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Figure S1, related to Figure 2 . A) Distribution of scaffold wide average Fsr among the ~6,000
assembled scaffolds. B) Distribution of variant Fsr values between white and tan birds within the
2 - 2™ inversion. The distribution of Fsris trimodal (X° = 158, df = 3, p < 1e-50), with the largest
component (red line; ~78.5% of variants) representing variants with Fsr~ 0.33 (dashed vertical
line). Other modes represent low Fsr variants (blue line, ~18.5% of variants), that are composed
of polymorphisms segregating at low frequencies among either the white or tan birds, or
extremely low frequency variants (green line, ~3% of variants) largely representing shared
polymorphisms between white and tan birds.
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Figure S2, related to Figure 3. Distribution of allele specific expression values among three
heterozygous white birds for variants inside (red line) and outside the 2/2™ inversion. Dotted
vertical line shows the expected allele specific expression value of 50%. In general, expression of
2m-linked genes is only mildly reduced relative to their 2-linked homologues perhaps as a
consequence of purifying selection acting to maintain proper dosage and the mitigating effects of
double-recombination events or gene-conversion between 2 and 2.
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Figure S3, related to Figure 2. Sliding window estimates of diversity along chromosome 2
(black line). For contrast, sliding window estimates of diversity along chromosome 2 are
redrawn from Figure 2B (light blue).

Body Size in Day 3 Male White-throated Sparrows

B tan (2/2) or white (2/2m)
8 B superwhite (2m/2m)

Count

6 8 10 12

Mass (grams)

Figure S4, related to Figure 3. Body mass in 3 day old male chicks. One superwhite (2™/2™) male is the
smallest male measured to date.



Morph Tan White Superwhite Total
(2/2) (2/2m) (2m/2m)

Sex male female male female male female

This Study 492 486 536 475 1* 2 1989
ThorneycroftlS1] - - - - 0 1 397
Michopoulus et allS1 - - - - 0 0 58
Falls & Kopachenal®2 - - - - 1 0 11
Horton et al.is3! - - - - 0 1 602

Table S1, related to Figure 3. The frequencies of white-throated sparrows genotyped in this and
other studies. Degradation of 2™ is caused by the rarity of homozygous (2"/2™) genotypes. The two
2m/2m females we identified were normal adult birds, as were the two females identified by
Thorneycroft [S1] and Horton et al. [S3]. However, the one 2"/2" male chick we identified (*) was a
runt from a WxXxW nest that was 45% below the average mass for a chick that age (>2 standard
deviations below the mean), and 55% below the mass for its sibling (a tan male that was a day older),
possibly suggesting that 27/2" is lethal in males (see also Figure S3). Falls and Kopachena [S2]
briefly report a 2”/2™ male (**) but little information is given about its condition.

WxW WxT TXW TxT
Total # of Pairs 9 600 499 8
% of total pairs 0.8 53.8 447 0.7
% of disassortative pairs - 54.6 45.4 -
% of assortative pairs 52.9 471
# of assortative pairs that 6 2
are secondary
% of assortative that are 67.0 25.0

secondary

Table S2, related to Figure 1. Pair type distribution for the Cranberry Lake population of white-
throated sparrows for 1988 through 2014 (Male x Female). Polymorphism is maintained by
disassortative mating. Only 1% of pairs are assortative, and of those, 47% are secondary, meaning
that they form only after the initial pair member (who was of the opposite morph) disappeared.



Scaffold Name Length Fst Order
NW_005081635.1 2,499,552 0.02 1
NW_005081812.1 685,102 0.02 1
NW_005081708.1 1,082,352 0.02 2
NW_005081569.1 6,428,133 0.31 2*
NW_005081577.1 5,965,185 0.31 3*
NW_005081742.1 823,114 0.33 4*
NW_005081832.1 313,837 0.31 5*
NW_005081548.1 11,897,188 0.33  6*
NW_005081699.1 1,154,867 0.31 7*
NW_005081620.1 3,174,558 0.33 8*
NW_005081574.1 5,686,916 0.33 9*
NW_005081589.1 4,450,299 0.33 10*
NW_005081596.1 4,337,631 0.33 11*
NW_005081611.1 3,679,899 0.33 12*
NW_005081596.1 4,337,631 0.33 13*
NW_005081591.1 4,472,293 0.33 14*
NW_005081642.1 2,137,341 0.33 15*
NW_005081561.1 7,563,313 0.33 16"
NW_005081632.1 2,519,554 0.33 17*
NW_005081596.1 4,337,631 0.33 18*
NW_005081561.1 7,563,313 0.33 19*
NW_005081582.1 4,953,235 0.33 20*
NW_005081569.1 6,428,133 0.31 21*
NW_005081654.1 1,929,533 0.30 22¢
NW_005081553.1 10,164,019 0.26 23*

Table S3, related to Figure 2. Scaffolds and their order along chromosome 2 based on FISH

mapping of BAC clones. Scaffold average F is provided for each. Scaffolds associated with BACs
that mapped to the inverted region are highlighted with an asterisk.




Pairtype (Male x Female)

WxW WxT W TxT

Proportion of Male 0.32+0.16 0.53+0.02 048:002 0.43:0.16
chicks = SE (6) (283) (241) (6)

(N)
Proportion of White ~ 0.68 £0.14  0.49+0.02  0.51+0.02 0.26 +0.14
chicks + SE (6) (283) (241) (6)
(N)

Proportion of EPP + SE  0.38+0.18  0.28+0.02 0.04+0.02 0.41+0.20
(N) (7) (199) (172) (6)

Table S4, related to Figure 3. Sex ratio, morph ratio and frequency of extra pair paternity (EPP) for
the four different pair-types (N= number of pairs). White x White (WxW) assortative pairs produce
female biased clutches and suffer a higher rate of EPPs. Tan x Tan pairs also suffer a higher rate of
EPP relative to TxW pairs, which have the lowest rate of EPP. Note that white chicks found in TxT
pairs are due to extra pair matings.

SUPPLEMETAL EXPERIMENTAL PROCEDURES

Field study: Field observations and samples were collected from a population of white-throated sparrows
at the Cranberry Lake Biological Station in NY (44°07'N; 74°47'W) sampled between 1988 and 2014
(Master banding permit #22297 to E.M.T.). The field site supports ~100 pairs/season. Each pair was
observed for a minimum of 80 hours over the entire season during which parental attendance at the nest,
fledging, and predation were monitored. Blood samples were taken from nestling birds at post-hatch day
6, before they fledge the nest and while they are still completely dependent on parental provisioning. The
sex of chicks was determined using standard protocols and primers [S5] and morph was determined using
a PCR-based method, which amplifies the VIP gene and allows the identification of a morph-specific SNP
[S2]. Paternity was determined using a combination of polymorphic microsatellite markers developed for
other avian species [S6-S9]. To assign parentage we used the paternity analysis program CERVUS 3.0
[S10]. To test whether super white (27/2") birds are less common in the population that expected by
chance we calculated their expected frequency based on the number of white male x white female (WxW)
pairs and the frequency of extra-pair matings between white females and white males. Such extra pair
matings should also produce 25% superwhite offspring. Based on our observations, WxW pairs comprise
0.8 % of the pairs in the population. Additionally, tan male x white (TxW) female pairs make up 44.7 %
of the population but produce 4 % of offspring via extra pair mating with white males. Thus, based on
sampling 1,989 birds from both within-pair and extra-pair matings, we would expect to see 12 superwhite
chicks.

Fluorescent in situ hybridization: Candidate white-throated sparrow BAC clones (CHORI-264 [S11])
were identified using overgo probe hybridisation. BAC clones were grown and labeled following
previously described protocols [S11,S12]. BAC DNA was labeled with SpectrumGreen®, SpectrumRed®,
or SpectrumOrange® (Abbot Molecular, Inc. Abbot Park, Illinois) through nick translation. Homologous
probes were hybridized to slides for 16 hours, heterologous probes and mixed heterologous/homologous
probes were hybridized for 92 hours using probes of two different colours. Homologous probes were
washed at 42 °C and all others were washed at 37 °C, following established stringency. Slides were



counterstained with DAPI III (Abbot Molecular Inc, Abbot Park, Illinois) and imaged using a multiphase
microscope and fluorescent camera with CytoVision® software (Leica Biosystems, Germany).

Genome assembly: DNA was obtained from an adult tan morph male red blood cells (hematocrit) from
one individual (karyotyped as 2/2, Z/Z). Another chromosomal polymorphism also segregates within the
species, but is not correlated with morph [S1, S13, S14]. The sequenced individual was also homozygous
for this polymorphism (3a/3a). The genome sequencing plan followed the recommendations provided in
the ALLPATHS-LG assembler [S15]. This model requires 45x sequence coverage each of fragments
(overlapping paired reads ~180bp length) and 3kb paired end reads as well as 5x coverage of 8kb PE
reads. Total assembled sequence coverage of Illumina instrument reads was 63.3X using a genome size
estimate of 1.09 Gb. This first draft assembly scaffold gaps were closed where possible with mapping of
the same reference assembly Illumina sequences and local gap assembly. Contaminating contigs, trimmed
vector in the form of X's and ambiguous bases as N's in the sequence were removed. All contigs 200bp
and smaller were removed.

Gene annotation: Prior to gene annotation the assembly was first masked with known repeats using
RepeatMasker [S16] and WindowMasker [S17]. Annotation was done using the NCBI gene annotation
pipeline which is fully described and publicly available (http://www.ncbi.nlm.nih.gov/genome/
annotation_euk/process/). The essential modules of this pipeline are the alignment programs Splign
([S18]; cDNA) and ProSplign (protein) and an HMM-based gene prediction program Gnomon (http://
www.ncbi.nlm.nih.gov/genome/guide/gnomon.shtml). Following manual checks of the gene annotation
output we predict a total sparrow gene count of 15,121 with a mean length of 595 amino acids, similar to
other avian genomes.

Genome resequencing: Twenty-four tan and 25 white morph males sampled above were chosen for
resequencing. DNA was extracted using Qiagen DNeasy kits and samples were pooled in equimolar
amounts for library generation. Library preparation for each pool was done using Illumina TruSeq Sample
Prep Kit, and sequencing was done using TruSeq SBS kit version 3 and data was processed with Cassava
1.8.2. Sequencing was done on two lanes of a HiSeq2000, yielding 726,657,908 100bp paired end reads.
Three additional white morph individuals were individually sequenced. These three individuals were
previously collected in Chicago, IL, US [S19]. Library preps were done using the Kapa Biosystems
Library Construction Kit and sequenced using their TruSeq Rapid SBS sequencing kit version 1. Samples
were sequenced on a single lane of a HiSeq2500 and yielded over 65 million reads per sample and a total
of 416,496,508 paired end (100bp) reads. We also sequenced whole genome of two outgroups, Harris’
sparrow (Zonotrichia querula) and golden-crowned sparrow (Zonotrichia atricapilla) using specimens
housed at the University of Alaska Museum. Library preparation for these species was done using the
Kapa Biosystems Hyper Kit and TruSeq Rapid SBS sequencing kit version 2. Sequencing was then
conducted on an Illumina Hi-Seq 2500 and yielded over 240 million paired-end (120 bp) reads per
species.

Phylogenomic analysis: To place chromosomes 2 and 2™ into a phylogenetic context, we compared
white-throated sparrow genomic data with mRNA-seq data from rufous-collared sparrow (Zonotrichia
capensis), white-crowned sparrow (Zonotrichia leucophrys) [S19], song sparrow (Melospiza melodia)
[S19] and dark-eyed junco (Junco hyemalis) [S20] and whole genome sequencing of Harris’ sparrow
(Zonotricia querula) and golden-crowned sparrow (Zonotricia atricapilla). To do so, we mapped mRNA
and gDNA reads from each outgroup species to the tan reference genome using bwa mem [S21]. gDNA
reads from the tan pool of birds was mapped to the tan reference genome as described above; gDNA reads
from the white pool of birds was mapped to the composite reference genome as described below (see
‘Population genomic analysis’). We then generated a super matrix of any informative sites and encoded
sites that are polymorphic within species with their corresponding IUPAC ambiguity code. We partitioned
this super matrix into two regions that either contain the 2/2" inversion region or do not. The phylogeny
of these species was inferred for each partitioned super matrix using RAXML [S22] with the GTRCAT
mutation model. Bootstrap support values for each node were generated with 1000 bootstrap replicates.
The topology produced above was compared against a tree where the tan and white morphs were


http://www.ncbi.nlm.nih.gov/genome/guide/gnomon.shtml

constrained as monophyletic. The Tan+White tree was built in RAXML [S22] under a CAT model with
100 random addition sequence (RAS) replicates, and support values were obtained via 100 bootstrap
replicates. The likelihood of each tree given our data was obtained using FASTTREE 2 [S23], and
following comparison methods were employed in CONSEL [S24]: approximately unbiased test (AU), two
bootstrapping methods (NP & BP), Bayesian posterior probabilities (PP), Kishino-Hasegawa (KH),
Shimodaira- Hasegawa (SH), weighted Kishino-Hasegawa (WSH), and weighted Shimodaira-Hasegawa
(WSH). P-values were calculated for each metric and used to assess which topology best describes the
data and whether the trees are significantly different

Population genomic analysis: Pooled reads were mapped to the assembled genome using bwa mem
[S21] and genome-wide estimates of variant allele frequencies were estimated with CRISP [S25] or
mpileup [S26]. Mapping and variant detection was performed with default base and mapping quality
thresholds and at least two reads with alternative alleles were required to call a site as polymorphic. On
average, read depth in both pooled samples was ~27.5X, and sites with low read depth (<5X) or high read
depth (>80X) were discarded. Variants were annotated using SupEffect [S27]. F'sr was estimated between
tan and white pooled samples as,

F — Htot - Hwith
ST

H

tot

where Hio is average heterozygosity between tan and white birds and H.ix is average heterozygosity
within tan and white birds. Sliding window estimates of Fsr were calculated in 100Kb windows with a
10Kb step size. Windows with less than 100 variants were excluded from analysis.

To estimate the fraction of variants within the inversion region that have Fsr ~0.33 (the expected value for
variants that are fixed between tan and white birds), we modelled logit(Fsr) as a mixture of three normal
distributions using the mixtools [S28] package in R [S29]. To avoid spurious parameter estimates, we
removed variants with Fsrless than 0.0005. Parameters of the mixture distribution (mixture parameter,
mean, and standard deviation) were estimated by randomly sampling 100 sets of 10,000 variants within
the inversion and calculating the average estimate across these random sets of SNPs.

Pairwise genetic diversity (®x) was estimated using PoPoolation [S30]. To estimate ®; on chromosome 2,
we utilized allele frequency estimates from the tan pool of birds. To estimate ®; on chromosome 2", we
generate a pseudo-white reference genome by substituting any mutation at ~50% frequency within the
2/2™ region in the pool of white birds into the tan reference genome using GATK’s
FastaAlternativeReferenceMaker [S31]. We then performed competitive remapping by mapping reads
from the white pool of birds to a composite reference genome containing both the reference tan and
pseudo-reference white genomes. Competitive remapping of the white-pool successfully separated reads
emanating from either chromosome 2 or 2" (median read depth of 2 scaffolds = ~12X; median read depth
of 2 scaffolds = ~12X). As a negative control, we also performed competitive mapping of reads from the
tan pool of birds to the composite genome (median read depth of 2 scaffolds = ~27X; median read depth
of 2™ scaffolds = 0X). Sliding window estimates of ®; were calculated in sliding 1Mb windows with a
10Kb step size. Windows with less than 100 variants were excluded from analysis.

We estimated pair-wise linkage disequilibrium (%) between pairs of SNPs within the sequence reads
using the ‘direct estimate’ method of LDx [S32]. We only considered sites with intersecting read depth
greater than 5 and minor allele frequency at either locus > 15%. These thresholds have been found to
produce accurate estimates of r? [S32]. We calculated average r?> in 1bp distance bins separately for
regions of the genome outside the inversion and inside the inversion for 2 and 2™.

We calculated the Direction of Selection (DoS) statistic [S33] for each gene in the genome using either
Harris’ or golden-collared sparrow as outgroup. To calculate dn and ds for each outgroup, we mapped
¢DNA reads to either the tan reference genome (as above) or the white pseudo-reference genome. To



calculate pn and ps for either 2, 27, or the remainder of the genome we only considered polymorphisms
with minor allele frequency less than 15% with at least four reads supporting the polymorphism. The use
of low frequency polymorphisms was necessary to ensure that polymorphisms contributing to pn and ps
were not fixed differences between 2 and 2. To calculate DoS between 2 and 2" we treated fixed
differences between them as pn and ps. To estimate average DoS for various classes of genes (see Figure
2A) we calculated the weighted average DoS and weighted standard error [S33]. We calculated Fay and
Wu’s H in non-overlapping 5S0Kb windows genome-wide using either Harris’ or golden-collared sparrow
as outgroup species to polarize the allele frequency spectrum from the tan pool. Fay and Wu’s H was
estimated using npstat [S34].

Gene expression analysis. We examined patterns of gene expression in white and tan birds for genes
inside and outside the inverted region. We utilized previously published mRNA-seq data from whole brain
extracts from three white- and three tan-morph birds [S19]. We first mapped the mRNA-seq from each
bird to the tan reference genome using bwa mem. Next, we constructed masked reference genome for
each of the six birds based on polymorphisms identified in this first round of mRNA-seq mapping using
bedtools maskfasta [S35] function. We then remapped mRNA-seq to these individually masked genomes
using tophat2 [S36] and estimated differential expression using cuffdiff [S37].

Allele specific expression analysis. We examined patterns of allele specific expression (ASE) within and
outside the inversion for three heterozygous (2/2") white birds. We utilized previously published mRNA-
seq data from whole brain extracts [S19] and also resequenced genomic DNA from the same three birds.
To avoid reference allele bias in ASE estimation, we first mapped gDNA of these three birds to the tan
reference genome. We then masked (i.e., converted the reference allele to *N’) all sites in the reference
genome that were found to be heterozygous in any of the three birds using bedtools maskfasta [S35]
function. We mapped mRNA-seq data to the masked reference genome using bwa mem [S21] and
estimated ASE as the fraction of ‘tan’ alleles (e.g., the reference allele in the unmasked genome) at exonic
SNPs with minimum mRNA-seq read depth of 50 and maximum gDNA-seq read depth of 15. We further
required that SNPs used for ASE estimation were heterozygous in all three birds. ASE estimates per SNP
were then averaged across the three birds.

Confirmation of pooled genotyping. To confirm fixed difference between morphs identified in pooled
genotypes, we resequenced the genomes of three individual white birds sampled from a different
population than the pooled sample. As expected, 75% variants within the inversion are heterozygous in all
three birds; note, given limited sequencing depth of individual birds (~10X) we expect that a fraction of
truly polymorphic variants to appear homozygous thus explaining the discrepancy between the rate of
fixed differences (75% versus 78.6%) observed in our individual and pooled based resequencing,
respectively.
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