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ABSTRACT

Chromosomal inversions, by suppressing recombination, can profoundly shape genome evolution and drive adaptation. In the
common quail (Coturnix coturnix), a highly mobile bird with a vast Palearctic breeding range, we previously identified a mas-
sive inversion on chromosome 1 associated with distinct phenotypes and restricted geographic distribution. Here, using a new
de novo genome assembly, we characterise this inversion and uncover additional, ancient structural variation on chromosome
2 that segregates across the species’ range: either two putatively linked inversions or a single, large inversion that appears as
two due to scaffolding limitations. Together, the inversions encompass a remarkable 15.6% of the quail genome (153.6 Mbp),
creating highly divergent haplotypes that diverged over a million years ago. While the chromosome 1 inversion is linked to phe-
notypic differences, including morphology and migratory behaviour, the chromosome 2 inversion(s) show no such association.
Notably, all inversion regions exhibit reduced effective population size and a relaxation of purifying selection, evidenced by
elevated nonsynonymous-to-synonymous substitution ratios (N/S). This suggests that inversions, particularly the geographically
restricted one on chromosome 1, may act as engines of diversification, accelerating the accumulation of functional variation and
potentially contributing to local adaptation, especially within isolated island populations. Our findings demonstrate how large-
scale chromosomal rearrangements can compartmentalise a genome, fostering distinct evolutionary trajectories within a single,
highly mobile species.
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1 | Introduction

Chromosomal rearrangements have long captivated scientists
for their role in genome evolution. These rearrangements, in-
cluding variations in chromosome number, translocations,
fusions, inversions, and fissions, can influence species diversi-
fication by strengthening reproductive barriers (Rieseberg 2001;
Brown and O'Neill 2010; Fuller et al. 2019; H60k et al. 2023).
From the fusion event in human chromosome 2, where ances-
tral chromosomes remain distinct in other primates (Yunis and
Prakash 1982; IJdo et al. 1991; Poszewiecka et al. 2022), to poly-
ploidy in plant species that fosters genetic redundancy and adap-
tation (Adams and Wendel 2005; Hufton and Panopoulou 2009),
and the multitude of inversions found among Drosophila spe-
cies, likely driving reproductive isolation between sister taxa
(Lohse et al. 2015; Sanchez-Flores et al. 2016; Fuller et al. 2019),
chromosomal rearrangements are not merely passive bystanders
in evolution; they are active players, shaping genomes and driv-
ing diversification.

The impact of chromosomal rearrangements extends be-
yond interspecific divergence and speciation. Within species,
many rearrangements, particularly inversions, play a crucial
role in maintaining intraspecific diversity (Mérot et al. 2020;
Wellenreuther et al. 2019). Inversions can preserve favourable
gene combinations, giving rise to supergenes—tightly linked
genes or alleles located within a chromosomal region and in-
herited as a single unit (Thompson and Jiggins 2014). These
supergenes can regulate complex traits or phenotypes, facilitat-
ing adaptation and evolution (Schwander et al. 2014; Thompson
and Jiggins 2014). Indeed, inversions have been found to affect
morphological, behavioural, and ecological traits within spe-
cies, leading to striking phenotypic variation (Wellenreuther
and Bernatchez 2018). From mimicry patterns in butterflies
(Nishikawa et al. 2015; Jay et al. 2018) and intricate social or-
ganisation in ants (Wang et al. 2013; Helleu et al. 2022), to di-
verse plumage morphs in birds (Lamichhaney et al. 2016; Tuttle
et al. 2016) and migratory strategies in fish (Berg et al. 2017;
Matschiner et al. 2022), inversions exert a large influence across
populations.

Beyond their phenotypic impact, inversions can confer a se-
lective advantage when they capture a set of locally adapted
alleles, preventing recombination between advantageous and
maladaptive alleles when they are present in a heterozygous
state (Kirkpatrick 2010). The suppression of recombination
within inversions also leads to reduced genetic variability
(Faria et al. 2019). In the early stages of an inversion spread,
the derived arrangement may exhibit low genetic variation, but
over time, genetic diversity can increase through mutational
events and rare instances of recombination involving double
crossovers and/or gene conversion (Kirkpatrick 2010; Faria
et al. 2019; Korunes and Noor 2019). The maintenance of in-
version polymorphisms is often driven by balancing selection,
such as overdominance or frequency dependence (Thompson
and Jiggins 2014; Wellenreuther and Bernatchez 2018; Faria
et al. 2019), facilitating the coexistence of phenotypic variants.
However, under divergent selection, inversions can become
fixed in certain populations while the ancestral arrangement
persists in others, providing a striking example of the intricate
interplay between genetic variation and genomic architecture.

The low frequency of recombination events in the inverted re-
gion may also lead to the accumulation of deleterious mutations
and repetitive elements that escape efficient purging by natural
selection over time (Gutiérrez-Valencia et al. 2021). The contrast-
ing recombination rates between inverted and collinear regions
lead to disparate rates of deleterious allele accumulation along
the genome. Consequently, inversions often exhibit genetic evi-
dence of degeneration, manifested as the accumulation of dele-
terious mutations, transposable elements, repetitive sequences,
and a reduction in genetic diversity and increased gene loss
(Gutiérrez-Valencia et al. 2021). Examples of the accumulation
of deleterious mutations abound, including inversions govern-
ing mimetic coloration patterns in the butterflies Heliconius nu-
mata (Jay et al. 2021) and Papilio (Iijima et al. 2019), as well as
those regulating mating behaviour in white-throated sparrows
Zonotrichia albicollis (Maney et al. 2020). However, certain
species do not show significant evidence of degeneration, such
as in the inversions influencing social organisation in Formica
ants (Avril et al. 2020; Brelsford et al. 2020) and in those de-
tected in populations of deer mouse Peromyscus maniculatus
(Harringmeyer and Hoekstra 2022) and sunflowers (Huang
et al. 2022).

The common quail (Coturnix coturnix) offers a fascinating
case for studying how geographically structured chromosomal
variants influence population evolution and sympatric differ-
entiation. In a previous study (Sanchez-Donoso et al. 2022),
we identified a massive inversion spanning 115Mb on chro-
mosome 1 (Chrl) in this small migratory bird. This inversion,
encompassing roughly 12% of the quail's genome, is among the
largest documented within a species. Surprisingly, despite the
vast breeding range—primarily Palaearctic—and high mobility
of the common quail, this inversion exhibits a remarkably re-
stricted distribution, seemingly confined to southern regions of
the Iberian Peninsula, Morocco, and the Macaronesian Islands.
This limited distribution potentially stems from the reduced mi-
gratory behaviour observed in quails carrying the inversion (one
or two copies). Consequently, this localised inversion creates a
scenario where two chromosomal variants coexist, with gene
flow homogenising the rest of the genome (Sanchez-Donoso
et al. 2022). Thus, the geographically restricted distribution of
this inversion serves as a natural experiment, allowing us to in-
vestigate how genetic variation and selection act differently on
chromosomal inversions compared to the rest of the genome,
and how it could contribute to phenotypic diversity within the
same population: male quails with the inversion exhibit larger
body sizes, differently shaped wings and darker cheek pigmen-
tation. These phenotypic differences might be directly linked
to specific ecological pressures within the inversion's restricted
range, opening the door to studying the interplay between inver-
sions and local adaptation.

In our prior investigation, we used the Japanese quail (Coturnix
Jjaponica) genome as a reference. However, the last common an-
cestor between common quails and Japanese quails occurred ap-
proximately 3.3 million years ago (mya; Stein et al. 2015). When
species are distantly related or have undergone substantial
genomic rearrangements, discerning the boundaries of struc-
tural changes becomes challenging. The use of a high-quality
reference genome from a more closely related lineage can pro-
foundly improve the characterisation of inversions (Christmas
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et al. 2019). Therefore, the first step in characterising chromo-
somal rearrangements is obtaining an appropriate reference ge-
nome for the species under investigation.

In this study, we present a newly assembled reference genome
for the common quail, providing a robust foundation for explor-
ing and characterising chromosomal inversions. Using whole
genome sequences of 16 quails and genotyping-by-sequencing
data of 80, we not only characterised the previously described
inversion but also identified additional inversions segregating
within the species. We aimed to evaluate the selective forces
shaping these inversions and their contribution to local adap-
tation and diversification within the common quail, thereby
broadening our understanding of how geographically restricted
inversions influence these evolutionary processes.

2 | Materials and Methods

2.1 | De Novo Assembly of a Common
Quail Genome

To create a high-quality reference genome for the common
quail, we used a male from northeastern Spain previously
shown by immunofluorescence to have the ancestral Chrl gene
order (Sanchez-Donoso et al. 2022). Genomic DNA, extracted
from a blood sample using a phenol-chloroform protocol and re-
suspended in TE buffer, was used for long-read data generation
at Uppsala Genome Center (National Genomics Infrastructure,
SciLifeLab Genomics Platform, Sweden) on two PacBio Sequel IT
SMRT cells. The genome was assembled with Hifiasm v. 0.16.0
(Cheng et al. 2021, 2022) combining HiFi reads (16X coverage)
with systematically filtered non-HiFi reads (minimum length of
5 kbp, at least 1 pass and predicted accuracy above 0.9), yielding
22X total coverage (see Results). While this coverage was suffi-
cient for assembly, it limited our ability to remove duplicate re-
gions and to perform a comprehensive assembly assessment. We
used BlobTools2 (Challis et al. 2020) to test for the presence of
contaminants, and we ran BUSCO v. 5.2.2 using the avian data-
set “aves_odb10” to assess the presence and contiguity of avian-
specific genes. Scaffolding into chromosomes was done based
on the Japanese quail genome (RefSeq assembly accession num-
ber: GCF_001577835.2) using RagTag v2.1.0 (Alonge et al. 2022)
and we transferred the annotation using Liftoff (Shumate and
Salzberg 2021). We assessed structural differences between
the Japanese quail genome and the new common quail assem-
bly using CHROMEISTER (Pérez-Wohlfeil et al. 2019), which
aligns the two sequences and generates a dotplot of potentially
homologous sequences.

2.2 | Identification of Chromosomal
Rearrangements Within Common Quail

We aligned sequences both to our newly assembled Coturnix
coturnix genome and the Japanese quail genome, building on
data from Sanchez-Donoso et al. (2022). This analysis included
whole-genome resequencing (WGS) data from 16 male common
quails (GenBank accession code: PRINA730394), sequenced at
a coverage of about 10x using Illumina HiSeqX (2 x 150bp), and
genotyping-by-sequencing (GBS; Elshire et al. 2011) data from

80 adult males (data available at Digital.CSIC, https://doi.org/
10.20350/digitalCSIC/13989), with a mean coverage depth of
25%. The samples originated from multiple locations across the
Iberian Peninsula, Italy, Morocco, and the Macaronesian archi-
pelagos of the Canary Islands and Madeira. GBS data was ob-
tained after digestion with the restriction enzyme EcoT22I and
sequenced using Illumina HiSeq 2500 (1 x 100bp). Importantly,
for WGS samples, we specifically selected only homokaryotypes
for the Chrl inversion.

For WGS data, we mapped reads to the de novo assembly of
the common quail genome using BWA-MEM v.0.7.15 (Li and
Durbin 2009). We performed read group tagging and duplicate
marking with PICARD v.2.4.1 (https://broadinstitute.github.io/
picard/) and used GATK v3.6 (McKenna et al. 2010) for joint
indel realignments. We called SNPs using FreeBayes v.1.3.1
(Garrison and Marth 2012) and applied filters as in Sanchez-
Donoso et al. (2022). Briefly, we filtered the VCF file by quality
and depth, retaining SNPs located on chromosomes with less
than 50% missing data, minor allele count > 2, mapping qual-
ity higher than 40, and a mean depth lower than 30X. In total,
25,245,046 biallelic SNPs were retained. For GBS data, we called
variants using the Tassel5 GBS v.2 pipeline (Glaubitz et al. 2014)
and we mapped the reads using bowtie2 v.2.4.1 (Langmead
and Salzberg 2012). We kept biallelic SNPs with minor allele
frequency greater than 0.03, missing data less than 25%, and
depth greater than 5X and lower than 100X using VCFTOOLS
v.0.1.13 (Danecek et al. 2011). After applying these filters, a total
of 51,024 biallelic SNPs were retained for analysis.

To identify potential chromosomal inversions segregating within
our data, we carried out principal component analyses (PCAs) in
sliding-windows of 50, 100 and 200 kbp along the 16 quail ge-
nome sequences using the SNPRelate R package v. 1.30.1 (Zheng
et al. 2012) with the scripts of Jay et al. (2021); https://github.
com/PaulYannJay/Mutation-load-analysis. Large inversions
are expected to produce PCA representations that consistently
form clusters with the same individuals, with homokaryotypes
clustering at opposite extremes along the first principal com-
ponent. We plotted the results with the package ggplot2 v.3.4.1
(Wickham 2009) in R 4.2.1 (R Core Team 2022) using RStudio
v.2022.07.1 (RStudio Team 2022). This allowed us to observe
the inversion in Chrl found by Sanchez-Donoso et al. (2022)
as well as other inversions. We then calculated the average Fg
between the two groups of homokaryotype individuals for the
inversions across non-overlapping 1 kbp and 1000 kbp windows
using VCFTOOLS. We also assessed mappability using GenMap
v.1.2.0 (Pockrandt et al. 2020), allowing up to 3bp mismatches
in 150bpk-mers, and we computed average mappability in 1
Mbp non-overlapping windows to identify regions of low map-
pability. Finally, we plotted F¢ and mappability values along the
chromosomes of interest with the package ggplot2.

To determine the genotype of each individual for the potential
inversions, we extracted the variable sites within the potentially
inverted regions using VCFTOOLS and also from the same re-
gion in the GBS database. We performed population structure
analyses based on the variable sites within each of the putative
inversions for WGS and GBS data using ADMIXTURE v.1.3.0
(Alexander et al. 2009). We set the number of clusters (K) to 2.
This program estimates the proportion of the genome derived
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from each one of the two clusters for a region for each individ-
ual. If an inversion exists, homokaryotypes should belong to just
one cluster, while heterokaryotypes should be an approximate
50:50 mix of the two clusters. We ran 20 independent runs with
default parameters to evaluate potentially cryptic substruc-
ture. We compared the results of the different runs using the
CLUMPAK server (Kopelman et al. 2015). To assess the sup-
pression of recombination in the inverted regions, we thinned
the SNP dataset for sites at a minimum distance of 50 kbp and
we calculated R, values in Chr2 with the LDHeatMap package
(Shin et al. 2006) in R for all homokaryotypes and only for in-
verted and non-inverted samples.

To investigate the presence of repetitive sequences at the inver-
sion breakpoints, we first identified their approximate position
by analysing PCA and F, plots, identifying the transition in Fy,
values. These positions were inferred to be within the regions
showing genetic divergence, acknowledging that the effects of
genetic hitchhiking may extend the apparent boundaries of di-
vergence beyond the actual breakpoints. We carried out pairwise
alignments between regions including the potential break-
point positions using the online version of the sequence aligner
MAFFT v.7 (https://mafft.cbrc.jp/alignment/server/; Katoh and
Standley 2013). We assessed the repeat content of these regions
by running RepeatMasker with default parameters and setting
the query species as vertebrata metazoa (https://www.repea
tmasker.org/cgi-bin/ WEBRepeatMasker; Smit et al. 2013).

To compare the divergence time of the inversion haplotypes, we
calculated their absolute genetic divergence (d,,). We used the
script from Sanchez-Donoso et al. (2022); https://github.com/
MattChristmas/Quail_inversion_scripts on the first and last 2
Mbp of the inverted region, because the divergence along large
inversions could be different due to double crossovers within
the inversion. Thus, the largest divergences are expected to be
around the breakpoints. We masked genic regions to focus on
neutral evolutionary processes, thereby reducing the impact of
selective forces on the divergence estimates. We estimated the
divergence time based on the equation: T=d,,/(2*w), where T
is the divergence time in generations and u the mutation rate in
mutations per site per generation. We used mutation rates esti-
mated for other bird species as in Sanchez-Donoso et al. (2022),
i.e., for the ancestral bird lineage (1.23 x 10~° site ™! generation™),
chicken (1.91x 10~ site™! generation™"), zebra finch (2.21x10~°
site™! generation™!) from Nam et al. (2010), and collared fly-
catcher (4.6 x107° site™! generation™") from Smeds et al. (2016).
Since generation time in common quails is estimated to be about
lyear (Puigcerver et al. 1992), divergence time estimates in
years correspond to the number of generations.

2.3 | Estimation of Selective Forces Within
the Inversions

We calculated individual heterozygosity for different genomic
regions using VCFTOOLS. To estimate the recent effective popu-
lation size for the different chromosomal variants at the inverted
regions, we used the software GONE (Santiago et al. 2020). We
ran 40 independent analyses in GONE using default parame-
ters except for the recombination rate, which was assumed to
be 3.295cM/Mb (Ravagni et al. 2024). Because estimates for the

last 5 to 10 generations are less reliable due to fewer recombina-
tion events, we estimated the current effective population size as
the average between 10 and 30 generations ago.

We generated VCF files for each individual and for groups of
individuals (homokaryotypes with/without inversion) using
BCFtools v.1.10.2 (Li 2011; Danecek et al. 2021) and identified
synonymous and nonsynonymous substitutions within the
genes. To predict the potential functional impact of these sub-
stitutions, we utilised the Ensembl Variant Effect Predictor
(McLaren et al. 2016). For this analysis, we used the vari-
ant file generated by mapping the sequences to the Japanese
quail reference genome (RefSeq assembly accession number:
GCF_001577835.2) and its associated annotation. Due to the
unavailability of a de novo common quail genome annotation
and potential inaccuracies in annotation transfer, the Japanese
quail reference provided a more reliable framework to assess
variant effects and avoid uncertainties that could influence
reading frame predictions. Next, we estimated the ratio of non-
synonymous to synonymous variants (N/S) in the regions with
inversions for all samples by comparing their sequence to the
reference genome. Finally, we performed a Wilcoxon signed
rank test in R using the function wilcox.test() from the rstatix
package to test whether the values of the missense/synonymous
substitution ratios (N/S) were significantly different between
chromosomal variants.

For all protein-coding genes in the inverted regions, we con-
ducted Gene Ontology (GO) enrichment tests for the catego-
ries of Biological Process, Cellular Component, and Molecular
Function using ShinyGO v0.77 (Ge et al. 2020) with a FDR
cutoff of 0.05. The presence of enriched pathways could inform
about the evolutionary significance of the inversions and their
potential role in local adaptation. To look for evidence of se-
lection in the regions, we identified protein-coding genes that
included >1 synonymous and >1 nonsynonymous variants in
inverted and non-inverted haplotypes. We then calculated the
N/S ratio for each gene and the difference in this ratio between
inverted and non-inverted haplotypes. We extracted informa-
tion on the function of genes that showed a difference of more
than 0.5 in the N/S ratio between the two chromosomal variants
using the BioMart database (https://www.ensembl.org/bioma
rt/martview) selecting the attribute “GOSlim GOA Description”.
The 0.5 threshold was chosen based on the distribution of the
differences in N/S ratio among genes (see results).

We also looked for regions in the inverted and non-inverted hap-
lotypes that might have particularly low or high coverage along
windows. This could be an indication of duplicated regions or
indels that could reflect degeneration. We calculated the mean
individual depth along the inversion regions using the bedcov
function of SAMtools v.1.10 (Danecek et al. 2021) in windows of
10,000bp. We generated the windows along the genome using
makewindows from BEDtools v2.27.1 (Quinlan and Hall 2010).
To detect differences in depth between individuals with and
without the inversions when not all individuals were sequenced
to the same coverage, we normalised the depth of coverage of
each window by dividing it by the individual mean depth for the
entire inversion region in that individual. We tested whether the
means of the normalised values were different between individ-
uals with and without the inversion by performing a Wilcoxon
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signed rank test. We chose a non-parametric test because of the
deviations from normality.

2.4 | Evaluation of Phenotypic Effects Associated
with the Inversions in Chr2

We examined the association between inversion karyotype and
several phenotypic traits (see Sanchez-Donoso et al. 2022 for de-
tails on the measurements) in 75 1-year-old males (we excluded
five 2-year-old males to avoid possible variance due to age):
weight, tarsus length (indicators of body size), weight/tarsus
length (a proxy for body condition, Labocha and Hayes 2012),
wing length, a modified Holynski index (which accounts for
wing pointedness, related to flight efficiency), width of the lat-
eral lipid band (fat accumulation that is larger in birds preparing
for migration), cloacal aperture width (larger in sexually active
birds), beak length, beak height, and beak width (related to food
specialisation). We fitted a linear model for each one of the re-
sponse variables by using karyotype as the explanatory variable.
Homoscedasticity and normality of the residuals were checked
by visual inspection of the scatterplots, and both were fulfilled.
Significance was evaluated with an F-test using the Anova()
function available in the R package car. We tested the effect of
karyotype on cheek pigmentation (classified from 1, fair, to 6,
completely dark) with a Fisher exact test using the fisher.test()
function in R v. 4.2.3 (R Core Team 2022) and RStudio v.
2023.03.0 (RStudio Team 2023).

3 | Results

3.1 | De Novo Assembly of a Common
Quail Genome

We sequenced long PacBio reads from a male common quail
and obtained 16.4 Gbp HiFi data (19 kbp mean read length,
16X coverage) and 6.1 Gbp non-HiFi reads (quality values <20,
19.5 kbp average length), resulting in 22X total coverage. The
assembled genome consisted of 1584 contigs (78% > 50,000bp,
N50=2.5Mb), with a total length of 1.08 Gb. Of these, 88% (784
contigs, adding to 0.95 Gb) were located on 31 Japanese quail
chromosomes. The chromosomal portion of our assembly is ap-
proximately 3.6% larger than the Japanese quail genome. The
comparison of the two quail genomes suggested the presence of
small chromosomal inversions or rearrangements in chromo-
somes 1, 2, and 5, but we did not observe large structural changes
(Figure S1). We also did not detect any sequence located in dif-
ferent chromosomes in the two species, although it is worth not-
ing that several fragments were not placed within chromosomes.
Nonetheless, the detection of interspecific rearrangements may
be limited due to the scaffolding based on the Japanese quail ge-
nome and this representation is likely to underestimate the pres-
ence of large structural differences between the two genomes.
The BUSCO analysis indicated that the assembly included 96%
of complete single-copy orthologs for conserved avian genes,
with 98.8% classified as single-copy and 1.2% as duplicated.
Fragmented orthologs accounted for 0.7%, while missing or-
thologs comprised 3.1%. The unplaced contigs accounted for
128 Mbp and contained highly repetitive sequences. Although
these contigs did not yield significant Blast hits, they included

57 additional conserved genes (0.07%). Mapping the annotated
genes from the Japanese quail genome allowed us to identify
15,186 protein-coding genes (14,799 located on chromosomes),
compared to 15,719 in the Japanese quail genome.

3.2 | Polymorphic Chromosomal Rearrangements
Within the Common Quail

We used the sliding-window PCA approach to compare the ge-
nomes of 16 male common quails mapped to the new genome as-
sembly and confirmed the presence of the previously described
inversion in Chrl (Figure S2; Sanchez-Donoso et al. 2022). To
investigate the presence of repetitive regions at the breakpoints
that may indicate nonallelic recombination events as the origin
of the inversion, we aligned 100 kbp sequences flanking these
regions, estimated to be located around coordinates 52,800,000-
52,860,000 and 170,250,000-170,270,000 (Figure S3A). This
alignment revealed that approximately 13.57% of these regions
were composed of repetitive or low complexity elements, pre-
dominantly LINE elements of the L3/CR1 type (86%), compared
to 7.23% of LINE elements in the entire chromosome. The ab-
sence of a long-read assembly from a quail carrying the inver-
sion limits the ability to pinpoint the locations of the breakpoints
with greater precision. We estimated that the inversion in Chrl
(hereafter referred to as Invl) encompassed nearly 117.5 Mbp
(i.e., 12.3% of the genome) and contained 1213 protein-coding
genes (8.2% of the total).

The combined use of sliding-window PCA, analyses of differ-
entiation between the identified groups (measured as F), and
linkage disequilibrium (LD) allowed us to identify new putative
structural variants (Mérot et al. 2020). The PCA analyses sug-
gested the presence of two additional large inversions in Chr2
(Figure 1A). Comparison between two groups of individuals,
each consisting of four apparent homokaryotypes, revealed
strong genetic differentiation in these regions (Figure 1B) and
high LD (Figure 1C) within each region. Moreover, heterokaryo-
types exhibited higher levels of heterozygosity within the in-
verted regions, a characteristic feature of inversions (Figure 2).
Further PCA analyses of SNPs within these regions conducted
on a larger set of 80 quails genotyped with GBS confirmed the
differentiation into the same three distinct groups (Figure S4).
We named these putative inversion regions Inv2.1 and Inv2.2.

To assign genotype to each individual, we performed
ADMIXTURE analyses on SNPs located within the potential
inverted regions. We assumed two ancestral clusters (K=2)
and carried out this analysis on both the WGS data from 16
individuals and the GBS data from the larger sample of 80 in-
dividuals. The results revealed a distinct pattern: individuals
either carried markers exclusively from one of the two inferred
ancestral groups (homokaryotypes), or displayed a balanced
(approximately 50:50) combination of both, indicative of het-
erokaryotypes. Interestingly, each individual -consistently
displayed the same karyotype across both regions (Figure 3).
Furthermore, LD analyses showed strong linkage between the
two putative inversions, despite their separation by an approx-
imately 25 Mbp intervening sequence (Figure 1C). The WGS
and GBS karyotypes (individuals typed for GBS included those
typed for WGS) revealed 4 (WGS) and 26 (GBS) homokaryotypes
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FIGURE1 | Variation along Chr2 in 16 common quails. (A) PCA in sliding-windows of 200 kbp. Each line represents the position of one individ-
ual on the first principal component. When an inversion is present, three differentiated groups can be observed: Homokaryotypes for the inversion
or with the ancestral order (top and bottom, marked in purple and orange) and heterokaryotypes (middle, in green). This shows the presence of two
putative inversions, labelled Inv2.1 and Inv 2.2. (B) Variance explained by PC1 (%) for the sliding-windows PCAs represented in panel A, and SNP
count for each window. (C) Manhattan plot comparing Fg; values along Chr2 in 1-kbp windows for the two groups of individuals separated as poten-
tial homokaryotypes in panel A. The orange line represents Fg; values in 1-Mbp windows, while the blue line indicates the mappability scores in the

same windows. The sequences at the putative inversions are very differentiated. (D) Linkage disequilibrium (LD) heatmap along Chr2 considering

only homokaryotypes for the two putative inversions. Blue regions indicate higher LD, showing high linkage between the two regions.
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FIGURE 2 | Individual heterozygosity across Invl, Inv2.1, Inv2.2, across the rest of the genome and for the intervening sequence that separates
Inv2.1 and Inv2.2 for the karyotype groups obtained from GBS data. For two of the inversions (Invl and Inv2.2), one of the homokaryotypes has very
low heterozygosity compared to the other or to the rest of the genome. For Inv2.1, heterozygosity is reduced for both homokaryotypes.
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FIGURE 3 | ADMIXTURE plot for K=2 for the two inverted regions in Chr2 for 80 male common quails genotyped with GBS. (A) Inv2.1, from
position 83,000,000 to 90,000,000; (B) Inv2.2, from position 115,000,000 to 144,300,000. All individuals cluster in the same groups for both inver-

sions, suggesting linkage between the two inversions.

for one chromosomal variant (hereafter referred to as C,C, for
Inv2.1 and C,C, for Inv2.2), 4 and 18 homokaryotypes for the
other (D,;D; and D,D,), and 8 and 36 heterokaryotypes (C,D,,
C,D,). The quail used for the de novo assembly was genotyped
as AA for Invl based on immunofluorescence assays (Sanchez-
Donoso et al. 2022) and clustered together with D,D, and D,D,
for Inv2.1 and Inv2.2.

To explore whether the intervening sequence separating the two
inversions in chromosome 2 exhibited differentiation similar to

the inversion regions, we performed an ADMIXTURE analysis
for markers in this region. The results from the 80 individuals
studied with GBS did not reveal distinct clusters (Figure S5),
suggesting that Inv2.1 and Inv2.2 were co-inherited while the
intervening region exhibited a different inheritance pattern. The
identical karyotype patterns and strong linkage disequilibrium
for Inv2.1 and Inv2.2 (Figures 1C and 3), despite being separated
by a region lacking population structure, raise the question of
whether these represent two distinct inversions or a single, larger
inversion. While our de novo assembly, scaffolded against the
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Japanese quail genome, suggests two separate regions, it is pos-
sible that this is an artefact of the scaffolding process. A large re-
arrangement has occurred within Chr2 differentiating common
and Japanese quail (see Kartout-Benmessaoud et al. 2024) and,
as a result, contiguous regions in the common quail Chr2 could
appear separated when mapped against the Japanese quail and
an inversion could appear as two. Alternatively, strong selection
on co-adapted alleles within two closely linked inversions could,
in principle, lead to the observed pattern of complete linkage.
We attempted to address this possibility by searching for long
reads spanning the putative breakpoints (Figure S6), but the
imprecise breakpoint locations limited our ability to draw firm
conclusions. Given this uncertainty, and taking into account the
large differences in selective forces between the putative inver-
sions (see below), we continue to refer to the regions as Inv2.1
and Inv2.2 throughout the manuscript.

We estimated the breakpoints of these two regions in our de
novo assembly to be located between positions 83,000,000-
83,200,000 and 89,800,000-90,000,000 for Inv2.1 and
114,900,000-115,050,000 and 144,200,000-144,300,000 for
Inv2.2. These resulted in lengths of 6.8 Mbp and 29.3 Mbp, re-
spectively, constituting 0.7% and 2.6% of the assembled genome.
These inversions contained a total of 75 and 213 genes, account-
ing for 0.5% and 1.4% of the total gene count. Subsequently, we
aligned 100 kbp sequences around the breakpoints to identify
potential homologous regions (Figures S3B,C). Analysis of the
repeat content within these regions revealed that approximately
13.4% for Inv2.1 and 18.6% for Inv2.2 consisted of highly repet-
itive sequences, with LINE elements being the most abundant.
Among these, L2/CR1/Rex elements predominated, compris-
ing 66% and 75% of the repetitive sequences at the breakpoints.
Additionally, the regions included a mix of simple repeats and
Long Terminal Repeat (LTR) elements. Overall, LINE elements
accounted for 6.3% of Chr2.

The absolute divergence (dy,) was 0.0164 for the two groups of
homokaryotypes for Invl (comparison of AA and BB individu-
als), 0.0171 for Inv2.1 (C,C, vs. D, D,) and 0.0133 for Inv2.2 (C,C,
vs. D,D,), giving minimum divergence times of 1.8, 1.9 and 1.4
mya, respectively. However, these are very rough estimates. If
diversity in the ancestral population was much larger or smaller
than in the contemporary populations, the divergence would
be biased upwards or downwards, respectively. For Invl we
obtained a higher divergence than previously reported (0.0079;
Sanchez-Donoso et al. 2022). This discrepancy in divergence
values is likely due to the use of different reference genomes.
Mapping data to the more distant Japanese quail genome ham-
pers mapping efficiency and consequently reduces the number
of identified variants (Bohling 2020).

Alongside the two large inverted regions in Chr2, we also ob-
served a peak of high F;. around position 47,000,000 (46,850,000
to 47,300,000; Figure 1B). This peak contained 6 genes and our
ADMIXTURE analyses (16 quails, WGS data) showed a segre-
gation pattern similar to Inv2.1 and Inv2.2, suggesting that they
segregate together (Figure S7). However, due to potential scaf-
folding issues in this region (indicated by the lower mappability,
Figure 1B) we cannot confirm this Fg; peak as an independent
inversion event. Additionally, we identified potential smaller in-
versions (< 5 Mbp) scattered across several other chromosomes.

Due to the limited sample size, most of these smaller inversions
were only observed in a single individual. Their small size and
low SNP density in the GBS dataset make further characterisa-
tion challenging in this study.

3.3 | Geographic Distribution and Phenotypic
Effects of the Inversions

Unlike the inversion on Chrl (Invl), which seems to be con-
fined to the western edge of the quail's distribution (southern
Iberian Peninsula, Morocco and Macaronesian archipelagos;
see Sanchez-Donoso et al. 2022), the putative inversions on
Chr2 (Inv2.1 and Inv2.2, or the potentially single larger inver-
sion) were found throughout the sampled range, including also
northern Spain and Italy (Figure S8).

Previously, we reported strongly significant phenotypic differ-
ences between quails with and without the inversion for Invl
(haplotype B; Sanchez-Donoso et al. 2022). These differences
even extended to isotopic signatures in feathers grown during
breeding and wintering seasons, suggesting distinct migratory
behaviours. However, for Inv2.1 and Inv2.2, no significant asso-
ciations were found between karyotype and the phenotypic traits
we measured: weight: F,,,=0.644, p=0.528; tarsus length:
F,,=0.047, p=0.954; weight/tarsus length: F,, =0.848,
p=0.432; wing length: F, ,=1956, p=0.150; modified
Holynski Index: F, ,,=0.857, p=0.431; width of the lateral lipid
band: Fz,72 =0.432,p=0.651; beak length: F2’34 =0.298,p=0.744;
beak height: F2,35=0~095’ p=0.909; beak width: F2‘35=0.062,
p=0.940; cheek pigmentation: Fisher's exact test, p=0.132; clo-
acal aperture width: F, ;,;=0.538, p=0.587 (Figure S9).

3.4 | Selective Forces Within the Inversions

We observed large differences in heterozygosity within the in-
verted regions for the different karyotype groups (Figure 2).
In the case of Invl and Inv2.2, a similar pattern emerged: one
homokaryotype (AA for Invl, C,C, for Inv2.2) displayed het-
erozygosity slightly exceeding that seen in the collinear genome
and the intervening sequence on Chr2 (mean heterozygosity:
AA, 0.205; C,C,, 0.202; collinear, 0.189; intervening, 0.182);
the other homokaryotype had very much lower heterozygosity
(BB, 0.094; D,D,, 0.085) and heterokaryotypes had, as expected,
higher heterozygosity (AB, 0.253; C,D,, 0.240). On the other
hand, the pattern was very different for Inv2.1, with low hetero-
zygosities for both homokaryotypes (C,C,, 0.115; D,D,, 0.088),
and very high for heterokaryotypes (C,D,, 0.304). We estimated
effective population size (N,) for the haplogroups by consider-
ing polymorphic positions in homokaryotype individuals. Our
findings indicate that the estimated N, was several thousand in-
dividuals in all cases except for BB homokaryotypes, which ex-
hibited a considerably lower effective population size (N, = 355).

We used the nonsynonymous to synonymous substitution ratio
(N/S) as ametric to evaluate selective pressures acting within the
chromosomal inversions. This assessment was based on variants
identified using the Japanese quail genome as a reference due to
the unavailability of a precise annotation for the common quail,
which hindered the accurate transfer of reading frames. The N/S
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value was consistently lower in the non-inverted regions (col-
linear genome) compared to all inverted regions (mean for the
collinear genome =0.275; p<0.001 in all comparisons). Within
Invl, the N/S ratio was significantly higher for quails with
the inversion (mean for AA =0.344; for BB=0.393; p<0.001,
Figure 4). For Inv2.2, values were similar to those observed
for Invl (mean for C,C,=0.304; for D,D,=0.333; p=0.057), al-
though the difference between haplogroups did not reach sta-
tistical significance, likely due to the smaller sample size. In
contrast, both genotypes in Inv2.1 exhibited exceptionally high
N/S ratios, with a significant difference despite the limited sam-
ple size (mean for C,C, =1.075; for D;D, =0.644; p=0.029).

We explored enriched pathways for protein-coding genes within
each inverted region using Gene Ontology (GO) terms. While
Inv1 displayed significantly enriched pathways in the Molecular
Function category (Interleukin-1 receptor activity and UDP-
glucosyltransferase activity; Table S1), no pathways were en-
riched for Inv2.1, and only one (Carbonate dehydratase activity)
was found in Inv2.2. To identify genes potentially under selec-
tion within the inversions, we examined those containing SNPs
leading to both synonymous and nonsynonymous substitutions
with a difference greater than 0.5 in the N/S ratio between in-
verted and non-inverted haplotypes, a threshold determined
based on the N/S distribution (Figure S10). This revealed 111
genesinInvl, 11inInv2.1,and 20in Inv2.2 exceeding the thresh-
old (Tables S2-S4). Interestingly, all 11 genes in Inv2.1 had N/S
differences exceeding 1, while less than half of the genes in Invl
(50 out of 111) and 40% in Inv2.2 (8 out of 20) reached such high

differences. This suggests potentially stronger selection pres-
sures acting on genes within Inv2.1.

We further analysed the functional roles of genes with the
largest N/S discrepancies. In Invl (Table S2), these genes were
involved in diverse roles like anatomical development, cell dif-
ferentiation, organelle functions, reproduction, and signalling.
Inv2.1 (Table S3) mirrored some functions seen in Invl but
also included protein modification and enzymatic processes.
Genes in Inv2.2 (Table S4) were associated with lipid metabo-
lism, cell division, DNA repair, and chromosome organisation.
Interestingly, across all inversions, a trend emerged: genes with
high N/S ratios were most prevalent for organelle functions,
followed by those involved in catalytic activity and the nu-
cleus (Table S5). Notably, genes related to anatomical develop-
ment were also important, making it the fourth most prevalent
GO term.

Limited recombination within inversions can result in the accu-
mulation of repetitive elements or lead to gene loss. This can re-
sult in apparent differences in coverage depth when comparing
whole genome sequences of individuals with and without the in-
version. For Invl, when significant differences in coverage were
observed between the two haplotypes, the depth was generally
larger in individuals not carrying the inversion (karyotype AA;
808 out of 907 windows with differences in coverage). However,
most differences between the mean standardised depth val-
ues for non-inverted and inverted haplotypes were less than
0.5 (mean coverage per bp less than 50% higher for one group
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than for the other). This suggests the insertions/deletions likely
only affected short stretches of DNA. Only 28 non-contiguous
windows showed higher values, with a maximum difference of
1.36. These findings point towards a widespread loss of small
genomic fragments within the inverted sequence of Invl. In
contrast, no significant depth variations were observed for the
Chr2 inversions. However, our limited sample size (only four
homokaryotypes of each type) might be insufficient to detect
such differences.

4 | Discussion

The rise of long-read sequencing technologies has fueled a surge
in newly assembled genomes. This reduces dependence on ge-
nomes from other species as references, leading to a deeper un-
derstanding of genome evolution and population genomics. In
this study, our de novo assembly of the common quail genome
was crucial for identifying and characterising chromosomal
rearrangements segregating within this highly mobile bird spe-
cies. While generally syntenic with the Japanese quail genome,
our assembly reveals a slightly larger total chromosomal length.
This discrepancy likely stems from a combination of factors.
First, numerous small variations scattered throughout the ge-
nome, rather than a single large region, might contribute to the
increased size. Second, the moderate sequencing coverage lim-
ited our ability to remove duplicate regions, potentially leading
to an overestimation of the genome size. Finally, our assembly
captures only 31 chromosomes, whereas the common quail
karyotype has 39 pairs (Kartout-Benmessaoud and Ladjali-
Mohammedi 2018). The 128 Mbp of unplaced, highly repetitive
sequences likely reside, at least in part, on these unassembled
chromosomes. Therefore, both our assembly and the previously
published Japanese quail assembly likely underestimate the true
total genome length.

Our genome assembly aligns with the prevailing view of a high
degree of conservation in avian genomes, particularly in terms
of chromosome number and rearrangements within Galliformes
(Dalloul et al. 2010; Morris et al. 2020). The common and
Japanese quails, which diverged approximately 3.3 mya (Stein
et al. 2015), exhibit only minor changes in gene order and small
inversions on three chromosomes when their genomes are com-
pared (Figure S1). This low structural variation is consistent with
findings from the comparison of the chicken and Japanese quail
genomes, which, despite diverging around 40 mya, only showed
33 rearrangements (Stein et al. 2015). However, the number of
large chromosomal rearrangements in Coturnix quails is likely
to be underestimated by the use of the Japanese quail genome
for scaffolding our common quail genome. Putative inversions
which appear separate in our alignment may indeed correspond
to a single large inversion segregating in common quails if there
have been other chromosomal rearrangements between com-
mon and Japanese quail. Considering the conserved synteny in
Galliformes chromosomes, the identification of multiple large
inversions within quail species and populations is both unex-
pected and intriguing, raising questions about their potential
role in quail evolution and adaptation.

In a previous investigation, we found a large inversion in Chrl
associated with morphological and behavioural polymorphisms

within populations at the western edge of the common quail
distribution range (Sanchez-Donoso et al. 2022). Our current
study identifies two new inverted regions in chromosome 2.
Notably, these two putative inversions, Inv2.1 and Inv2.2, dis-
play a consistent pattern of cosegregation across all studied
individuals, confirmed by a strong linkage between the two
regions. As indicated above, these two inversions could be an
artefact associated with the use of the Japanese quail genome
for scaffolding and represent a single large inversion. However,
the complete linkage disequilibrium between these inversions
could also be explained by strong selection on co-adapted genes.
Cosegregating inversions have been previously documented
by Lundberg et al. (2023) in willow warbler, Phylloscopus tro-
chilus, where cosegregation was attributed to selective forces
arising from differences in migratory behaviour. This scenario
could account for the observed low diversity in the two Inv2.1
homokaryotypes (Figure 2), likely resulting from genetic hitch-
hiking. In any case, the inverted regions of the genome in Chr2
include an additional 3.3% of the common quail genome. The
breakpoints of these two inversions coincide with chromosomal
regions with a higher concentration of the same LINE elements,
L2/CR1/Rex, which could have facilitated nonallelic homolo-
gous recombination (Céceres et al. 1999; Gray 2000; Hedges and
Deininger 2007). The identification of new inversions, coupled
with the potential presence of additional rearrangements within
the common quail genome, highlights the important role that
structural variations may play in driving evolutionary processes
in this species.

The identified chromosomal inversions differ in terms of size,
geographic distribution, associated phenotypic effects, and ef-
fective population size. Invl has been found to be associated
with changes in morphology and migratory behaviour, and has a
limited geographical distribution (Sanchez-Donoso et al. 2022).
In contrast, the inverted haplotypes in Chr2 not only appear
to be more widespread across the common quail distribution
range, but we also find no direct evidence of phenotypic effects.
Nevertheless, considering that the inverted region on Chr2
spans at least 32 Mbp and contains nearly 290 genes, we cannot
rule out the possibility that these are associated with other yet-
to-be-identified phenotypic traits.

Chromosomal inversions typically arise locally within single
individuals or through introgression, and initially they are sus-
ceptible to loss due to genetic drift, deleterious effects at break-
points, or overall fitness reduction (Faria et al. 2019). However,
if an inversion captures a combination of alleles that enhances
fitness or local adaptation under certain environmental condi-
tions, it can increase in frequency because the inversion prevents
recombination with non-adaptive variants (Kirkpatrick 2010).
Given the ancient origins of the inversions studied here, dating
to more than 1 mya, and their consistent presence in high fre-
quency across diverse geographic localities, it is likely that these
inversions are being maintained through balancing selection
(see also Ravagni et al. 2024).

While the suppression of recombination between inverted and
non-inverted regions effectively conserves sets of co-adapted
alleles, it also predisposes them to the accumulation of dele-
terious mutations due to inefficient purging (Faria et al. 2019;
Berdanetal. 2021). In the ancestral state, such mutations would
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typically be counter-selected through a mutation-selection-
drift balance (Kirkpatrick and Barton 2006). However, dimin-
ished selection efficiency from reduced effective population
size associated with inversions (Berdan et al. 2023) can lead
to an increased genetic load within the inverted haplotypes.
This is evident in the higher N/S ratios observed in the inver-
sion regions compared to the rest of the genome (Figure 4),
and it is particularly noticeable for the derived rearrange-
ment for Invl (BB, Figure 4). In this case, relaxed selection
is accentuated by its reduced geographic distribution range,
which is further fragmented across the Atlantic archipelagos
due to the limited dispersal capability of quails carrying it
(Sanchez-Donoso et al. 2022), which further contributes to a
lower effective population size. This facilitates a faster accu-
mulation of functional variation across the more than 1200
genes within the inversion, potentially accelerating diversifi-
cation. Interestingly, the inverted haplotype at Inv1 is found in
high frequency in Atlantic archipelagos and appears to have
diverged between the archipelagos due to low or nonexistent
gene flow between them for this haplotype (see Sanchez-
Donoso et al. 2022). Different common quail subspecies have
been described across the archipelagos (C.c. conturbans for
Azores, C.c. confisa for Canary Islands and Madeira, C.c. in-
opinata for Cape Verde; del Hoyo et al. 1994; Guyomarc'h and
Perennou 2009) and the inversion Invl may contribute to their
uniqueness (Ravagni et al. 2024). Our findings indicate that
geographically restricted inversions may accelerate local ad-
aptation by significantly reducing the effective population size
at specific genomic regions. This localised decrease in popu-
lation size results in a lower purifying selection compared to
more broadly distributed haplogroups and a faster accumula-
tion of functional variation.

Our exploration of genes undergoing selection unveiled dis-
tinct functional groups prevalent across the inversions. Within
Invl, certain genes could play a role in alterations in migratory
behaviour that contribute to the restricted geographical distri-
bution and reduced gene flow across archipelagos of quails car-
rying the inversion. Genes linked to reproductive processes and
molecular signalling suggest potential involvement in modified
reproduction and regulatory responses to environmental cues.
Additionally, genes related to anatomical structure development
and cell differentiation point to broad impacts on quail mor-
phology and physiology, potentially contributing to differences
in migratory behaviour. It is plausible that reduced migratory
demands in quails with the inversion led to a relaxation in an-
atomical constraints, fostering a relative accumulation of non-
synonymous substitutions in genes involved in the development
of the flight apparatus.

The top genes undergoing selection within Inv2.1 not only ex-
hibit functional parallels with Invl, involving morphological
and cellular alterations, but also play crucial roles in protein
modification and enzymatic processes. Their elevated N/S val-
ues suggest directional selection. In Inv2.2, the genes with the
largest differences in N/S appear more frequently involved in
fundamental cellular processes, such as DNA recombination
and repair, chromosome segregation, and telomere organisa-
tion, which are crucial for genomic stability and maintenance.
However, it is not known how these differences would affect in-
dividuals with and without the inversion.

Inversions are often hypothesised to accumulate repetitive el-
ements and deleterious variations due to diminished selection
pressures (Gutiérrez-Valencia et al. 2021; Jay et al. 2021). Our
findings do not show large differences in this regard. For Inv1,
inverted haplotypes are slightly shorter, which appears incon-
sistent with the expectation. It is possible that substantial length
discrepancies in large inversions such as this one could interfere
with meiotic pairing, potentially resulting in reduced fitness. It
is important to note, however, that our de novo assembly was
based on a quail without the inversion, which may not accu-
rately represent the structure of the inverted haplotype. Further
research, including the whole genome sequencing with long-
read technology of an individual carrying the inversions, is nec-
essary to determine whether the absence of repetitive sequences
is a genuine biological phenomenon or an artefact arising from
our methodological approaches.

In conclusion, this study highlights the crucial role of chromo-
somal inversions in shaping evolutionary forces within specific
genome regions. Our findings suggest that inversions, along
with other structural variants, might be a significant compo-
nent of the genome of many species. These variants can exhibit
distinct geographic distributions and respond to independent se-
lective pressures, potentially facilitating local adaptation across
a species’ range. By uncovering the interplay between genomic
architecture and evolutionary dynamics, this work contributes
to the growing body of evidence that emphasises the importance
of structural genomic changes in promoting biodiversity and fa-
cilitating adaptation.
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