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1 | INTRODUCTION

The extent of urban habitats is increasing worldwide, and most hu-
mans now live in cities (United Nations, 2018). Urbanization results

Abstract

When a species colonizes an urban habitat, differences in the environment can create
novel selection pressures. Successful colonization will further lead to demographic
perturbations and genetic drift, which can interfere with selection. Here, we test
for consistent urban selection signals in multiple populations of the burrowing owl
(Athene cunicularia), a species that colonized South American cities just a few decades
ago. We sequenced 213 owls from three urban-rural population pairs and performed
a genome-wide comparison of urban against rural birds. We further studied genome-
wide associations with flight initiation distance, a measure of harm avoidance in which
urban and rural birds are known to differ. Based on four samples taken over nine
years from one of the urban populations, we investigated temporal allele frequency
changes. The genomic data were also used to identify urban-specific signatures of
selective sweeps. Single genomic sites did not reach genome-wide significance for
any association. However, a gene-set analysis on the strongest signals from these
four selection scans suggests a significant enrichment of genes with known functions
related to synapses and neuron projections. We identified 98 genes predominantly
expressed in the brain, of which many may play a role in the modulation of brain con-
nectivity and consequently in cognitive function and motivational behaviour during
urbanization. Furthermore, polymorphisms in the promoter region of the synaptic
SERT gene - one of the two candidates known to correlate with urban colonization in

birds - associated with the habitat in which individuals lived (urban vs. rural).
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in dramatic environmental changes, including habitat fragmenta-
tion, increased temperature, altered availability of resources and
breeding sites, reduced predation or parasite pressure and air, noise,
and light pollution (Johnson & Munshi-South, 2017). Despite the
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associated general decline in diversity, there are many examples of
species that successfully colonize urban habitats. During and shortly
after such successful colonization events, strong episodes of selec-
tion are expected. Among birds, urban colonization has been related
to intraspecific variation in a wide range of behavioural traits, in-
cluding antipredator and dispersal behaviour (Alberti et al., 2016;
Evans, Hatchwell, Parnell, & Gaston, 2010). Urban life may affect
daily and seasonal activity patterns like the timing of dawn singing
(Kempenaers, Borgstrom, Loes, Schlicht, & Valcu, 2010), reproduc-
tion (Chamberlain et al., 2009), and migratory and dispersal be-
haviour (Evans et al., 2012). Increased sedentariness and a shifted
breeding period may then restrict gene flow between urban and
rural populations, thus facilitating local urban adaptation (Evans
et al., 2012). It has also been proposed that urban life selects for
individuals that show a reduced reactivity to human disturbance in a
number of bird species (Carrete & Tella, 2011).

Colonization of urban habitats by animals and plants is ideal to
study recent adaptive and nonadaptive processes at the genome
level. The habitats of city centres and suburban areas and their
historical development appear to be similar across a wide geo-
graphical range and thus represent repeated natural experiments
to study evolution in action (Donihue & Lambert, 2015; Johnson
& Munshi-South, 2017; Marzluff, 2016). Urban colonization typi-
cally goes hand-in-hand with demographic perturbations such as
population bottlenecks or fragmentation, which can lead to similar
genome signatures as adaptive processes, although across all loci
(Munshi-South, Zolnik, & Harris, 2016). Studying repeated urban set-
tlements by the same species can be useful to disentangle random
genome-wide demographic effects from local deterministic effects
based on selection. While genetic drift produces random allele fre-
quency shifts at all sites, similar selective pressures among different
cities could lead to the same selected regions or regulatory pathways
in the genome. It is thus important to analyse multiple cities, and
ideally those for which the genomic population structure and demo-
graphic history is known.

In animals, behaviour is among the most likely traits under early
selection in response to urban colonisation (Evans et al., 2010).
Behaviour determines where an individual lives, where it nests,
where it obtains resources, how it responds to threats (e.g., how it
avoids predators and deals with competitors), how it chooses a mate,
and so on. Changes in behavioural traits may expose individuals to
new environments and, vice versa, new environments may promote
changes in behaviour (Zuk, Bastiaans, Langkilde, & Swanger, 2014).
The study of genetic correlates of behavioural variation in verte-
brates is still in its infancy, but prominent candidates can be deter-
mined based on the neuronal and hormonal signalling systems and
its regulating factors (Adkins-Regan, 1996; Elphick, Mirabeau, &
Larhammar, 2018; Yap & Greenberg, 2018). In particular, genes that
code for synaptic proteins have attracted attention in the context
of persistent behavioural or personality variation and in the context
of colonization events. For example, two European invasive popu-
lations of the yellow-crowned bishop (Euplectes afer) showed allele

frequency differences at the synaptic dopamine receptor D4 gene

(DRD4) in comparison to the native African population, which were
consistent with allele frequency changes observed during early in-
troduction stages (Mueller et al., 2017). Similarly, variation at the
DRD4 locus was associated with wariness and urban site selection
in black swans (Cygnus atratus) (van Dongen, Robinson, Weston,
Mulder, & Guay, 2015). A microsatellite in the synaptic serotonin
transporter gene (SERT), a candidate gene for harm avoidance be-
haviour, exhibited an association with urban habitat across 10 of 12
tested urban-rural population pairs of the blackbird (Turdus merula)
(Garroway & Sheldon, 2013; Mueller, Partecke, Hatchwell, Gaston,
& Evans, 2013).

Here, we analyse the genomic signals of adaptation in popula-
tions of burrowing owls (Athene cunicularia) that recently colonized
Argentinian cities in comparison to neighbouring rural populations.
The burrowing owl is a species typically associated with open grass-
lands in North and South America, that has begun breeding in South
American suburban areas within the last few decades (Carrete &
Tella, 2011). Historically, burrowing owls associated with fossorial
mammals such as plains viscachas (Lagostomus maximus), whose
burrows they used for nesting (Martinez, Baladron, Cavalli, Bo, &
Isacch, 2017). However, the owls of the Southern range evolved the
ability to excavate their own burrows (Martinez et al., 2017), which
may have facilitated moving into the urban environment (Rebolo-
Ifran, Tella, & Carrete, 2017). Our genomic data indicate that each
city was independently colonized and that restricted gene flow oc-
curred between neighbouring urban and rural populations, but there
is no gene flow between populations from different cities (Mueller
et al., 2018). Estimated effective population sizes in the recent past
were consistently lower for the urban populations compared to the
rural ones (Mueller et al., 2018). Despite lower population size, urban
populations appear to be quite successful: they show higher breed-
ing densities than rural populations (Rodriguez-Martinez, Carrete,
Roques, Rebolo-Ifran, & Tella, 2014), presumably linked to reduced
predation pressure (Rebolo-Ifran et al., 2017). Moreover, changes
in behavioural traits due to selection or selective immigration have
been documented in urban populations. Urban birds showed on av-
erage a smaller flight initiation distance (FID) upon approach than
rural ones (Carrete & Tella, 2011; Rebolo-Ifran et al., 2015). FID - a
measure of risk perception - is an individually-consistent and her-
itable trait (Carrete et al., 2016; Carrete & Tella, 2017). This makes
the burrowing owl a suitable system to study rapid adaptation to an
urban environment.

In this study, we analysed full genome sequences of 213 individ-
uals (mapped against the recently assembled and annotated burrow-
ing owl genome [Mueller et al., 2018]) from three urban populations,
three associated rural populations and four temporal samples taken
across nine years in one of the urban populations. We applied four
independent tests for selection: (a) consistent allele frequency shifts
between urban-rural population pairs; (b) allele frequency changes
over time in one urban population; (c) genomic selection signals
(“selective sweeps”) in the urban populations; and (d) genome-wide
associations with FID. We used these tests to address the follow-

ing specific questions. (a) Are there any signals at single genomic
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sites of genome-wide significant selection? Given the high number
of tested single nucleotide polymorphisms (SNPs), only sites under
strong selection can be detected; (b) are there functionally-related
gene groups in the top genomic regions of strongest selection sig-
nals? This reveals also weak selection in functionally-related genes
and is considered a powerful complementary genome-wide ap-
proach in addition to the search for genome-wide significant single
site signals (Fridley & Biernacka, 2011; Mooney, Nigg, McWeeney,
& Wilmost, 2014; Wang, Jia, Wolfinger, Chen, & Zhao, 2011); (c) are
there consistent selection signals in the urban population (Bahia
Blanca) where all four tests were performed? and (d) do the candi-

date genes SERT and DRD4 show signatures of selection?

2 | MATERIALS AND METHODS
2.1 | Sampling

As part of a long-term study, urban and rural burrowing owls liv-
ing in and around Bahia Blanca city, Argentina had been individu-
ally marked, monitored and blood-sampled since 2006 (Carrete &
Tella, 2011; Rodriguez-Martinez et al., 2014). Between 2012 and
2016, breeding burrowing owls had also been sampled in, and near,
two additional Argentinian urban settlements of the pampas, Sierra
de la Ventana and Tandil, located 77 and 314 km linear distance from
Bahia Blanca, respectively (see figure 1 in Mueller et al., 2018). All
blood samples were stored in ethanol.

Breeding habitats of the owls were classified as either rural or
urban following the criteria described in Carrete and Tella (2011) and
Rebolo-Ifran et al. (2015). “Urban nests” were defined as those lo-
cated in private and public gardens and along streets, usually within
10-100 m of inhabited buildings. “Rural nests” were those found
outside the city border in grasslands and pastures with wide-ranging
livestock where human presence and activities were minimal.

For our study, we defined a priori seven sampling sites for the
three urban-rural comparisons (figure 1 in Mueller et al. [2018],
Table S1 and Data S1): Bahia Blanca urban 1and 2 (BB1 BB2
Bahia Blanca rural (BB, ), Sierra de la Ventana urban (SV,
rural (SV, ), Tandil urban (TA ) and rural (TA

these sampling sites, we randomly selected 20 breeding individuals

ul'ban)Y

) and

). From each of

urban,
urban

urban rura

from 2012 to 2016 (except for SV, ., where we only sampled 17
individuals), excluding first-degree relatives based on ringing data
of parents and their offspring. For the largest and more intensively
monitored city (Bahia Blanca) we sampled 20 individuals from each
and BB2 ) to
test the robustness of selective sweep inference based on simula-
tions of 20 individuals (see below). For BB1 ,, ., we also sampled in-
dividuals over a nine-year period (2006: N = 17, 2009: N = 20, 2012:
N = 20 and 2015: N = 20). We further included 19 individuals from
for which FID had

. For details of the FID measurement see

of two spatially separated suburban areas (BB1, ..

the urban-rural transition zone close to BB2 .

been measured (BB, ition)
Carrete and Tella (2013). Thus, in total, we used blood samples from

213 individuals for genomic analysis.

2.2 | Sequencing, reference mapping and
SNP calling

We extracted DNA from all blood samples with the Blood QuickPure
kit (Macherey-Nagel) applying a predigestion with Proteinase K in
Digsol buffer. All 213 birds were individually sequenced with the
Illumina HiSeq 2500 technique using a 200-300 bp insert paired-
end library with 125 bp read length at the Sequencing Core Facility
of the MPI for Molecular Genetics in Berlin.

For each individual, we mapped reads against the reference ge-
nome using Bowtie2 (Langmead & Salzberg, 2012). We called vari-
ants using the GATK HaplotypeCaller in gvcf mode and assigned
individual genotypes by a joint genotype calling of all samples (Van
der Auwera et al., 2013). The SNPs were then quality-filtered follow-
ing fixed rules from the GATK best practices recommendations (Van
der Auwera et al., 2013). We excluded rare SNPs with minor allele
count of less than three and low-quality SNPs with 20 or more miss-
ing genotypes across the 213 individuals. Additionally, to avoid SNP
calls from misassembled paralogous genome regions, we only in-
cluded SNPs if read depth was smaller than the mean coverage plus
five standard deviations across all SNPs. For subsequent analyses,
we also excluded Z-chromosomal SNPs outside the pseudoautoso-
mal region (PAR) to avoid the different ploidy in males and females.
The PAR of the Z chromosome was defined on scaffold chrZ_part1:
34225000-36080512 according to the differential sex patterns of
read coverage, heterozygosity and Hardy-Weinberg deviations. The
final data set of 213 individuals contained 11,699,304 SNPs (on av-
erage 1 SNP per ~100 bp), of which 4,199,164 SNPs were common
with a minor allele frequency >0.05. The three association analyses

(see below) are based on these common SNPs only.

2.3 | Data analysis

First, we investigated overall signals of selection during urbaniza-
tion by testing the association between genotype (additive allele
effect model) and habitat (urban vs. rural) for each common SNP
combining data from the three cities. We applied a mixed effects
logistic regression model using the R package cenesis (Gogarten et al.
2019). The 137 individuals of BB1 from 2012, BB2 BB
SV 5\ TA and TA, ., were adjusted for background
genetic structure by including a genetic relationship (relatedness)

urban urban’ rural’

urban’ rural’ urban

matrix (grm) as random effect. The grm matrix was calculated from
1,493,014 independent SNPs (composite genotypic linkage disequi-
librium <0.5) according to Yang, Lee, Goddard, and Visscher (2011)
using the R package sNpreLATE (Zheng et al., 2012). The distribution of
genetic relationship values is shown in Figure S1. The model design
prevented inflation of test results, as seen by the close fit between
observed and expected uniform distributed p-values in Figure S2a.
Second, we investigated evidence for recent and consistent
(between 2006 and 2015) selection by testing for an association
between genotype (additive allele effect model) and sampling year
(2006, 2009, 2012, 2015) for each common SNP using the R package
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GENESIs with a linear mixed model. The 77 individuals of the temporal

samples of BB1 were adjusted for background genetic structure

urban
by including the grm matrix (see above) as random effect. The model
design prevented inflation of test results (Figure S2b).

Third, we investigated the association between genotypes of
common SNPs and FID. Using the 132 individuals for which FID

had been measured (BB1 - including the temporal samples -,

urban
BB2,,1,.n BB yrair SVurban @Nd the extra birds from the transition zone
of BBy, sition) We applied a linear mixed model with the grm matrix

(see above) as random effect to adjust for background genetic struc-
ture and sex as fixed factor to adjust for known sex differences in
FID (Carrete & Tella, 2013). Again, the model design sufficiently pre-
vented inflation of test results (Figure S2c).

For each of the three association tests described above, we
summarized single-SNP results in 86,232 half-overlapping 25 kb
windows (25 kb equals about the average gene size and should be
appropriate when the downstream analyses are gene-based) by
calculating the sum of the nominal significant (p < .05) -log(p-val-
ues). This parameter - here named “Xp” - was designed to mea-
sure both the accumulation and the strength of association signals,
similar to parameters used in gene-set analyses (de Leeuw, Mooij,
Heskes, & Posthuma, 2015; Mooney & Wilmot, 2015). To evaluate
genome-wide significant thresholds, we performed the three tests
100 times, but with permutated response variables. We retained po-
tential phenotypic covariance structure of the quantitative response
variable FID by permuting only the residuals according to Abney
(2015) using the R package mvnperMUTE. The genome-wide significant
parameter threshold was defined as the level above which only five
of the 100 simulations had at least one window with higher values.

Fourth, we investigated selective sweeps specific for urban pop-
ulations using diploS/HIC (Kern & Schrider, 2018). A supervised ma-
chine-learning algorithm on genomic simulations with neutral, soft,
linked soft, hard and linked hard sweep evolution (2,000 simulations
of 275 kb for each scenario) was used to classify (with probabilities)
all neighbouring 25 kb windows (41,608 windows) in the popula-
tions BB1 from 2012, BB2 BB Y% TA

TA, .. into hard sweep, soft sweep, neighbouring hard sweep, neigh-

urban urban’ rural’ SvurbanY rural’ urban’

bouring soft sweep and neutral windows. The genomic coalescent
simulations were based on simplified demographics of a character-
istic urban and rural population (Figure S3, derived from figure 4 of
Mueller et al. [2018]) using discoal (Kern & Schrider, 2016). Complete
hard and soft sweeps were simulated with selection coefficients be-
tween 0.01 and 0.001 and a starting minor allele frequency of 0.02
in the case of the soft sweep. The learning algorithm employs 12
major summary statistics (normalized values) of selective sweeps in-
cluding diversity measures, allele frequency spectra, linkage disequi-
libria patterns and haplotype structure in the focal and neighbouring
windows (Kern & Schrider, 2018). As suggested for weak popula-
tion-scaled selection (as in urban populations), we combined soft
and hard sweep probabilities and calculated urban-specific sweep
probabilities as urban sweep probability (soft and hard) minus rural
sweep probability (soft and hard) for all urban-rural comparisons
(mean(BB1 BB2,,,.,)-BB Y% SV TA .. -TA ). The

urban’ rural’ urban™ Vrural’ urban rural

overall urban-specific sweep probability is then the average across
sweep”). We arbi-

trarily considered a probability larger than 0.8 as important.

the three urban-rural comparisons (here named “P

For the Bahia Blanca samples, where the sample scheme allowed
all four independent tests, we also summarized the four tests into
a single statistic. First, we performed all four tests for the Bahia
Blanca samples only and then combined the results by summing up
the ranks of each test for each genomic window (“Erank”).

Complementing the scans for genome-wide significant single win-
dow signals, we performed tests for enrichment of functionally-related

gene sets in the windows with highest Zp, P or lowest Xrank pa-

swee
rameters using the gene ontology (GO) annotatio:\s. It has been recom-
mended to use the top 10-400 genes to have sufficient power for the
detection of the differently sized GO terms (Mooney & Wilmot, 2015;
Ramanan, Shen, Moore, & Saykin, 2012). We decided to test the top
50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1,000 windows,
which associated approximately to between 10 and 400 genes. This
scheme, suitable for overlapping windows of the association tests,
translates to the top 25, 50, 100, 150, 200, 250, 300, 350, 400, 450
and 500 windows for the selective sweep test and for the combined
analysis of the Bahia Blanca sample, where nonoverlapping windows
were evaluated. We performed standard candidate-vs.-background
enrichment analyses using hypergeometric tests implemented in the
R package coruncr (Grote, 2018). We used the NCBI gene annotation
of our genome assembly (NCBI Athene cunicularia Annotation Release
100), which contains 13,166 unique protein-coding genes with known
gene symbols in all autosomes and the Z-chromosomal PAR region, to
define the set of all background genes and to define candidate genes
as those falling within the selected windows (i.e, within a maximum
distance of 5 kb). We corrected for testing multiple GO terms within
each of the three main GO categories/families “biological process”,
“cellular component” and “molecular function” by evaluating 1,000
simulated data sets with random candidate regions. The family-wise
error rate (FWER) is defined as the fraction of random sets where the
lowest p-value across all GO terms is lower or equal to the raw p-value
of the tested GO term. This procedure of permuting candidate regions
of fixed size within a fixed annotated background (all chromosomes)
takes into account that genes of different lengths differ in their false
positive association probability. Of note, this genome-wide permuta-
tion corrects for multiple testing and avoids false positives in random
sets of candidate regions. It is therefore not necessary to select a priori
genome-wide significant candidate windows for this gene-set analysis.
All significant GO terms with associated genes are plotted in a network
using the function cnetplot of the R package cLusTerpPrOFILER (Yu, Wang,
Han, & He, 2012).

3 | RESULTS
3.1 | Genome-wide significant signals of single sites

Figure 1a-c show the results across all genomic windows of all three

association tests for signals of selection. We did not find single
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genome-wide significant windows that differentiated the urban and
rural populations (Figure 1a), showed a temporal change (Figure 1b)
or were associated with FID (Figure 1c).

We identified 49 windows with a mean urban-specific sweep
probability larger than 0.8 (arbitrary threshold; see Section 2)
(Figure 1d). These windows are associated with 38 genes with
known gene symbols (Table S2). This gene list is not significantly en-
riched for any GO term. For comparison, there are only 14 windows

showing a mean rural-specific sweep probability larger than 0.8.

3.2 | Gene enrichment analyses for the sites
showing the strongest association signals

Assuming coselection of functionally related genes or pathways,
we performed gene ontology enrichment analyses for the windows

showing the strongest association signals (up to top 1,000 windows,

MoLECULAR EcoLOGY IVU TSNS

see Section 2). This genome-wide corrected alternative approach
identifies groups of functionally related genes in the windows show-
ing the strongest association signals and thus complements the
single-window analysis, which detects only strong signals depend-
ing on genome size. Following this approach, Figure 2 and Table S3
show all family-wise significant GO terms of the four selection tests
and the combined test on the Bahia Blanca samples. We found a
significant enrichment for many genes associated with the term
“Synapse” for the urban-rural habitat association analysis (FWER
for the top 1,000 windows: 0.001; Table S3). The top 1,000 win-
dows contained 373 genes of which 60 were associated with the
term “Synapse”. The gene sets of all other significant terms related
to synaptic functions (“Synapse part”, “Postsynapse”, “Postsynaptic
membrane”) were subsets of these 60 genes. A second related and
overlapping enriched group of genes related to the terms “Intrinsic/
Integral component of membrane” (FWER for the top 200 windows:
0.030; Figure 2, Table S3).

(a)
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FIGURE 1 Manhattan plots showing for each genomic window (a) urban-rural habitat associations (combined analysis for all three urban-

rural pairs), (b) temporal allele frequency changesin BB1,,, .,

(c) FID associations and (d) mean urban-specific selective sweep probabilities.

For (a), (b) and (c) the genome-wide significant level is indicated by the red line and the top 1,000 windows used for the gene-set analyses
are those above the blue line. For (d) the 0.8 probability thresholds of urban-specific (positive values) and rural-specific (negative values)
selective sweeps are indicated by red lines and the top 500 windows are those above the blue line. The regions of the six shared genes from
the enriched gene sets related to synapses and neuron projections of the urban-rural association and combined Bahia Blanca analyses (see
Figure 2) are indicated in green and labelled. Scaffolds appear in alternating colours and scaffolds smaller than 7 Mb are labelled where

possible
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FIGURE 1 (Continued)

The top 500 windows for the temporal change associations
showed significant enrichment of genes related to the term “Beta-
tubulin binding” (FWER = 0.040). There was no significant enrich-
ment for the top windows of the FID association and selective
sweep analyses (all FWER > 0.05).

The ranks of the windows based on the three independent asso-
ciation tests (urban-rural habitat, temporal change and FID) in Bahia
Blanca were all positively correlated (Table S4). The rank correla-
tions with the windows of the selective sweep analysis were weakly
negative when significant (Table S4). The top 500 windows of the
combined test on the Bahia Blanca samples were significantly en-
riched for the term “Neuron projection development” with 44 genes
(FWER = 0.011; Table S3). The genes of the other significantly en-
riched terms were either complete subgroups (“Neuron projection
morphogenesis”) or highly concordant groups to “Neuron projection
development” with more than 93% overlap (“Cell part morphogene-
sis” and “Neuron development”) (Table S3, Figure 2). Six of the genes
of this functional cluster (SH3KBP1, TNIK, PRKN, CTNNA2, GPM6A,
SDK1) co-occurred in the 60 enriched synaptic genes of the ur-
ban-rural habitat association analysis (Figure 2).

In summary, we found 98 genes acting in synapses or neuron
projections among the 131 genes of all the enriched functional GO

terms. Importantly, the genes of these enriched GO terms are mostly

tagged by independent windows. Only two of the 156 associated
windows tag two or three overlapping genes. Therefore, the enrich-

ment results are not due to the clustering of genes in single windows.

3.3 | Candidate genes SERT and DRD4

The DRD4 and SERT genes each span two nonoverlapping 25 kb win-
dows and three and four overlapping ones, respectively. The stand-
for the DRD4 windows did not

reach nominal significance for being an outlier for strong selection

ardized test parameters (Zp, Psweep)
(all values <1.645, i.e. the one-sided 5% significance threshold) in
the four tests of selection and the DRD4 windows were also ranked
low in the combined test of the Bahia Blanca samples (rank 29641
and 29467 of 41608 windows, i.e. top 71.2% and 70.8%). However,
the parameters of the first SERT window (chr19_part1: 4825000-
4850000) were nominally significant for the urban-rural habitat
association analysis (standardized value of Zp: 1.75 (p = .040) and
relatively high for the FID association analysis (standardized value
of Tp: 1.48). Also, the two windows spanning the whole SERT gene
(chr19_part1: 4837500-4887500) ranked relatively high in the com-
bined test of Bahia Blanca samples (rank 13053 and 2725 of 41608
windows, i.e. top 31.4% and 6.5%).



MUELLER ET AL. 7
MOLECULAR ECOLOGY SAAV.VAR I AV
MTHFR PCDH15 xRrN1
GPCe KIFSC AKAP7
MFE. CHAT|| PENK MYH9
FGFR2 wasFs | KIAALLIO?
C1O4 RABLIA
| || BMPR2 CDH8
ERC2  DMD '\ | CDHlO / CADM2
PEX14 KPNAL GR" A4 /4 APP pips
ITPRL ™ PLEKHA,S / Category
GABle\ N\ ARHGAPsz JMASIZZPLEBE ACTN2 Beta-tubuiin binding
\ /
BCAS3 i M =5 2 Cell part morphogenesis
\ = Zm/ﬂ-!B& Integral component of membrane
PRKCI — CARPS2 Intrinsic component of membrane
PID1 ANKS1B
C MD — Neuron development
SNCA _ UBE4B™ \ CNTNAP2 o . Neuron projection development
Beta-tubulin binding \ N\ Postsynaptic membrane i
SS18L1™ L \QSAG Neuron projection morphogenesis
Nl 6 cacnaic — Postsynapse
TBCD GABBRZ KIAA1109 SYNEL Postsynaptic membrane
AGRN RAB4A 4 SLC5A7 CDH9 Synapse
aoelT T™MEN163 | TTPRNZ
s Synapse part
Size
SPOCK1 rojection morphogenesis / CDH19 ®
TTLL? PNPTL ) “/Integral component-of membrgre)eKRB2 @ =
y VYR NYFASC Intrinsic compo} Yn?ofmembféhé“'” N . 2
oy N?)Ki / TRK\R Lok /I\ /] JUxst GALR1 . 60
GLI3 g &L cac | XGASKIB SORCS2
NCK2 SEnsh BCL2Z . \pc1 AGMO. | SLC35F4
PTKZ/ syT1 atbdl SsTS TMEM144
1GFB2 | LMBRD1 BDKRB1
FAT4 ESYT2 clcng SGMS1

BEST1
ST6GAL2,
LSAMP

LCLATL VIPRL
ZPLD1

FIGURE 2 Allsignificantly enriched GO terms and genes associated with the top 50-1,000 windows of the three association tests
applied on overlapping windows (urban-rural, temporal and FID associations) and the top 25-500 windows of the selective sweep test and
the combined test for the Bahia Blanca samples are shown in a network (cnetplot). Clearly, there is enrichment of many genes associated

with synaptic and neuron projection functions. For details see Table S3

4 | DISCUSSION

Cities are growing worldwide and represent novel habitats to which
wildlife can adapt. Repeated establishment of populations in urban
areas allows the investigation of general urban adaptation, but also
presents a challenge because of the demographic perturbations dur-
ing colonisations. So far, only a few genomic scans for urban adapta-
tion have been published, mostly using representative markers of the
genome such as restriction-site associated DNA sequencing or tran-
scriptome data (DeCandia et al., 2019; Harris & Munshi-South, 2017;
Perrier et al., 2018; Ravinet et al., 2018; Theodorou et al., 2018).
Here, we show how a young urbanization such as that of the burrow-
ing owl in South America can be used to analyse adaptation to a new
environment by complete genome resequencing of 213 individuals.
We combined evidence from alternative analysis approaches based
on multiple independent replicate samples. Given the recent history
of urbanization in the burrowing owl, selection probably acted on
standing genetic variation. We thus applied methods based on al-
lele frequency changes between urban and rural habitats, over time
in urban samples and related to a specific urban-related phenotype
(flight-initiation distance, FID), and included soft sweeps in the sweep
analysis. Single genomic windows affected by selection can be de-
tected by outlier analyses for each of the approaches, but effect size
needs to be high to reach genome-wide significance when millions of
markers are tested. As expected for all selection tests, we did not de-
tect such a single strong association for any specific genomic region.

As previously shown, correction for multiple testing in ge-

nome-wide association studies on a high number of SNPs is strong

and it is therefore unlikely that associated SNPs with weak or in-
termediate effect sizes show up as strong outliers in genome-wide
association studies based on limited sample sizes (Wang et al., 2011).
True signals of weak associations at specific SNPs are expected to
be embedded among false signals of many random SNPs. Thus, it
is recommended to further analyse the top associated signals irre-
spective of their genome-wide significance as single sites. In par-
ticular, tests for enrichment of functionally-related gene sets can
be informative if coselection of functions or pathways is suspected
(Fridley & Biernacka, 2011; Mooney & Wilmot, 2015). We found a
strong enrichment for genes associated with synapses for the ur-
ban-rural association analysis. The same enrichment was observed
in the other independent tests, although not significant: synaptic
terms were among the top 10, top one and top seven strongest gene
ontology (GO) enrichment terms for the temporal, FID and selec-
tive sweep analysis, respectively. This is a high rank given that there
were only 400 terms with “synapse” or “synaptic” in the 20,023 used
GO terms. Synaptic terms were also among the top two strongest
GO enrichment terms in the top gene sets of the combined analy-
sis of the Bahia Blanca samples. The 60 different genes related to
these synaptic functions are predominantly expressed in the brain
and some of them serve direct excitatory (e.g., GRIA4), inhibitory
(e.g., GABBR2, GABRA1), accessory (e.g., ILIRAPL1) or modifying
(e.g. GRIP2) synaptic functions (NCBI, gene db). Many of these genes
have been related to personality, behaviour control, memory and
cognitive/learning functions (e.g., ANKS1B, APP, CACNA1C, CADM2,
CADPS2, CTNNA2, CHAT, DLG2, GRIA4, IL1IRAPL1, PLCB4, SLC5A7,
TNIK) (NCBI, gene db). In general, synapse proteome diversity in
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vertebrates plays a fundamental role in generating complexity in
the behavioural repertoire and molecular manipulations of its nu-
merous constituents show changes in various aspects of behaviour
(Grant, 2016).

Strong significant enrichment was also found for genes associ-
ated with neuron projection development in the combined analysis
for selection in the Bahia Blanca sample. Terms related to neuron
projection were among the top four, top two, top 17 and top 41
strongest GO enrichment terms for the urban-rural habitat, tempo-
ral, FID and selective sweep analysis, respectively, although these
enrichments were not significant. Again, this is a high rank given that
there were only 28 terms with “neuron projection” in the 20,023
used GO terms. The 44 genes of this enrichment group are also
predominantly expressed in the brain and often have been related
to cognitive and motivational functions or learning/memory (e.g.,
CNTNAP2, COL25A1, CTNNA2, DCLK1, NCAM1, NRXN3, SEMAS5A,
TNIK) (NCBI, gene db).

The two main GO enrichment terms “Synapse” and “Neuron pro-
jection development” were correlated in our gene data set, because
synapses are part of neuron projections: 32% (31 of 98) of the genes
within these enriched functional groups annotated to both GO
terms. In general, both axonic/dendritic and synapse development
can modify brain connectivity and signalling and thus can influence
behavioural variation. A genome-wide association meta-analysis in
humans on cognitive ability and other linked traits such as personal-
ity revealed many natural polymorphisms in genes functionally en-
riched for synapse and neurogenesis (Lam et al., 2017). The level of
natural sequence variation in cortical genes has also been linked to
individual connectivity of the human brain (Xin et al., 2019). Another
study reported an association between an individual polymorphism
and connectivity in brain networks (Harneit et al., 2019). We thus
suggest that some, if not all, of the listed genes acting in synapses
and neuron projections may play a role in the modulation of brain
connectivity/signalling and consequently in cognitive function and
motivational behavioural control important for early adaptation to
the new urban environment. In particular, the six enriched genes
(SH3KBP1, TNIK, PRKN, CTNNA2, GPM6A, SDK1) shared between the
urban-rural and combined Bahia Blanca association analyses might
warrant further investigation (Figure 2, highlighted in Figure 1).

We considered a priori the two candidate genes DRD4 and SERT,
both of which are known to show allele frequency changes during
invasions or urban colonizations (van Dongen et al., 2015; Mueller
et al., 2013, 2014, 2017). The genomic regions of both genes did
not harbour genome-wide significant signals, but the window across
the promoter and potential 5'UTR region of the SERT (also SLC6A4)
gene was nominal significant in the urban-rural habitat association
analysis. This window is close (distance of 3,425 bp) to the ho-
mologous region of the SERT microsatellite analysed in blackbirds
(Mueller et al., 2013). In urban blackbird populations the major allele
frequencies at this microsatellite were in general lower than in rural
ones (Mueller et al., 2013). The homologue of the well-known human
indel 5-HTTLPR, however, lies within the significant window (Lesch

etal., 1996). This promoter polymorphism has been linked to variation

in anxiety, harm avoidance, novelty seeking and stress sensitivity
(Canli & Lesch, 2007), aggression (Craig & Halton 2009), dominance
(Miller-Butterworth, Kaplan, Barmada, Manuck, & Ferrell, 2007) and
vigilance and cognitive functions (Canli & Lesch, 2007; Homberg &
Lesch, 2011). The diversity of behavioural traits affected may partly
be explained by common central brain activity patterns. Indeed, up
to 10% of the variance in amygdala activation, which plays a role
in processing memory and emotional reactions underlying voluntary
behaviour, was explained by the human SERT promoter polymor-
phism (Munafo, Brown, & Hariri, 2008). The test parameters of SERT
windows scored relatively high for all other selection tests (stan-
dardised test parameters >0.8), but were not significant potentially
due to low power.

In summary, gene-set analyses of the burrowing owl genome and
a candidate gene analysis revealed evidence for adaptation during
the process of urbanization. Our data support the idea that specific
genes acting in synapses and neuron projections with cognitive and
emotional behavioural control functions are important targets of
early selection in the new urban environment.
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