Hansen et al., 2007; Vili et al., 2008) indicate
that the use of functional loci may provide more resolu-
tion than neutral markers traditionally used for popula-
tion studies.

It is important to note that using loci under strong
selection in population genetic studies requires careful
interpretation because most analyses assume a neutral
model of evolution. On the other hand, choosing loci
believed to be under weak or no selection may avoid
these problems, but these loci may also be uninforma-
tive. Recombination, mutation, effective population size
and selection might impact each gene differently, and
the history of a particular gene may not reflect the his-
tory of the genome. As a result, it is vital to compare
multiple loci to determine whether results are indicative
of population history.

If comparative reductions in within-population ge-

netic diversity are used to determine whether newly dis-
covered invasions are newly founded, it will be impor-
tant to choose markers which maximise differences in
diversity across populations. Estimates of diversity in
this study were more variable across localities using
DRD4 data than with microsatellites, and Vili et al.
(2008) found a 30-fold difference in diversity when
comparing nuclear sequence data to microsatellites. We
suggest that sequence data from functional nuclear
genes can provide a valuable contribution to the study
of invasive populations, especially if used in conjunc-
tion with other more traditional approaches, for which
analyses are better developed and understood.
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Supplementary Material

Table S1 Dopamine receptor D4 (DRD4) gene alleles from a 555 bp segment including partial exon 3 and intron 3
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The nucleotide at each polymorphic site for each allele is shown. Full sequence deposited in GenBank (KP941028).
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Table S2 DRD4 exact test pairwise p-values (significant results after FDR correction denoted in bold)

WM/l WMN WCB WCO SNU  SCR SST STB SAS SMA SMC SMN VYV NOR TN/S
WM/ —
WMN  0.851 —
WCB  0.187 0.763 —
WCO  0.000 0.000 0.000 —
SNU  0.000 0.000 0.000 0.000 —
SCR  0.000 0.000 0.000 0.000 0.587 —
SST ~ 0.000 0.000 0.000 0.000 0.327 0.643 —
STB  0.000 0.000 0.000 0.000 0486 0263 0.042 —
SAS  0.000 0.000 0.000 0.000 0.060 0241 0.023 0.118 —
SMA  0.000 0.000 0.000 0.000 0.021 0.889 0.543 0.002 0.007 —
SMC  0.000 0.000 0.000 0.000 0.033 0.88 0.173 0.012 0.041 0.844 —
SMN  0.000 0.000 0.000 0.000 0.001 0.534 0.219 0.006 0.035 0419 0.460 —
VYV 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 —
NOR  0.000 0.000 0.000 0.000 0.009 0.102 0.033 0.025 0.009 0.168 0.039 0.010 0.001 —
TN/S  0.000 0.000 0.000 0.000 0.168 0.302 0.618 0.138 0.156 0.070 0.123  0.346  0.000 0.002 —




