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Abstract

A paradox in evolutionary biology is how supergenes can maintain high fitness despite reduced effective population
size, the suppression of recombination, and the expected accumulation of mutational load. The ruff supergene in-
volves 2 rare inversion haplotypes (satellite and faeder). These are recessive lethals but with dominant effects on
male mating strategies, plumage, and body size. Sequence divergence to the wild-type (independent) haplotype in-
dicates that the inversion could be as old as 4 million years. Here, we have constructed a highly contiguous genome
assembly of the inversion region for both the independent and satellite haplotypes. Based on the new data, we esti-
mate that the recombination event(s) creating the satellite haplotype occurred only about 70,000 yr ago. Contrary to
expectations for supergenes, we find no substantial expansion of repeats and only a modest mutation load on the
satellite and faeder haplotypes despite high sequence divergence to the non-inverted haplotype (1.46%). The essen-
tial centromere protein N (CENPN) gene is disrupted by the inversion and is as well conserved on the inversion hap-
lotypes as on the noninversion haplotype. These results suggest that the inversion may be much younger than
previously thought. The low mutation load, despite recessive lethality, may be explained by the introgression of
the inversion from a now extinct lineage.
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et al. 2020), migration in trout (Pearse et al. 2019), mating
systems in birds (Thomas et al. 2008), and ecological adap-
tation in Atlantic herring (Han et al. 2020), Atlantic cod
(Matschiner et al. 2022), and sunflowers (Huang et al.
2022). Inversions may have a selective advantage because
suppression of homologous recombination facilitates the

Introduction

Supergenes are defined as a cluster of genes controlling
complex phenotypic traits and recombination within
supergenes is often suppressed due to a structural re-
arrangement, usually an inversion (Kirkpatrick and Barton
2006; Linksvayer et al. 2013; Faria et al. 2019; Gutiérrez-

Valencia et al. 2021). Supergenes typically show a simple
Mendelian inheritance and are often maintained by balan-
cing selection. Examples of phenotypes associated with
supergenes involving chromosomal inversions include
Batesian mimicry in butterflies (Nishikawa et al. 2015), so-
cial organization in ants (Linksvayer et al. 2013; Brelsford
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maintenance of haplotypes composed of favorable combi-
nations of linked gene variants. However, the presence of
inversions may also lead to a negative impact on fitness
because suppressed recombination reduces the efficacy of
selection to purge deleterious mutations and is expected
to result in the accumulation of mutational load (Faria et al.
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2019; Charlesworth and Charlesworth 2020; Gutiérrez-Valencia
et al. 2021). Inversions may also accumulate repetitive elements
through “degenerative expansion” that results in a larger inver-
sion haplotype than its ancestor (Stolle et al. 2019; Berdan et al.
2021; Gutiérrez-Valencia et al. 2021).

Inversion polymorphisms can have low fitness in homo-
zygotes, and in the extreme, inversions may be recessive
lethals when inversion breakpoints disrupt essential genes
or deleterious mutations are captured by the inversion or
accumulate in a nonrecombining region (Faria et al. 2019;
Gutiérrez-Valencia et al. 2021). Only gene conversion and
double crossovers can lead to genetic exchange between al-
ternative chromosomal haplotypes (Navarro et al. 1997).
Thus, inversion haplotypes with low fitness as homozygotes
are expected to harbor a high mutation load due to the ab-
sence of purifying selection against recessive mutations in
genes within the inversion. However, simulation studies
suggest that mutational load can be mitigated by even
moderate rates of gene conversion (Berdan et al. 2021)
and deviations from mutation-selection equilibria can be
influenced by the evolutionary history of the inversion.
Despite predicted negative fitness effects, inversion super-
genes are often implicated in local adaptation, leading to
calls for a better understanding of mutational accumulation
and the fate of supergenes.

A supergene inversion polymorphism is responsible for
variation in male mating and plumage phenotypes of the
ruff (Calidris pugnax) (Kiipper et al. 2016; Lamichhaney
et al. 2016). In this lekking species, there are 3 types of
male mating phenotypes (Fig. 1a): Independents have
highly variable ornamental feathers and high testosterone
and defend territories; satellites are smaller, have predom-
inately light-colored ornamental feathers, and are nonter-
ritorial but take part in the lek by associating with
independents when females are present; and faeders re-
semble females in body size and plumage (Widemo
19983a; Jukema and Piersma 2006) and are also nonterritor-
ial. The satellite (S) and faeder (F) haplotypes are dominant
over the independent (1) haplotype (Lank et al. 1995, 2013),
but their allele frequencies are about 5% and 1%, respect-
ively (Hoglund and Lundberg 1989; Widemo 19983;
Lamichhaney et al. 2016). [ is ancestral, F is a full-length
4.5-Mb inversion with an estimated sequence divergence
time from the | haplotype of about 4 million years, and S
is the result of a single or a few recombination events be-
tween an inverted and a noninverted haplotype
(Lamichhaney et al. 2016) (Fig. 1a). Both S and F are homo-
zygous lethals, most likely because the inversion disrupts
an essential centromere protein gene, centromere protein
N (CENPN) (Kipper et al. 2016; Lamichhaney et al. 2016).
Theoretical predictions and empirical data in other sys-
tems (Kirkpatrick and Barton 2006; Faria et al. 2019;
Charlesworth and Charlesworth 2020; Berdan et al. 2021;
Gutiérrez-Valencia et al. 2021; Jay et al. 2021) indicate
that the inversion haplotypes should be burdened by a
high mutational load and an expansion of transposable
elements, but this was not possible to determine using
the existing, highly fragmented, genome assemblies for
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ruff. The paradox of polymorphic inversions (Faria et al.
2019) is particularly apparent in the ruff because it is un-
clear how this inversion may have persisted over millions
of years, despite homozygous lethality, low population fre-
quency, and a predicted high genetic load.

In order to conduct detailed comparisons of molecular
evolution between the inversion haplotypes, we combined
a chromium 10X linked read assembly with PacBio long-read
contigs to construct highly contiguous assemblies for both
the independent and satellite haplotypes across the inverted
region from 1 heterozygous individual. We use these assem-
blies and previously published whole-genome data to test
the prediction that the satellite and faeder haplotypes
show a high mutational load and expansion of repetitive ele-
ments. Specifically, we use estimates of synonymous and
nonsynonymous substitution rates and tabulate repetitive
elements to test the prediction of mutational load.

Results

Reassembly of the Region Harboring the Inversion
Polymorphism
We generated a high-quality genome assembly from a satel-
lite (5/1) individual collected in North Sweden. We first con-
structed a chromium 10X linked read library, which was
sequenced to a depth of 90X for an estimated genome size
of 123 Gb (Lamichhaney et al. 2016) and conducted
phase-aware genome assembly using Supernova v2.0
(Supplementary Table S1). A 17-Mb scaffold was homolo-
gous to chicken chromosome 11 and harbored the inversion
polymorphism (Fig. 1a). A comparison between the 2 ver-
sions of this scaffold representing the independent and satel-
lite haplotypes identified a 4.3-Mb inversion in the satellite
haplotype, similar in size to the 4.5-Mb inversion as previous-
ly described (Kipper et al. 2016; Lamichhaney et al. 2016).
We sequenced PacBio long-read library from the same
individual to an estimated coverage of 82X and con-
structed a diploid assembly using an in-house pipeline
(Supplementary Fig. S1). We polished the PacBio assembly
using haplotype-aware chromium reads, which resulted in
highly contiguous haplotype assemblies. We next replaced
the 4.3-Mb region harboring the inversion region in the
chromium assembly with the gapless genomic sequence
of the matching haplotype from the PacBio assemblies
(Supplementary Fig. S1). The satellite inversion haplotype
was 14 kb shorter than the corresponding independent
haplotype. We identified the inversion breakpoints of
the hybrid genome assembly by mapping PacBio reads
and chromium 10X reads to the final assembly (independ-
ent: 5,548,078 to 9,885,008; satellite: 5,546,737 to
9,869,715). We found that the independent haplotype as-
sembly is approximately 200 kb shorter than the previous
short-read only assembly (Lamichhaney et al. 2016).
Evidence from genome and long-read alignments indicates
that erroneously duplicated sequences account for ~52 kb
of unique sequence in the previous assembly and 115 kb
represents gap sequences. No BUSCO genes are present
within the inversion, but the BUSCO score (Manni et al.
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Fic. 1. Ruff male phenotypes and inversion haplotypes. a) Left: 3 male ruff phenotypes: independent, faeder, and satellite (illustrations repro-
duced with permission of Lynx Edicions). Chromosome 11 alignments between satellite and independent assemblies with the 4.3-Mb inversion
highlighted in red. Right: a graphical representation of the ancestral independent chromosome 11, inverted faeder chromosome, and the recom-
bined satellite chromosome. Satellites and faeders are heterozygous for inversion haplotypes and Independents are homozygous for the non-
inverted haplotype. b) Genetic divergence estimated by Fsr in 15-kb rolling windows between all 3 chromosomal arrangements across
chromosome 11. The 4.3-Mb inverted region is highlighted by a red box marking the 5.55- and 9.89-Mb breakpoints. Blue boxes mark the re-
combinant regions in the satellite haplotype. c) Local phylogenetic trees for the nonrecombinant (high Fsr between independents and satellites)
and recombinant regions (low Fs; between independents and satellites) based on 16 independents, a single satellite and a single faeder individ-
ual. The background colors used for the high and low Fr trees are the same as used to highlight these regions in Fig. 1b.

2021) was high for the full assembly (94.8% completeness)
demonstrating the quality of the base assembly. Together,
these data suggest that the updated assembly reported
here is both more contiguous and complete than the pre-
vious assembly.

An important reason for assembling the satellite haplo-
type was to examine if the gene content in the S and I hap-
lotypes are identical despite the high sequence divergence
(1.4%) (Lamichhaney et al. 2016). We found that gene
content and gene order are identical and no gene has
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been recruited to the inversion haplotype or lost
(Supplementary Table S2). We annotated the gene con-
tent of the inversion of both haplotypes using previously
published transcriptome data from 5 tissues (n = 10 indi-
viduals) (Ktpper et al. 2016) and 1 new sample from skin
tissue of a male independent using the Maker
(v3.01.2-beta) pipeline followed by manual refinement.
We identified 107 full-length gene models, for which 99
have a known homology to annotated genes in other spe-
cies, while 8 putative genes show no identifiable homology
to known genes (Supplementary Table S2). These novel
genes are supported by RNA-sequencing (RNA-seq) data,
and the ratio of nonsynonymous to synonymous substitu-
tions (dN/dS) between independent and satellite haplo-
types for 4 of these genes was much lower than 1
(mean =0.03) indicating that those genes are under
strong purifying selection (Supplementary Table S3). Our
annotation included 13 genes that were not previously re-
ported in the ruff inversion, 1 that was identified as a dif-
ferent ortholog, and 2 that were annotated previously
were not found (Supplementary Table S2).

We next investigated genetic divergence and diversity
using previously published (Kipper et al. 2016
Lamichhaney et al. 2016) resequencing data from 30 indivi-
duals: 16 independents, 11 satellites, and 3 faeders. Genetic
divergence between the satellites, faeders, and independents
on chromosome 11 revealed sharp boundaries separating the
inversion region from the remainder of chromosome 11 in
faeder individuals (Fig. 1b). The satellite haplotype is divided
into high and low Fsr regions in comparison with the inde-
pendent haplotype, which reflects the nonrecombinant re-
gions and the regions that recombined with a noninverted
haplotype, respectively, when the satellite haplotype was
formed in the past. The satellite haplotype includes 3 distinct
regions with strong genetic differentiation relative to the an-
cestral faeder haplotype but low or no genetic differentiation
from the independent haplotype (Fig. 1b). One of these re-
gions, the smallest, is present outside of the inversion break-
point and begins at the 9.89-Mb breakpoint of the inversion
and continues for 121 kb outside of the inversion. Despite
being outside of the inversion, faeders were strongly differen-
tiated from independents and satellites, indicating that sup-
pressed recombination between the faeder and independent
chromosome extends beyond the 9.89-Mb inversion break-
point (Fig. 2a). This region contains 3 genes; NFAT5, NOB1,
and WWP2. This region has apparently recombined with
an | chromosome during the formation of the S haplotype.
A notable exception to the genetic similarity between the |
and S haplotypes in this region is a 2,082-bp long interspersed
nuclear element (LINE) insertion at the 9.89-Mb inversion
breakpoint in the S chromosome.

Estimating the Age of the Inversion and the Satellite
Haplotype

We estimated the time of divergence between the inde-
pendent and satellite haplotypes based on the net number
of nucleotide substitutions (d,) between them. d, was
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calculated separately for the high and low Fst regions un-
der the assumption that the low Fsy regions are more re-
cently diverged from each other due to recombination
events occurring much later than the initial formation of
the inversion. Within the high Fs; regions, we estimated se-
quence divergence (d,) at 1.46% based on the average
number of heterozygous sites in S/I heterozygotes and I/1
homozygotes (see Materials and Methods), resulting in
an estimated age of the inversion of 3.84 4+ 0.08 million
years (mean = standard error of the mean), almost identi-
cal to the previous estimate of 3.87 million years
(Lamichhaney et al. 2016). The net number of nucleotide
substitutions for the low Fsy region was estimated at d,,
=0, because pairwise nucleotide diversity (d,, = 0.28%)
between S and I haplotypes was identical to the average
nucleotide diversity (d,) among | chromosomes
(Supplementary Fig. S2). Thus, the recombination event(s)
in satellite haplotypes must have occurred much more re-
cently than the average divergence time among independ-
ent chromosomes, which was estimated at 740,000 yr
before present using the estimated d, (0.28%). In other
words, the recombined satellite haplotype in these regions
is as divergent from the average independent haplotype as
a randomly drawn independent haplotype is. We illustrate
this using local phylogenetic trees for the high and low Fst
regions constructed with all independent samples and
only single satellite and faeder males. The single satellite
and faeder are on a long branch in a tree based on the
high Fsr region but only the faeder is clearly separated
from independents for the low Fsr regions within the in-
version (Fig. 1c).

We therefore estimated the age of the satellite haplotype
by calculating sequence divergence between the satellite and
faeder haplotypes for the 2.15-Mb high Fsr region (i.e. the
nonrecombinant regions). We used individual resequencing
data and identified 411 nucleotide positions where all faeders
(n=3) were heterozygous for a single nucleotide poly-
morphism (SNP) not present in satellites (n = 11) or inde-
pendents (n=16) and the corresponding number for
satellite-specific SNPs is 190. Based on the total number of
SNP differences (601) between satellite and faeder haplo-
types, we estimate sequence divergence (d,,) of 0.028% cor-
responding to an estimated divergence time of 73,000 +
1,400 yr (mean + standard error of the mean). This is the
estimated divergence time for the satellite and faeder haplo-
types, but it is possible that 1 or more recombination events
(i.e. the 3 low Fg regions) creating the current satellite haplo-
type occurred subsequent to this split.

Unexpected Low Mutation Load in the Satellite and
Faeder Haplotypes

The lack of recombination and the reduced effective popu-
lation size in inversion heterozygotes should lead to muta-
tion load on inversion haplotypes, due to less efficient
purifying selection. However, the same does not apply
for the independent haplotype because | haplotypes are
able to recombine freely in I/l homozygotes, which
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FiG. 2. SNP genotypes in 3 male morphs in ruff across the inverted region. a) Genotypes for each SNP for the inversion region +500 kb outside
each breakpoint (top panel): dark blue, homozygous for independent reference allele; light blue, heterozygous for a reference and alternate allele;
and yellow, homozygous for an alternate allele. b) Number of shared SNPs between satellite and independent chromosomes for each gene within
the inverted regions. These were identified as SNPs homozygous among satellites (S//). Such shared SNPs are not expected to be present unless

there is genetic exchange between the 2 haplotypes.

constitute ~90% of the ruff population, meaning they have
a large effective population size in this widespread Eurasian
shorebird. This assumption is supported by similar
patterns of linkage disequilibrium (LD) decay among inde-
pendents inside and outside the inversion region
(Supplementary Fig. S3). In contrast, an accumulation of
genetic load is expected in the satellite and faeder haplo-
types, because they are homozygous lethal and occur at
low allele frequencies, about 5% and 1%, respectively. It
has been proposed that the accumulation of genetic
load in the faeder haplotype has contributed to intralocus
sexual conflict and consequently low reproductive output
in faeder females (Giraldo-Deck et al. 2022). We test 2

predictions of mutation load: first, the inverted haplotype
should have expanded repeat content, and second, the in-
verted haplotype should have accumulated deleterious
mutations as well as an excess of nonsynonymous
substitutions.

Reduced recombination due to the presence of inver-
sions is expected to lead to the accumulation of transpos-
able elements in chromosomes, and this has been noted in
many taxa (Stolle et al. 2019; Gutiérrez-Valencia et al. 2021;
Jay et al. 2021). However, consistent with the smaller size of
the satellite haplotype relative to the independent haplo-
type, it included only about 187 kb of classified repetitive
elements: less than 5% of the full inversion length (Table 1).
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Table 1 Number of repeats in the satellite and independent haplotypes

Independent Satellite (Satellite - Independent)
Chr 11 region Class Sum length (bp) n Sum length (bp) n  Sum length (bp)
inverted DNA 89 11343 92 11739 3 396
inverted LINE 325 84656 334 94361 9 9705
inverted Low_complexity 264 11883 275 12933 11 1050
inverted LTR 20 5240 42 12750 22 7510
inverted other 29 3937 23 3293 -6 -644
inverted Satellite 4 652 4 670 0 18
inverted Simple_repeat 1300 53034 1263 51478 -37 -1556
inverted SINE 60 6590 57 6653 -3 63
inverted Insertion 54 54286 30 39463 -24 -14823
outside DNA 457 66718 445 65363 -12 -1355
outside LINE 1477 430117 1481 429754 4 -363
outside Low_complexity 620 26386 619 26257 -1 -129
outside LTR 82 23934 81 23854 -1 -80
outside other 164 27947 166 28432 2 485
outside Satellite 10 779 11 1063 1 284
outside Simple_repeat 3088 106367 3082 106123 -6 -244
outside SINE 180 23374 172 21996 -8 -1378

Summary of RepeatMasker annotated repeats within the inverted region and outside of the inverted region on chromosome 11. For the independent and satellite haplotype,
the number of each repeat class and the total length of all elements are shown. The satellite-independent columns show the difference in number or length of elements
between the 2 haplotypes. Insertions were tabulated only for the inverted region, because the remainder of chromosome 11 is not phased. The color codes for the columns
representing the satellite—independent comparison highlight the most notable differences; green and red mean higher and lower numbers in the Satellite haplotype,

respectively.

Nevertheless, some repeat families have expanded in the
satellite haplotype, including 9.7 kb of LINE elements and
7.5 kb of long terminal repeat (LTR) elements, but the
smaller size of the satellite haplotype is explained by fewer
simple repeats and the presence of intergenic deletions.

We did not identify a single premature stop codon on the
satellite haplotype in any of the ~100 genes within the inver-
sion, but 4 genes (CMIP, TANGO6, COGS8, and TMED6) car-
ried frameshift mutations. To further quantify mutational
load and patterns of molecular selection, we next calculated
nonsynonymous (dN) and synonymous (dS) substitution
rates for each of the genes within the inversion region com-
paring | versus S and | versus F haplotypes (Supplementary
Fig. S4). We found that the great majority of genes had
dN/dS ratios of <0.50. Six genes have dN/dS of >0.50 and
<1.0, but each of these had just a few synonymous muta-
tions, implying that this ratio is skewed by the lack of syn-
onymous mutation (Supplementary Fig. S4). Two genes,
melanocortin-1 receptor (MCTR) and M-phase phosphopro-
tein 6 (MPHOSPHG6), had no synonymous mutations but
multiple nonsynonymous changes.

The dN/dS ratio cannot determine if the observed mis-
sense mutations have occurred on the independent or the in-
version haplotypes. We therefore calculated dN and dS rates
for each of the genes with alignable orthologs between ruff
haplotypes and killdeer (Charadrius vociferus), a related out-
group species with an annotated genome assembly
(Supplementary Table S4). We first compared the I and S
haplotypes to the corresponding sequences from killdeer.
We restricted our analysis to the nonrecombinant high Fsy
regions, because it is not meaningful to explore the presence
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of genetic load in the low Fsy regions with such high se-
quence identity between S and | haplotypes (Fig. 1c). We
found very similar dN/dS in | and S orthologs compared
with killdeer for the great majority of genes (Fig. 3a
Supplementary Table S4). Nevertheless, there was a signifi-
cant excess of satellite orthologs with the highest dN/dS rela-
tive to killdeer; within the inversion, 45 genes had higher dN/
dS in satellites compared with 25 genes showing the oppos-
ite trend (> = 5.7, df = 1, P = 0.02), and dN/dS was identical
for 12 genes. We next calculated the expected dN/dS rela-
tive to killdeer in the absence of purifying selection (i.e.
dN =dS) for each satellite ortholog since the split from
the independent allele (see Materials and Methods) and
found that 68 of the 82 satellite orthologs had a lower dN/
dS than expected (Fig. 3b), consistent with an effect of puri-
fying selection on the evolution of protein-coding genes on
the satellite haplotype. We performed the same analysis by
comparing the faeder (using resequencing data) and inde-
pendent haplotypes and found a very similar low mutation
load on the faeder haplotype (Fig. 3c and d).

The 5.55-Mb breakpoint of the inversion interrupts
CENPN and is the predicted mechanism for the lethality of
homozygous S/S individuals (Kipper et al. 2016;
Lamichhaney et al. 2016) (Supplementary Fig. S5). We pre-
dicted that the 3’ fragment of the gene within the inversion
would be a pseudogene as old as the inversion that has ac-
cumulated a roughly equal number of synonymous as non-
synonymous mutations. Unexpectedly, we found the same
number of nonsynonymous substitutions (2) between kill-
deer and each of the 3 ruff haplotypes (Fig. 3e). We evaluated
protein evolution under a phylogenetic context using 3
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Fic. 3. Evidence for purifying selection acting on satellite and faeder haplotypes. a) dN/dS ratios in pairwise comparisons of independent or sat-
ellite alleles versus killdeer (C. vociferus) for each gene ortholog located in regions with high Fsrin the comparison of satellites and independents.
Genes with frameshift mutations in the satellite haplotype are marked in orange (CMIP, TMEDG6, and COGS8), and all other genes are marked in
black. b) The observed dN/dS ratios for satellite versus killdeer orthologs compared with expected under the assumption of no purifying selec-
tion acting on the satellite haplotype. c) dN/dS ratios in pairwise comparisons of independent and faeder alleles versus killdeer for each gene
ortholog in the inversion. Each gene is colored by location in high Fsr (blue) or low Fgr (black) region. d) The observed dN/dS ratios for faeder
versus killdeer orthologs compared with expected under the assumption of no purifying selection acting on the faeder haplotypes. €) Amino acid
alignment of variable sites for the CENPN protein among killdeer and the 3 different ruff alleles. The N-terminal part of CENPN is encoded by
exons located outside the inversion, and the inversion breakpoint is indicated with a flash. The derived T95M amino acid substitution was only
found among independent chromosomes but is not a fixed difference.

additional outgroups (Fig. 4a) using the Phylogenetic
Analysis by Maximum Likelihood (PAML) package (Yang
2007). We found that the rate of nonsynonymous substitu-
tions in the satellite branch did not differ significantly from
the rate in the rest of the phylogeny (P(wo= ws) =0.32)
(Fig. 4a). This is an unlikely finding if the gene was inactivated
4 million years ago or if it has evolved a novel function

subsequent to the inversion event. Furthermore, a reverse
transcription polymerase chain reaction (RT-PCR)-based
study targeting the 3’ part within the inversion using kidney,
muscle, and testis tissue from 2 adult satellite males revealed
only expression of the independent allele (Supplementary
Fig. S6). Similarly, Loveland et al. (2021) detected only full-
length transcripts from the independent allele in satellite
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Fic. 4. Comparison of the rate of nonsynonymous substitutions in the ruff satellite branch compared with other branches in the bird phylogeny.
Shown here are phylogenetic trees for CENPN a), MC1R b), and MPHOSPH6 c) using a model where the substitution rate @ (dN/dS) was allowed
to vary in the ruff Satellite branch. Branch lengths correspond to dS (left) and dN (right).

heterozygotes. This does not exclude the possibility that a
truncated form of CENPN is expressed in a specific tissue
or during a critical stage of development.

Identification of Candidate Genes under Selection

Two genes had a clear excess of derived amino acid substitu-
tions on the inversion haplotypes, MC1R and MPHOSPH6
(Supplementary Figs. S4 and S7). Two missense mutations

8

differ between killdeer and the ruff independent MC1R alleles
that share a common ancestor about 50 million years before
present (Prum et al. 2015), whereas independent and satellite
alleles that separated not more than 4 million years ago differ
by 4 (Supplementary Fig. S7a). Consistent with this observa-
tion, a PAML (Yang 2007) analysis supported an accelerated
protein evolution in the satellite branch (P(wq = ws) < 0.001)
(Fig. 4b).
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The faeder haplotype also has a high dN/dS ratio for MC1R
(Fig. 3d); it shares 1 missense mutation with the satellite
haplotype and has 2 unique missense mutations at residues
307 and 309 (Supplementary Fig. S7a). However, in this
case, it may a reflect lack of purifying selection. Even if the
F MCTR allele is nonfunctional, a single copy of an MCTR
wild-type allele is expected to be sufficient for a wild-type
phenotype. Faeders (I/F) show a plumage indistinguishable
from the wild-type plumage in females as well to the wild-
type male plumage outside the breeding season when inde-
pendents and satellites do not have ornamental feathers.

MCITR has a fundamental function in pigmentation and
determines pigment switching between black/brown eu-
melanin and red/yellow pheomelanin (Mundy 2005) and
is therefore the leading candidate gene underlying light-
colored ornamental feathers in satellites (Lamichhaney
et al. 2016) (Fig. 1a). However, to explore the possibility
that the satellite MC1R allele could have evolved a new
function outside the pigment system, we screened the
MCTR mRNA expression across 10 tissues including the
brain in 2 independents and 2 satellites (Supplementary
Fig. S8). MCTR expression was high in testis, brain, and wat-
tle relative to other tissues, but there was no difference in
MCITR expression between satellites and independents.

The satellite MPHOSPH6 allele also carries 4 derived mis-
sense mutations (Supplementary Fig. S7b) and not a single
synonymous change (Fig. 3b; Supplementary Table S4)
making this also a candidate gene under selection. In
fact, PAML (Yang 2007) analysis supports accelerated evo-
lution in the satellite branch also for MPHOSPH6 (P(wo =
ws) = 0.02) (Fig. 4c). The faeder allele shares 3 of the 4 non-
synonymous changes (Fig. 3d; Supplementary Fig. S7b).
MPHOSPHG6 is less well studied than MCTR but was identi-
fied as being phosphorylated during the M phase in the
cell cycle (Matsumoto-Taniura et al. 1996) and is a compo-
nent of the RNA exosome (Schilders et al. 2005).
Genome-wide association studies in humans have found
that MPHOSPHG6 is associated with variation in leukocyte
telomere length, a marker for genome aging (Li et al.
2020). Thus, the function of MPHOSPH6 may be relevant
for chromosome function and the evolution of the ruff
supergene because the inversion disrupts the CENPN gene.

Genetic Exchange between Haplotypes

Inversion haplotypes may exchange genetic material by dou-
ble recombination and gene conversion (Navarro et al. 1997).
Other than the 3 large recombinant regions described above,
we did not find any evidence of frequent recombination
events in the form of segments with high sequence identity
between independent and satellite haplotypes in any pairwise
comparison for the high Fst region. In order to test the pre-
diction of gene conversion, we counted shared polymorph-
isms in exons within the inversion by identifying SNPs for
which both homozygous genotypes were present among sa-
tellites; in the absence of gene conversion, we expect none
unless the same mutation occurred on both satellite and in-
dependent haplotypes. This analysis identified 14 genes that
carried at least 1 shared polymorphism (Fig. 2b) with the

most frequent occurring in Cadherin-14 (n = 4 shared poly-
morphisms). Notably, 7 of the 14 shared polymorphisms
were found in the 500 kb immediately adjacent to the
9.89-Mb breakpoint. Genetic differentiation is high between
satellites and independents in this region (Fig. 1b), suggesting
that these shared polymorphisms were most likely produced
through gene conversion rather than double crossovers.

Evaluation of Potential Donor Species for an
Introgression Event

One possible explanation for the unexpected low mutational
load in the ruff inversion polymorphism is that the inversion
is much younger than indicated by the sequence divergence.
This may occur if it was introgressed from another species,
for example as has been suggested for an inversion poly-
morphism in the white-throated sparrow (Zonotrichia albi-
collis) (Schwander et al. 2014). We tested this hypothesis
using 3 approaches: first, by sequencing a 965-bp amplicon
from the high Fs; region (chri11: 5,695,640 to 5,696,604)
from 15 other Calidris species and 2 outgroup species,
Arenaria interpres and Tringa totanus (Supplementary
Table S5); in this amplicon, the independent and satellite hap-
lotypes differed by 43 single base substitutions. In a phylogen-
etic reconstruction, we found that the ruff independent and
satellite sequences are monophyletic but on a long branch
(Fig. 5a). Nevertheless, the genetic distance separating the in-
dependent and satellite sequences is larger than that between
most sister species in this phylogeny and the independent se-
quence carries a derived 93-bp insertion. The branching or-
der based on this amplicon sequence is not fully resolved,
with low bootstrap values for all nodes. We next accessed
publicly available whole-genome resequencing data for 4
Eurasian Calidris taxa and estimated sequence divergence
among all pairwise comparisons across the inversion region.
We found that d,, between any ruff haplotype and these
other Calidris species were substantially larger (0.03 to
0.04) than between the independent and satellite/faeder hap-
lotypes (0.01) and no species had reduced genetic divergence
to the inversion haplotypes, as would be predicted by an
introgression event (Fig. 5b). Finally, using an approach
that does not require a donor species, we explored the pos-
sibility of an introgression event by searching the ruff genome
for haplotypes that segregate at comparable sequence diver-
gence as the ruff inversion and may harbor additional intro-
gressed fragments. No other genomic regions show such an
elevated sequence divergence among haplotypes matching
the inversion (Supplementary Fig. S9). We conclude that al-
though the mutational load data are consistent with an
introgression event of an unsampled taxon, neither amplicon
nor resequencing data provide evidence for introgression of
the inversion from an extant species.

Discussion

Our assembly of the satellite inversion haplotype pro-
vides an opportunity to examine the evolutionary
history of a chromosome segment that has been main-
tained in the heterozygous state for a long period of
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Fic. 5. Evaluation of potential donor species for an introgression event. a) Maximum likelihood phylogenetic tree based on sequencing of a 1-kb
amplicon from the high Fsr region (chr11: 5,695,640 to 5,696,604 bp in the independent assembly) from 15 Calidris species, 2 outgroup species in
comparison with the corresponding independent and satellite sequences. Bootstrap values based on 500 repetitions are given at the nodes. b)
Pairwise nucleotide divergence (d,,) among ruff mating phenotypes and 5 other Eurasian Calidris species and the outgroup A. interpres for which
whole-genome sequencing data are available. Satellite and faeder are included as heterozygous genotypes, i.e. I/S and I/F. Mean d,, is shown for
each pairwise comparison, and error bars represent the standard deviation among 15-kb windows either within high Fsr regions of the inversion

or outside the inversion region on chromosome 11.

time, because the inversion is a recessive lethal and sat-
ellite homozygotes are not born (Kiipper et al. 2016).
The estimated sequence divergence of 1.46% between
the nonrecombinant region of the satellite haplotype
and the noninverted independent haplotype implies
that the split from a common ancestral sequence oc-
curred about 4 million years ago. The current under-
standing of the evolutionary trajectory of genomic
regions that are homozygous lethal and nonrecombin-
ing is toward a fate resembling that of the Y chromo-
some in XY sex chromosome systems (Bachtrog 2008;
Charlesworth and Charlesworth 2020). In these cases,
the Y chromosome accumulates deleterious mutations
that inactivate most of the genes found in the homolo-
gous X chromosome. Further, the accumulation of
genetic load and transposable element expansion
within supergenes associated with inversions is well
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documented empirically in several species of plants
and insects (Nishikawa et al. 2015; Gutiérrez-Valencia
et al. 2021; Jay et al. 2021).

The ruff inversion polymorphism is an unexpected ex-
ception to this model. First, we see no substantial accumu-
lation of repetitive elements, a small expansion of LINE and
LTR repeats amounts to less than 20 kb (<2% of the total
inversion length; Table 1). This is in stark contrast to other
examples of inversions in natural populations, ranging
from the 340,000-yr-old inversion in Formica ant species
composed of as much as 80% repeats (Brelsford et al.
2020) and an 1.8-million-yr-old inversion in Heliconius nu-
mata butterflies that is 10% larger than noninverted hap-
lotypes mainly due to the recent insertions of transposable
elements (Jay et al. 2021). The satellite inversion region is
about 14 kb smaller than the ancestral haplotype, due to
the presence of deletions that may be adaptive. Three of
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the deletions (total size = 26 kb) flank the HSD17B2 gene;
HSD17B2 is an enzyme with a key role in testosterone me-
tabolism (Lamichhaney et al. 2016); altered regulation of
this gene may be related to the reported low levels of cir-
culating testosterone in satellite and faeder males (Klpper
et al. 2016). Second, we find low genetic load affecting cod-
ing sequences given the deep divergence time for the in-
version polymorphism. A few genes carry frameshift
mutations in the satellite haplotype, but the remaining
75 within the nonrecombinant region carry a low, if any,
mutational burden in comparison to the independent
chromosome. Double crossovers and gene conversion
may cause some gene flow from independent to variant
chromosomes but cannot explain the low dN/dS ratios
in relation to the estimated time of divergence (Fig. 3).
Furthermore, given the considerable sequence divergence
between haplotypes, it was unexpected that the disrupted
centromere protein gene CENPN is as well conserved on
the satellite and faeder haplotypes as it is on the independ-
ent haplotype containing an intact CENPN copy (Fig. 3e).
The 3’ part of the gene that is well separated from the pro-
motor and located inside the inversion has a lower rate of
nonsynonymous substitutions than expected if it was
pseudogenized 4 million years ago or evolved an altered
function subsequent to the inversion event (Figs. 3 and 4a).

The recombination event(s) that produced the satellite
haplotype was previously estimated at 500,000 yr ago
based on the average sequence divergence between the in-
dependent and satellite haplotypes (Lamichhaney et al.
2016). Here, we find a much more recent origin using a
more accurate method taking into account sequence di-
versity among independent haplotypes (see Materials and
Methods). This difference in the estimated time to diver-
gence is a consequence of similar nucleotide divergence
in the low F¢7 region between the satellite and independent
haplotypes to diversity among independent haplotypes.
We refined our estimated age of the satellite haplotype
to approximately 70,000 yr ago based on the sequence di-
vergence between satellite and faeder haplotypes for the
nonrecombinant region (high Fs; between satellites and
independents and low Fs; between satellites and faeders)
(Fig. 1¢).

More than 100 missense mutations in genes within the
inversion region on chromosome 11 distinguish the satel-
lite and independent haplotypes, but only 3 of them occur
in the recombinant regions (Lamichhaney et al. 2016). In
contrast, the great majority of missense mutations that
distinguish the satellite and faeder haplotypes are located
in these recombinant regions where satellite and independ-
ent haplotypes are almost identical. Thus, the satellite
haplotype constitutes a combination of 1 set of genetic
variants shared with independents and another set shared
with faeders, which is matched by the shared ornamental
feathers between satellites and independents but for in-
stance low levels of testosterone in blood in both satellites
and faeders (Kiipper et al. 2016).

The low mutation load in the satellite haplotype warrants
speculation on the potential mechanistic drivers of the

observed pattern. The accumulation of genetic load in a
supergene that is recessive lethal can to some extent be coun-
teracted by purifying selection acting in heterozygotes due to
haploinsufficiency. However, this is an unlikely explanation in
this case because this would imply that a large proportion of
deleterious mutations are incompletely recessive since 68 out
of 82 genes showed lower dN/dS ratios in satellite haplotypes
than expected if mutations were fully recessive (Fig. 3b).
Further, this interpretation does not apply for the truncated
copy of CENPN located within the inversion, because selec-
tion to maintain its protein sequence could only occur if it
has evolved an unknown functional role. If so, the expression
of this 3’ fragment of the gene must be driven by a novel pro-
moter, because the fragment is separated from its promoter
sequence. However, we cannot support this model with our
data, because we failed to detect any expression of the satellite
allele in adult satellite heterozygotes (Supplementary Fig. S6).
A more likely explanation is that the inversion is not as old as
the sequence divergence data indicate. There are 2 main scen-
arios that would be consistent with existing data. First, that an
old larger inversion has recombined much more recently and
resulted in the disruption of CENPN and recessive lethality,
similar to the recombination events creating the satellite
haplotype (Fig. 1a) or the second inversion haplotype at the
chicken Rose-comb locus (Imsland et al. 2012). If this hypo-
thetical old version was fairly common and not a recessive le-
thal, efficient purifying selection against deleterious alleles
could occur in inversion homozygotes, as is the case for inver-
sions related to local adaptation in Atlantic herring (Han et al.
2020), Atlantic cod (Matschiner et al. 2022), and sunflowers
(Huang et al. 2022). Second, the inversion may be the result
of an introgression event from another species. Under this
model, the inversion occurred before or after the introgres-
sion event and was favored by selection, because it kept to-
gether alleles at multiple loci contributing to the male
mating phenotype. Such a scenario has been hypothesized
for the mating system-linked supergene in white-throated
sparrow (Z. albicollis) (Schwander et al. 2014). In the white-
throated sparrow supergene, similar to the ruff supergene,
dN/dS is the same on the wild-type and inversion chromo-
somes for all fixed differences between haplotypes. This was
interpreted to reflect that the inversion is much younger
than what the sequence divergence indicates (Schwander
et al. 2014). Another example of an interspecies introgression
of a supergene concerns the Y chromosome in the ninespine
stickleback (Pungitius pungitius) that has been introgressed
from the Amur stickleback (Pungitius sinensis) (Dixon et al.
2019).

We used 3 analyses to evaluate our hypothesis that the
inversion originated from an introgression event from an-
other species. However, amplicon data from 15 Calidris spe-
cies, whole-genome resequencing data from 4 other Calidris
species, and a search for other divergent haplotypes across
the genome failed to identify candidate donor taxa or indi-
cations of introgression elsewhere in the genome. However,
the question is complicated by the fact that gene conver-
sion and double crossovers between wild-type and inver-
sion haplotypes subsequent to the introgression could
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have blurred the phylogenetic signal making it challenging
to identify a donor species among the large number of
other extant Calidris species. Furthermore, the divergence
between Ruff inversion haplotypes (~4 million years ago)
is younger than the estimated time to the most recent an-
cestor with other Calidris (~15 million years ago) (Cerny
and Natale 2022), meaning any donor species may be ex-
tinct and would have been missed by our analyses.
Nevertheless, we consider the introgression hypothesis as
possible, because it is a simpler explanation for the low mu-
tation load in the inversion than other potential models.
We also note that the ancestral inversion phenotype exhib-
ited by faeder male morphs is similar to other Calidris spe-
cies, where all species lack prominent sexual dichromatism
and the ornamental feathers of independent and satellite
morphs.

Male mating success is highly skewed among territorial
male ruff (Widemo and Owensi 1995), resulting in strong
sexual selection for alternative male reproductive strat-
egies. Our results extend the evolutionary model for the
origins of the unique mating strategy in ruff. The evolution
of a supergene may start because an inversion by itself re-
sults in a favorable phenotype, for instance by changing
gene expression as documented for the Rose-comb inver-
sion in chicken (Imsland et al. 2012) or because an inver-
sion event captures multiple linked polymorphisms
affecting fitness (Kirkpatrick and Barton 2006). Such a clus-
ter of linked polymorphisms may have been introgressed
into the population as discussed in this paper. The ances-
tral inversion faeder phenotype experienced a fitness gain
and evolved an evolutionary stable strategy as a sneaker
male competing for females attracted to leks by displaying
independents (Jukema and Piersma 2006). Mutations en-
hancing fitness of the supergene have been under positive
selection, and a prime example is the recombination
events that led to the evolution of the satellite hybrid
haplotype (Fig. 1a). The satellite male constitutes a second
alternative strategy, relying on ritualized interactions with
territory holding independents and scramble competition
for females attracted to interacting independent—satellite
pairs within leks. The independent, satellite, and faeder
morphs are apparently under strong negative frequency-
dependent selection as a mixed evolutionarily stable strat-
egy (Widemo 1998a). The stability of the lekking system is
maintained by females being attracted to independents
displaying within established dominance hierarchies at
traditional lek sites (Widemo 1997, 1998b). The success
of nonterritorial faeders and satellites relies on there being
sufficient displaying independents, and the frequency of
the satellite and faeder haplotypes is low, usually about
5% and 1%, respectively (Widemo 1998a). Morphs carrying
the inversion have a high fitness, compensating for homo-
zygous lethality, and this fitness is high only when these
nonterritorial morphs are rare. The low haplotype frequen-
cies imply low effective population sizes compared
with the independent haplotype, another argument why
substantial genetic loads are expected for satellite and
faeder.
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Positive selection may lead to accelerated evolution as
altered gene function evolves. A prime candidate is the
evolution of the satellite MCIR allele (Fig. 4b) that is likely
related to the light-colored ornamental feathers in satellite
males (Fig. 1a). For a supergene that is recessive lethal like
the faeder and satellite haplotypes, purifying selection will
only affect dominant negative mutations as well as genes
showing haploinsufficiency, i.e. when a deleterious muta-
tion affects the fitness of heterozygotes.

Together, we show that the evolutionary history of the
ruff inversion, which determines alternate male mating
strategies, is more complex than previously thought.
Molecular dating suggests that the inversion is very old
(4 million years ago), but polymorphism data suggest
that it neither carries the mutation load expected for a
4-million-yr-old recessive lethal nor an expansion of repeat
sequences. A possible explanation for this apparent
contradiction is that the inversion introgressed from an-
other species much more recently or alternatively that
the current organization with disruption of CENPN is rela-
tively young. Furthermore, we show that the origin of the
satellite haplotype is much more recent than previously
thought and occurred about 70,000 yr before the present.
Our comprehensive description of the evolution of the ruff
mating polymorphism reveals that supergenes may have a
complex history involving strong selection, recombination,
and possibly introgression.

Materials and Methods

Genome Assembly

A male ruff individual with the satellite phenotype was col-
lected in northern Sweden (coordinates WGS 84 [latitude,
longitude] 68.1, 19.8) during the reproductive season of
2016 under permit Swedish Environmental Protection
Agency NV 02900-16. Small muscle pieces were stored in
RNAlater (Thermo Fisher) at 4 °C until DNA preparation
using the DNeasy Blood and Tissue Kit (Qiagen) according
to the manufacture’s recommendation. A chromium 10X
linked read library was produced according to the manufac-
turer's recommendation and sequenced on an lllumina
HiSegX to a target depth of 90X. Supernova (v2.0)
(Weisenfeld et al. 2017) was used to build a diploid assembly
with a phased contig N50 of 20.2 Mb. A PacBio long-read li-
brary was prepared from the same DNA sample and pro-
cessed with Falcon (v0.5) (Chin et al. 2016) to produce a
second diploid genome assembly. Assembly scaffolds were
aligned to Gallus gallus and C. pugnax genomes using
Satsuma2 (v2016-12-07, https://github.com/bioinfologics/
satsuma2) chromosemble to identify the scaffold homolo-
gous to the part of chicken chromosome 11, which corre-
sponds to the region of the ruff genome harboring the
inversion. Chromium 10X linked reads were mapped to
the genome assembly using longranger (v2.2.2) (Weisenfeld
et al. 2017), and PacBio long reads were mapped with mini-
map?2 (v2.14) (Li 2018). We compared the independent and
satellite assemblies using Longranger to identify the inversion
breakpoints as well as structural variants, which was further
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refined and confirmed with manual inspection of read align-
ments in IGV (v 2.5.3) (Robinson et al. 2011).

While the supernova assembly using linked reads pro-
vided a contiguous and well-phased genome assembly, the
nature of the short-read genome assembly process left inev-
itable gaps in the sequence. To produce a complete assembly
of both the independent and satellite haplotype of the inver-
sion region the Falcon long-read assembly contigs were iden-
tified as independent or satellite using the phased SNPs from
the supernova assembly. Falcon contigs were then aligned to
each other using Satsuma2 and BLAST (v2.11.0) (Camacho et
al. 2009) to resolve overlaps. Incorrect haplotype switching
within Falcon contigs was identified using chromium 10X
linked reads and manually corrected. Corrected Falcon con-
tigs were merged into gapless haplotype assemblies and po-
lished using Pilon (v1.22) (Walker et al. 2014), and the
chromium 10X reads were split by haplotype. We assessed
conserved gene completeness with BUSCO (v5.3.1) (Manni
et al. 2021) using the aves_odb10 lineage data set, and results
were consistent with a complete haploid assembly (C: 94.8%
[S: 94.3%, D: 0.5%], F: 0.9%, M: 4.3%, n: 8,338).

Comparison to Previous Short-Read Assembly

The previously reported assembly of the ruff genome was
based on short-read lllumina sequencing using fragment li-
braries with insert sizes ranging from 250 bp to 20 kb
(Lamichhaney et al. 2016) and is thus more fragmented
than the assembly reported in the present study; contig
N50 length has increased from 106 to 294 kb, and scaffold
N50 length has increased from 10.0 (Lamichhaney et al.
2016) to 27.7 Mb (Supplementary Table S1). Chromosome
11 of the PacBio-based assembly was aligned to Scaffold 28
of the previous short-read assembly using the MUMmer
(v4.0.0rc1) (Margais et al. 2018) dnadiff tool with default
parameters. Gaps identified between the present assembly
and the former short-read assembly in the inversion region
were intersected with between-contig stretches of Ns in
the short-read assembly using BEDTools (2.29.2) (Quinlan
and Hall 2010). This exercise provided an estimate of the as-
sembly size inflation due to the addition of Ns during the
scaffolding of the short-read assembly. Long PacBio reads
mapped to the current and previous assemblies as described
above were used to determine support for apparent se-
quence duplication in the short read assembly as well as
for visual inspection of uncategorized discrepancies greater
than 1 kb.

Genome Alignments

Satellite and independent chromosome 11 were aligned to
each other using MUMmer (nucmer) (Margais et al. 2018).
The corresponding alignments were uploaded to the
Assemblytics (Nattestad and Schatz 2016) web portal and
variants called with unique sequence length = 10,000, max-
imum variant size = 10,000, and minimum variant size = 50.

Genome Annotation
We annotated the independent and satellite haplotypes (of
chromosome 11) using MAKER (3.01.2-beta) (Cantarel et al.

2008). Prior to annotation, we created a custom repeat library
using Repeat Modeler (1.0.8, http://www.repeatmasker.org)
and RepeatMasker (4.0.7, http://www.repeatmasker.org) and
downloaded all protein sequences in the curated and re-
viewed UniProt database (Uniprot Consortium 2020) and
for the previous assembly of ruff (GCF_001431845). We
downloaded RNA-seq reads for 10 previously sequenced indi-
viduals (Kiipper et al. 2016) across 5 tissues and additionally
included a single skin tissue from the present study. Briefly,
skin tissue was dissected in the field and immediately stored
in RNAlater (Thermo Fisher) to stabilize the RNA. RNA was
extracted and DNase was treated as described previously
(Schwochow Thalmann et al. 2017). The RNA quality and
concentration were measured by the RNA ScreenTape
assay (TapeStation, Agilent Technologies). Strand-specific
mRNA sequencing libraries were generated using the
SENSE RNA-Seq Library Prep kit (Lexogen). Briefly, 1 pg of
total RNA was poly-A selected using magnetic beads.
lllumina-compatible linker sequences were introduced to
the mRNA by random hybridization. The amplified libraries
were size selected for an average insert size of ~350 bp and
sequenced using an lllumina HiSeq instrument at SciLifeLab,
Uppsala, Sweden.

We mapped RNAseq reads to each genome assembly
containing either the independent or satellite chromosome
using HISAT2 v2.1.0 (Kim et al. 2019) and assembled tran-
scripts using StringTie v1.3.3 (Pertea et al. 2016). We ex-
tracted splice junctions by mapping all reads with
TopHat2 v2.1.1 (Kim et al. 2013) and converting to gff3
with MAKER’s (Cantarel et al. 2008) tophat2gff3 script.
To generate high-quality gene models on each chromo-
some version, we ran MAKER (v3.01.2-beta) using protein
and RNAseq data as evidence, splice junction annotations,
and lists of repeats to mask low-confidence regions. We
ran MAKER with best practices recommendations and
additionally  included max_dna_len =150,000 and
split_hit = 50,000 to fine-tune annotation for an avian
genome. All MAKER-predicted proteins were blasted
(using BLAST 2.7.1+) (Camacho et al. 2009) against the gi-
ven protein evidence to produce candidate ortholog anno-
tations for each annotated gene and the resulting gff
updated using maker_functional _gff.

Manual curation of the gene models was carried out
using the web-based genomic annotation editing platform
Web Apollo (Lee et al. 2013) for both the independent and
satellite haplotype of each gene. An exon was included in a
gene isoform if it was supported by at least 3 RNA-seq
reads with identical splice boundaries in an individual.
Exon boundaries were defined by the longest continuous
block of RNA-seq reads. The longest isoform was chosen
as the representative of a gene in further analysis.

LD Decay

We used the software PopLDdecay 3.4.2 (Zhang et al. 2018)
with a max distance of 50 kb between SNPs to generate LD
decay curves for independents in each of 3 genomic inter-
vals: before inverted region (chr11: 1 to 5,548,078), within
inversion interval (chr11: 5,548,079 to 9,885,008), and after
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inversion region (chr11: 9,885,009 to 19,330,666). This con-
trast, using independents only, was used to compare LD
decay inside and outside the inversion on wild-type (inde-
pendent) chromosomes that occur in the homozygous state
with a frequency of about 90% in ruff populations.

Nucleotide Substitution Rates

We used the manually curated gene set to calculate nu-
cleotide substitution rates between independent and satel-
lite alleles of each gene and their orthologs in killdeer. We
selected an outgroup species, the killdeer (C. vociferus,
Genbank ID: 1184028) with a previously published genome
annotation to polarize alleles. We identified 45 orthologs
present within the high Fsr regions in the comparison of
satellite and independent haplotypes using reciprocal best
blast between protein sequences. All ortholog and allele
pairs were aligned using ClustalO (v1.2.4) (Sievers et al.
2011) and alignments were given to PAML (v4.9¢) (Yang
2007) CODEML to calculate dN and dS values for each
pair. We calculated dN/dS only for genes within the in-
verted region, because we are interested in evaluating dif-
ferences in genetic load between independent and satellite/
faeder haplotypes within the inversion region. A compari-
son of genes outside the inversion is not meaningful, be-
cause there is no genetic differentiation among male
morphs in the rest of the genome (Fig. 1c).

Relaxed purifying selection is expected for genes on the
satellite haplotype because this haplotype always occurs in
the presence of independent haplotypes in I/S heterozy-
gotes. The deviation of the observed dN on the satellite
haplotype from the expected dN in the absence of purify-
ing selection was calculated by estimating the increase in
expected nonsynonymous substitution on the satellite
haplotype, AdNs, as follows.

Definitions

dNs = dN in the satellite branch since the formation of
the inversion.

dNi=dN in the independent branch since the forma-
tion of the inversion.

dNis = dN between independent and satellite (dNis =
dNs + dNi).

dSis = dS between independent and satellite.

The amount dN increases in satellites if there is no puri-
fying selection can be estimated by

AdNs = (dSis/2) — dNi.

However, since we do not know the value of dNi direct-
ly, we can estimate dNi based on dNis and dSis:

dNis = dNi + (dSis/2).

Thus,

dNi = dNis — (dSis/2).

Thus,

AdNs = (dSis/2) — dNis + (dSis/2) = dSis — dNis.

Based on this, we calculated for each gene the expected
dN (between satellite ruff vs. killdeer) as dN (between inde-
pendent ruff vs. killdeer) + AdNs and compared this with
observed dN (between satellite ruff vs. killdeer).
Estimation of nucleotide substitution rates involving the
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faeder haplotype was calculated in a similar way, the
only difference being that faeder gene models were con-
structed by manually modifying satellite gene models
based on resequencing from faeder samples. Manually
constructed faeder gene models were then aligned and
analyzed in the same way as described for satellite.

The CODEML function of the PAML program (Yang
2007) was used to test the relative likelihood of models
in which substitution rates varied on the branches leading
to the ruff orthologs of CENPN, MC1R, and MPHOSPH6. For
each gene, the orthologs for ruff, killdeer, golden eagle,
chicken, and mallard were aligned as described above in
the section on dN/dS. CODEML then calculated the
log-likelihood for models in which the substitution rate
@ (dN/dS) was held constant for the entire ortholog tree
(model 0) or allowed to vary only on the branch leading
to satellite ruff haplotype (model S). The significance of
the difference between the log-likelihoods of the 2 models
was calculated with the Pearson chi-squared test using a
1-tailed distribution.

Genetic Variation Analysis

Individual resequencing data from ruff were downloaded
from 2 previous studies: 25 individuals from Lamichhaney
et al. (2016) and 5 individuals from Kipper et al. (2016).
The accession numbers and average sequence coverage
per individual are summarized in Supplementary Table Sé6.
For analysis of potential donor species for the introgression
analysis, we additionally included all resequencing data
from other Calidris species available from NCBI BioProject
#PRINA419629. This includes 13 Calidris pygmaea samples,
9 Calidris ruficollis, 1 Calidris minuta, and 1 Calidris subminu-
ta. Finally, we included 1 outgroup species, A. interpres,
available from NCBI BioProject #PRJNA545868 (SRA#:
SRR9946666 and SRR9946658) that is part of the B10K pro-
ject (Feng et al. 2020). Read sets were adapter trimmed with
bbmap v38.61b (ktrim =r, qout =33, k=23, mink=11,
hdist=1, qtrim=r, trimq=10, maq=10, tpe, ow=t,
tbo) and mapped to the independent ruff genome assem-
bly using BWA-MEM (v0.7.17) (Li 2013) and default settings.
We called biallelic SNPs using bcftools mpileup and call
(v1.17) (Danecek et al. 2021) filtering on mapping quality
of >20 and genotype position quality of >20 (see Data
availability). VCF files were analyzed in R (v4.0.3) (Team
RC 2020) using the packages zoo (v1.8-8) (Zeileis and
Grothendieck 2005), viridis (v0.6.1) (Garnier et al. 2021), ti-
dyverse (v1.3.1) (Wickham et al. 2019), and vcfr (v1.12.0)
(Knaus and Griinwald 2017) within custom scripts (see
Data availability).

We estimated relative divergence (Fsy) using the soft-
ware pixy v12.2.betal (Korunes and Samuk 2021) in
15-kb nonoverlapping sliding windows and per site by set-
ting the window size in pixy to 1 bp. For pairwise compar-
isons involving the other 5 Calidris shorebird taxa
(described above), we additionally calculated d,, using
15-kb windows using pixy. High-confidence invariant sites
were included to prevent biases from omitting missing
data in this calculation. Note that for this comparison,
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we calculated d,, between heterozygous satellite (I/S) and
faeder (I/F) and the other taxa, meaning d,, is calculated
including the independent allele in the calculation. If an
introgression event has occurred in the past, the inclusion
of the | allele in this estimate will increase d,, for compar-
isons involving satellite and faeder, but nevertheless we ex-
pect a donor species to show a pattern of reduced d,,
compared with S and F within the inverted regions com-
pared with outside the inversion region.

Estimating the Age of the Inversion and the Satellite
Haplotype

Nucleotide diversity among satellite chromosomes cannot
be calculated using standard software because these only
occur in the heterozygous state. We therefore estimated
d,, between satellite and independent chromosomes based
on the average number of heterozygous sites among call-
able sites in satellite males (S/I) and nucleotide diversity
(dy) among independents (I/I) in the same fashion. The
classical way to calculate divergence time between DNA
sequences from 2 populations is based on calculating the
net number of nucleotide substitutions taking into ac-
count the intrapopulation nucleotide diversity at the split-
ting time T using the formula d,=d,, — (d\+d,)/2
according to Nei (1987); d, and d,, are the intrapopulation
nucleotide differences within populations X and Y, and (d,
+d,)/2 is the best estimate of nucleotide diversity in the
ancestral population. For instance, at T = 0 for populations
of infinite size d,,=d,=d,, then the standard formula
gives d, = 0. However, this is not applicable for an inver-
sion polymorphism because it originates from population
X and shows no intrapopulation nucleotide diversity (d,)
at T=0. Thus, in this case, d,,=d, while d,=0.
Applying the standard formula will give the erroneous
estimate d, =d,, — (dy+0)/2=05d,. The correct esti-
mate is obtained using d, =d,, —d,, that is d, =0 since
dy,=d,. This is illustrated in Fig. 1c (right) because in
the satellite—independent comparison d, << d,. A similar
method has previously been used to estimate divergence
times for inversion polymorphisms in Drosophila
(Corbett-Detig and Hartl 2012).

Time since divergence between satellite and independ-
ent chromosomes was estimated using T=d,/2A and
among independent chromosomes as T = d,/2 A according
to Nei (1987) where A is the average nucleotide substitu-
tion rate per year, and here we used the average estimate
for birds 1.9 X 10~° (Zhang et al. 2014).

Time since divergence between the faeder and satellite
haplotypes was calculated for the high Fsr region in a similar
way; however, we were restricted to a lower bound diver-
gence estimate of the age due to the unphased nature of
resequencing data. A SNP was only considered present
and unique in a particular haplotype if it was heterozygous
in every individual carrying that haplotype (I/F or I/S) and
homozygous for the reference allele in other individuals.
We reasoned that applying these constraints made it im-
probable that polymorphisms present on the independent

haplotype were mistakenly counted as a satellite or faeder
substitution when calculating d,,. However, as shown in
Supplementary Table S7, SNPs that were heterozygous in
at least 1 satellite and homozygous in all independents
were in fact heterozygous in most satellites. This shows
that our approach has not seriously underestimated the se-
quence divergence between satellite and faeder haplotypes.

To estimate the standard error of the time since diver-
gence, the inversion region was divided into 200-kb non-
overlapping windows (9 in the high Fsr region and 10 in
the low Fsr region). We then calculated d,, and d, as
well as the time since divergence as described above for
each window. These were used to calculate the mean
and standard error of the mean.

Introgression Analysis using HaploDistScan

Biallelic SNPs generated above were further filtered to ex-
clude any sites with missing samples. This filtered SNP set
was phased for the whole genome using BEAGLE (5.4)
(Browning et al. 2021) with default parameters. Phased
genotypes were then analyzed using HaploDistScan
(Pettersson et al. 2017).

CENPN RT-PCR Analysis

Total RNA was isolated from testis, kidney, and muscle of 2
satellite and 2 independent individuals as described above
for RNA-seq. First-strand ¢cDNA was synthesized using
High-Capacity ¢cDNA Reverse Transcription Kit (Thermo
Scientific). The parts of the CENPN transcript encoded by
exons inside the inversion were amplified using the following
primers (5'-3'): . AGGATGTGGTTTATCTTTGTGAGGA
AA; R: TCTCAAGCCTATATTGTGCAAATTC. The amplifica-
tion program was as follows: 95 °C for 5 min, followed by 35
cycles of 95 °C for 30 s, 60 °C for 30's, and 72 °C for 1 min.
PCR products were Sanger sequenced.

Screening of MCTR Expression across Tissues

RNA preparation was as described above for RNA-seq ana-
lysis. Given that MCTR includes a single exon, it is not possible
to prevent contaminating genomic DNA amplification by
primers spanning exon—intron junctions. Therefore, we in-
cluded RT-qPCR reactions without reverse transcriptase in
the cDNA synthesis process to assess the amount of DNA
contamination present in RNA samples. Thus, cDNA was
prepared in parallel; one reaction includes reverse tran-
scriptase (RT+), while the other one would be enzyme
free (RT—). Afterwards, RT-qPCR was performed with
Applied Biosystems SYBR Green PCR Master Mix
(Thermo Fisher Scientific) in 384-well plates using primers
(5’-3") for MCIR: F: TGTCCTCCCTCTCCTTCCTG; R:
AGAGGAGGATGGCGTTGTTG and GAPDH: F: CGCTA
AGCGTGTCATCATCT; R:  CAAGAGGCATTGCTGAC
AATTT. The reaction mixture contained 1-pl cDNA, 5-pl
SYBR Green PCR Master Mix (2X) and 0.3 pl of each pri-
mer (10 pM) in a total volume of 10 pl, and the following
PCR cycle was used, denaturation for 10 min at 95 °C
followed by 40 cycles of 95 °C for 15s and 60 °C for
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1 min. After amplification, fluorescent data were con-
verted to threshold cycle values (Ct) and all amplicons
were visualized by gel electrophoresis. The Ct value of
MCIR was normalized against that of reference gene
GAPDH. To make the expression across tissues compar-
able, the average expression over all tissues were calculated
and used for normalization to get the expression in specific
tissue. The expression of MCTR was finally determined by
gel electrophoresis. To be specific, if the amplicons were vi-
sualized by electrophoresis, the expression level would be
calculated as (RT+) — (RT—), otherwise the level of RT+
would represent the expression.

Sequencing of Amplicons from Other Calidris Species
In order to identify potential donor species from a wide taxo-
nomic breadth across Calidris, we amplified a 965-kb ampli-
con corresponding to the interval 5,695,640 to 5,696,604 bp
on ruff chromosome 11 (coordinates according to the inde-
pendent assembly) from 15 other Calidris species and 2 out-
group species (Supplementary Table S5). This interval was
selected because it contains a large number of variable sites
between the independent and satellite alleles. We designed
the following primer sequences (F: GGGGATCTC
GATACAGGTCAG; R: GTACGGCGAAGGTCCGATG) for
PCR amplification and the following primers for Sanger se-
quencing: (Independent,.;;: AACCTCCTGTTACTTGTCTT
CTTCG Satellites.q: ACTAATAACCTGTAGCTTGTCTTCT).
PCR amplifications were carried out as for the CENPN
RT-PCR using PCR Master Mix (2, Thermo Fisher). We built
a phylogenetic tree using the maximum likelihood method
and with the Tamura—Nei substitution model (Tamura and
Nei 1993). We present the tree with the highest log-likelihood
(—2495.10). Initial trees for the heuristic search were obtained
automatically by applying neighbor-joining and BioN]J algo-
rithms to a matrix of pairwise distances estimated using the
Tamura-Nei model and then selecting the topology with su-
perior log-likelihood value. This analysis included sequences
from satellite and independent alleles and 24 other sequences.
All positions with less than 95% site coverage were eliminated;
i.e. fewer than 5% alignment gaps, missing data, and ambigu-
ous bases were allowed at any position (partial deletion op-
tion). There were a total of 602 variable positions in the
final data set. All phylogenetic analyses were conducted in
MEGAT11 (Tamura et al. 2021).

The tissue samples for the phylogenetic analysis of am-
plicon data were provided by the Swedish Museum of
Natural History, Gothenburg Museum of Natural History,
Sun Yat-sen University, Beijing Normal University, and
Nanjing Normal University.

Supplementary material

Supplementary material is available at Molecular Biology
and Evolution online.
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