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Abstract

Racing pigeons have been selectively bred to find their way home quickly over what are often extremely long distances.
This breed is of substantial commercial value and is also an excellent avian model to gain empirical insights into the
evolution of traits associated with flying performance and spatial orientation. Here, we investigate the molecular basis of
the superior athletic and navigational capabilities of racing pigeons using whole-genome and RNA sequencing data. We
inferred multiple signatures of positive selection distributed across the genome of racing pigeons. The strongest signature
overlapped the CASK gene, a gene implicated in the formation of neuromuscular junctions. However, no diagnostic alleles
were found between racing pigeons and other breeds, and only a small proportion of highly differentiated variants were
exclusively detected in racing pigeons. We can thus conclude that very few individual genetic changes, if any, are either
strictly necessary or sufficient for superior athletics and navigation. Gene expression analysis between racing and non-
racing breeds revealed modest differences in muscle (213) and brain (29). These transcripts, however, showed only
slightly elevated levels of genetic differentiation between the two groups, suggesting that most differential expression is
not causative but likely a consequence of alterations in regulatory networks. Our results show that the unique suite of
traits that enable fast flight, long endurance, and accurate navigation in racing pigeons, do not result from few loci acting
as master switches but likely from a polygenic architecture that leveraged standing genetic variation available at the
onset of the breed formation.
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Introduction
Pigeon racing is a worldwide hobby that mobilizes a substan-
tial amount of funds, with single birds often being sold for
hundreds of thousands of euros. This sport consists of releas-
ing birds at specific locations with distances ranging from 100
to over 1,000 km, which then race back to their home lofts
and have their average speed recorded (fig. 1). Racing pigeons
(also known as homing pigeons, or racing homers) are the
product of crosses between a number of previously existing
pigeon breeds, followed by >100 years of strong directional
selection for extreme flying and spatial orientation capabilities
with the purpose of producing faster birds (Blechman 2007).

Racing pigeons are phenotypically diverse in plumage
color, eye color, size, among other traits, but breeding deci-
sions made by breeders are strictly focused on race results.
While some breeders employ more sophisticated breeding
practices similar to that employed in other domesticated
species bred for production traits or athleticism, such as
line breeding or inbreeding, most breeders simply outcross
the best racers available to them. Since elite performers are
often not available or very expensive, breeders can also

purchase close relatives from specific bloodlines that are
known for their consistency in racing performances over sev-
eral generations. There are no records of significant inter-
breeding between racing pigeons and other pigeons after
the initial formation of the breed, and given the competitive
nature of this sport this is not to be expected, although de-
tailed studies are missing. The long-term selection regime
imposed on racing pigeons culminated in a variety of physical,
physiological, and behavioral changes. Contemporary race
results underline the outstanding performances of these
birds. For example, in competitive races up to 800 km pigeons
often finish within minutes of each other, flying without stop-
ping to rest or feed at average speeds usually >70 km/h.
Racing pigeons thus offer a rare opportunity among birds
to investigate the evolution and genetic basis of traits associ-
ated with athletic performance and navigation ability.

The genetics of athletic performance has been the target of
multiple studies in mammals, such as dogs, horses, and
humans (Ostrander et al. 2009; Schröder et al. 2011;
Ahmetov et al. 2016; Rivero and Hill 2016). While the physical,
physiological, and behavioral factors underlying superior ath-
letic performance are well described for several of these
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species (Scott and Milsom 2006; Joyner and Coyle 2008; Brass
et al. 2009; Douglas et al. 2012), few genes have been impli-
cated in the genetic basis of these changes. Perhaps the most
notable example of a gene with a large effect on racing per-
formance phenotypes is the myostatin gene (MSTN). This
gene encodes a transforming growth factor that controls
the growth and development of muscle tissue, and polymor-
phisms in the MSTN region have been convincingly associ-
ated with increases in muscle mass and superior racing
performance both in dogs and horses (Mosher et al. 2007;
Hill et al. 2010; Petersen et al. 2013). In humans, two genes,
ACE (angiotensin-1 converting enzyme) and ACTN3 (a-acti-
nin-3), have been consistently associated with elite endurance
and power-related performance (Montgomery et al. 1998;
Yang et al. 2003; Puthucheary et al. 2011). However, the search
for genes underlying athletic performance in humans has so
far led to the rejection of the “single-gene-as-magic-bullet”
hypothesis, as a large number of genes of small effect appear
to be implicated in athletic capability (Bray et al. 2009;
Ostrander et al. 2009). For dogs and horses, although there
are some known genes of large effect such as MSTN, the same
scenario is likely to be true. The genetics of athletic perfor-
mance has received little attention in birds. In pigeons, large-
scale studies are lacking and candidate gene approaches using
racing and nonracing pigeons have uncovered potential asso-
ciations between athletic performance phenotypes and
LDHA (lactate dehydrogenase; Dybus et al. 2006; Proskura
et al. 2014) and MSTN (Dybus et al. 2018).

Less is known about the genetics of navigation and orien-
tation (Liedvogel et al. 2011; Delmore and Liedvogel 2016).
Crossbreeding experiments conducted on wild birds show
that the heritable basis for orientation during migratory peri-
ods is often simple and associated with a small number of loci
of large effect (Helbig 1991; Pulido and Berthold 2003). More

recently, a growing body of work has utilized genomic-scans
of genetic differentiation or differential gene expression be-
tween populations or species of passerine birds that differ in
migratory behavior (Lundberg et al. 2013; Ruegg et al. 2014;
Delmore et al. 2015; Delmore and Liedvogel 2016; Johnston
et al. 2016; von Rönn et al. 2016; Lundberg et al. 2017). One of
these studies has successfully uncovered a large effect geno-
mic region that is implicated in differences in migratory ori-
entation between populations of thrushes (Delmore et al.
2016). Functional enrichment analyses in these studies also
revealed a variety of functions associated with migratory be-
havior, such as circadian clock regulation, nervous system
functioning, and cell signaling (Lundberg et al. 2013;
Delmore et al. 2016). It should be noted, however, that
many of these studies are not directly targeting orientation
but instead migratory behavior and many of its additional
components, such as timing of migration, propensity to mi-
grate or fat deposition. In pigeons, another candidate gene
approach study identified a polymorphism in the gene DRD4
(dopamine receptor D4) potentially associated with superior
performance in short length races (Proskura et al. 2015).
Although this gene has a well-established function in neuro-
signaling in the brain, it is unclear whether DRD4 is implicated
in navigation and orientation or it is rather associated with
personality traits, which are also connected to racing perfor-
mance. Thus, the identity of individual genes controlling nav-
igation and orientation in birds remains largely unknown.

In this study, we present the first comprehensive study of
levels and patterns of genetic diversity in racing pigeons. To
localize signatures of positive selection across the genome, we
generated whole-genome resequencing data for racing
pigeons, which we contrast with previously published data
for fancy and utility breeds (Shapiro et al. 2013). To further
help dissect the molecular underpinnings of racing perfor-
mance phenotypes in pigeons, we used RNA-sequencing
(RNA-seq) to investigate differential gene expression between
racing pigeons and other breeds in two tissues relevant for
athletic performance (pectoral muscle) and navigation
(brain). Unlike some famous examples of genes or loci impli-
cated in athletic performance in mammals and navigation in
birds, our results suggest that selection in racing pigeons likely
acted through modest shifts in the frequency of many
preexisting alleles that were already present as standing ge-
netic variation within domesticated pigeons. Our study fur-
ther provides a manageable list of candidate genes for
functional studies that can provide insights into the genetics
of traits of general relevance in avian biology.

Results
To investigate the genomic basis of athletic performance and
navigation in pigeons, we started by collecting genome-wide
polymorphism data for eight racing pigeons by means of
whole genome sequencing (10–14� sequence coverage).
These eight individuals were combined with existent whole-
genome resequencing data for two additional racing
pigeons, 37 birds from 35 breeds, and one outgroup species
(Columba rupestris) all available from a previous publication

FIG. 1. Racing pigeons being released from Perpignan (France) to
Belgium in 2011. In modern pigeon races, birds are transported to a
common location in trucks similar to the one in the picture. After
birds get released, they fly to their own lofts and are clocked by their
owners. The average speed is used to rank the birds and it is a function
of the time elapsed and distance to each individual loft. The winner of
this race flew�900 km at an average speed of 69 km/h (source PIPA;
https://www.pipa.be/; last accessed March 7, 2018).
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(Shapiro et al. 2013). We processed a total of 7.3 billion reads
that were mapped to the pigeon reference genome, resulting
in an average coverage of 12.4� per individual (see supple-
mentary table S1, Supplementary Material online, for sam-
pling and resequencing details).

Population Structure and Differentiation
We began by investigating overall patterns of genetic differ-
entiation and population structure between racing pigeons
and the remaining breeds. Levels of genetic differentiation
between the two groups, as measured by the absolute differ-
ence in allele frequency (DAF) averaged across all variants,
were low to moderate (DAF¼ 0.08). However, the topology
of the phylogenetic tree, the spatial clustering in the PCA plot,
and the ADMIXTURE analysis, all showed that racing pigeons
could be well distinguished from all other pigeon breeds (fig. 2
and supplementary fig. S1, Supplementary Material online).
The close relatedness among racing pigeons is also well dem-
onstrated by the clustering of the eight racing pigeons se-
quenced in our study and the two racing pigeons from
Shapiro et al. 2013, even though the eight individuals were

sampled from different European breeders and the other two
were sampled in the United States.

In the lower values of K in the ADMIXTURE analysis, it can
also be seen that racing pigeons share the same cluster with
other breeds (fig. 2C). One of the few breeds that shares a
cluster with racing pigeons at K¼ 4 is the English Carrier. This
breed is the last breed to share a cluster with racing pigeons
(K¼ 9) and is also one of the breeds that groups closely with
racing pigeons in the phylogenetic analysis (fig. 2A). This clus-
tering is in agreement with previous genetic studies
(Stringham et al. 2012; Shapiro et al. 2013) and tentatively
supports historical records that indicate the English Carrier as
one of the primary breeds employed to develop the racing
pigeon breed (Blechman 2007). Overall, our results show that
racing pigeons form a well-defined genetic entity.

Genome-Wide Patterns of Allele Frequency
Differentiation
We next calculated for every variant in the genome (both
SNPs and indels) the DAF between racing and nonracing
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FIG. 2. Genetic relationships among pigeon breeds. (A) Unrooted Neighbor-Joining tree. The cluster of racing pigeons is highlighted and the
bootstrap value of the node is given. Bootstrap values for all nodes with support� 80 are provided in supplementary figure S1, Supplementary
Material online. (B) Principal Component Analysis (PCA). (C) ADMIXTURE clustering shown for multiple values of K. Individuals are shown as
vertical bars colored in proportion to their estimated ancestry from each cluster.
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pigeons. As expected from the low overall levels of genetic
differentiation described earlier, the great majority of variants
showed DAF values >0.20 (88.8%; fig. 3A). Given the low
levels of genetic differentiation and the broad sampling of
fancy and utility breeds used in our analysis, highly differen-
tiated variants between racing and nonracing pigeons are
likely to be enriched for causative mutations, or overrepre-
sented due to hitchhiking in regions of the genome targeted
by selection in the lineage leading to racing pigeons.

Strikingly, among a data set of 17,425,765 million variants,
we did not find a single example of a variant with diagnostic
alleles between racing and nonracing pigeons and only 26
variants showed a DAF >0.8. These 26 variants are clustered
in five independent genomic regions that overlap or map in
the vicinity (<174 kb) of several protein-coding genes: CASK
(calcium/calmodulin-dependent serine protein kinase),
LOC102086099 (cystathionine beta-synthase like), FAM217B
(family with sequence similarity 217, member B), PTPRD
(Protein Tyrosine Phosphatase, Receptor Type D), and SIK1

(salt inducible kinase 1). CASK, SIK1, and PTPRD are good
candidates to be implicated in racing performance pheno-
types. CASK has been implicated in the development of neu-
romuscular junctions (Gardner et al. 2006; Oliva et al. 2012),
which play a critical role in the function of skeletal muscle.
Differences in the morphology and physiology of such junc-
tions have been associated with muscle performance
(Deschenes et al. 1994). SIK1 has been shown to regulate
muscle function and growth by controlling the expression
of muscle specific genes (Berdeaux et al. 2007; Stewart et al.
2013). SIK1 has also been shown to regulate hepatic lipogen-
esis, which plays an important role in energy homeostasis
(Yoon et al. 2009). PTPRD influences the magnitude of
long-term potentiation of synapses in the hippocampus
(Uetani et al. 2000), a brain region that plays a role in spatial
memory and is thought to be associated with bird navigation
(Cnotka et al. 2008; Mehlhorn et al. 2010).

The proportion of variants with private alleles—alleles pre-
sent in racing pigeons but absent in nonracing pigeons—was

FIG. 3. Levels and patterns of allele frequency differentiation between racing and nonracing pigeons based on individual variants. (A) Histogram of
DAF values between racing and nonracing pigeons for all variants. (B) Percentage of the total number of major alleles found in racing pigeons for
variants with DAF�0.5 across all individuals in the data set. (C) Ratio of variants of high DAF (>0.50) and low DAF (<0.10) for multiple functional
categories (nonsynonymous, intronic, and intergenic).
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low (�1.6%) and the great majority also displayed DAF values
<0.2 (89.7%). Of the 36,191 variants with DAF >0.5, only a
small fraction were variants with private alleles (1.3%). To in-
vestigate which breeds could have potentially contributed
alleles that were subsequently selected in racing pigeons, we
counted for each nonracing individual the number of racing
pigeon major alleles for variants with DAF�0.5 (fig. 3B). The
total percentage of these alleles carried by each racing pigeon
was remarkably similar, and consistent with the genetic struc-
ture analyses, we found that the English carrier was the bird
with the highest percentage among all individuals from non-
racing breeds. Interestingly, individuals from nonracing breeds
in all cases carried 20% or more of these alleles. Although we
may have missed potential variants due to the moderate se-
quencing coverage or gaps in the reference assembly, our high
resolution map of genetic differentiation shows that diagnos-
tic alleles between racing and nonracing pigeons are extremely
rare or even inexistent, and that the great majority of alleles
showing high DAF also segregate in fancy and utility breeds.

We next interrogated our list of 36,191 variants with DAF
>0.5 for variants of potential functional significance. We rea-
soned that among these variants there might be candidates
for mutations directly targeted by selection in racing pigeons.
Since detailed functional epigenomic maps do not exist for
pigeons or birds in general, we focused our attention on
mutations altering protein sequences and highlight two
main findings. First, gene inactivation does not seem to be
a major mechanism underlying racing performance in
pigeons since we found only one stop-gain (DAF¼ 0.61)
and two frameshift mutations (DAF¼ 0.69 and
DAF¼ 0.61) among our list of highly differentiated variants.
The premature stop mutation occurs in the TKT gene (trans-
ketolase). TKT is a thiamine-dependent enzyme that is asso-
ciated with channeling the excess of sugar phosphates to
glycolysis in the pentose phosphate pathway, and has there-
fore an important role in energy metabolism. The frameshift
mutations occur in HSF2BP (Heat Shock Transcription Factor
2 Binding Protein) and AAK1 (AP2 Associated Kinase 1), two
genes with no obvious link to racing performance. Second,
our list contained 130 nonsynonymous mutations. To test
whether this number of highly differentiated nonsynonymous
mutations is higher than expected, we compared the ratio of
variants of high DAF (>0.50) and low DAF (<0.10) between
nonsynonymous and synonymous, intronic, and intergenic
positions. If anything, we found a slight underrepresentation
of nonsynonymous mutations among relatively high DAF
mutations (fig. 3C). This result suggests that most of these
nonsynonymous mutations are unlikely to be causative and
the high differentiation probably results from genetic drift or
hitchhiking. Together with the few examples of gene-
inactivating mutations, it further suggests that regulatory
variants are likely to have been the major targets for selection
in racing pigeons.

A Catalog of Putative Selection Signals across the
Genome
Evidence of selection across the genome of racing pigeons was
investigated through five complementary statistics designed

to detect molecular signatures of positive selection (see
Materials and Methods for details). These statistics differ in
their power to detect selective events depending on the
mode of selection or demographic history, and explore dif-
ferent aspects of the data, including genetic diversity (Dp),
genetic differentiation (FST), the allele frequency spectrum of
mutations (DTD as well as Fay and Wu’s H), and haplotype
structure (XP-EHH). To localize and delineate putative se-
lected regions, the different statistics were combined using
the decorrelated composite of multiple signals method
(DCMS; Ma et al. 2015), a composite method for detection
of selection that combines molecular signals of multiple tests
and takes into account potential correlations among the dif-
ferent tests. These types of methods are expected to increase
resolution and reduce the proportion of false positives
(Grossman et al. 2010; Ma et al. 2015). DCMS was calculated
in 100-kb windows across the genome and the size of the
window was chosen based on patterns of linkage disequilib-
rium decay and identity-by-descent (IBD) (see Materials and
Methods).

Despite the paucity of fixed genetic variation between rac-
ing and nonracing pigeons, our genome-wide screen identi-
fied multiple signatures of positive selection in racing pigeons.
We identified 200 windows that displayed a significant DCMS
score (P value< 0.01; fig. 4A). The pigeon reference genome is
not assembled in chromosomes but these windows are ho-
mologous to segments of the genome located on many zebra
finch chromosomes (supplementary table S2, Supplementary
Material online) and represent 65 regions after collapsing
significant windows separated by <200 kb (see supplemen-
tary table S2, Supplementary Material online, for details).
These regions had a median size of 150 kb, encompassed
�1.2% of the genome (15.2 Mb), and based on the pigeon
genome annotation the candidate regions and their immedi-
ate vicinity (50-kb upstream and downstream) contained 265
genes. Nine regions showed the strongest evidence of selec-
tion (P value< 0.001; supplementary table S2, Supplementary
Material online), and the top DCMS value in the genome
overlapped the CASK gene described earlier (fig. 4A). The
signature of selection in the CASK region is supported by all
the statistics utilized and is apparently stronger close to the
promotor region (fig. 4B). We performed a functional enrich-
ment analysis based on the overall list of genes contained
within candidate regions but we failed to detect significant
enrichment for any particular function after correction for
multiple testing (supplementary file S1, Supplementary
Material online).

Differential Gene Expression Analysis
To further investigate the genetics of superior flight and ori-
entation ability in racing pigeons, we profiled gene expression
using RNA-seq data from whole-brains and from the pectoral
muscle, the latter being responsible for the powerful down
stroke of the wing that supports a bird in flight. We sampled
four racing pigeons and four individuals from four fancy
breeds that do not have a record of selection focused on
racing performance. All animals were adults. We generated
a total of 439,799,906 read pairs, with an average of�20 and
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�35 million pairs per sample for muscle and brain, respec-
tively. Gene expression differences were evaluated for a total
of 15,685 transcripts. Supplementary table S3, Supplementary
Material online, summarizes the details of the data set.

Our RNA-seq analysis revealed low to moderate changes in
gene expression between racing and nonracing pigeons
(fig. 5). A total of 242 transcripts were inferred to be differ-
entially expressed (FDR< 0.05; supplementary file S2,

5E
-0

5
−2

3
1

6

2,000,000 2,200,000 2,400,000 2,600,000 2,800,000 3,000,000

-3
.5

0.
5

Fay and Wu’s H

ΔTD

XP-EHH

DCMS

FST

Δπ

Position (bp)

2.
5E

-0
4

0.
00

-4
0

10
0

0.
25

B

A
CASK

CASK

0
10

0
-5

0
50

D
C

M
S

Scaffold NW_004973256.1

FIG. 4. Signatures of selection in racing pigeons. (A) Manhattan plot of DCMS values over the entire genome in a comparison of racing versus
nonracing pigeons. Thresholds for significance at P¼ 0.01 (bottom line) and P¼ 0.001 (top line) are indicated. Different colors represent different
scaffolds in the same order as they appear in the reference genome assembly (Cliv_1.0). (B) A zoom in of population genetics statistics and DCMS
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Supplementary Material online) and the contrast using brain
showed fewer differences (29) when compared with muscle
(213). None of the transcripts were common to both tissues.
We found a slight excess of downregulated transcripts in
racing pigeons both for brain (upregulated¼ 11 and down-
regulated¼ 18) and muscle (upregulated¼ 90 and down-
regulated¼ 123). We carried out functional analysis based
on this list of differentially expressed genes (supplementary
file S1, Supplementary Material online) and found a signifi-
cant enrichment of 75 gene ontology (GO) terms in muscle
tissue (the top significant GO terms were associated with
ribosome functioning, catabolic processes, and protein me-
tabolism), while for brain tissue a single GO term was signif-
icantly enriched (xenobiotic metabolic processes).

We next asked whether differentially expressed genes were
located in regions of the genome that differed most markedly
between racing and nonracing pigeons. We tested this in
three ways. First, we evaluated whether the 242 differentially
expressed genes were overrepresented in the 65 regions in-
ferred to be under positive selection in racing pigeons using
DCMS. However, we found only three genes overlapping pu-
tative selected regions, which is not a significant overlap
(Fisher’s exact test, P¼ 0.452). Second, we compared the av-
erage DAF within the coordinates of differentially expressed
genes (65 kb) to the average DAF in the remainder of the
genome. Average DAF for differentially expressed genes
was slightly but significantly higher (DAF¼ 0.084) when
compared with the genome-wide average (DAF¼ 0.080;
Mann–Whitney U test, P< 2.2�10�16). A similar pattern
and magnitude is seen when we restricted the analysis to
the promotor regions (5-kb upstream) of differentially
expressed genes (DAF¼0.086), which are expected to be
enriched for regulatory elements, when compared with the
genome-wide average (DAF¼ 0.080; Mann–Whitney U test,
P¼ 6.0�10�13). Finally, we evaluated whether variants with

DAF values> 0.5 were enriched compared with the total
number of variants within the coordinates of differentially
expressed genes (65 kb). We found a slight but significant
enrichment (0.0025 vs. 0.0021, v2 test, P value¼ 1.9�10�5).
The fact that levels of genetic differentiation were only slightly
elevated in genomic regions harboring differential expressed
genes suggests that the great majority of differentially
expressed genes are unlikely to be causative for racing perfor-
mance phenotypes.

One potential exception is NFIA (Nuclear Factor I A). This
gene is differentially expressed in muscle (Log-fold change-
¼�2.1; FDR¼ 4.03E-03; supplementary file S2,
Supplementary Material online) and overlaps a putative se-
lected region (supplementary table S2, Supplementary
Material online). Moreover, 37% (122) of the variants with a
DAF value >0.5 overlapping differentially expressed genes
map to this gene. NFIA encodes a transcription factor in-
volved in the activation of erythropoiesis and repression of
the granulopoiesis. This gene has been associated with aerobic
performance and elite endurance athlete status in humans
(Ahmetov et al. 2015), and is therefore an excellent candidate
to contribute to the superior flight ability of racing pigeons.

Discussion
The modern racing pigeon was achieved via an initial cross of
several breeds followed by over 100 years of selection for faster
individuals. Our genetic structure analyses show, however,
that racing pigeons form a group of closely related individuals,
which is surprising given that our analysis included birds both
from Europe and the United States. The fact that racing
pigeons are more genetically similar to one another than to
other pigeon breeds might be a consequence of the little, or
even inexistent, interbreeding that is expected between racing
pigeons and other breeds for several decades now, and per-
haps an expected outcome of the competitive nature of

FIG. 5. Differential gene expression between racing and nonracing pigeons. The left panel summarizes the results for brain (A) and the right panel
for muscle (B). Log-fold change (y-axis) versus average log counts per million (log-CPM) values (x-axis) for the 15,685 transcripts evaluated in our
study. Lighter dots indicate significant differences in gene expression after correction for multiple testing using a false discovery rate of 5%. Black
dots indicate no significant change. Details of the gene expression analysis can be found on supplementary file S2, Supplementary Material online.
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pigeon racing. For example, whenever a new line of pigeons
that has noticeable increases in performance emerges,
breeders are quick to acquire elite performers or their close
descendants in an attempt to exploit the newfound advan-
tage. These lines can therefore rapidly replace or be crossed
with existing varieties and prevent the accumulation of ge-
netic structure within the population of racing pigeons.

Despite the well-defined genetic structure between racing
and nonracing pigeons, our contrast reveals a complete lack
of fixed variation and a low proportion of private alleles
among highly differentiated variants. The fact that variants
characterized by large allele frequency differences between
racing pigeons and other breeds are still polymorphic within
racing pigeons implies that it is unlikely that any single genetic
change is sufficient to account for the superior flight and
orientation abilities of racing pigeons. This important result
further suggests that the superior flight and orientation abil-
ities of racing pigeons can involve different combinations of
alleles in different birds. In addition, we recovered a consid-
erable number of signatures of selection across the genome,
indicating a polygenic basis for the adaptations to extreme
performance in this breed. This pattern is perhaps expected
considering the number of body systems that must interact
for superior racing performance (cardiovascular, respiratory,
musculoskeletal, and nervous systems), and is consistent with
results in humans, in which increases in muscle mass and
athletic performance are often explained by a highly poly-
genic architecture (Bray et al. 2009; Ostrander et al. 2009).

It is well established that nonequilibrium population dy-
namics dominated by frequent bottlenecks and reduced ef-
fective population sizes characterize most domesticated
species, and pigeons are no exception. This type of nonselec-
tive forces can have a strong impact on levels and patterns of
genetic variation, sometimes mimicking the signatures
expected from directional selection (Jensen et al. 2005). To
mitigate this and reduce the rate of false of positives, we
combined in our selection inferences multiple statistics that
explore different aspects of the data, including genetic diver-
sity, genetic differentiation, allele frequency spectrum of
mutations, and haplotype structure. Our analysis included
statistics that use exclusively levels and patterns of molecular
variation within the population of racing pigeons (e.g., Fay
and Wu’s H). In addition, it also includes statistics that eval-
uate the data from both nonracing pigeons and derived pop-
ulation of racing pigeons simultaneously (Dp, DTD, and XP-
EHH), and these types of statistics are expected to be less
sensitive to demographic events and more likely to respond
to genetic hitchhiking than to other scenarios (Innan and Kim
2008). Given that we used a window-based approach to de-
tect selection, another concern is that variation in recombi-
nation rate across the genome could explain some of the
candidate regions, which could be enriched in low recombi-
nation regions due to large IBD tracts resulting from demo-
graphic processes. To our knowledge, there is no genetic map
available for pigeons, but rates of recombination across the
genome in birds often correlate well with the size of each
chromosome—larger chromosomes tend to have on an av-
erage lower recombination rates than smaller chromosomes

(Kawakami et al. 2014). We found that our catalog of candi-
date regions was distributed across both large and small
chromosomes and was not enriched in the larger chromo-
somes beyond the expected number given their size (supple-
mentary table S2, Supplementary Material online).
Furthermore, a prediction of models of selection at linked
sites is that regions of low recombination will exhibit lower
levels of genetic diversity (Smith and Haigh 1974;
Charlesworth et al. 1993). According to these models, if our
candidate regions were preferentially located in low recom-
bination regions, we should expect these to contain lower
levels of genetic diversity also in nonracing breeds. Although
in racing pigeons we found a significant reduction in poly-
morphism (p) within candidate regions (p¼ 0.25%) when
compared with the rest of the genome (p¼ 0.44%; two-
sample t-test, P value¼ 2.0�10�21), as expected from direc-
tional selection, no significant difference was detected in the
other breeds, suggesting that our candidate regions exhibit
normal levels of polymorphism when compared with
genome-wide expectations in nonracing pigeons (candidate
regions p¼ 0.45%; genome p¼ 0.48%; two-sample t-test, P
value¼ 0.18). Collectively, our results suggest that low rates of
recombination alone are unlikely to explain many of the
signatures of selection we have detected in our study. Even
given the above considerations, we note that it would be
incorrect to claim that all signatures identified here represent
true signatures of directional selection. Our candidate regions
should instead be interpreted as a catalog of regions enriched
for selected loci.

Our findings are also consistent with a model of selection
on standing genetic variation via “soft sweeps.” The fact that
alleles displaying unusually high frequency differences were
shared by racing and nonracing pigeons, suggests that selec-
tion primarily acted on beneficial variants that are also pre-
sent in many other pigeon breeds with no history of selection
on racing performance. This pattern could alternatively be
explained by frequent intercrossing between racing pigeons
and other pigeon breeds. However, this is thought to be ex-
tremely rare, and rampant gene flow would be required to
produce the observed pattern where a large proportion of
variants with high DAF values are found widespread in all
sequenced breeds (fig. 3B), making this hypothesis highly un-
likely. The polygenic basis of the extreme athletic and navi-
gational performance of the racing pigeon could thus be a
byproduct of its particular breed history, which is character-
ized by an initial cross among several breeds, and from the
fact that abundant preexisting genetic variation underlying
differences in flying performance and navigation among indi-
viduals was available within the domestic pigeon gene pool. It
is thus tempting to speculate that standing genetic variation
segregating in natural populations associated with flight per-
formance, together with multifarious selection, might explain
why migratory birds often evolve behavioral and physiological
changes that facilitate long distance flight over short evolu-
tionary timescales (Mil�a et al. 2006; Pulido 2007).

We found only modest differences in gene expression be-
tween racing and nonracing pigeons in our analysis of brain
and muscle transcriptomes. In addition, differentially
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expressed genes showed limited overlap with regions puta-
tively inferred to be under selection, and we detected only a
slight increase in levels of genetic differentiation when com-
pared with genes with no evidence for differential expression.
These results suggest that the great majority of differentially
expressed genes detected in our study are unlikely to directly
contribute to differences in athletic performance and naviga-
tional ability. Several explanations might account for this pat-
tern. First, the expression differences we observed might
result from altered functional pathways driven by a few up-
stream causative genes. Under this scenario, these results
could suggest that selection on racing pigeons altered more
significantly the regulatory networks of muscle than that of
brain. Second, selected genes may exert their functions on
earlier developmental stages rather than on adult individuals
as examined here, or expression differences are only mani-
fested in response to actual physical and navigation activity.
Third, our experimental design centered on the assumption
that differences in athletic performance and orientation be-
tween racing and nonracing pigeons are likely to be explained
by expression differences in these tissues. However, other
tissues can also be relevant, such as liver or heart. Finally,
and specific to our analysis of the brain transcriptome, it is
possible that only specific regions of this complex organ, such
as the hippocampus (Cnotka et al. 2008; Mehlhorn et al.
2010), could be strongly involved in navigation ability. Small
expression changes in small regions of the brain could very
likely go undetected in our analysis of RNA extracts from
whole brains.

Our genome-wide scan of selection sheds light on the
genetic architecture and mode of selection (i.e., dominated
by “soft sweeps” acting on standing genetic variation) under-
lying the faster flight, endurance, and accurate navigation of
racing pigeons. It further provides a catalog of candidate
genes, with some compelling examples of genes likely to un-
derlie racing performance phenotypes (e.g., CASK and NFIA).
Despite the well-established functions of several of our can-
didate genes, multiple body systems are implicated in a com-
plex trait such as racing performance and this type of
genomic scan does not provide direct information about in-
dividual signatures of positive selection that underlie specific
phenotypes. Connecting specific genes to specific phenotypes
will therefore require additional experiments. One informa-
tive approach would be to perform quantitative trait loci
(QTL) mapping in a cross between racing pigeons and other
pigeon breeds. The intersection between our genome-wide
screen of selection and QTL data could prove particularly
powerful to increase the relatively low resolution typical of
linkage mapping, while assuring a link to the relevant pheno-
types. Both these approaches are, however, focused on phe-
notypic differences between racing pigeons and nonracing
pigeons. An alternative approach to shed light on the molec-
ular underpinnings of racing performance is to carry out ge-
nome wide association studies within the population of
racing pigeons. This type of approach could take advantage
of the detailed race records kept by breeders or be based on
physiological and morphological phenotypes to identify ge-
netic variants underlying differences in individual

performance. The possibility of combining multiple
approaches in a single system holds great promise to shed
light on the biology of athletic performance and navigation in
birds.

Materials and Methods

Sampling
For whole-genome resequencing, we obtained eight racing
pigeons from different breeders. For RNA-seq, we sampled
four racing pigeons and four individuals from fancy breeds
(tumbler, archangel, fantail, and nun-pigeon). To minimize
sex-specific and environmental effects on gene expression,
all sampled individuals for RNA-seq: 1) were adult females;
2) the racing pigeons were never raced or trained prior to
their purchase; and 3) all birds were kept under the same
conditions in our animal facilities until tissue dissection. To
avoid any systematic environmental effect that is group-
specific (racing pigeons vs. fancy breeds), the sampled indi-
viduals within each group were originated from multiple
breeders. Animal care complied with national and interna-
tional regulations for the maintenance of live birds in captivity
(FELASA, Federation of European Laboratory Animal Science
Associations). Birds were euthanized following accepted prac-
tices as outlined by the AVMSA (American Veterinary
Medical Association) and approved by CIBIO ORBEA (�Org~ao
Respons�avel pelo Bem-Estar Animal). Each bird was first ren-
dered unconscious followed by manual cervical dislocation.
After sacrifice and dissection, tissues were snap frozen in dry
ice and stored at �80 �C.

Whole Genome Resequencing, Read Mapping, and
Variant Calling
For DNA sequencing, we extracted genomic DNA from mus-
cle tissue using an EasySpin Genomic DNA Tissue Kit SP-DT-
250 (Citomed). RNA was removed with a RNAse A digestion
step. The assessment of DNA purity and concentration was
done through spectrophotometry (Nanodrop) and fluoro-
metric quantitation (Qubit dsDNA BR Assay Kit,
ThermoScientific). Paired-end sequencing libraries for
Illumina sequencing were generated using the TruSeq DNA
PCR-free Library Preparation Kit (Illumina, San Diego, CA)
according to manufacturer protocols, and sequenced using
an Illumina Hiseq1500 with 2�100 bp reads. Whole genome
resequencing data are available from NCBI under the acces-
sion number SRP127492. In addition to these eight sequenced
genomes, we used similar data from a previous publication for
two racing pigeons, 36 birds from 35 fancy/utility breeds, and
one outgroup species (Columba rupestris) (Shapiro et al.
2013). These data were downloaded from the SRA repository
and treated the same way as our own sequencing data, as
described below.

The quality of Illumina reads was checked with FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/;
last accessed March 7, 2018). We trimmed low quality bases
and adapters with Trimmomatic (Bolger et al. 2014) with
the following parameter settings: TRAILING¼ 30,
SLIDINGWINDOW¼ 4:20, and MINLEN¼ 30. The trimmed
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reads were mapped to the pigeon reference genome assem-
bly (Cliv_1.0; GenBank assembly accession:
GCA_000337935.1) with BWA-MEM using default settings
(Li and Durbin 2009). Alignments were further refined using
the local realignment tool of GATK (McKenna et al. 2010).
Mean coverage across all genomes and percentage of prop-
erly mapped reads was calculated using Samtools (Li et al.
2009).

Variant and genotype calling both for SNPs and indels was
carried out using the Bayesian haplotype-based method
implemented in Freebayes (Garrison and Marth 2012). In ad-
dition to the default settings, we applied the following filters
to the variant and genotype calling: 1) reads with a minimum
mapping quality of 40; 2) individual bases with a minimum
quality of 20; 3) variants with a quality score of 100 or greater;
4) minimum genotype quality of 20; and 5) a minimum and
maximum depth of 5� and 25� per individual, respectively.

Genetic Structure
We investigated patterns of population structure using three
methodologies. First, we generated a phylogenetic tree. To
take into account uncertainties in genotype calls caused by
the moderate levels of sequencing depth (average¼ 12.4�),
we computed genotype posterior probabilities using ANGSD
instead of relying on individual genotype calls (Kim et al. 2011;
Li 2011; Korneliussen et al. 2014). Genotype probabilities were
used to estimate pairwise genetic distances using ngsDist
(Vieira et al. 2016) and ngsTools (Fumagalli et al. 2014), and
a matrix of these pairwise distances was used as input for the
neighbor program of PHYLIP 3.696 (Felsenstein 2005). We
used 6,836,652 polymorphic positions for this analysis.
Second, we used a Principal Component Analysis (PCA).
The genotype probabilities for the same positions were again
used to estimate a covariance matrix between individuals
using ngsCovar implemented in ngsTools (Fumagalli 2013;
Fumagalli et al. 2013). The matrix was decomposed to prin-
cipal components by ngsTools and plotted. Finally, admixture
fractions were estimated with ADMIXTURE (Alexander et al.
2009). For this analysis, we used the genotype calls obtained
using Freebayes and restricted the analysis to one million
random SNPs (Garrison and Marth 2012).

Selection and Differentiation Analyses
To detect regions under selection across the genome of racing
pigeons, we scanned the genome for multiple patterns of
molecular variation: 1) local losses of heterozygosity; 2) locally
elevated levels of genetic differentiation; 3) distortions in the
allele frequency spectrum; and 4) long-range haplotypes of
high population frequency. To infer these types of signatures,
we summarized levels and patterns of genetic diversity and
differentiation applying the following statistics in a sliding
window mode: FST, Fay, and Wu’s H, (Fay and Wu 2000),
nucleotide diversity (p; Nei and Li 1979), cross population
extended haplotype homozogysity (XP-EHH; Sabeti et al.
2007), and Tajima’s D (Tajima 1989). Since we were interested
in selection along the branch leading to racing pigeons,
Tajimas’s D and p statistics were computed taking advantage
of information given by the other domestic breeds for

increased power (Innan and Kim 2008). For each window,
we computed Dp as pother breeds/pracing pigeons and DTD as
Tajimas’s Dother breeds�Tajima’s Dracing pigeons. All statistics
were calculated using ANGSD (Nielsen et al. 2012;
Korneliussen et al. 2013), again to take into account uncer-
tainties in genotype calls caused by the moderate levels of
sequencing depth. Before running XP-EHH, we performed
haplotype inference using Beagle (Browning and Browning
2007) with default parameters directly on the genotype like-
lihoods and major and minor alleles generated by ANGSD.
XP-EHH values were calculated by Selscan and frequency-
normalized over all scaffolds using the norm script as imple-
mented in Selscan (Szpiech and Hernandez 2014).

Selection analyses were performed based on a sliding-
window approach. Prior to the calculation of the statistics,
we evaluated the adequate size of the window by taking into
account the average decay of linkage disequilibrium (LD)
across the genome. Pairwise LD among markers within a
same scaffold was estimated using R2 as implemented in
PLINK (Purcell et al. 2007). For this analysis, we used the ge-
notype calls from Freebayes (see above). R2 values were then
averaged in windows of 5 kb of physical distance until a max-
imum distance of 10 Mb. LD decayed faster in racing pigeons
with R2 values averaging 0.27 versus 0.11 in nonracing pigeons
at distances of 5,000 bp. For racing pigeons, average R2 values
were <0.2 at distances of 50 kb (supplementary fig. S2,
Supplementary Material online). The faster decay of LD in
nonracing pigeons is likely explained by the fact that this
group contains individuals belonging to multiple breeds,
and LD across breeds in domesticated species tends do decay
faster than within breeds (Sutter et al. 2004; Carneiro et al.
2011). In addition, we estimated the length of identity-by-
descent (IBD) segments in pairwise comparisons between the
10 racing pigeons used in our study. For this analysis, we used
IBDseq version r1206 (Browning and Browning 2013), specify-
ing minimum LOD score for reported IBD to 0.0001 (to ex-
tract all IBD segments) and maximum R2 permitted between
markers to 0.2, and the filtered set of SNPs resulting from
Freebayes described earlier (indels and composite variants
were excluded). We found that the median length of IBD
segments was small (4,431 bp) and that segments >50 kb
were rare (supplementary fig. S3, Supplementary Material on-
line). Based on these results, we chose to use windows of
100 kb for selection analysis. Windows of such size are likely
to capture true molecular signatures of selection rather than
false positives caused by large tracks of identity by descent
resulting from demography.

The identification of candidate regions under positive se-
lection across the genome of racing pigeon was accomplished
by combining information for all the statistics above in a
single score using the decorrelated composite of multiple
signals method (DCMS; Ma et al. 2015). Differently from other
conceptually similar methods (Grossman et al. 2010), DCMS
further accounts for potential correlations between the dif-
ferent statistics. Prior to DCMS calculations, we checked the
normality of each statistic with Anderson–Darling Normality
Test (Anderson and Darling 1952) but none of the statistics
were characterized by normal distributions. Therefore, we
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chose to normalize them with a two-step approach
(Templeton 2011). In the first step, the variable is transformed
into a percentile rank, which results in uniformly distributed
probabilities. In the second step, the inverse-normal transfor-
mation is applied on the percentiles ranks to form a variable
consisting of normally distributed Z-scores. Normalized scores
for each statistic were Z-tranformed, and a P value was de-
rived from this transformation. Correlations between statis-
tics were calculated (supplementary table S4, Supplementary
Material online). Finally, individual P values for each statistic
and correlations factors were then used to obtain the final
DCMS value. All scaffolds smaller than 20 kb (�1.3% of the
genome) were excluded from the selection analyses.

In addition to statistics calculated using windows and their
combination in a DCMS score, we further summarized the
absolute difference in allele frequency (DAF) between racing
and nonracing pigeons for each individual variant identified
using Freebayes. DAF was calculated as the difference in the
reference allele frequency between the two groups. This anal-
ysis was restricted to variants with <20% of missing geno-
types on each group.

Homology between Pigeon and Zebra Finch
The current version of the pigeon genome sequence is not
assembled in chromosomes. To obtain chromosomal posi-
tions for each signature of selection, we carried out blast
searches against the zebra finch genome using a standalone
BLASTN program (ftp://ftp.ncbi.nlm.nih.gov/blast; last
accessed March 7, 2018).

Variant Annotation
For variant annotation, we used the genetic variant annota-
tion and effect prediction toolbox SnpEff (Cingolani et al.
2012). This analysis was performed using the gene annotation
made available together with the pigeon reference genome
sequence (Shapiro et al. 2013). The variants were classified as
upstream or downstream of genes (<5 kb), intergenic,
intronic, untranslated regions (UTRs), synonymous, or in sev-
eral categories with potential functional significance in
protein-coding regions, such as frameshift, nonsynonymous,
and stop mutations.

RNA-Seq and Read Mapping
We quantified gene expression in the pectoral muscle and
whole-brain of both racing and nonracing pigeons by RNA-
seq. RNA extraction was carried out using the RNeasy Mini
Kit (Qiagen) and to remove the remaining DNA, we used the
RNase-Free DNase Set (Qiagen). We prepared TruSeq RNA
libraries and sequenced them on an Illumina Hiseq1500 with
2�125 bp reads). RNA sequencing data are available from
NCBI under the accession number SRP127492. Similarly, to
the procedures applied to the whole genome resequencing
data set, sequencing data quality was checked with FastQC
and the reads were trimmed using Trimmomatic. The reads
were then aligned to the reference genome using HISAT2
(Kim et al. 2015), a splice-aware aligner that allowed us to
map our RNA derived reads to the pigeon reference genome.

Gene Expression Analysis
Reads overlapping annotated genes were quantified with
HTSeq (Anders et al. 2015). The edgeR package (Robinson
et al. 2010) was then used for differential expression analysis
comparing racing and nonracing pigeons. Lowly expressed
transcripts (<10 counts per million; CPM) were excluded
from the analysis. Next, we performed a normalization step
to minimize the log-fold changes between samples by scaling
factors taking into account RNA composition of the library.
Additionally, we estimated dispersion, a measure of the de-
gree of interlibrary variation for each transcript, which func-
tions as a proxy to the overall variability across the genome
for the data set. Finally, tagwise dispersions of a negative bi-
nomial distribution for each gene were used for differential
expression tests. A Benjamini–Hochberg’s procedure was
used to control for multiple testing by applying a false dis-
covery rate (FDR) threshold of<0.05.

GO Term Analysis
Enrichment of functional categories was carried out sepa-
rately for: 1) genes within selected regions, 2) genes differen-
tially expressed in the brain, and 3) genes differentially
expressed in the muscle. We first performed a functional an-
notation of all genes in the pigeon genome. For each gene, we
retrieved the coding sequence from the reference genome
and used Sma3s v2 (Mu~noz-M�erida et al. 2014; Casimiro-
Soriguer et al. 2017) with default parameters. This software
automatically conducts functional annotations of biological
sequences by querying a given nucleotide sequence to the
UniProt database. Using our custom pigeon functional anno-
tation, we created a GO association file, and used this as the
basis for an enrichment analysis in Ontologizer 2.1 (Bauer
et al. 2008). Enrichment calculation of GO terms was done
using the Parent-Child-Union test, which takes into account
the hierarchical structure of the ontology (Grossmann et al.
2007), and a Benjamini–Hochberg procedure for multiple test
correction (FDR threshold of 0.05). For the analysis of each
data set, we changed the background set of GO-gene associ-
ations against which we conducted the enrichment analysis.
For the analysis of functional enrichment of each of the three
data sets referred previously, we used as the background,
respectively: 1) GO associations of all the genes from the
genome, 2) GO associations of genes with expression in the
brain (as detected by our RNA-seq approach), and 3) GO
associations of genes with expression in muscle tissue (as
before).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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