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Massive genome inversion drives coexistence of
divergent morphs in common quails
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A chromosomal inversion of 115 Mbp, 12% of the genome, is
found in common quails

Birds with the inversion are darker, heavier, and have rounder
wings

These birds do not undertake the characteristic long-
distance migration

The sequence in the inversion is highly divergent and
originated before speciation
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In brief

Despite the extremely high mobility of
common quail Coturnix coturnix,
Sanchez-Donoso et al. identify a
geographically restricted, very large
chromosomal inversion in the darker,
heavier common quail of the western
edge of the species distribution. This
inversion is also associated with reduced
dispersal and migration.
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Massive genome inversion drives coexistence
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SUMMARY

The presence of population-specific phenotypes often reflects local adaptation or barriers to gene flow. The
co-occurrence of phenotypic polymorphisms that are restricted within the range of a highly mobile species is
more difficult to explain. An example of such polymorphisms is in the common quail Coturnix coturnix, a small
migratory bird that moves widely during the breeding season in search of new mating opportunities, following
ephemeral habitats,? and whose females may lay successive clutches at different locations while
migrating.® In spite of this vagility, previous studies reported a higher frequency of heavier males with darker
throat coloration in the southwest of the distribution (I. Jiménez-Blasco et al., 2015, Int. Union Game Biol.,
conference). We used population genomics and cytogenetics to explore the basis of this polymorphism
and discovered a large inversion in the genome of the common quail. This inversion extends 115 Mbp in
length and encompasses more than 7,000 genes (about 12% of the genome), producing two very different
forms. Birds with the inversion are larger, have darker throat coloration and rounder wings, are inferred to
have poorer flight efficiency, and are geographically restricted despite the high mobility of the species. Stable
isotope analyses confirmed that birds carrying the inversion have shorter migratory distances or do not
migrate. However, we found no evidence of pre- or post-zygotic isolation, indicating the two forms commonly
interbreed and that the polymorphism remains locally restricted because of the effect on behavior. This illus-
trates a genomic mechanism underlying maintenance of geographically structured polymorphisms despite
interbreeding with a lineage with high mobility.

RESULTS AND DISCUSSION

To assess the genetic structure of common quails that differ in
phenotype in the western limit of the distribution (Figures 1A
and S1), we sampled 80 male quails from lItaly, Spain, Portugal,
Morocco, and the eastern Atlantic archipelagos of Canary
Islands and Madeira, including localities where different color
morphs were dominant. We characterized genome-wide varia-
tion across these individuals using a reduced representation
approach (supplemental information) and identified a large block
of SNPs along chromosome 1 that was associated with very high
differentiation (Fst) between localities (Figure 1B). We assessed
genetic structure for this region of chromosome 1 by using
ADMIXTURE assuming 2 clusters. While the genetic
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composition of many quails had 100% assignment to one cluster
or the other, 30 had ~50:50 assignment to each cluster (Fig-
ure 1C), suggesting the existence of two chromosomal types.
A principal-component analysis (PCA) of this region of chromo-
some 1 revealed well-defined groups of genotypes (Figure 1D),
although this pattern was not observed when analyzing the
rest of the genome (Figure S2). Homozygotes for one type, AA,
constituted a cohesive group in the PCA (Figure 1D) and were
widely distributed (Figure 1E). Homozygotes for the other type,
BB, represented the other extreme of the variation in the PCA
and were found only in the south of the Iberian Peninsula,
Morocco, and the Atlantic islands. Heterozygotes, AB, were pre-
sent in the same areas as BB. This shows that there is
geographic structure in this species despite very high vagility'+
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Figure 1. Genetic basis of phenotypic diversity in common quail
(A) Two common quail males captured in the same location in S Spain.

(B) Fst for 60,024 SNPs along the genome quantifying differentiation across 80 male quails from 9 populations. Very large differentiation is observed in a large

portion of chromosome 1.

(C) ADMIXTURE results (for K = 2) using 8,202 SNPs from the region with the largest Fsr differentiation in chromosome 1. For each individual, the analysis shows
the proportion of the genome that belongs to each group. This allows the identification of three groups of individuals: AA, AB, and BB.

(D) Principal-component analysis (PCA) using the SNPs from the region with the largest Fsr differentiation in chromosome 1. AB and BB quails separate in clusters
(mainland and island quails appear differentiated) while AA individuals cluster together independently of the locality of origin. For a PCA using SNPs outside the

region, see Figure S2.

(E) Distribution of genomic groups from a more complete survey of 119 male quails (gray, AA; blue, AB; red, BB).
For pigmentation of quails in each population, see Figure S1. Figure related to Data S1A.

and raises the question of how two distinct chromosomal forms
can be maintained despite interbreeding.

The high Fst over a large portion of chromosome 1 (Fig-
ure 1B) and the presence of three distinct putative genotypes
could be explained by a chromosomal inversion that sup-
presses recombination in the region and favors the accumula-
tion of differences between two haplotypes. To investigate the
presence of an inversion, we captured six reproductively active
males from northeastern Spain, where all previously sampled
individuals belonged to type AA, and nine from southwestern
Portugal, where individuals AB and BB had been identified.
We synthesized probes for fluorescence in situ hybridization
(FISH) assays. One of the probes was designed to hybridize
to a DNA sequence inside the divergent region of chromosome

1, and the other one was outside this region. FISH assays on
spermatocytes in meiotic prophase revealed that, in AA birds,
the two probes in the paired chromatids were separated by a
distance of 23.80 um (SD = +4.25; n = 6; Table S1). On the
other hand, the samples from southern Portugal presented
two patterns. BB quails had the two probes located at a
smaller distance (11.97 pum + 1.45; n = 5), confirming that the
probes were located on a different location along the chromo-
some, as expected if a large chromosomal inversion had taken
place (Figure 2). In the remaining four AB birds, three fluores-
cent signals were identified, two of them corresponding to
the probe located inside the divergent region, indicating that
these individuals were heterokaryotypes (carrying one chromo-
some of each type) and that the two homologous
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chromosomes were not completely paired during meiosis.
These results confirm the presence of a large inversion in chro-
mosome 1 and the presence of heterokaryotype quails in
southern Portugal.

To better characterize the chromosomal limits of the inversion,
we sequenced the complete genomes of 16 homokaryotype
males at a coverage of 8.2x-13.5x (Table S2). To simplify map-
ping and analyses, we avoided sequencing heterokaryotypes.
We sequenced 10 BB homokaryotypes and 6 AA homokaryo-
types from across the study area. This revealed 17,836,922
SNPs distributed along the genome. Genome-wide Fst between
the two groups, measured in 1-Kbp sliding windows, supported
the presence of the inversion on chromosome 1, which extends
115 Mbp in length (Figures 3A and S3). This represents more
than 12% of the genome and about %3 of the largest chromo-
some in common quail. This inversion encompasses about
7,700 putative genes, whose alleles are in linkage disequilibrium
due to substantially reduced recombination between inversion
types (Figure S4). This results in a very large supergene,” a chro-
mosomal region encompassing multiple genes that are inherited
together because of their genetic linkage. However, average Fst
along the inversion in longer windows (1 Mbp) showed that the
differentiation between the lineages is higher near the limits of
the inversion, implying some level of recombination between
haplotypes inside the inverted region.®

The mean individual heterozygosity in the inverted region for
BB quails was much lower than for AA quails, whereas outside
the inverted region, heterozygosity was similar (Figure 3B). Mea-
sures of absolute divergence (dxy) based on only the first and last
2 Mbp of the inversion (regions likely most resistant to recombi-
nation) were high (dxy = 0.0079). Using a range of mutation rates
estimated for birds, we calculated average divergences of 0.9-
3.2 mya, but these are rough estimates because the sequences
are not likely to be neutral. Of the 23,269 sites that were fixed dif-
ferences between the inverted and non-inverted haplotypes in
common quail chromosomes, the proportion of sites with the
same allele as the Japanese quail assembly was 10.6 times
higher for A haplotype than for B haplotype. This shows that
the B haplotype was more divergent, indicating an old origin.
Two alternative evolutionary histories could explain this observa-
tion. First, the divergent sequence of B haplotype could repre-
sent an old ancestral polymorphism, dating from before the
divergence of Japanese and common quails and maintained
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Figure 2. Immunofluorescence evidence of
a chromosomal inversion

FISH assays using two probes for chromosome 1
in common quails, with one of the probes (K-19,
red) located inside a region of the chromosome
that could have suffered an inversion.

(A) Schematic representation of the three patterns
observed, showing the position of the probes in
AA, AB, and BB quails.

(B) Chromosomes during meiosis showing the
position of J-23 (green probe, outside the inver-
sion) and K-19 (red, inside the inversion) in three
quails representing the three karyotypes.

See also Table S1.
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through incomplete lineage sorting. At the same time, the very
limited diversity within the inverted region (Figure 3B) suggests
that it has not accumulated many mutations compared to other
parts of the genome. This could be the result of strong selective
pressures reducing diversity due to hitchhiking or a low effective
population size stemming from its limited distribution. Alterna-
tively, the divergent sequence of B could derive from the more
recent introgression of an inverted sequence originating in a
separate species that likely diverged more than 1 mya. No other
extant quail species that could be the source for this sequence
inhabits the region where the inversion is found (Atlantic coast
of SW Europe and NW Africa),® but several extinct species of
quail have been described for the eastern Atlantic islands,’
and one of these could have been the origin of the inversion. A
similarly large inversion in white-throated sparrows, Zonotrichia
albicollis, has been suggested to derive from introgression
from a related species.®

The geographically limited distribution of the inversion is sur-
prising given the high mobility of the species. After excluding
the inverted region, analysis with ADMIXTURE of the genotype
data obtained from the 16 complete genomes and from the
reduced genomic representation approach of 80 quails failed
to show any population differentiation between quails with and
without the inversion (cross-validation suggested K = 1 clusters
of genotypes), and a neighbor-joining tree of the sequences
outside the inversion did not show any structure (Figure 3C).
Similarly, the PCA with genomic data of the 80 quails, after
excluding SNPs within the inversion (Figure S2), failed to show
any grouping of samples corresponding to locality or genotype.
These results imply frequent admixture and gene flow between
quails with and without the inversion, confirming the absence
of complete reproductive isolation and extensive gene flow
across the western Palearctic, as suggested by the ringing data.’

We next investigated correlations between phenotype and
karyotype. We used a subset of SNP markers to assess chromo-
somal composition of a larger sample of sexually active male
quails from different locations and compiled morphological
data. The three karyotype groups of quails differed in weight,
with AA quails being the lightest (AA: mean + SD = 94.8 g +
6.9, n = 43; AB: 97.3 + 6.8, n = 42; BB: 99.8 + 6.4, n = 18;
Fa100 = 3.73; p = 0.027; Figure 4A; see supplemental informa-
tion). They also showed significant differences in pigmentation:
BB quails had darker throat coloration, while it was intermediate
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Figure 3. Genomic characterization of the inverted region in chromosome 1
(A) Fs7in 1-Kbp windows comparing homokaryotype AA (n = 6) and BB (n = 10) quails. A large portion of chromosome 1 shows extreme differentiation due to an

inversion. The orange line represents Fsr values in 1-Mbp windows.

(B) Individual heterozygosity in homokaryotypes. Heterozygosity in the inverted region (left) is very much lower for BB quails, while it is similar between the two

groups when excluding the inverted region (right).

(C) Neighbor-joining tree based on SNPs outside the inversion. AA in black and BB in red. Aimost no geographic structure is observed.
(D) Tree based on SNPs within the inversion. Two large clusters appear separating the two groups of homokaryotypes. Additional clusters appear among BB

quails, while AA individuals do not show any population structure.
See also Figures S3 and S4 and Table S2.

for AB (Figures 4B and S5; median color category for BB was 5, 4
for AB, and 2 for AA; H(2) = 50.96; p < 0.001). Interestingly, the
genes RAB-38 and TYR, which have previously been found to
affect pigmentation in birds,'®'" are very close to the inversion
breakpoint and the genome sequences for AA and BB quails
differ by several nonsynonymous substitutions in these genes
(Table S3), suggesting that they could be associated with differ-
ences in pigmentation in this system too.

We also observed differences in the width of the pectoral lipid
band as viewed through the skin, which is positively related to
motor restlessness.’? This band was significantly wider for AA
quails than for AB and BB quails (AA: 6.58 mm = 3.58, n = 43;
AB:2.98 + 2.05, n = 42; BB: 2.44 + 1.87, n = 18; F5 100 = 23.32;
p < 0.001; Figure 4C). We used wing measurements to calculate
amodified Holynski index'® for each individual. Higher values for
this index indicate that the wings are relatively narrower and

pointier, which is expected to indicate higher flight efficiency.'*
The comparison of this index among the three karyotypes
showed that AA quails had significantly higher values, while BB
had lower values and AB had intermediate values (AA: 116.0 +
10.6, n = 21; AB: 104.9 + 8.2, n = 38; BB: 98.4 + 11.0, n = 16;
Fo72 = 16.78; p < 0.001; Figure 4D), suggesting that the quails
without the inversion (AA) had a more efficient flight apparatus.
The limited flight efficiency of the quails with the inversion (AB
and BB) could be associated with lack of or reduced migration.
These phenotype patterns were not just an effect of latitudinal dif-
ferences. Excluding AA quails from northern latitudes in the ana-
lyses gave the same results because AA quails did not differ in
northern and southern localities (Figure S6).

To study the migratory behavior, we analyzed the isotopic
signature of primary feathers from captured individuals. The iso-
topic signature for carbon (3'3C) and deuterium (32H) of feathers
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(A) Body weight of AA, AB, and BB male common
quails.
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is greatly determined by the frequency of these isotopes at the
location where they were formed.'® We used feather wear and
molting patterns to identify the age of quails. From 83 1-year-
old males (Euring 5, the majority of the captured individuals),
we took one primary feather that had been grown during the pre-
vious breeding season. This feather informed about the isotopic
signature at the place of hatching. A second feather, grown in the
wintering ground, allowed the comparison of the two locations.
For the two isotopes, AA quails showed large differences be-
tween feathers grown in breeding and wintering grounds, while
individuals that carried the inversion, either as homokaryotype
BB or as heterokaryotype AB, showed very small differences
(Figures 4E and 4F; supplemental information). This indicates
that AB and BB birds did not migrate or that their migratory
movements were much reduced as compared to quails without
the inversion.

Reduced dispersal associated with the inverted sequence is
further supported by a neighbor-joining tree representing the
evolutionary relationships between the 16 genomes consid-
ering only the region within the inversion. The 10 BB quails
sequenced formed groups corresponding to different
geographic origins: Madeira, Canary Islands, and Iberian
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Wintering

genomes recombine over most of their
length. However, those that carry one
or two copies of the inversion (AB and
BB) have reduced mobility, leading to
population structure for the inverted sequence among
geographic regions.

Chromosomal inversions are known to play an important role in
evolution'®"” and can facilitate the coexistence of well-differenti-
ated morphologies and behaviors,'®'® including differences in
migration patterns.”® In the case of the common quail, we have
demonstrated that an inversion is associated with the coexistence
oftwo complex sets of traits over part of the distribution range. The
inversion is exceptionally large,'” resulting in a supergene that rep-
resents a considerable portion of the quail genome, more than
12%. Several quail species inhabited the Macaronesian archipel-
agos and went extinct during the Late Holocene as a result of hu-
man impacts. Some of these species had larger body sizes and
reduced flying capacities’ and could have been the source of
the inversion. The introgression of genes from a related species
can facilitate adaptation,'®?"?? as in the case of the white-
throated sparrow,® where the introgression of an inversion has
led to the coexistence of morphological and behavioral pheno-
types.?® However, we cannot exclude the possibility that the inver-
sion in quails represents an ancestral polymorphism.

The presence of a large number of heterokaryotypes (AB) im-
plies the absence of complete pre-zygotic isolation between the
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two chromosomal types. Moreover, the lack of population struc-
ture excluding the inversion suggests the absence of post-zy-
gotic genetic incompatibilities.

The restricted distribution of the inversion implies that hetero-
zygotes also have reduced dispersal capacity and inter-island
dispersal may have been the result of sweepstakes dispersal
events.?* This has been rare enough to result in genetic differen-
tiation for the inversion, between islands and the mainland and
between archipelagos. Patterns of genomic differentiation be-
tween AA and BB quails tend to decrease toward the center of
the inversion (Figures 3A and S4), probably caused by occa-
sional non-homologous pairing, which could allow some transfer
of genetic material between the two chromosomal variants by
double crossover events or by gene conversion.” These double
crossovers are occasionally observed®® and may have contrib-
uted to an increase in genetic diversity in the region of the inver-
sion in AA quails (Figure 3B) compared to the rest of the genome.

We do not have evidence of differences in fithess between the
two chromosomal types. However, the distribution of the darker-
colored birds carrying the inversion is restricted to warmer areas,
as expected under Gloger’s rule.”® This could be associated with
camouflage capacity or higher resistance of melanized feathers
against keratinolytic bacteria, particularly in humid environ-
ments.”®?” The habitats occupied by AB and BB quails at the
southern limit of the breeding range may also offer suitable habitats
for the species all year round, allowing permanent habitation. In
fact, AB and BB individuals were found in areas where the common
quail populations have been suggested to be resident (Figure 1E).®
The reduced recombination associated with the inversion facili-
tates the divergence between genes in this chromosomal region.
This generates sufficient opportunity for the accumulation of
substitutions that could facilitate local adaptation or even incom-
patibilities that could facilitate speciation.”® Alternatively, fre-
quency-dependent or temporally fluctuating selection due to
changes in land uses induced by humans or climate'®*° could
lead to stable polymorphisms over thousands of years. However,
we know too little on the population dynamics of the two chromo-
somal types to understand the mechanisms of coexistence.
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R 4.0.3 R Development Core Team™® https://cran.r-project.org/bin/windows/
base/

R package ggplot2 Wickham?® https://ggplot2.tidyverse.org

R package qgman Turner*’ http://cran.nexr.com/web/packages/
qgman/index.html

R package SNPRelate Zheng et al.*® https://www.bioconductor.org/packages/

RStudio v1.3.959
SAMtools v. 1.6.0
SnpEff v.4.3t
TASSEL-3-GBS pipeline
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Li et al.”®
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https://www.rstudio.com/
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Other

Japanese quail genome (Coturnix japonica)
Japanese quail genome (Coturnix japonica)

RefSeq
GENBANK
Thermo Fisher Scientific

RefSeq: GCF_001577835.1
GenBank: GCA_001577835.1
N/A

Flash HT Plus elemental analyzer coupled
to a Delta-V Advantage isotope ratio mass
spectrometer via a CONFLO IV interface

FISH probe K19 NCBI
FISH probe J23 NCBI

NCBI: WAG-22K19
NCBI: WAG-22J23

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ines San-
chez-Donoso (ines.sanchezdonoso@gmail.com).

Materials availability
This study did not generate new materials.

Data and code availability

Genomic data are deposited in GenBank (GenBank: PRUNA730394). Genotyping-by-sequencing data (non filtered SNPs) are acces-
sible in https://digital.csic.es/handle/10261/251279 (https://dx.doi.org/10.20350/digital CSIC/13989). Results of the FISH assays are
included in Table S1 in this publication. Original script for dxy calculations is provided in hitps://github.com/MattChristmas/
Quail_inversion_scripts. Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The common quail is a Galliform with a wide distribution in the Palearctic region and in southern Africa. Eurasian populations
winter in the Sahel and India,” reaching breeding grounds in northern Africa and Eurasia between February and March. It is a highly
mobile species that combines these trans-Saharan migratory movements with nomadic movements during the breeding season in
search of suitable but ephemeral habitats of mainly winter cereal crops, such as wheat and barley.” As cereal maturation depends
on latitude and altitude, destruction of this habitat due to harvesting forces quails to move in an asynchronous manner, following a
“green wave.” After harvest, only females with broods remain in the breeding areas to raise their chicks.? Chicks remain with their
mothers for about 4 weeks®* and females can lay several clutches, at very different locations, during the breeding season.® As sex
ratio is unbalanced toward males, unpaired males move extensively during the breeding season in search of females.”® The com-
mon quail is a popular game species in many countries in Western Europe and ring recoveries confirm that philopatry is small and
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that quails move extensively across Western Europel. The population size of this species is estimated at 15-35 million
individuals.?®

Sample information and all morphological and stable isotope data are included as supplemental datasets (Data S1A and S1B,
respectively). Sampling and animal handling procedures conformed to relevant institutional and national guidelines and regulations
in bioethics. All our experimental work was carried out in accordance with the ASAB/ABS Guidelines for the treatment of animals.
Fieldwork in Spain and Morocco was conducted under the supervision of J.D. Rodriguez-Teijeiro and M. Puigcerver following the
guidelines of the Federation of European Laboratory Animal Science Associations (FELASA), under sampling permits awarded by
the regional governments. Portuguese samples were obtained under sampling permits 634/2017/CAPT and 635/2017/CAPT from
ICNF (“Instituto da Conservagéao da Natureza e das Florestas”) to David Gongalves and Pedro Andrade. Sampling permit for Madeira
was granted by “Secretaria Regional do Ambiente e Recursos Naturais,” 8/PNM/2015-MAD. Cape Verde samples were obtained
under sampling permit 08/2016 from “Ministério da Agricultura e Ambiente” to J.D. Rodriguez-Teijeiro. The work fulfilled the ethical
recommendations of the European Union and the Spanish legislation (Spanish Law 5/1995 and Decree 214/1997) and was approved
by the Ethics Committee on Animal Experimentation from the University of Barcelona.

METHOD DETAILS

Field sampling
We captured common quail males during the breeding season in Spain, Portugal, Morocco, Italy, Netherlands and the Atlantic archi-
pelagos of Madeira, Canary Islands and Cape Verde (Data S1A). We collected phenotypic data from each captured quail. We
weighed the captured quails with a precision scale to the nearest + 0.5 g and measured the width of their pectoral lipid band (viewed
through the skin) with a caliper (+0.01 mm). We measured maximum folded wing length with a zero-stop ruler (0.5 mm) by flattening
the camber and straightening the lateral curvature of the wing, and the length of each primary feather and the second secondary from
one wing with a pin ruler (+0.5 mm).°®

We also took pictures of the throat to study pigmentation. In common quails molt is split between the breeding area and the
wintering area,®” and some feathers are grown in each area. For each individual we inferred age from the patterns of molt and
wear of the primaries®® and took feather samples for isotope analyses. The feathers were chosen taking into account the age cate-
gory, and we sampled one feather grown in the breeding area and another one grown in the wintering grounds. About 100 pl of blood
was extracted from each individual from the jugular vein for genomic analyses. After sampling, birds were released in the place of
capture except for 15 individuals for which we sampled the testes for the immunofluorescence assays (Table S1). In this case, birds
were immediately dissected and testicles were frozen in liquid nitrogen or dry ice.

Molecular genetics

Genotyping by sequencing

DNA was extracted by using the DNeasy Blood & Tissue Kit of QIAGEN. We genotyped quail samples using a reduced representation
genotype-by-sequencing (GBS) approach, which consists of next generation sequencing short fragments of DNA (64 bp) starting at the
cutting point of some restriction enzymes.>® We built a shotgun library from DNA of 80 quails from 9 localities (plus a control) after diges-
tion with the restriction enzyme EcoT22l. This library was sequenced using lllumina HiSeq 2500 (1x100bp) at Cornell University, Biotech-
nology Resource Center. We called SNPs using the TASSEL-3-GBS pipeline®® and mapped the obtained sequences against the
Japanese quail genome (Coturnix japonica, RefSeq assembly accession number: GCF_001577835.1) using BWA-MEM v.0.7.8-
r455.%% We filtered for biallelic SNPs with minor allele frequency higher than 0.03, missing data less than 25%, minimum quality of 20
and depth higher than 5 and lower than 100 using VCFTOOLS v.0.1.13.%° After applying these filters, we retained 60,024 SNPs.

We assessed population structure with a principal component analysis (PCA) with the function snpgdsPCA®*®" in the R package
SNPRelate.*® To assess regions of the genome responsible for population differentiation, we calculated Weir and Cockerham’s Fg7°2
among the 9 localities for each SNP along the genome estimator implemented in VCFTOOLS. We plotted Fsrvalues with the package
ggman”’ in R 4.0.3,*® using RStudio v1.3.959.%°

Analyses of population structure were carried out with ADMIXTURE v1.3.0.°" To determine the number of clusters (K) that best
explain the data for different SNP datasets, we ran 20 independent analyses using the flag “K” from K = 1 to K = 5 with default pa-
rameters and we compared the cross-validation errors to find the most likely K. We combined the results from the different runs using
the CLUMPAK server®® with default settings.

The initial dataset was complemented with 39 additional samples that were also typed using a genotyping-by-sequencing
approach but utilizing the restriction enzyme Nsil, which is an isoschizomer of EcoT22I, and using an lllumina NovaSeq 2x150 bp
sequencing at the University of Wisconsin-Madison Biotechnology Center. We optimized the filtering parameters, mainly the
maximum proportion of missing data, to obtain a subset of SNPs that produced genotypes consistent with those obtained when
analyzing the original dataset, which were used to genotype the new individuals. We used this smaller set of markers to increase sam-
ple size for the distribution of the karyotype variants.

Whole genome sequencing

To better characterize the chromosomal limits of the inversion, we sequenced the complete genome of 16 homokaryotype males at a
coverage of about 10x. We selected 10 homokaryotypes from the southwestern type (BB) from separate locations on the continent
and Atlantic islands, and 6 from northern and eastern quails (AA; Table S2). DNA was extracted by phenol chloroform followed by an
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ethanol precipitation. Whole genome sequencing libraries were constructed following standard protocols,®® and sequenced at the
SNP&SEQ Technology Platform in Uppsala (Sweden) using lllumina HiSegX (2x150bp).

Inmunofluorescence assays

Spermatocyte nuclei surface spread

To obtain spread nuclear chromatin, we performed surface spreading of spermatocyte nuclei on glass slides from frozen quail
testis.®* Briefly, a small portion of frozen tissue was minced in cold PBS to obtain cell suspensions, cells were then treated with
1% lipsol for 40 min, fixed with fresh 1% paraformaldehyde containing 0.15% Triton X-100 for 2h in a humid chamber, air-dried
and washed with 0.4% Photo-Flo.

Immunofluorescence staining

To identify the chromosomes, surface spreads were stained against the axial core marker, SYCP3, using a previously described
method:®° slides were blocked for 15 min with blocking buffer (0.2% BSA, 0.2% gelatin, 0.05% Tween-20 in PBS) and then incubated
with primary antibody anti- rabbit SYCP3 (1:400, Abcam Cat# ab15093, RRID:AB_301639), overnight at 4°C; after washes, slides
were incubated with a goat anti-rabbit DyLight 649 (1:400, Jackson ImmunoResearch Lab Cat# 108-495-003, RRID:AB_2337515)
for 1 h at 37°C. Finally, slides were mounted with Vectashield mounting medium containing DAPI. Slides were examined on a Zeiss
Axiophot epifluorescence microscope. We captured 20-40 well-spread pachytene spermatocyte cells from each slide and saved
their locations on each slide.

Fluorescence in situ hybridization (FISH) assay

Using the Japanese quail genome (C. japonica) as a reference (GENBANK ID GCA_001577835.1) and probes developed for
chicken,®® we synthesized probes for FISH assays. One of the probes, K19 (NCBI code WAG-22K19), was designed to hybridize
to a DNA sequence inside the divergent region of chromosome 1 and the other one was outside this region (J23: WAG-22J23). Probes
were labeled by nick-translation with digoxigenin-11-dUTP (Roche, for probe K19) or biotin-16-dUTP (Roche, J23). We performed an
adapted FISH assay to detect the locations of the two probes on spermatocyte chromosomes.®”

Slides were denatured in 70% formamide in 2% SSC for 20 min at 77°C, incubated with 1M sodium thiocyanate for 3h, denatured
again with denaturation solution for 20 min at 77°C, and dehydrated in a series of ethanol solutions. At the same time, 200-400ng DIG
or Biotin-labeled probes were precipitated with Cot-1 DNA (Invitrogen) and salmon sperm DNA (Stratagene). The precipitated probe
DNAs were resuspended in hybridization buffer (50% formamide, 2X SSC, and 10% dextran sulfate) under constant agitation at
37°C, denatured for 10min at 79°C, and reannealed for at least 30min at 37°C. Finally, reannealed probe DNAs were incubated
on denatured slides for 72h at 37°C. After hybridization, slides were washed with 50% formamide, 2 x SSC at 45°C, rinsed with
4 x SSC containing 0.1% Tween 20, and blocked with blocking buffer (4 x SCC, 4mg/ml BSA, 0.1% Tween20) for 30min at
37°C; finally, slides were incubated with Alexa Fluor 555 streptavidin (Invitrogen, 1:100) and Anti-Digoxigenin-Fluorescein (Roche,
1:10) for 1h at 37°C, washed and air-dried.

Since SYCP3 signals were lost during the FISH assay, a second round of immunostaining against SYCP3 was performed after
FISH. Then both probe and SYCPS3 signals were examined and captured in pre-selected pachytene spermatocyte cells. Slides
were examined using a Zeiss Axioskop epifluorescence microscope equipped with a Point Gray Research camera controlled by
the ACO XY Software (A.COLOMA Open microscopy). Images were processed by Adobe Photoshop to match the intensity observed
under the microscope. Measurement of distances between probes was performed using ImageJ.*’

Stable isotope analyses

We washed the feathers with absolute ethanol, rinsed them with distilled water and put them in a stove to dry. We cut into small pieces
two portions (0.3 mg each approximately) of the apical end of the feathers, and placed them into silver capsules for the 3°H analyses
and into tin capsules for the 3'3C analyses.

62H quantification

Isotope measurements were performed on H? derived from high-temperature flash pyrolysis at 1450°C by means of Flash HT Plus
elemental analyzer coupled to a Delta-V Advantage isotope ratio mass spectrometer via a CONFLO IV interface (Thermo Fisher Sci-
entific, Bremen, Germany). Stable isotope ratio was expressed in the standard d-notation (%) relative to the Vienna Standard Mean
Ocean Water (VSMOW). Based on laboratory standards, the measurement error was + 3%,. The standards used were: CBS, KHS,
USGS-42 (keratin standards supplied by Environment Canada) and LIE-PA2 (feathers of Razorbill, internal standard). The 3°H ana-
lyses were carried out using the comparative equilibration approach described in Wassenaar and Hobson,®® and by using calibrated
keratin isotope reference materials to avoid effects of H exchange with ambient water vapor.

873C quantification

Samples were combusted at 1020°C using a continuous flow isotope-ratio mass spectrometry system by means of Flash HT Plus
elemental analyzer coupled to a Delta-V Advantage isotope ratio mass spectrometer via a CONFLO IV interface (Thermo Fisher Sci-
entific, Bremen, Germany). Stable isotope ratios were expressed in the standard 3-notation (9,,) relative to Vienna Pee Dee Belemnite.
Based on laboratory standards, the measurement error was + 0.19,,. The standards used were: EBD-23 (cow horn, internal standard),
LIE-BB (whale baleen, internal standard) and LIE-PA (feathers of Razorbill, internal standard). These laboratory standards were pre-
viously calibrated with international standards supplied by the International Atomic Energy Agency (IAEA, Vienna).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Phenotypic data
We calculated a modified Holynski Index'®°° to measure wing pointedness based on the lengths of the primary feathers, the sec-
ond secondary feather and the folded wing:

>~ Prox — >_ Dist .

Wire 100

Modified Holynski Index =
Being: y
> Prox =Y (Ppn — ProxPp_) + (Pm — S2)

i=1

> Dist = i(P,,, — DistP,,.;)

j=1

P,,: length of the largest primary feather (m)

y: number of primaries proximal to m

z: number of primaries distal to m

ProxP,,.;: length of the i'" proximal primary feather in relation to m
DistP,,.,j: length of the jt" distal primary feather in relation to m
S,: length of the second secondary feather

Wing: length of the folded wing

We statistically compared weight, the width of the lipid band and the modified Holynski Index among karyotype groups (AA, AB and
BB) in one year old males (Euring 5) by fitting a linear model for each one of the response variables studied. Karyotype group was the
explanatory variable in the three models. Homoscedasticity and normality of residuals were checked by visual exam of scatterplots
(both were fulfilled). Significance was evaluated with an F-test with the function Anova() available in the R car package.”" Pairwise
comparisons between genomic clusters were done with Tukey’s posthoc tests using the function emmeans() from the emmeans
package.®®

Throat pigmentation was categorized into six levels, from pale (level 1) to completely pigmented (level 6, Figure S5), by visual ex-
amination of throat pictures of one year old males (Euring 5) and comparing to a pre-defined scale. In any case, to avoid subjective
appreciation, the characterization of quails was always done by the same researchers (JDR-T and MP) that have been working
together in the study of quails for decades. We performed a Kruskal-Wallis test to test the significance of the differences in throat
pigmentation among groups using the function kruskal.test(), and used Wilcoxon-Mann-Whitney tests to assess pairwise differences
between karyotype groups with the function wilcox.test(). Statistical analyses were done in RStudio.

Genomic data

SNP calling and filtering

We checked sequencing data quality by using FASTQC v.0.11.5°° and we removed adaptor sequences and quality trimmed with
CUTADAPT v.1.17.%* We mapped reads against the Japanese quail genome (RefSeq assembly accession number:
GCF_001577835.2) using BWA-MEM v.0.7.15%% and we performed read group tagging and duplicate marking with PICARD v.2.4.1
(https://broadinstitute.github.io/picard/). We used GATK v3.6° for joint indel realignments. We used the depth option implemented in
SAMtools v. 1.6.0°° to calculate the mean depth of coverage.

We called variants across the 16 genomes using FREEBAYES v.1.3. with the flags “-X” and “-u” to ignore complex events and
multi-nucleotide polymorphisms. Variants were filtered from the initial variant call set via hard-quality filters in vcffilter (from vcflib) as
follows: mapping quality across samples higher than 40, additional contribution of each observation at least 10 log units, reads on
both strands and at least two reads balanced to each side of the site. To remove false variants, we excluded sites with quality score
smaller than two times the depth when the depth was greater than the mean depth plus the squared root of the mean depth using
VCFTOOLS v.0.1.15.7% Afterward, we removed loci with a mean depth higher than 3 times the mean depth and those in repetitive
regions, based on the soft-masked Japanese quail genome. We kept only biallelic variants located on assembled chromosomes
and with less than 50% missing data and minor allele count greater than 2. After applying quality and depth filters, we kept
17,836,922 biallelic SNPs.

Population structure and differentiation

We assessed population structure with a principal component analysis (PCA) using PLINK v1.90b6.10** and with ADMIXTURE and
CLUMPAK. These analyses were performed with SPNs from whole-genome sequences, from the inverted region in chromosome 1
and also excluding the inverted region.

After confirming the existence of a chromosomal inversion using immunofluorescence, in order to better identify the region of high
differentiation, we calculated average Fsr between homokaryotype individuals (AA versus BB) across non overlapping 1 Kbp and
1,000 Kbp windows using the Fs implemented in VCFTOOLS. We plotted Fsr values along the genome with the package ggplot2*°
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in RStudio. To confirm the suppression of recombination in the inverted region, we thinned the SNP dataset for sites at a minimum
distance of 10 Kbp and we calculated R? values in chromosome 1 with the LDHeatMap package“? in R for all samples and only for
inverted and non-inverted samples.

The putative position of the breakpoints was estimated from the location of the transition in Fsr values in the inverted region of
chromosome 1. However, we considered the physical location to be slightly within the divergent region and not to correspond exactly
with the position of the outlier SNPs, as the increased divergence can extend beyond the breakpoints due to genetic hitchhiking. To
determine the position of the breakpoints, we visually checked the read mappings around the expected position of breakpoints with
IGV v.2.5.2%9%C o identify differential patterns of pair orientations compatible with the presence of an inversion between inverted and
non-inverted samples. We carried out pairwise alignments between regions including the putative location of breakpoints using the
MAFFT aligner®® (https://mafft.cbrc.jp/alignment/server/). The visual inspection of the read mapping and the pairwise alignments did
not show clear breakpoints around the region of the transition of Fsr. This could be due to the use of a reference genome belonging to
a different species or to the absence of the breakpoint region in the reference genome. These analyses suggested that the break-
points could be located around positions 52,100,000 and 168,610,000 on chromosome 1.

Based on a literature search, we identified 5 genes located in the inverted region that could be potential candidate for pigmentation:
TYR, RAB-38, OCA2, DCT and GPR143,"""">~"8 and one related to migratory behavior or restlessness: NPAS2.”°®" To assess if the
gene function could be different in quails with and without the inversion, we annotated the SNP dataset with SnpEff v.4.3t°" using the
GTF annotation file from the Japanese quail genome. We identified nonsynonymous mutations from the annotated SNP set to check
if the gene function could have been affected by the inversion and we found one fixed non synonymous change between inverted and
non-inverted chromosomal regions in RAB-38 and other three in TYR (Table S3).

Time of divergence of the sequences in the inversion

We estimated absolute divergence (dxy) between the inverted and non-inverted haplotypes, which is a measure of the fraction of nucle-
otide differences between the two sequences, using a custom perl script (https://github.com/MattChristmas/Quail_inversion_scripts).
Asdivergence is not consistent across the entire length of the inversion, being highest at the ends and decreasing in the middle likely due
to double crossover and gene conversion events, we estimated dyy for the first and last 2 Mbp of the inversion. This gave us the best
estimate of accumulated divergence since the origin of the inversion event. We then converted this divergence estimate to an estimate
of divergence time using the equation:

T = dxy/(z*u)

Where T is the divergence time in generations and p is the mutation rate in mutations per site per generation. The mutation rate has not
been estimated for the common quail so we estimated a range for T using published mutation rates for other bird species, including
the ancestral bird lineage (1.23 x 107 site™ generation™), chicken (1.91 x 107 site™ generation™), zebra finch (2.21 x 107° site™
generation™) from Nam et al.%? and collared flycatcher (4.6 x 10~ site”™! generation™) from Smeds et al.?® With a generation time of
~1 year,®* the value of T is directly translatable to an estimate of the number of years of divergence.

Stable isotope data

We calculated the difference between the isotopic value of the primary feather grown during the previous breeding season minus the
one of the primary feather grown during the last wintering season for each isotope. We fitted two linear models (one per isotope) to
test whether the differences observed among genetic groups (fixed factor) were statistically significant. Homoscedasticity and
normality of residuals were checked by visual exam of scatterplots (both were fulfilled). Pairwise comparisons between genomic
clusters were done with the Tukey’s posthoc test using the function emmeans() from the emmeans package.
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