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Abstract

Bird song mediates speciation but little is known about its genetic basis because of the
confounding effect of vocal learning in model systems. Rhythm, in particular, transcends
acoustic communication across the animal kingdom and plays a fundamental role in sexual
selection and species recognition in birds. Here we investigated the genomic underpinnings
of rhythm in vocal non-learning Pogoniulus tinkerbirds using a reference we assembled and
134 further individual whole genomes distributed across a Southern African hybrid zone. We
show that rhythm speed is associated with two genes that affect speech in humans, Neurexin-
1 and Coenzyme Q8A. Leveraging ancestry, we find that rhythmic stability is also associated
with these candidate loci. Furthermore, a pattern of character displacement in rhythmic
stability in the contact zone suggests there is reinforcement against hybridization, supported
by evidence of assortative mating. Assortative mating is asymmetric, however, occurring
only in the species that produces faster, more stable rhythms. Rhythmic stability reflects
motor performance, a trait long regarded as an indicator of quality. Because rhythm is an
omnipresent trait in animal communication, candidate genes shaping vocal rhythm identified

here may play a pivotal role in speciation across birds and other vertebrates.
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Introduction:

Rhythm enriches human culture and constitutes an essential component of animal
communication that mediates species and individual recognition, courtship and mate
choice!?. While comparative approaches have contributed towards a better understanding of
the functions of rhythm processing®™, it is less clear which mechanisms drive differences in
rhythm among populations and how these are maintained over time. Rhythm reflects motor
performance’, a trait long considered an indicator of quality for choosy females. As a
consequence, mate choice may maintain distinct rhythms through assortative mating, the
tendency to mate with individuals of similar phenotype. Assortative mating maintains pre-
mating isolation between incipient species®’, and therefore plays an essential role in
speciation. Despite mounting evidence that supports the role of bird song in driving
speciation as a consequence of assortative mating®1°, relatively little is known about its
genetic underpinnings. Most molecular work on bird song has focused on the genetic basis of

vocal learning in parrots, hummingbirds and songbirds!!-!?

. Because of the confounding
effect of cultural vocal learning in these study systems, little is known about the molecular
mechanisms underlying the temporal patterning of bird song. Hence, we investigated the
genetic basis of bird song rhythm in two vocal non-learning species of Pogoniulus
tinkerbirds, African barbets (Piciformes: Lybiidae), that are widely distributed across Sub-
Saharan Africa (Fig. 1a) and emit remarkably simple rhythmic songs. Their songs comprise a
repetitive series of rhythmic pulses delivered at constant pitch and rate, with the latter
differing subtly but unambiguously between two species, yellow-fronted tinkerbird (P.
chrysoconus extoni, hereafter extoni) and red-fronted tinkerbird (P. pusillus pusillus,
hereafter pusillus) (Fig. 1b, Supplementary Movies 1-3). Furthermore, Southern African
populations of extoni and pusillus hybridize extensively when they come into secondary
contact!3 (Fig. 1¢c-d). Due to the simple structure of the vocal phenotype that is divergent
between the two species and potentially dominant inheritances in admixed individuals'?, this
system provides the opportunity for a genome-wide association study (GWAS)!>16 to identify
the genetic basis of vocal rhythm.

Bird song frequency has a tight relationship with body mass!”!8

, including in
tinkerbirds'®, and is likely polygenic?’. Temporal features of song such as pulse rate, by
contrast, may involve signal transduction, neural regulation or physiological constraints of
the syrinx or lungs?!'. Although rhythmic components have been described in birds?, humans??
and non-human primates?, it is only in humans that a molecular basis of rhythmic ability has

been identified??. Here, we quantified rhythmicity in tinkerbird song by investigating the
3
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presence of categorical thythms?, and explored the relationship between the inter-onset
interval (101, the time-interval between the onset of consecutive pulses and thus a measure of
pulse rate), genotype, and inferred global species-ancestry using a newly assembled
chromosome-level reference genome of pusillus. We leveraged genomewide and candidate
gene-specific local ancestry to determine the relative effects on rhythm rate and stability.
Lastly, we characterized the extent of assortative mating in the hybrid zone. We identified a
cluster of genes on one chromosome associated with pulse rate, including two genes
previously associated with vocal dysfunctions in humans. We further found that locally-
inferred genetic ancestry at these loci was also associated with rhythmic stability. A striking
pattern of asymmetric nonrandom mating in the contact zone suggests a preference for faster,
more stable songs in one species maintains phenotypic distinctiveness despite ongoing gene
flow. Our findings support a role for genes shaping vocal rhythm in sexual selection and

speciation.

[FIG. 1]

Results
Categorical rhythms and the genomic basis of rhythm in tinkerbirds

Using 80,019 IOI measurements taken from recordings of 124 allopatric individuals,
we calculated the rhythmic ratios (Rk = IOL/(IOIk + 10Ik+1) for extoni (n = 81) and pusillus
(n = 43). Although mean IOI differed significantly between the two species (extoni =~ 0.57 s
(£ 0.06 SD), pusillus = 0.46 s (£ 0.02 SD) t-test: # = 338.04, df = 65517, P =< 0.001), their
Rk did not differ (t-test: t =0.72, df = 22166, P = 0.468), with extoni Rx= 0.50 (+ 0.01 SD)
and pusillus Rx= 0.50 (= 0.008 SD). Tinkerbird songs are isochronous with 10l reflecting the
on-integer 1:1 ratio (Supplementary Fig. 1), similar to a metronome’s tempo?*, demonstrating
that pulses are delivered at intervals of identical duration.

We assembled a chromosome-level reference genome for a female pusillus (GenBank
accession number: GCA_015220805.1) using the Vertebrate Genomes Project (VGP)
pipeline v1.6. This included a combination of PacBio CLR long reads, 10x Genomics linked-
reads, Bionano optical maps, and Hi-C data® (see Methods). The final assembly was 1.27 Gb
in length (Supplementary Fig. 2a; Supplementary Table 1). We produced an assembly with a
scaffold NG50 of 26 Mb and N50 of 34 Mb (Supplementary Table 2), a contig N50 of 16.8
Mb, and a per-base consensus accuracy (QV)?® of 42.8 (~0.53 base errors/10 Kbp;
Supplementary Table 3). The assembly has a GC content of 46.0% (Fig. 2), a repeat content

4
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0f 47.3% , a functional completeness®’ of 95.2% (Supplementary Table 4) and a k-mer
completeness?® of 85.2% (93.9% when combined with the alternate assembly; Supplementary
Fig. 2b; Supplementary Table 3). We assigned 97.8% of assembled sequences to 44
autosomes and the sex chromosomes, Z and W (2n = 90; Fig. 2, Supplementary Fig. 2¢). The

karyotype is concordant with other Piciformes?®.

[FIG. 2]

We collected whole genome sequence data with an average 8.2-fold coverage from
138 colour-banded tinkerbirds that were aligned to our newly assembled reference genome
using BWA-MEM? and 19.6 million single nucleotide polymorphisms (SNPs) were
discovered using GATK4%. We conducted a GWAS using a mixed model implemented in
GEMMA?! to identify non-random associations between IOI and SNPs generated for 87
individuals in the hybrid zone. We discovered that a single genomic region was associated
with 10Ol variation (Fig. 3a). This region spans approximately 13 Mb of chromosome 25 (Fig.
3b-c) and is defined by 15 significantly associated SNPs (-log1 0P > 6) including 3 that
passed a threshold of -log10P > 7 (Supplementary Table 5). We annotated these outlier SNPs
by aligning the tinkerbird reference to the annotated zebra finch (Taeniopygia guttata)
reference (RefSeq assembly accession: GCF_003957565.2) with BLAST?. All 15 significant
SNPs mapped onto zebra finch chromosome 3, with three SNPs annotated in introns of
Neurexin 1 (NRXNI), one SNP in an exon of Coenzyme Q8A (COQ8A4), one SNP in an
intron of ENAH actin regulator (ENAH), and one SNP in an intron of MutS homolog 2
(MSH?2) (Fig. 3b; Supplementary Table 6). Of these genes, NRXNI and COQS8A4 have both
previously been associated with human speech disorders**—°, and ENAH with hearing
disability**7. MSH2 has not yet been associated with any vocal communication-related
function, although it is mostly expressed in the cerebral cortex and nasopharynx in humans
(www.proteinatlas.org)*®. Given the pattern of variance partitioning, there is likely an uneven
contribution from each of the four candidate genes (Fig. 3d), with three genes (VRXN1,
COQ84, and MSH?2) each providing significantly greater contributions to total trait variance
than ENAH and 10,000 randomly selected SNPs across the genome (Supplementary Table 7).
Besides these four primary candidate genes, we highlight five additional SNPs identified in
the GWAS as possible candidate loci: a single SNP located 69 bp upstream of an undescribed
gene whose zebra finch orthologs are yet to be identified (LOC115494518), one SNP within
1 Kb from anaplastic lymphoma kinase (4LK), two SNP loci located approximately 9.4 and

5
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15.3 Kb from Forkhead box N2 (FOXN2), and one SNP located 9.8 Kb from echinoderm
microtubule-associated protein like-4 (EML4).

We evaluated the ability of the candidate SNPs to accurately predict the vocal
phenotype with a Bayesian sparse linear mixed model. Using leave-one-out cross-validation,
we found that the predicted and observed IOl trait values were highly correlated (Pearson’s R
= (.78) and that the inferred phenotypes explained a statistically significant proportion of
observed I0Is (LM: 8 = 2.04, st. error = 0.17, t = 11.53, P =< 0.001, adjusted R’ = 0.6;
Supplementary Fig. 3). Due to the known critical functions of some candidate genes in

human speech®*%

, we calculated long-range haplotype statistics to identify potential
signatures of directional selection. We estimated cross-population extended haplotype
homozygosity*® on allopatric individuals of either parent species but found that no significant
SNP deviated beyond the 2.5 % and 97.5 % quantiles of the score distribution. However,
most SNPs carried a negative value, which is consistent with asymmetric selection in pusillus

(Fig. 3¢).

[Fig. 3]

Low genomic divergence in candidate gene region

Despite the congregation of significant SNPs on tinkerbird chromosome 25, chromosome-
wide differentiation was low between allopatric extoni and pusillus (Dxy = 0.01+0.002 and
Fst =0.2240.12) (Fig. 3f-h), when compared to genome-wide means (Dxy = 0.01+0.003 and
Fst = 0.2740.16). However, higher relative Fst and Dxy occurred together where NRXN1
SNPs were located, suggesting reduced gene flow at this candidate locus. Nucleotide
diversity is higher in extoni (Supplementary Fig. 4; Supplementary Table 8). Yet, we found
little evidence of linkage disequilibrium, with mean *= 0.09 on chromosome 25 (mean
genome-wide 72 = 0.11) (Supplementary Fig. 5), suggesting that the SNPs in the four
candidate genes associated to IOl may not have been inherited together as a linkage group. In
addition, four SNP genotypes were fixed in allopatric populations of pusillus and three in
extoni but all were variable in sympatry; IOI reflected underlying genotypes at those loci
(Fig. 31, Supplementary Fig. 6). Sigmoidal geographic clines for genome-wide and gene-
specific ancestry confirmed their association with 101 (Supplementary Fig. 7). Although there
was detectable population structure between extoni and pusillus when found in allopatry, the
extent of genomic admixture in the contact zone was evident in both the principal component

analysis (PCA) and ADMIXTURE (Fig. 1c, 1d). A PCA of the SNPs associated with each
6
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candidate gene separately revealed three discrete clusters, one of which carried mostly the
heterozygous genotype at candidate loci (Supplementary Fig. 8). The PCA also revealed

higher genomic variability in extoni with respect to pusillus.

Ancestry and rhythm

We inferred genome-wide global and local ancestry of 99 individuals sampled from within
the geographic hybrid zone, which ranged from one parental type (extoni Qpusiius = 0.03) to
the other (pusillus Qpusius= 0.99) (Fig. 4a). We estimated a mean of 60+36% pusillus
ancestry with genomes structured as a mosaic of ancestry blocks (Fig. 4b). Further
corroborating the association we report between 101 and specific SNPs, we find a relationship
between genome-wide ancestry and IOI (Fig. 3h). This relationship was confirmed in linear
mixed models (LMMSs) in glmmTMB?°, which also confirmed no effect of sex and showed
that higher proportions of autosomal and Z-linked pusillus ancestry were significantly

associated with faster songs (Fig 4c; Supplementary Table 9).

[Fig. 4]

We then compared the respective ancestry in candidate genes that influence 101 with
genome-wide ancestry by fitting genomic clines on allele frequencies of significant SNPs that
approach fixation in both allopatric populations (i.e. NRXNI and COQ8A4). We found that the
SNPs of both genes undergo a steep shift in allele frequency above a 0.2 proportion of
pusillus ancestry (Fig. 4d). We next fitted double-hierarchical generalized linear models
(DHGLMs) to assess how ancestry proportions affect IOl and its residual within-individual
variance (RWYV, i.e., level of instability). In addition to modelling a linear effect of ancestry
on stability, we also modelled quadratic effects on RWV to test the hypothesis that
hybridization results in less stable rhythmic song in admixed individuals. Consistent with the
LMMs, greater pusillus ancestry was significantly associated with faster songs and negatively
with IOl RWV. This corresponds with more stable (i.e., less variance within) songs with
increasing pusillus ancestry. However, the quadratic effect of ancestry on IOl RWV was not
significant, but suggested higher variance (i.e., increased instability) with intermediate
ancestry (Fig. 5a, Supplementary Table 10a-c).

But we found that specific candidate genes affect song rhythm, and thus predicted that
ancestry at those loci rather than genome-wide ancestry would more likely affect song

stability. We tested for the effects of local ancestry proportions within the physical regions
7
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that contain the candidate genes associated with IOI. We averaged the ancestry proportion
(Q) across all SNPs within the boundaries of the candidate genes and replicated the above
model. We found that increasing proportions of pusillus ancestry at all four candidate genes
was significantly associated with faster and more stable songs (Fig. 5b, Supplementary Table
10d-g). However, for genes NRXNI and COQ8A we found a significant quadratic effect on
RWYV that suggests individuals with admixture at these genes sing less stable songs. Post hoc
analyses further suggested that individuals with higher pusillus ancestry at NRXN1 and
COQ84 are more sensitive to shifts in ancestry at these two genes. By contrast, individuals
with primarily extoni ancestry, with increasing pusillus ancestry in NRXNI before the
statistical peak of RWYV, have consistent IOI but with increasing variance. For COQ84, the
pre-peak effect was negative and marginally significant, suggesting increasing 101 with
extoni ancestry but with a weaker effect from the statistical peak (Supplementary Fig. 9,

Supplementary Table 11).

Character displacement in song stability in sympatry

Intermediate or mixed song might drive reinforcement against hybridization*!. We explored
this possibility by testing for evidence of character displacement in IOl and its stability
between 87 pure extoni and 94 pusillus individuals (respective ancestry > 99%, based on
fastSTRUCTURE ancestry values from ddRAD, see Methods). Reproductive character
displacement would be manifested in greater differences between the species in 1Ol or its
variance in sympatry compared to allopatry. Instead of divergence in 101, we found both
species sang slower songs in sympatry. However, extoni emitted significantly less stable
songs in sympatry than in allopatry, and we found a striking interaction effect of a greater
difference in rhythmic stability between pure pusillus and pure extoni in sympatry compared
with allopatry (Fig. 5c; Supplementary Table 12). These findings suggest that there is
asymmetric reinforcement against hybridization in pusillus that is driven by female pusillus
mating assortatively with pusillus males, which have more stable songs than extoni and

admixed males.

Introgression is asymmetric in the tinkerbird hybrid zone

We investigated possible asymmetric assortative mating by quantifying the direction of gene
flow within the contact zone using 82,950 SNPs from ddRAD (mean depth = 13.92X, see
Methods). We hypothesized that the presence of contrasting ancestry proportions between sex

chromosomes and autosomes could reveal the direction of gene flow in hybridizing

8
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populations*>. We bioinformatically inferred sex by calculating Z chromosome to autosome
depth ratios (Supplementary Fig. 10). Then in females, the heterogametic sex in birds, we
inferred paternal genome-wide ancestry from their paternally-inherited Z chromosome
ancestry. Using the paternal ancestry estimate for 95 females we calculated maternal ancestry
from each female’s autosomal ancestry (see Methods). There was clear evidence of
asymmetric nonrandom mating (LM, z = 6.949, P < 0.001) (Fig. 5d, Supplementary Table
13), consistent with previous findings revealing asymmetric introgression'4. All 16 mothers
with Qpusitius > 0.97 mated with males with high pusillus proportions (Qpusiius > 0.83, mean
difference in parental ancestry A = 0.04+0.06). By contrast, 14 mothers with Qpusims < 0.03
(i.e., extoni mothers) mated with males whose ancestry varied across the entire range of
possible ancestry proportions (A = 0.62+0.34), between mean ancestry proportions reported
above genome-wide (0.6) and of 131 males sequenced with ddRAD from the hybrid zone
(Opusiius= 0.73+0.34). These results suggest hybridization is asymmetric, with extoni females
mating with males of any ancestry but pusillus females selecting males with high pusillus

ancestry (i.e., those with faster, more stable songs).

[Fig. 5]

Discussion

Our study has revealed the genomic basis of vocal rhythm in tinkerbirds. Of the four
candidate genes identified, NRXN/ and COQ8A4 have been associated with speech and
phonology impairments in humans**. We highlight NRXN1, which studies have linked to
several human neurological disorders, including autism*3, but also to alterations in social
behaviour, including in male aggressiveness in mice**, and differences in male-male
tolerance in baboons*?. Here, we found that NRXN1, along with COQ84, influenced rhythm
speed and stability, and evidence of asymmetric assortative mating suggests a female
preference for faster, more stable songs supports a good genes model of sexual selection on
male motor performance**. The preference for fast, stable song might have evolved in
pusillus following its divergence from exfoni and in turn driven asymmetric assortative
mating in the hybrid zone, and reinforcement against hybridization. Divergent character
displacement has previously been found in tinkerbird song frequency and rate, where it was
hypothesized to mediate interspecific aggression between two species that do not
interbreed*>*®. Here, reproductive character displacement in rhythmic stability is a potential
mechanism for the maintenance of distinct species phenotypes despite ongoing gene flow.

9
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Recent work has supported the hypothesis that speciation occurs even in the presence
of gene flow provided some regions in the genome are resistant to introgression*’. Although
we found relatively low differentiation across the chromosome region with the candidate
genes, higher relative Fst and Dxy occurred where NRXNI SNPs were located, suggesting
reduced gene flow at candidate loci. But with asymmetric introgression, the effect of
assortative mating on reducing gene flow in one species is partly offset by random mating in
the other. Nevertheless, with known impacts on human speech®* and effects on aggressive

behaviour in other mammals*>*3

, candidate genes identified here may play a wider role in
determining pulse rates and rhythmic stability across vertebrates.

We also revealed isochronous vocalizations in birds with innate songs, with
tinkerbirds delivering notes at equally-spaced time intervals. Isochrony, which has been

identified in humans, non-human primates, songbirds and bats>2348

, 1s thought to facilitate
acoustic coordination and processing, especially in vocal learners*. Tinkerbirds are not vocal
learners >, but contrary to assertions that vocal non-learners lack the ability to perceive
isochronous rhythms>!, our study suggests perception of different rhythmical patterns might
have driven selection for isochrony even in species with limited vocal flexibility. Indeed,
although tinkerbirds do not duet, perception of rhythmic patterning is likely fundamental for
acoustic coordination in confamilial vocal non-learner species from independent clades
within Lybiidae that perform highly coordinated multi-individual acoustic displays®. Vocal
rhythm is an omnipresent trait of bird song that functions in species recognition and sexual
selection. Our study suggests vocal rhythm plays a pivotal role in pre-mating isolation and

speciation, and this is associated with genetic variation in candidate genes that function in the

brain.

Methods
Fieldwork

Fieldwork was performed in Eswatini and South Africa between 2015 and 2022 to sample
and record the sympatric and allopatric populations of yellow-fronted tinkerbird Pogoniulus
chrysoconus extoni and red-fronted tinkerbird Pogoniulus pusillus pusillus. Our sampling
efforts focused on the breeding season - the rainy season - to take advantage of the territorial
response of breeding pairs. Tinkerbirds were lured into mist nets using conspecific playbacks,
measured and provided with a uniquely numbered metal band and a specific combination of

color bands prior to release. Blood samples were obtained from each banded individual

10
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through venipuncture of the brachial vein and stored in 1ml queen’s lysis buffer (aliquoted
from 800 ml dH20; 1,22g Tns-Cl; 0,6 NaCl; 200 ml EDTA; 10g n-lauroylsarcosine; pH 8)

for 443 samples or 100% ethanol (1ml X 9 samples). This total included 85 samples obtained

for a previous study'4. Two samples of pusillus were collected with the aim of assembling a
reference genome at Mlawula Game Reserve, Eswatini in July 2019, with blood stored in
100% ethanol and placed on dry ice in the field, before transfer to a -80 °C freezer prior to
shipping to the Vertebrate Genomes Lab, at the Rockefeller University for sequencing. We
visited capture sites repeatedly thereafter, with the aim of locating color-banded tinkerbirds,
which would then be elicited to sing with the use of conspecific playbacks and recorded;
although we also recorded unbanded tinkerbirds as well every time we were presented with
the opportunity. We recorded tinkerbird vocal responses using a Marantz PMD 661 with
either a Sennheiser MKH 8050 directional microphone or MKH 8070 shotgun microphone
and saved recordings as 16-bit WAV files at a sampling frequency of 48 kHz. In total we
sampled 468 tinkerbirds and obtained 710 recordings from 491 individuals across allopatric
and sympatric sites. A subset of these recordings were previously used towards another study

focusing on continent-wide patterns of song frequency!®.

Acoustic analysis

WAV files were imported into Raven Pro>?, where notes were detected using the built-in
band-limited energy detectors (BLED) following a previously established protocol!*>*. The
BLED detects notes when their amplitude in a pre-defined frequency band exceeds a specific
signal-to-noise ratio (in dB) of background noise. We visually inspected note annotations to
control for missing detections and control for false positives (i.e. sounds of similar structure
to the tinkerbird notes that were detected by the BLED). False positives were deleted from
the annotations, whereas gaps resulting from missed notes were manually filled by fitting a
selection around a note using the waveform view as a reference to avoid errors related to the
visual interpretation of the spectrogram. This procedure was also applied to adjust the
selection box in cases they did not match the exact onset and offset time of a note. We
calculated the difference between the onset times of two consecutive notes to obtain the inter-
onset interval (IOI). We believe that this measurement is a more reliable measure of pulse
rate because it does not take into consideration the end time of a note, which may vary across
recordings and sites as a consequence of differences in attenuation and sound reverberation®>.

This workflow resulted in two datasets, one containing all IOl intervals (hereafter ‘All

11
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Notes’) and one with IOI values averaged across each individual recording (hereafter ‘mean

I00).

Quantification of rhythmicity in tinkerbirds

To assess rhythmicity in tinkerbird song we quantified categorical rthythms, in which
temporal intervals among notes are distributed discretely rather than continuously?*-¢, Such
rhythm categories can be identified by calculating rhythmic ratios (Rk)?, in which each 10T
value is divided by itself plus the value of the subsequent interval (Rx = IOI/(I0Ik + IOIk+1).
Following this approach, an Rx of 0.5 would equate to a 1:1 rhythm ratio and therefore

isochrony, meaning that each note is delivered at an equally spaced interval.

Genomic data extraction, library preparation and sequencing

We generated a de novo chromosome-level reference genome assembly from a pusillus
female individual sampled in Mlawula Game Reserve, Eswatini, using four different
sequencing technologies: Pacific Biosciences (PacBio) CLR long-reads, 10x Genomics
linked-reads, Bionano optical maps and Hi-C reads from Arima Genomics. DNA extraction
was performed using a modified protocol of the Bionano Prep SP Frozen Human Blood DNA
Isolation Protocol for the Bionano Prep SP Blood and Cell Culture DNA Isolation Kit (cat no.
80030). Briefly, the input volume was adjusted to 15 pl of blood and then brought to a total
of 40 pl with chilled 1x PBS. The lysis and digestion was performed on the whole blood and
PBS mixture. Isolated high molecular weight DNA was kept at room temperature for a week
to homogenize before quantified with a Qubit 3 fluorometer (Invitrogen Qubit dSDNA Broad
Range Assay cat no. Q32850). DNA fragment size distribution was assessed using a pulsed
field gel electrophoresis (PFGE; Pippin Pulse, SAGE Science, Beverly, MA) and found the
majority of DNA was over 300 Kb. The obtained DNA was then used to prepare the libraries
for the different sequencing technologies. For PacBio libraries, DNA was sheared down to
~40 Kb fragment size by needle shearing. To prepare PacBio large insert libraries, the
SMRTbell express template pre kit 2.0 (no. 100-938-900) was used. Using Sage BluePippin
(Sage Science, USA), libraries were size-selected for 15 Kb, and were then sequenced on
three 8M SMRT cells with the Sequel II instrument, using the Sequel II sequencing kit 2.0
(no. 101-820-200) and 15-h movie time.

To generate linked reads, the extracted DNA was processed on the 10X Genomics
Chromium platform (Genome Library Kit & Gel Bead Kit v2 PN-120258, Genome Chip Kit
v2 PN-120257, 17 Multiplex Kit PN-120262) following manufacturer's guidelines. The
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libraries were then sequenced on an [llumina NovaSeq 6000 S4 150-bp PE lane at ~60%
coverage. For Bionano libraries, the DNA was labeled using direct labeling enzyme (DLE)
following the DLS protocols (document number 30206). The samples were then imaged on a
Bionano on a Bionano Saphyr instrument. Finally, chromatin interaction (Hi-C) libraries
were generated by Arima Genomics (https://arimagenomics.com/) from the blood samples
with in vivo cross-linking using the two-enzymes Arima-HiC kit (P/N: A510008). The
proximally ligated DNA was sheared, size-selected around 200-600 bp with SPRI beads, and
enriched for biotin-labeled DNA using streptavidin beads. [llumina libraries were then
generated from the fragments using KAPA Hyper Prep kit (P/N: KK8504) and subsequently
amplified through PCR and purified using SPRI beads. After a quality check with qPCR and
Bioanalyzer, the libraries were sequenced on [llumina HiSeq X at ~60x coverage following
the manufacturer’s protocols.

For population genomics analyses, we sequenced 137 further tinkerbirds at the whole-
genome level (Supplementary Table 14) on Illumina NovaSeq 6000 S4 150-bp PE lanes
(median depth = 8.53X; mean depth = 8.21X), of which 52 were assigned to extoni and 85
pusillus (including 28 allopatric extoni and 12 allopatric pusillus) based on forecrown color.
We also sequenced a total of 452 tinkerbird samples, including 123 of those sequenced with
WGS, using double-digest restriction site associated DNA sequencing (ddRAD), 85 of which
were included in a previous study'# (Supplementary Table 15).

From each sample, 0.4 ng of DNA was used for whole-genome sequencing. Libraries
were generated using the NEBNext DNA Library Prep Kit following the manufacturer’s
recommendations. The PCR products were then purified using the AMPure XP system,
analyzed for size distribution (by Agilent 2100 Bioanalyzer) and quantified using real-time
PCR. The libraries obtained with this method were then sequenced with the Illumina
Novaseq6000 platform.

The ddRAD sequencing procedure also involved multiple stages. The first stage
includes digestion of DNA with restriction enzymes (Sbfl and Msel). We prepared a first
master mix with the restriction enzymes and then combined the master mix with individual
DNA samples in each plate well. The combination master mix with DNA was then vortexed,
centrifuged and incubated. The following stage was the ligation of barcoded adapters which
included thawing the adaptors, preparation of a second master mix, the addition of this master
mix to each well of the restriction digested DNA and finally the addition of a unique
barcoded adaptor for each DNA sample. The third stage involved purification (removal of

short fragments) using Agencourt AMPure. AMPure purification consists in: 1) addition of
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AMPure beads to the DNA volume, ii) binding, iii) separation of the beads from the solution
by placing the reaction plate onto a magnetic plate, iv) ethanol wash by adding a specific
amount of ethanol to each well of the plate, v) addition of the elution buffer and vi) transfer
of the eluent with DNA into a new plate. Subsequently, the next stage includes the
amplification of each individual sample in four separate PCR reactions. This PCR step used
the [llumina PCR primers to amplify fragments that have our adapters and barcodes ligated
onto the ends. To improve stochastic differences in PCR production of fragments in
reactions, we ran four separate reactions per restriction-ligation product to then combine
them. We prepared a third master mix with standard PCR reagents including Q5 high-fidelity
polymerase, and added the combined master mix III to each plate well followed by the
addition of the diluted restriction-ligation purified with AMPure mix. Next, we ran the PCR
for 20 thermal cycles. Subsequently, to maximise the amount of double-stranded DNA and
reduce DNA heterodimer content, we prepared another master mix (master mix IV) with
additional PCR primers and dNTPs, added it to each PCR product and then ran one additional
thermal cycle. In the following phase, we evaporated the PCR product to about /2 volume and
pooled the PCR product from the four replicates and all samples into one tube. Then we ran
the PCR product on an agarose gel and selected fragments between 400 and 500 bp in order
to exclude fragments that consist mostly of adaptor sequence. We then conducted a final
AMPure cleanup on the pooled library and shipped it to Novogene Inc. for 150 bp paired-end

sequencing on an [llumina HiSeq X Ten platform.

Chromosome-level reference genome assembly and evaluation
Prior to the assembly, a k-mer histogram (31 bp) was generated with Meryl?® from
unassembled 10x linked reads generated for the reference genome individual. The histogram
was then used with Genomescope®” to estimate genome size, heterozygosity and repeat
content. The reference genome was assembled with the VGP standard genome assembly
pipeline 1.6% using the PacBio CLR long reads, 10x linked reads, Bionano optical maps and
HiC reads. Briefly, PacBio subreads were assembled into contigs with FALCON>8 v. 1.3.0
and haplotypes further phased with FALCON-Unzip*® v. 1.2.0. A set of primary contigs,
representing the principal pseudo-haplotype, and a set of alternate haplotigs, representing the
alternate haplotype, were generated. Purge dups®® was used on the primary contigs to remove
any retained alternate haplotigs, overlaps, collapsed repeats and low- and high-coverage
contigs. The alternate haplotigs were merged together in a single file and purged again, while
the primary purged contigs were subjected to three steps of scaffolding.
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The first scaffolding step was performed with Scaff10X v2.0-2.1

(https://github.com/wtsi-hpag/Scaff10X) using 10x linked reads to join proximal contigs into
larger scaffolds. The resulting set of scaffolds were then scaffolded with Bionano DLS
optical maps®! using Bionano Solve v3.2.1 in non-haplotype assembly mode with a DLE-1
one enzyme non-nicking approach. The third and last step of scaffolding was performed
aligning the Hi-C reads to the scaffold assembly using the Arima Genomics mapping pipeline
(https://github.com/ArimaGenomics/mapping_pipeline) and scaffolded using Salsa2 HiC v.
2.2,

To improve the assembly per-base accuracy (QV)?, the primary scaffolded assembly
was merged with the alternate combined haplotigs and the mitogenome to prevent switches
25,63

and NUMTs overpolishing
polishing was with Arrow v. SMRTLink7.0.1 (PacificBiosciences) using PacBio CLR reads.

, and three steps of polishing were performed. The first step of

The last two rounds of polishing were done with Longranges Align v. 2.2.2 and freebayes®* v.
1.3.1 using 10x linked reads. Primary scaffolded assembly and alternate haplotigs were then
separated again and called with the prefix ‘bPogPus1’, on the basis of the VGP guidelines for
genome identifiers*>. Manual curation was then performed on the primary assembly to
remove any remaining false duplications, correct structural assembly errors, and assign
scaffolds to chromosome names. Curation also included a custom decontamination pipeline®?,
the genome browser gEVAL®S v, 2020-05-14, HiGlass Hi-C 2D maps and pretextView
(https://github.com/wtsi-hpag/PretextView)$” were used. The final curated assembly was
evaluated with gfastats®, Merqury?® (21bp k-mer) and BUSCO?’ (‘aves’ BUSCO genes) on
the European Galaxy Server®. Following Secomandi et al., 2023

(https://github.com/SwallowGenomics/BarnSwallow/blob/main/Analyses/assembly_evaluati

on/assembly_evaluation.txt)’®, we masked the genome with a combination of Windowmasker

v1.0.07! and RepeatMasker v4.1.47 using the RepBase v20,170,127 database’>.

Whole-genome variant calling

To process raw whole-genome sequences of 137 extoni and pusillus we first proceeded to
trim Illumina adapter sequences using Cutadapt’* v. 4.0 and merged pair-end reads to
produce single interleaved FASTQ files. We then aligned the reads to the recently
assembled reference genome of a female red-fronted tinkerbird (pusillus: NCBI BioProject:
PRINA637953) using BWA-mem?’v. 0.7.1 , and included read group information. We also
aligned the raw 10x linked reads of the reference genome individual to the reference for

inclusion in subsequent analyses. Subsequently, we used SAMtools” v. 1.9 to filter out
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mapped reads with mapping quality below 20 and sort the data by coordinate before
converting SAM to BAM files. We then removed duplicate reads with Picard’s
MarkDuplicates tool”® (version 2.23.1). We performed all subsequent processes in GATK?®
v.4.0.11.0. We used HaplotypeCaller for individual-level variant calling, we then combined
samples using CombineGVCFs and performed joint genotyping with GenotypeGVCFs. This
process resulted in a single VCF file which we then filtered using GATK’s recommended
hard filtering parameters (QUAL < 30.0, QD < 2.0, SOR >3.0, FS > 60.0, MQ < 40.0,
MQRankSum < -12.5 and ReadPosRankSum < -8.0) to produce two variant files, one
containing SNPs and the other containing indels. We then used these variants to implement
base quality score recalibration (BQSR), in which the base quality scores of the BAM files,
obtained after removing duplicate reads, were adjusted in a two-step process. Firstly, we
used BaseRecalibrator to build a recalibration model for each BAM file along with the
variant files previously produced. Secondly, we used ApplyBQSR to adjust the base quality
scores within each BAM based on the recalibration model, to produce a new recalibrated
BAM file. Additionally, we built a second model from the recalibrated BAMs and produced
‘before-and-after’ plots to visualize the effects of the recalibration process using
BaseRecalibrator and AnalyseBQSR, respectively. Using the recalibrated BAMs, we then
called variants on an individual level, combined samples and performed joint genotyping, to
produce the final VCEF file, using the same tools described above. We finally applied filters to
create two high-quality datasets for subsequent analyses that have different data
requirements. Using VCFtools”” v. 0.1.16, we first created a filtered dataset with the
following parameters: maximum missingness = 0.95; minor allele frequency = 0.03;
minimum depth = 3.5 and maximum depth = 50, and then created a second dataset with the
same filter parameters excluding the minor allele frequency (hereafter ‘no MAF’ dataset).
The no MAF dataset also contained invariant sites, which were necessary to calculate
statistics such as m and Dxy, whereas we used the MAF filtered dataset in all the other
analyses unless noted. Overall, from the initial pre-filtered vcf files of 65,812,270 and
631,918,066 SNPs (with invariant sites), the above-mentioned pipeline resulted in a final
dataset of 19,602,343 SNPs for the MAF filtered dataset and 303,114,882 SNPs for the no
MAF dataset. Upon further exploration of the whole-genome dataset, we removed two
allopatric individuals of each species that we deemed had been mislabelled and another
allopatric extoni which showed signs of contamination, possibly during DNA extraction, with

the final dataset consisting of 135 individuals.
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Double-digest restriction site associated DNA sequencing (ddRAD)

To investigate the direction of backcrossing, we complemented the whole-genome dataset
with ddRADs since most individuals sequenced at the whole-genome level were males. SNPs
were called from 452 samples of extoni and pusillus following a standardized pipeline using
Stacks’® v. 2.62. Firstly, we demultiplexed the raw reads using process_radtags along with a
list including barcodes associated with individual samples to produce single sample FASTQ
files for each paired-end read. Subsequently, we removed PCR clones using clone_filter. We
then mapped and aligned the reads to the P. p. pusillus reference genome

(bPogPusl.pri.cur.20200514.fasta) using BWA-mem v. 0.7.1. Using SAMtools v. 1.9, we

filtered out mapped reads with mapping qualities < 20 and sorted the reads by coordinate
before converting from SAM to BAM. Following this, we called variants and genotyped
using gstacks in Stacks (using --var-alpha 0.01 and --gt-alpha 0.0)®. Lastly, population
genetics statistics were obtained using populations in Stacks together with a pop.map file
specifying the population of each sample. Ultimately, we produced a VCF file with 82,950
SNPs after filtering out variants that had a depth <4, > 20% missing genotype data, and a
minor allele frequency < 5%, resulting in a median depth = 12.85X and a mean depth =

13.92X.

Relative sequence depth sexing

Male birds have two copies of the Z chromosome, while females have one Z and one W
chromosome. We therefore compared relative sequence depth of the Z chromosome in each
individual to autosome depth, with the expectation that males would have similar Z
chromosome to autosome depth with two copies of each, whereas females would have half
the depth on the Z compared to autosomes'*. Using this approach, female individuals should
have a depth ratio centered around 0.5, whereas males should have a value of approximately
1. Based on the depth ratio distribution, we classified individuals with a Z:autosome depth

ratio < (.7 as females and those with a > 0.9 as males.

Population structure analysis

To investigate population structure across our samples, we first created an unlinked dataset
by pruning our MAF-filtered whole genome dataset to filter for loci within 100 Kb windows
distance with an 7? above 0.1 (using --indep-pairwise 100 kb 10 0.1) in PLINK v1.90b3i”.
Principal Components Analysis (PCA) was then conducted on allele frequencies across the
entire genome in PLINK using the --pca flag. Furthermore, we performed PCA on specific
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genomic regions identified by the analysis in GEMMA (see Identifying candidate loci) to
investigate population structuring within the loci that are significantly associated with IOI.
For analysis of genome-wide population structure we used ADMIXTURE v1.3% and, for
consistency with other studies on this Southern African population'?, set the assumed number
of populations (i.e. K) equal to 2.

We also inferred population structure from our ddRAD dataset by running
fastSTRUCTURE?®! . This was done to obtain a measure of ancestry from more individuals
within the population and specifically, more females, since only a portion of the total
individuals sampled were sequenced at the whole genome level with priority given to color-
banded individuals whose songs we recorded,which were mostly males. To determine the
direction of introgression in the hybrid zone, which previous studies suggested was
asymmetric'4, we needed to focus on the heterogametic sex, i.e. females, because paternal
ancestry could be estimated based on the ancestry of the single Z chromosome inherited from
the father. To do so, we compared ancestry values calculated in fastSTRUCTURE between
the Z chromosome and the autosomes (see Assessing the direction of backcrossing for a

detailed description).

Identifying candidate loci underlying 101

To identify candidate regions that underpin differences in IOl between extoni and pusillus we
ran linear mixed-effects models (LMMs, using the -lmm I command) in GEMMA v0.983!,
We focused specifically on 87 color-banded individuals recorded and sequenced at the
whole-genome level from the contact zone only, to minimize effects of spatial population
structuring (i.e. isolation-by-distance) and accounted for potential relatedness among
individuals by supplying an estimated relatedness matrix as a covariate in the LMM.
GEMMA output was then analyzed and interpreted further based on significant SNPs that
passed a significance threshold set by permutation, which was performed by running 999
LMMs in GEMMA after shuffling phenotypes at random in each run. We set two thresholds,
with the most stringent being the mean value of the most significant SNP from each
GEMMA run (-logio P = 6.9, rounded to 7) and the less stringent threshold established by
averaging the p-value of the 10 most significant SNPs across each run (-logio P = 6.1,
rounded to 6). We investigated just those clusters with at least three significant SNPs.
Clusters of significant SNPs were then located in the pusillus reference genome after aligning
them to the zebra finch (Taenopygia guttata) genome using BLAST?2. We then performed the

reverse process: after identifying potential genes that underlie the expression of 10I, we
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extracted their exact gene position from the annotated zebra finch genome and used BLAST
to locate the genes in the tinkerbird genome. Following this, from the GEMMA output we
extracted beta values and standard error only for the SNPs in the gene regions where the
significant SNPs mapped into in order to calculate their effect size. We then compared the
effect sizes of each gene against 10,000 SNPs randomly chosen across the entire genome.
This was done by estimating the standard error over the mean (SEM), a measure of the
variance explained by each gene. We also predicted 101 values in GEMMA using a leave-
one-out cross validation approach in a Bayesian sparse linear mixed model (using the -predict
1 flag). This was achieved by excluding the phenotypic information of one individual at a
time and using the remaining 86 individuals to predict its phenotype based on their genotype.
We then estimated the predictive performance of the inferred 10l by fitting a linear model to

assess the proportion of observed 101 variance explained by the predicted 101 values.

Efficient Local Ancestry Inference

We further investigated local ancestry for each individual in the contact zone using a two-
layer hidden Markov model implemented in the Efficient Local Ancestry Inference (ELAI)
software®2. This approach utilizes linkage disequilibrium within and between parental
populations and assigns dosage scores between 0 and 2 (for a two-way admixture model) that
reflect ancestry proportions in each SNP in individuals from admixed populations. Dosage
scores of 0 and 2 indicate each homozygous state, whereas a dosage score of 1 reveals the
heterozygous state.

After identifying parental populations based on sampling localities (allopatric sites)
and ADMIXTURE scores (see Population structure analysis), we applied 2 upper-layer
clusters (-C) and 10 low-layer clusters (-¢) (five times the value of -C, as recommended in the
user’s manual). Given the uncertainty related to the timing of the admixture event, we
investigated four possible values of the admixture generations parameter (i.e. -mg), therefore
estimating ancestry scores assuming five, ten, fifteen and twenty generations since the
admixture event. For each migration parameter, we ran three independent runs with 30 EM
steps (-s) and finally averaged the 12 independent runs. We classified sites with allele dosage
scores between 0.5 and 1.5 as heterozygous, sites < 0.5 as homozygous for extoni and those

with scores > 1.5 as homozygous for pusillus alleles.
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Assessing the direction of backcross

To estimate possible asymmetry of introgression in the hybrid zone between extoni and
pusillus, we compared the extent of admixture in the autosomes and the Z chromosome
separately in 95 females sequenced with ddRADseq using fastSTRUCTURE. By inheriting
only one copy of the Z chromosome from their fathers, female birds can be used to determine
the direction of backcrossing in hybrids. This can be achieved by comparing the Z
chromosome and the autosomal ancestry. Assuming that the Z chromosome ancestry of a
female individual reflects her father’s Z chromosome ancestry, that her autosomal ancestry is
an average of her two parents’ ancestry value and that the father’s autosomal ancestry equals
his Z chromosome ancestry, then the maternal ancestry = (2 x autosomal ancestry) - Z
ancestry. Using a similar approach to Serensen et al., 2023%’, we quantified differences in
mating preferences by fitting a linear model (LM) using the difference between the calculated
ancestries for each parent (A parental ancestry) as a response variable and a binary variable
for maternal ancestry, pure (<97%) pusillus (n = 16) vs. pure (<97%) extoni (n = 14) as the
predictor, expecting pure pusillus mothers to have a significantly lower A parental ancestry as

a consequence of the more similar ancestry between parents.

Genome scans for diversity and linkage

Using the no-MAF dataset with invariant sites, we calculated genome-wide Fsr, a relative
measure of genetic differentiation, Dxy, an absolute measure of genetic differentiation and ,
nucleotide diversity, between allopatric extoni and pusillus in 25 kb non-overlapping
windows using the popgenWindows.py custom script

(https://github.com/simonhmartin/genomics _general). For graphical purposes, we also

computed genome-wide Fst in 500 kb windows (see Fig. 2) as well as 7°, a measure of
linkage disequilibrium (LD). To estimate the latter, we first calculated LD in 25 kb non-
overlapping windows and, following Secomandi ef al., 20237°, we averaged genome-wide
LD values within 500 kb blocks using the chr_Ild.pl custom script

(https://github.com/SwallowGenomics/BarnSwallow/blob/main/Analyses/LD-

scripts/chr_1d.pl) to visualize areas of the genome that are in high linkage (see Fig. 2).

Genome scans for signatures of selection
Genome-wide diversity statistics such as Fst and Dxy can be prone to bias, and are
specifically affected by variation in recombination rates across the genome. Hence, we also

calculated cross-population extended haplotype homozygosity (xpEHH) in allopatric
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individuals, a method that compares haplotype lengths between populations to control for
local variation in recombination rates®®. Increasing frequencies of selected alleles result in
long haplotypes surrounding the selected allele in a population that underwent the sweep. By
comparing the haplotype homozygosity between two lineages, xpEHH can identify regions
that have undergone selective sweeps and therefore subject to positive selection. This method
therefore allows us to identify genomic signatures of positive selection at those loci
underpinning 10l and, by consequence, selection for faster or slower songs. In our case,
highly positive values indicate selection in extoni, whereas negative values indicate selection
in pusillus. To calculate xpEHH, we first statistically phased each chromosome in the MAF
filtered dataset separately using Shapelt2 v2.r790% and then computed xpEHH across

allopatric individuals using the rehh package in R34,

Geographic and genomic clines

We fitted sigmoidal geographic clines to assess how variation in IOI and ancestry relates to
distance from the contact zone. To do so, we used ArcMap v10.7 to calculate the distance of
each data point to a line drawn through the centre of the contact zone. Since such a line
extends from East to West, we attributed negative distance values to points south of the
contact line and positive distance values to points north of this line. To avoid having large
sampling gaps either side of the contact line, for this analysis we also included recordings of
unbanded tinkerbirds from allopatric sites. We then fitted geographic clines for IOI and
ancestry in the HZAR R package® following the scripts provided therein. We further fitted
binomial genomic clines to investigate changes in allele frequency with ancestry using the
Hlest package®® after creating a matrix of the genotypes (i.e. AA =0, AB =1, BB =2) of the

significant markers associated with IO1.

Statistical analysis

We further investigated the relationship between ancestry and IOl by running linear mixed-
effects models in the glmmTMB R package*. These models used the ‘mean IOI dataset’, with
IOI set as a dependent variable and proportion of pusillus ancestry (with 0 = pure extoni and
1 = pure pusillus) and sex as fixed effects, since nine individuals we recorded were females.
We ran separate models for autosomal and Z-linked proportions of pusillus ancestry,with
individual ID nested in sampling location as random effects. Model fit was validated using

the functions provided in the DHARMa package in R¥’.
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We also investigated the relationship between ancestry and 1Ol from a variance
perspective to determine how ancestry may affect the stability of rhythmic song. To achieve
this we used univariate double hierarchical generalized mixed model (DHGLMs) to estimate
random and fixed effects in both the ‘mean’ and within-individual residual variance ‘RWV’
parts of models® using brms in R¥. We used the ‘All Notes’ dataset to investigate the impact
of hybridization on tinkerbird IOI, with a particular focus on the effects of mixed ancestry on
IOI residual within-individual variance (RWYV). We hypothesized that pure ancestry
individuals would sing less temporally variable songs, thus their songs would be more stable
in IO1. Because tinkerbirds develop their songs innately°, hybrids might be expected to share
acoustic features of both parental species as a consequence of their admixed genomes, thus
resulting in less temporally stable song. If hybridization results in less attractive songs as a
consequence of its instability, this could reveal a potential mechanism of a post-mating

extrinsic barrier reinforcing species differences between related species.

Testing for hybrid song instability

To test for the effects of ancestry on song rate and stability, we removed one juvenile
hybrid individual whose inconsistent song we deemed an age-related factor. We then
modelled IOl as a function of the proportion of pusillus ancestry across the entire genome
and included individual ID as a random factor. We used the same predictors and random
effect in the RWYV part of the model with the addition of a quadratic function for pusillus
ancestry. We did this to model a possible non-linear relationship between variance in IOI and
ancestry, with intermediate values of ancestry predicted to have higher RWV than extremes
representing pure ancestry of either species if hybrids emitted less stable songs. We compared
the widely applicable information criterion (WAIC) for three models. The first model
included just a linear effect of ancestry in the variance part to account for the possibility that
one species may be more variable than another, as recently found in zebra finches”, and
because asymmetric introgression may be associated with a linear pattern in IOI both in the
mean and variance part. The second model was fitted with just the quadratic effect of
ancestry to test for non linear relationships between ancestry and 10I (i.e. instability of hybrid
individuals), and a final full model included both terms. Moreover, in addition to using whole
genome ancestry values, we aimed to pinpoint possible effects in candidate genes by using
ancestry proportions from the specific genes associated with IOl in GEMMA that were
extracted with BLAST and their ancestry calculated in ELAL
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For any model with a significant quadratic effect (i.e. with 95% CI not overlapping
zero), we also ran an additional post hoc analysis in Ime4®! to investigate the patterns of the
quadratic effect, which can occur due to effects occurring prior to the inflection point of the
quadratic curve, effects after the inflection point of the quadratic curve, or both (i.e. here an
increase or decrease in IOl variance with higher proportions of extoni ancestry, pusillus
ancestry, or both). We therefore estimated the value of IOl variance at the statistical peak
(IOI RWYV peak, the y coordinate of the inflection point of the quadratic function) and its
corresponding ancestry value (ancestry at peak, the x coordinate of the inflection point of the
quadratic effect)®? to then perform a pre-/post-peak analysis. With By being the intercept of
the RWYV part of the model (also called o), B1 the variance (o) estimate of the linear effect
and P the o estimate of the quadratic effect, we calculated the IOl RWV peak as Bo - p12/4pB2
as well as the ancestry value at the peak (-B1/2B2)>. We then replaced the quadratic term in
the original model with two new covariates: 1) a categorical ‘pre-peak’ variable (with post-
peak ancestry values coded as “0” and pre-peak values coded as “1”’) and 2) the interaction
between ‘pre-peak’ and linear ancestry. The effect of ancestry in this post hoc test represents
the post-peak ancestry effect, whereas the estimates of the interaction term represent the pre-
peak effect as a deviation from the post-peak ancestry effect”?*. The sum of the two
represents the pre-peak ancestry effect. After scaling all variables to aid model convergence,
we ran all the above models on five chains, each with 5500 iterations (500 warm-up) and

maximal tree depth set to 15.

Testing for character displacement in rhythm

We also hypothesized that if divergent character displacement through reinforcement has a
stabilizing effect on 10I, then pure ancestry individuals in the contact zone are expected to
have more stable songs than individuals in allopatry. We added acoustic data from recordings
of 59 unbanded extoni and 38 pusillus individuals from distant allopatry and assumed pusillus
ancestry of 0 and 1 respectively for extoni and pusillus based on estimated Q values from
fastSTRUCTURE of 83 extoni (0.01+0.1) and 24 pusillus (0.99+0.003) from allopatric
populations. We fitted a model on the resulting dataset of 181 individuals with ancestry
estimates Q < 0.01 for extoni (n = 87) and Q > 0.99 for pusillus (n = 94), incorporating 84
individuals with ancestry values estimated in fastSTRUCTURE. We used standardized IOI as
the response variable in DHGLMs, and included species, population (categorical with two
levels: allopatric vs. sympatric) and their interaction, as fixed factors, with individual ID used
as a random factor. This structure was used in both the ‘mean’ and the ‘RWV’ parts of the
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model. For these models, we ran five chains over 7500 iterations (750 warm-up) and the
maximal tree depth was set to 15. Model convergence and chain mixing for all the above-
mentioned models were evaluated using the Rhat estimates and by graphical inspection of the

trace plots.
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Fig. 1. Distribution, phenotype and hybridization patterns of yellow-fronted (extoni) and red-
fronted tinkerbird (pusillus), (a) Geographic distribution of extoni (yellow) and pusillus (red) across
Africa, with insert focusing on narrow hybrid zone (blue shading) channeled between the western
highlands (highveld) and Lubombo mountains. Circles represent sampling localities of 452
tinkerbirds, with colors representing species according to forecrown color. (b) Spectrograms of
tinkerbird song, illustrating rhythmic rate differences between individuals of the two species and
intermediate song in a hybrid (gray border). (¢) Whole-genome PCA, color-coded by ancestry with
gray representing admixed individuals, and (d) ADMIXTURE plot (K = 2), together reveal the extent
of mixed ancestry in the contact zone.
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Fig. 3. Candidate genes & genomic scans for signatures of selection and diversity. (a) Manhattan
plot showing regions of the genome significantly associated with 10I, with red dots illustrating
significant SNPs and dashed lines the significance thresholds. Significant SNPs located on four
candidate genes are highlighted. (b) A close-up of chr. 25 illustrates the exact location where the 15
significant SNPs map on chromosome 3 of the zebra finch (thin link lines). The zebra finch genes
falling in the region are represented with gray squares. The four candidate genes are in black. Shaded
links represent the correspondence between the whole zebra finch gene and pusillus chr. 25. (¢)
Location of significant SNPs (red dots) and candidate genes on chromosome 25. (d) The relative
contribution of significant SNPs to variance explained (Standard Error over the Mean - SEM). (e)
Main output of xpEHH on allopatric individuals, with 15 SNPs associated with 10l illustrated in red,
and positive (selection for extoni) and negative (selection for pusillus) significance thresholds.
Variation in (f) Dxy and (g) Fsr, and (h) comparison of 1 between the two species across chr. 25 (the
gray shaded area spans the range of the significant SNPs). (i) Candidate gene SNP genotypes across
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986 138 individuals and associated IOl for those individuals whose songs were recorded. Note that
987  diversity statistics in (e-h) refer to allopatric individuals only.
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990 Fig. 4. The ancestry mosaicism of hybrid genomes. Ancestry block mosaicism illustrated (a) across
991  chromosome 25 of hybrid zone individuals (vertical bars organized left to right from the most pusillus
992  to the most extoni at chromosome 25) with respective 1Ol and (b) across the entire genome of mostly
993  one or other parental species and admixed ancestries, and the association of such variability in

994  ancestry (¢) with IOI, where the black line represent the regression line of a linear mixed model (see
995  Methods) and dots represent raw data color-coded by ancestry (following the color-scheme used for
996  pusillus ancestry in panel a). (d) Genomic clines on NRXNI and COQ8A illustrate shifts in allele

997  frequency of markers mapping onto candidate genes in relation to autosomal ancestry.

998
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Fig. 5. Hybrid song instability, character displacement and asymmetric introgression. Double-
hierarchical linear mixed model results illustrating (a) genome-wide ancestry effects on IOl and its
variance, with higher pusillus ancestry associated with faster, and more stable songs, with hypothesis
of unstable songs in hybrids (H1) supported for those individuals with mixed ancestry (represented by
quadratic term) specifically at (b) NRXNI and COQ8A (smaller panels). Support for character
displacement (¢) in song stability (H2) in pure parental species ancestry individuals (> 99%), based on
significant interaction of species (pusillus) and sympatry showing that the difference in stability
between the species is significantly greater in sympatry (represented by o pusillus x sympatry) than in
allopatry (represented by o pusillus), where it is not significantly different. ¢ terms indicate estimates
for the variance part of the models, with * denoting statistically significant effects. Positive estimates
and 95% CI represented in blue, negative in red. Parental ancestries (d) of 95 females (heterogametic
sex) in the contact zone, determined by assigning Z chromosome ancestry to fathers and calculating
proportion of the autosomal ancestry estimate attributed to mothers after accounting for paternal
ancestry estimates. Pure pusillus mothers (> 0.97 pusillus ancestry, red lines) mate assortatively with

(< 0.8) pusillus fathers, but pure extoni mothers (< 0.03 pusillus ancestry, yellow lines) mate with
males across the spectrum of pusillus ancestry.
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