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Many domesticated animals share a syndromic phenotype marked by a suite of traits that include
more variable patterns of coloration, reduced stress, aggression, and altered risk-taking and
exploratory behaviors relative to their wild counterparts. Roughly 150 years after Darwin’s pioneering
insight into this phenomenon, reasonable progress has been made in understanding the evolutionary
and biological basis of the so-called domesticated phenotype in mammals. However, the extent to
which these processes are paralleled in non-mammalian domesticates is scant. Here, we address this
knowledge gap by investigating the genetic basis of the domesticated phenotype in the Bengalese
finch, a songbird frequently found inpet shopsandapopular animalmodel in the studyof learnedvocal
behaviors. Usingwhole-genome sequencing and population genomic approaches, we identify strain-
specific selection signals in the Bengalee finch and its wild munia ancestor. Our findings suggest that,
like in mammals, the evolution of the domestication syndrome in avian species involves a shift in the
selective regime, capable of altering brain circuits favoring the dynamic modulation of motivation and
reward sensitivity over augmented aggression and stress responses.

Stress and aggressive responses are significant traits of adaptive value for
wild animals, manifested as impulsive reactions to perceived threats, often
associatedwithhigh arousal states1.Domesticated animals show lower levels
of reactive aggression than their wild counterparts and more consistently
exhibit risk-taking behaviors in contexts where they are highly motivated,
following spontaneous learned associations and/or as reinforced by
domestication practices2. These changes are possible due to the attenuation
of environmental sources of selection commonly found in thewild andoften
accompanied by selection associated with close socialization with indivi-
duals of the same or distinct species in the domestic setting3.

Here, we study one such domestication case in an under-examined
order, the passerine lineage. Beginning ~250YBP, white-rumped munias
(WRM; Lonchura striata), an extant wild songbird readily found through-
out East Asia, were brought by aviculturists to Japan4. Shortly after the first
century of domestication, these artificially bred munias started to exhibit
piebald (i.e., patchy) patterns of plumage coloration, marking the origins of
today’s Bengalese finches (BF; Lonchura striata domestica)5 (Fig. 1A). Since
then, Bengalese finches have become popular cage birds, known for their
easy socialization and willingness to foster offspring, including those of
other songbird species6. In addition to confirming Bengalese finches’

attenuated stress response, evidenced by decreased reactive aggression and
neophobia relative to their munia ancestors7–9, past research shows that
adult Bengalese finches’ song retains a greater degree of variability in the
ordering of vocal elements than exhibited by their wildmunia ancestors10,11.
These traits evolved in concert in the Bengalese finch, characterizing a
prototypical case of the domestication syndrome in the avian clade.

While we have amassed considerable knowledge about the behavioral,
physiological, and morphological differences between domesticated and
wild mammals12 and posed specific evolutionary hypotheses for how those
changes came about13,14, the extent to which this is paralleled in the non-
mammalian realm is understudied. In this work, we address this gap in
knowledge by investigating the genetic basis of the domesticated phenotype
in the Bengalese finch. We hypothesized that, as observed in comparisons
between other domesticated species and their wild counterparts15, the
evolution of the domestication syndrome in the Bengalese finch likely
involved the attenuation of selection associated with morphological and
behavioral traits relating to stress and aggression and the intensification of
ones related to reward aspects of social interactions and feeding. Using
whole-genome sequencing data and population genomic approaches, we
identified strain-specific and overlapping selection signals in the

1Department of Biology, University of Washington, Seattle, WA, USA. 2Department of Ecology, Evolution, and Organismal and Evolutionary Biology, Brown
University, Providence, RI, USA. 3Center for Computational Molecular Biology, Brown University, Providence, RI, USA. 4Institute at Brown for Environment and
Society, Brown University, Providence, RI, USA. 5Department of Anthropology, University of California Berkeley, Berkeley, CA, USA. 6Graduate School of Arts and
Sciences, The University of Tokyo, Tokyo, Japan. 7Department of Integrative Biology and Physiology, University of California Los Angeles, Los Angeles, CA, USA.
8These authors contributed equally: Stephanie A. White, Emilia Huerta-Sanchez. e-mail: madzafv@gmail.com

Communications Biology |           (2025) 8:853 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08235-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08235-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08235-0&domain=pdf
http://orcid.org/0000-0002-3764-1827
http://orcid.org/0000-0002-3764-1827
http://orcid.org/0000-0002-3764-1827
http://orcid.org/0000-0002-3764-1827
http://orcid.org/0000-0002-3764-1827
http://orcid.org/0000-0002-8672-5461
http://orcid.org/0000-0002-8672-5461
http://orcid.org/0000-0002-8672-5461
http://orcid.org/0000-0002-8672-5461
http://orcid.org/0000-0002-8672-5461
mailto:madzafv@gmail.com
www.nature.com/commsbio


domesticated Bengalese finch and its wild munia ancestor and assessed the
potential functional roles of annotated genes within the identified genomic
regions of interest (ROIs). Consistent with our hypothesis, our findings
suggest that selection signals in the munia population include genes of
importance to hormonal regulation of stress and aggression. These selection
signals are weaker or absent in the domesticated Bengalese finch, which
instead shows evidence of selection on genes of relevance to dynamic
modulation of motivation and reward sensitivity.

Results
Differentiation and variation along Bengalese finch and white-
rumped munia genomes
The PCAof all Bengalese finch andwhite-rumpedmunia individuals shows
a clear separation between the two populations along PC1 (Fig. 1B). This
distinction is marked by a greater proportion of low-frequency genetic
variants in the wild population, whereas variants at higher-to-fixed fre-
quencies prevail in the domesticated (Fig. 1C). Differences in allelic fre-
quencies between Bengalese finch and white-rumped munia are unevenly
distributed across windows along individual chromosomes, allowing for the
identification of local signals of differentiation between the two populations,
as measured by Fst. While the genetic differentiation of windows within
individual autosomes is close to the autosomal average, the sex chromosome

Z (ChrZ) shows considerably higher levels of differentiation (Table 1; Supp.
Fig. 1). The higher differentiation of ChrZ may be partly attributed to this
chromosome’s smaller effective population size due to its heterogametic
mode of transmission (males: ZZ; females: ZW)16. TajD values in munias
varies less across their genome (autosomal TajD: var = 0.19; ChrZ TajD:
var = 0.36), whereas in the domesticated, long stretches of the genome show
either lower or higher TajD (autosomal TajD: var = 0.61; ChrZ TajD:
var = 0.70) (Table 1; Supp. Fig. 1). Both tP and tW values are slightly lower
across the genome in the Bengalese finch population than in the wild
population, suggesting the Bengalese finch population has reduced overall
genetic diversity in compared to the munia population (Table 1; Supp.
Fig. 1). As with many domesticates, these genome-wide observations are
likely due to the heightened effects of genetic drift, set off by the primary
population bottleneck that marks the major domestication event17 and
furthered by domestication practices of breeding small Bengalese finch
populations in captivity.

Regions of interest (ROIs) in the Bengalese finch and the white-
rumped munia genomes
Our SweepFinder2 scans of the ZF aligned data allowed the detection of
strain-specific signals in the domesticated Bengalese finch and its wild
munia ancestor (Figs. 2 and 3; Supp. Fig. 2).We identified sixROIs exclusive

Fig. 1 | Domestication drives behavioral and
genomic divergence between Bengalese Finches
and their wild ancestors, White-Rumped Munias.
BF (right; domesticated; green) andWRM(left; wild;
blue). A Environmental variables and their rela-
tionship to stress and birdsong complexity in wild
and domesticated scenarios. B PCA of whole geno-
mic genotype likelihoods in BF andWRM.CBF and
WRM unfolded Site Frequency Spectra. Photo
credits: Maki Ikebuchi (Bengalese finch and white-
rumped munia photographs) and Wikimedia
Commons (world map).

https://doi.org/10.1038/s42003-025-08235-0 Article

Communications Biology |           (2025) 8:853 2

www.nature.com/commsbio


to the domesticated population across four autosomes: BF1-Chr1, BF2-
Chr1, BF3-Chr1A, BF4-Chr2, BF5-Chr2, BF6-Chr4 (Fig. 2; Supp.
Figs. 15–26). Sweep signatures at regions overlapping BF2-Chr1 and BF6-
Chr4 were additionally confirmed by SweepFinder2 scans of the BF aligned
data (Supp. Figs. 27–33). Genetic differentiation between Bengalese finches
and munias in these regions exceeded that of 97% of autosomal windows
(Table 1). In the Bengalese finch population, TajD values within each ROI
were lower than 95% of autosomal windows, while in munias they were
lower than 60%. Similarly, tW values were lower than 88% of autosomal
windows in Bengalese finches and lower than 54% inmunias, and tP values
were lower than 95% in Bengalese finches and 56% in munias, consistent
with a greater loss of variability in those genomic segments in the domes-
ticated songbird (Table 1). These results suggest that these ROIsmight have
experienced recent or ongoing positive selection specific to the Bengalese
finch population, resulting in higher differentiation from the ancestral
munia population.

In the wild munia population, we identified four genomic ROIs
encompassing sweep signals found in four autosomes (Fig. 3; Supp.
Figs. 15–26). Among those, only one signal was exclusive to the munia
population,WRM4-Chr3, whereas overlapping signals were detected in the
domesticated population at WRM1-Chr1, WRM2-Chr1A, and WRM3-
Chr2. The signals at regionsWRM1-Chr1,WRM3-Chr2, andWRM4-Chr3
were additionally confirmed by SweepFinder2 scans of the BF aligned data
(Supp. Figs. 27–33). Overall, genetic differentiation in these ROIs was not
markedly elevated compared to the rest of the autosomal genome, exceeding
53% of autosomal windows (Table 1). These results suggest that selective
sweeps in these regions may have occurred in the ancestral munia popu-
lation. Alternatively, these overlapping signals could be false positives,
detected by SweepFinder2 in both populations due to their shared demo-
graphic history.

Tajima’s D values for windows overlapping ROIs WRM1-Chr1,
WRM2-Chr1A, and WRM3-Chr2 were moderately lower in wild munias
than in Bengalese finches, falling below 94% of autosomal windows in wild
munias compared to 73% in Bengalese finches (Table 1). TheWRM4-Chr3
ROI presented a different pattern of genetic variation, whereby the wild
munia population showed an exclusive sweep signal but higher TajD values
than the domesticated population. Closer inspection of the WRM4-Chr3
region reveals that TajD values in the Bengalese finch population
trend lower as the scan enters the left end of the region, reaching max
negative TajD ~ -2.0, and gradually reverse toward less negative values
across this region. In contrast, TajD values in the wild munia population
remain relatively stable and closer to 0 across WRM4-Chr3 (Fig. 3;
Supp. Figs. 15–26).

At WRM4-Chr3, the decrease in Tajima’s D in the domesticated
Bengalese finch is accompanied by elevated tW values, higher than 72% of
autosomal windows, and reduced tP values, lower than 89%, suggesting an
accumulation of rare rather than common variants in this region (Table 1).
In contrast, both tW and tP values in the wild munia are proportionally
lower, each falling below 99% of autosomal windows (Table 1). This region
is associated with a common fragile site prone to mutate and frequently
undergoes large structural rearrangements in mammals and birds, within
which breakpoints are located to the Parkinson’s disease (PD) associated
gene, PRKN [30]. Accordingly, our findings of greater variability in the
Bengalese finch population at WRM4-Chr3 may relate to increased geno-
mic instability at PRKN in the domesticated population.

As observed for the WRM1-Chr1, WRM2-Chr1A, and WRM3-Chr2
ROIs, overlapping sweep signals were detected in both the Bengalese finch
and white-rumped munia populations at BF7-Chr4 (Fig. 3; Supp.
Figs. 15–26), and additionally confirmed by SweepFinder2 scans of the BF
aligned data (Supp. Figs. 27–33). This region presented a unique pattern of
genetic variation, whereby the Bengalese finch population showed a stronger
sweep signal but higher TajD values than themunia population, greater than
29% of autosomal windows in Bengalese finches compared to 3% in white-
backed munias (Table 1; Supp. Figs. 15–26). This pattern indicates that
while both populations show signals of selection at BF7-Chr4, the Bengalese
finch population might have experienced some form of balancing selection
that has resulted in the retention of more intermediate alleles.

Sweep signals within ChrZ cover a broad genomic area, including a
peak shared by both the domesticated and wild populations, BF8-ChrZ,
flankedby regions showing increasedCLRvalues only in theBengalesefinch
(Supp. Figs. 15–26). The sweep signal in this region was additionally con-
firmed by SweepFinder2 scans of the BF aligned data (Supp. Figs. 27–33).
BF8-ChrZ shows a high degree of genetic differentiation between domes-
ticated and wild populations, greater than 91% of ChrZ windows, alongside
similarly negative Tajima’s D values in both groups, lower than 80% and
72% of ChrZ windows, respectively (Table 1). These patterns suggest that
while both populations have experienced a selective sweep, the specific
alleles under selection might differ, leading to increased population diver-
gence in this region.

The identified ROIs span several genes each (Supp. Table 2). As a next
step, we surveyed the genes within each ROI to identify potential candidates
that may account for the phenotypic distinctions observed between Ben-
galese finches and white-rumped munias (Table 2). Several of these genes
exhibit selection signals common in domesticated avian and mammalian
species, including various indigenous and selectively bred populations
worldwide (Supp. Table 2). The results of this survey are discussed below.

Table 1 | Summary of population genomics statistics across genomic regions

Fst TajD tW tP
_______________________________ ______________________________________________________________________________________________ __________________________________________________________________________________________________________________ ______________________________________________________________________________________________________________

BF WRM BF WRM BF WRM

Autosomal 0.2±0.1 [0.1–0.4] 0.5±0.8 [-1.3–1.9] 0.3±0.4 [-0.6–1.1] 30.8±11.4 [10.0–55.6] 35.0±11.0 [9.8–57.3] 34.3±13.0 [9.5–61.7] 37.7±12.7 [9.5–63.3]
ChrZ 0.3±0.1 [0.1–0.7] 0.4±0.8 [-1.3–1.8] 0.2±0.6 [-1.4–1.3] 19.7±9.6 [3.1–39.4] 23.4±10.1 [3.5–43.5] 22.5±12.1 [2.5–47.2] 24.9±11.8 [2.4–49.3]
BF1-Chr1 0.4±0.1 [0.2–0.5] -1.0±0.2 [-1.4–-0.6] 0.4±0.4 [-0.7–1.1] 18.1±4.3 [8.6–26.4] 33.2±5.9 [24.5–48.0] 13.8±3.8 [6.6–21.2] 36.3±8.2 [21.8–55.3]
BF2-Chr1 0.4±0.1 [0.3–0.5] -1.2±0.3 [-1.9–-0.6] 0.2±0.4 [-0.7–1.0] 15.6±4.9 [7.8–26.0] 28.6±6.7 [14.6–44.4] 10.9±3.7 [5.3–18.3] 30.1±7.6 [16.1–45.3]
BF3-Chr1A 0.4±0.1 [0.3–0.5] -1.7±0.5 [-2.5–-1.0] 0.4±0.4 [-0.2–1.2] 19.8±10.1 [4.3–38.8] 42.3±10.6 [25.7–61.9] 11.5±6.2 [3.0–23.9] 47.0±12.6 [23.9–69.0]
BF4-Chr2 0.4±0.1 [0.3–0.6] -1.1±0.4 [-1.8–-0.1] 0.0±0.4 [-0.8–0.8] 19.1±6.5 [9.8–33.6] 29.1±8.0 [13.5–45.5] 13.8±4.6 [7.2–22.8] 29.4±9.0 [12.8–50.0]
BF5-Chr2 0.3±0.1 [0.1–0.5] -0.6±0.8 [-1.5–0.9] 0.1±0.5 [-1.1–1.2] 24.6±21.3 [12.0–107.8] 37.0±20.0 [21.5–108.8] 21.5±20.2 [8.2–95.1] 37.1±14.8 [20.3–77.9]
BF6-Chr4 0.4±0.1 [0.3–0.6] -1.5±0.7 [-2.4–-0.3] 0.3±0.5 [-0.6–1.3] 17.6±9.3 [0.5–32.4] 32.1±10.5 [5.8–49.9] 9.9±4.8 [0.4–18.3] 33.8±11.3 [7.9–53.5]
BF7-Chr4 0.2±0.1 [0.0–0.4] 0.2±0.7 [-1.1–1.4] -0.6±0.7 [-1.7–0.8] 5.9±3.5 [1.7–14.9] 10.2±5.3 [2.8–21.1] 6.4±4.3 [1.4–16.7] 8.9±5.5 [1.6–23.1]
BF8-ChrZ 0.4±0.2 [0.1–0.8] -0.3±0.8 [-1.4–1.6] -0.1±0.9 [-1.8–1.5] 8.8±5.2 [1.7–19.0] 14.9±9.0 [1.7–33.4] 8.3±5.6 [1.1–20.7] 15.3±10.7 [1.2–39.4]
WRM1-Chr1 0.2±0.1 [0.0–0.3] 0.4±0.7 [-1.0–1.5] -0.3±0.7 [-1.5–1.1] 5.8±3.9 [1.0–17.5] 5.2±3.8 [0.7–19.3] 6.6±4.7 [0.4–15.2] 4.9±4.2 [0.5–14.5]
WRM2-Chr1A 0.2±0.1 [0.1–0.3] 0.3±0.4 [-0.4–1.0] -0.6±0.5 [-1.6–0.4] 10.6±3.0 [4.9–17.4] 8.0±3.3 [3.5–15.7] 11.5±3.5 [4.9–18.5] 6.9±3.2 [2.6–14.8]
WRM3-Chr2 0.3±0.1 [0.0–0.5] -0.3±0.8 [-1.8–1.0] -0.4±0.6 [-1.3–0.7] 8.5±4.6 [1.5–15.9] 7.2±5.5 [1.6–20.5] 7.8±5.1 [1.0–14.6] 6.6±5.7 [1.4–18.7]
WRM4-Chr3 0.1±0.0 [0.0–0.2] -2.0±0.2 [-2.3–-1.6] -0.3±0.6 [-1.5–1.0] 36.5±6.3 [25.1–48.9] 5.8±2.2 [2.6–10.9] 18.9±3.5 [12.6–26.6] 5.4±2.6 [2.2–13.1]

Values represent 10 kb windowed mean ± standard deviation [2.5%–97.5% quantile range].
BF Bengalese finch (domesticated),WRM white-rumped munia (wild).
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Fig. 2 | Genomic scans reveal putative domestication genes in Bengalese finches.
BF (domesticated; green) and WRM (wild; blue). Each panel brings a schematic
representation of the genes (midpoint) annotatedwithin the definedROI, with genes
discussed in the main text highlighted and labeled in red; 10 kb window-based

measures of genetic differentiation (Fst) between BF and WRM populations,
nucleotide diversity statistics (TajD, tW, and tP) for each BF andWBMpopulations;
and CLR scores for a selective sweep for each BF andWBMpopulations. Yellow bars
indicate gaps in the ZF reference genome. ROIs length is represented in Mb.
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Discussion
Selection signals in the Bengalese finch population locate to
regions of importance to color variation, neurodevelopment, and
dopaminergic neuromodulation of behavior
Color variation in Bengalese finches. Eye and coat color tend to be
fixed traits within wild species, with some variation related to age and
sexual dichromatism18. In contrast, individual color variation in the adult
stage is characteristic of many domestic species19. In line with this, plu-
mage pigmentation is a noticeable difference between BFs and their
munia ancestors.While white-rumpedmunias stereotypically have dark-
brown heads, tails, and wing plumage, which transitions to more visibly
barred feathers towards theirflank and rump, Bengalese finches’ plumage
varies among individuals, comprising varied combinations of tones, with
variable body distribution, including dark brown (chocolate), lighter
brown (chestnut), yellowish brown tan (fawn), pale yellow (crèmino) and
white (albino) morphs. We found selection signals specific to the Ben-
galese finch at the HERC2-OCA2 gene cluster in Chr1 (BF1-Chr1), with
OCA2 overlapping windowswith the highest CLR values within this ROI.
OCA2 encodes the melanosomal transmembrane protein P, involved in
the trafficking and processing of tyrosinase, a catalyzer of crucial steps in

the melanogenesis pathway, whose absence halts melanin production20.
OCA2 expression is regulated by an element located within an intronic
region of its contiguous upstream neighbor HERC2, where variants are
major determinants of blue/brown iris coloration and are associated with
differences in skin pigmentation in humans21. Mutations in OCA2’s
mouse orthologue (i.e., the pink-eyed dilution locus), causing the lack of
functional P protein, lead to a pink-eyed and light fur phenotype20. Our
per-gene summary statistics analysis reveals that all three genes exhibit
considerably higher Fst values in intronic regions compared to exonic
regions (Supp. Table 3). In the Bengalese finch population, these genes
display consistently negative TajD values, with lower values in intronic
regions relative to exonic regions. In contrast, the munia population
shows consistently higher TajD values than the BF population, with less
pronounced patterns differentiating intronic from exonic regions (Supp.
Table 3). These aspects suggest that these genes’ non-coding regulatory
areas, rather than coding regions, may have been differentially affected
during the divergence between Bengalese finches and the wild munia
populations. Historical accounts indicate that piebald plumage colora-
tion spontaneously emerged ~140YBP and was picked up by Japanese
breeders, who further developed many Bengalese finch color morphs4.

Fig. 3 | Wild-specific selection signatures in White-Rumped Munias. Plot structure and interpretation as in Fig. 2.
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Noticeably, the Bengalese finch domestication was marked by significant
breeding efforts for full white morphs, leading to the development of the
black-eyed and pink-eyed albino strains4. Altogether, our findings raise
the possibility of HERC2-OCA2 gene cluster involvement in Bengalese
finch plumage and eye coloration, which is especially relevant in the
context of the development of the pink-eyed albino and other light-
colored strains.

Increased flexibility in birdsong learning and practice. Several lines of
evidence demonstrate Bengalese finches have evolved more complex
vocal abilities than white-rumped munias: adult Bengalese finch song
retains a greater degree of variability in the ordering of vocal elements
than exhibited by munias11; Bengalese finches exposed to multiple tutors
compose their songs from a combination of excerpts from the different
tutor’s songs10; moreover, in cross-fostering experiments, Bengalese
finches learn their white-rumped munia foster parent’s song more effi-
ciently than munias learn their Bengalese finch foster parent’s song22.

Birdsong is regulated by dopaminergic innervation originating in
the brain’s motivational centers and projecting to specialized tele-
ncephalic nuclei, including the striatal region known as Area X and
cortical vocal control nuclei, such as HVC (used as a proper name) and
the robust nucleus of the arcopallium (RA) [58]. Our study found
intensified selection in the Bengalese finch relative to their wild munia
ancestors on regions comprising genes tightly linked to dopaminergic
transmission, thus capable of affecting brain circuits highly relevant for
song learning and production: DDC (BF5-Chr2), SNCA (BF7-Chr4), and
SNCAIP (BF8-ChrZ), noting that SNCAIP is immediately adjacent to
LOC115491159, the gene comprising windows with the highest CLR
values within BF8-ChrZ. The regulation of dopamine (DA) levels within
song nuclei relates to corresponding changes in the expression of
enzymes involved in DA biosynthesis, like DDC (BF5-Chr2), coding for
dopa decarboxylase23. The gene SNCA (BF7-Chr4) negatively regulates
DA availability within song control nuclei, where it is constitutively
downregulated at both mRNA and protein levels24,25. It has been pro-
posed that overall low levels of alpha-synuclein in these regions may
serve as a protective mechanism against protein aggregation and con-
sequent motor deficits during aging26. SNCA expression is devel-
opmentally downregulated during the critical period for song learning

within RA and Area X’s adjacent efferent nucleus, the lateral magno-
cellular nucleus of the anterior nidopallium (LMAN)25,27. In the adult
songbird brain, alpha-synuclein is differentially regulated within Area X
between vocal practice and performance, with increased levels scaling to
the time spent singing alone for practice but not during singing directed
to females28. Though less is known about synphilin-1’s function within
the song circuit, SNCAIP (BF8-ChrZ) mRNA expression is significantly
downregulated within Area X during song practice29. This result is
consistent with synphilin-1’s role in regulating the ubiquitin-mediated
degradation of alpha-synuclein30 and suggests this interaction contributes
to the modulation of song variability during practice.

Several of these genes exhibit considerably higher Fst values in intronic
regions compared to exonic regions (Supp. Table 3). In the Bengalese finch
population, these genes’ TajD values are consistently negative and lower in
intronic regions relative to exonic regions. In contrast, the wild munia
population shows consistently higher TajD values, with less pronounced
patterns distinguishing intronic from exonic regions (Supp. Table 3). An
exception is SCNA, which exhibits a comparable degree of differentiation
between intronic and exonic regions, with TajD values similarly negative in
both the domesticated and wild songbird populations. Noticeably, SNCA is
found in theROIBF7-Chr4,where sweep signals overlap betweenBengalese
finches and white-rumped munias (Supp. Table 3).

Several genes located within the Bengalese finch ROIs exert a sig-
nificant influence on the regulation of cell guidance and connectivity, par-
ticularly relevant in neurodevelopment, thus potentially contributing to
differentiation and specialization of the song control circuit. These genes
include: COL4A2, COL4A1, and MYO16 (BF2-Chr1), WNT7B, ATXN10,
and FBLN1 (BF3-Chr1A),CDH9 (BF4-Chr2), and SLIT2 (BF6-Chr4), with
MYO16, FBLN1, CDH9, and SLIT2 overlapping windows with the highest
CLR values within their respective ROIs. COL4A2 gene product shows
differential expression between the song nucleus HVC in male songbird
brains and corresponding vestigial reminiscences in female brains in zebra
finches, a species where song is sexually dimorphic31.COL4A1 expression is
particularly enriched in HVC, where it peaks during sensorimotor learning
in zebrafinches (i.e., 45days post-hatch)32.Although less is knownabout the
specific role of SLIT2 within the song circuitry, the down-regulation of its
paralog SLIT1 in song nuclei RA and HVC and in the brainstem motor
nucleus nXIIts is suggested to facilitate the targeting of ROBO-expressing

Table 2 | Candidate genes for the domestication syndrome within ROIs

768

ROI Sweep Signal Genes Gene product; func�on*
BF WRM

BF1-Chr1 OCA2 P protein; melanogenesis 20

BF2-Chr1 COL4A2, 
COL4A1

Collagen alpha-2 and alpha-1 (IV) chains; cell adhesion and 
signaling 67

BF3-Chr1A WNT7B Protein Wnt-7b; neural crest specifica�on and neural cell dendri�c 
arboriza�on 68

BF4-Chr2 CDH9 Cadherin-9; synapse assembly 69

BF5-Chr2 DDC Dopa decarboxylase; dopamine biosynthesis 70

BF6-Chr4 SLIT2 Slit homolog 2 protein: neural cell axon guidance 71

BF7-Chr4 SNCA Alpha-synuclein; synap�c transmission 72

BF8-ChrZ SNCAIP Alpha-synuclein interac�ng protein-1; synap�c transmission 73

WRM1-Chr1 TBX19 T-box transcrip�on factor TBX19; pituitary gland development 44

WRM2-Chr1A AKR1D1 Aldo-keto reductase family 1 member D1; steroid metabolism 74

WRM3-Chr2 MARCHF11 E3 ubiqui�n-protein ligase MARCHF11; cell differen�a�on 75

WRM4-Chr3 SMOC2 SPARC-related modular calcium-binding protein 2; craniofacial 
morphology 52

aNoted function of relevance for this study.
BF Bengalese finch (domesticated),WRM white-rumped munia (wild).
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terminals and guide the development of neuronal projections fromHVC to
RA, as well as direct projections fromRA to nXIIts, a connection critical for
learned vocalizations33.

Reduced neophobia in feeding contexts. Controlled observations
reveal that Bengalese finches exhibit decreased levels of neophobia in
feeding contexts relative to their wild counterparts, as demonstrated by
their lower latency in approaching the food cup in the presence of a
foreign object8. This result can also be explained by differences in food
motivation between domesticated and wild, to which our discovery of
evolutionary changes in regions encompassing genes implicated in
reward aspects of food intake may relate. Changes in SNCA (BF7-Chr4)
mRNA and protein levels are associated with reward aspects of social
interactions in mammals34,35. In vivo studies suggest that the SNCA gene
product, alpha-synuclein, regulates DA availability in response to the
direct action of metabolic hormones in DA centers or downstream from
homeostatic signaling in the hypothalamus35. Similarly, SNCAIP (BF8-
ChrZ) gene product, synphilin-1, is implicated in food intake and fat
deposition in mammals36–38 and in hyperphagia, first characterized in
transgenic mice overexpressing this gene predominantly in neurons,
which unexpectedly manifested obesity, and in the absence of PD-like
symptoms39. Signatures of selection at SNCAIP have been detected in
broiler chicken lines divergently bred for abdominal fat content, which
supports synphilin-1’s relation to food intake and adiposity as being
conserved in avian species40.

Selection signals in the wild munia population are associated
with hormonal regulation of stress and aggression
Like other domesticates, Bengalese finches exhibit less stress than their wild
counterparts, as shown by lower levels of cortisol measured in fecal samples
collected throughout the day, and lower reactive aggression, as demon-
strated by less frequent biting responses when provoked with a stick
attached to a piezo-electric sensor9,41. In mammals and birds, stress and
aggression are closely linked to hormonal regulation in the body, primarily
mediated by cortisol, adrenaline, and testosterone42. As a result, genes
associated with hormone function are likely to contribute to differences in
stress and aggression between domesticated and wild animals43. Guided by
this rationale and previous genetic associations, we identified three genes
related to hormonal regulation of stress and aggression within genomic
regions showing selection signals exclusively in wild munias: TBX19
(WRM1-Chr1), AKR1D1 (WRM2-Chr1A), and MARCHF11 (WRM3-
Chr2). The gene TBX19 (WRM1-Chr1) encodes a transcription factor that
marks pituitary cell lines that will later express pro-opiomelanocortin
(POMC), the peptide that elicits adrenocorticotropic hormone (ACTH)
release44. Changes inTBX19 are suggested to underlie tameness and timidity
inChinese indigenous pigs45. ThoughMARCHF11 (WRM3-Chr2) function
in the pituitary remains unexplored, emergingfindings suggest that its brain
expression is regulated by social and stress-related cues tied to
reproduction46.MARCHF11 expression is sexually dimorphic in midbrain
vasopressin-responsive neurons, which are activated by prosocial stimuli
(e.g., the presence of a femalemouse, leading tomating or huddling) but not
by antagonistic social stimuli (e.g., the sight of a male mouse, leading to
fighting or drawing back)46. In songbirds, neurons expressing the avian
homolog of the mammalian vasopressin, vasotocin, exert effects on sex-
specific behaviors, pair bonding, gregariousness, and aggression47,48. These
observations implicateMARCHF11 in sex-specific reproductive physiology
and behavior that discriminates between stress conditions, as regulated by
vasopressin/vasotocin. Noticeably, the genomic region inclusive of
MARCHF11 shows high divergence in 11 Lonchuramunia species radiated
throughout Australia and Papua New Guinea49; specifically, it shows high
differentiation in two of four pairwise comparisons between sympatric
Lonchura specieswithminimal genome-wide divergence, therefore possibly
involved in generating adaptive diversity in munias in the wild. The gene
AKR1D1 (WRM2-Chr1A) fallswithinwindowswith thehighestCLRvalues
within its ROI. This gene encodes a steroid A-ring reductase, 5β-reductase,

that is highly prevalent in the brain and pituitary of birds, where its primary
function is to inactivate testosterone50. In oscine species, steroidmetabolism
in the brain is linked to structural changes, particularly in the neural circuits
that govern song production and modifications in sexual and aggressive
behaviors51. Altogether, our findings indicate heightened selection on genes
associated with the hypothalamic-pituitary-adrenal (HPA) axis function in
white-rumped munias relative to their domesticated descendant, the Ben-
galese finches. This phenomenon may contribute to the observed differ-
ences in aggressive behavior and stress responses between these two groups,
aligning with prior studies in mammalian domesticates15.

We also identified a selection signal exclusive to the wild munia
population in a regionof importance for craniofacialmorphology, forwhich
changes are associated with domestication in mammals52,53. The sweep
signal within WRM4-Chr3 ROI includes the gene SMOC2, which is
immediately adjacent to LOC115494389, the gene having the highest CLR
values within this ROI. SMOC2 codes for a protein related to matrix
assembly and cell adhesiveness, expressed in cartilage and bone during
development and in the adult skeleton. In mammals, this gene product is
implicated in craniofacial dysmorphism, specifically brachycephaly (i.e.,
shortening of the anteroposterior skull length and widening along the cra-
nial mediolateral axis) and brachygnathism (i.e., underbite)52–54. The role of
SMOC2 in craniofacial morphology appears to be conserved in birds, as it
figures amonggenes showing significant SNPassociationwith beak shape in
Darwin finches55. Though direct morphological comparisons between
Bengalese finches and white-rumped munias are yet to be explored, the
absence in the domesticated population of selective signals found in their
munia ancestor at SMOC2 could indicate craniofacial differences between
the two. This finding is consistent with controlled observations that white-
rumped munias show stronger biting to provocation than Bengalese
finches9, as differences in beak dimensions and/or head width are themajor
predictors of bite force in finches56. Differences in bite force between Ben-
galese finches and white-rumped munias, and possibly associated cranio-
facial allometric scaling, could derive from the lack of selection on traits such
as physical endurance against aggression and foraging for harder andmore
varied materials and food in the wild.

Caveats and future directions
This study provides a foundation for understanding how specific genetic
changes may underlie domestication-related traits in BFs, ultimately
allowing for more targeted hypotheses and experimental approaches in
future research. To build on our findings, further studies incorporating
deeper sequencing efforts and broader population sampling are essential to
refine our understanding of selection dynamics in Bengalese finches and
white-rumped munias. A more extensive sequencing approach with larger
and more diverse populations would provide a finer resolution of selection
signals and allow for a more comprehensive assessment of genetic diversity
across different lineages and geographic regions. Such efforts may help
identify rare variants that contribute to traits expressed in the domesticated
population. Additionally, results from our study could be leveraged to
explore genotype-phenotype associations for the identified candidate
genetic regions (e.g., in the context of controlled crosses between the wild
and domesticated strains). Such associations could provide insights into
how specific alleles might relate to domestication-related phenotypes dif-
fering between Bengalese finches and white-rumped munias, including
variations in eye and plumage color, as well as behavioral traits like stress
responses and aggression (e.g., biting reactions to stimuli).

Notably, our study found evidence of intensified selection in wild
munias at genomic regions containing genes associated with stress and
aggression, likely reflecting continued pressure tomaintain these responses,
which are critical for survival in natural environments. In contrast, the
absence of similar signals in Bengalese finches may suggest a relaxation of
selection in the domestic context, where such traits are less essential for
fitness. To directly test this hypothesis, future analyses could compare dN/
dS ratios and perform McDonald–Kreitman tests on fixed versus poly-
morphic sites to assess changes in selective constraint on stress-related genes
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in the Bengalese finch lineage. Additionally, behavioral assays investigating
the functional roles of these candidate genes in domesticated versus wild
strains could yield valuable insights into how selection has contributed to
observed differences in stress responses and aggression between them.
These approaches would help differentiate between relaxed selection in the
domestic form and alternative explanations, such as adaptive divergence in
the wild lineage.

Conclusion
Results from various avenues of inquiry indicate that a typical path to
domestication includes the attenuation of selection for augmented reactive
aggression and the intensification of selection for dynamic modulation of
motivation and reward sensitivity. Our findings suggest that the same
principles apply to tame a songbird. Selective sweeps in the Bengalese finch
comprise genes essential for DA synthesis, availability, and response in the
songbird brain, thus highly relevant in the specialization and function of
brainnuclei dedicated to song.Our scans also reveal selection signals specific
to the Bengalese finch in genes linked to pigmentation differences in other
animals, which could similarly explain its color morphs.

Methods
Sample collection
Blood samples were collected from 15 Bengalese finches and 15 white-
rumped munia adult males housed in the Okanoya Lab at RIKEN-Brain
Science Institute (RIKEN-BSI, Japan). Bengalesefinch source colonies in the
Okanoya lab originated from and are continuously supplied by various
breeders in Japan and diligently maintained per standard bird breeder
practices to avoid theundesired effects of inbreeding.Muniaswere imported
frommultiple wild colonies from different locations in Taiwan and bred in
Okanoya Lab’s aviaries, following similar practices as for Bengalese finches
(~5 generations at the time of sample collection for this study). To avoid
immediate relatedness biases, our samples from both the wild and domes-
ticated populations included no first-order relatives. Samples were stored at
−80 °C at RIKEN-BSI until transported to UC Berkeley under a material
transfer agreement and with USDA-APHIS approval (#128913). We have
complied with all relevant ethical regulations for animal use and housing
conditions, and all procedureswere approved byRIKEN’s AnimalCare and
Use Committee.

Whole-genome library preparation and sequencing
Total DNA was extracted from individual blood samples using a DNAeasy
kit (Qiagen, Germantown, MD) following protocols at the Evolutionary
Genetics Laboratory at UCBerkeley. DNAquality was visually inspected by
gel electrophoresis, and DNA concentrations were measured using Nano-
Drop spectrophotometry and aQubit dsDNABRAssayKit (ThermoFisher
Scientific,Waltham,MA). Samples showing signs of degradationor yielding
DNA concentrations insufficient for library preparation (<50 ng/microL)
were discarded.Whole genomic double-strandedDNA from the remaining
13 Bengalese finch and 12 white-rumped munia DNA samples were frag-
mented to a 350 bp average size using a Bioruptor sonicator (Diagenode-
Hologic, Denville, NJ). Sheared samples were visualized by gel electro-
phoresis to verify size distribution, and DNA concentrations were re-
measured using a Qubit dsDNA BR Assay Kit. All 25 samples passed this
quality-control step andwere used to prepare whole-genome libraries using
a KAPA Hyper Prep PCR-free Kit (Hoffmann-La Roche, Basel, Switzer-
land) and TruSeq adapters (Illumina, San Diego, CA). Library sizing
information was obtained by electrophoresis using an Agilent 2100 Bioa-
nalyzer system (Agilent Technologies, Santa Clara, CA). The 11 Bengalese
finch and 11white-rumpedmunia libraries passing this quality-control step
were sequencedon7 lanes in a4000HiSeq system(Illumina, SanDiego,CA)
in two replicates at UC Berkeley’s QB3 sequencing facility.

Sequencing data preprocessing and quality control
The resulting paired-end sequencing reads (150 bp) underwent quality-
control procedures using the software package readcleaner (github.com/

tplinderoth/ngsQC), which includes trimming adapters using cutadapt
v1.10; pair-end read merging using pear v0.9.10; filtering contaminants
identified through alignment to the human (GRCh38) and E. coli
(ASM584v2) genomes using bowtie2 v2.2.957, and generation of a final read
quality report using fastqc v0.11.458 (Supp. Text 1).

Clean reads were aligned separately to the recently published, high-
coverage zebra finch (ZF; Taeniopygia guttata) genome (bTae-
Gut2.pat.W.v2: GCF_008822105.2) and the Bengalese finch genome
(LonStrDom1: GCA_002197715) using the Burrows-Wheeler Alignment
(BWA) tool. Genome indexes were generated for each reference genome
using BWA v0.7.1759 and SAMtools v.1060, along with sequence dictionaries
from Picard Tools v2.0.1 (Picard Tools: CreateSequenceDictionary), and
aligned using appropriate read group information (Supp. Text 1).

Duplicate readsweremarked (PicardTools:MarkDuplicates) in theZF
and BF aligned datasets, and an additional step of local indel realignment
was performed using GATK v3.8.061. Indels were called from all sampled
individuals (GATK: HaplotypeCaller) and used to create lists of indel sites
for each sampled individual separately (GATK: RealignerTargetCreator),
which were then used as targets in the realignment (GATK: IndelRealigner)
(Supp. Text 1).

A subsequent filtering step was applied to the ZF and BF aligned
datasets to remove sites located in paralogous or repetitive sequence regions
that confound short-read mapping using ngsParalog (github.com/tplin-
deroth/ngsParalog). This step involved calling single-nucleotide poly-
morphisms (SNPs) in each domesticated and wild population separately
using Analysis of Next Generation Sequencing Data (ANGSD)62 (Supp.
Text 1), a software package designed to handle low-coverage sequencing
data by leveraging genotype likelihoods rather than called genotypes. The
union of the identified variant positions (angsd:-dovcf 1) in each population
served in estimating per-site paralog-log likelihood ratios. Likelihood ratios
for each site were then compared between domesticated and wild, and the
highest values for each sitewere retained.The cutoff abovewhich a given site
would be considered paralogous or repetitive and excluded from future
analyses was calculated as defined in Supp. Text 2.

After excluding potential paralogous or repetitive regions, we calcu-
lated depth counts in the remainder positions for each individual in the ZF
and BF aligned datasets (angsd: -doCounts 1, -dumpCounts 2) (Supp.
Text 1). To avoid spurious results from missing data, sites covered in less
than 9out of 11 individuals in eachpopulationwere furtherfiltered from the
data. Additionally, sites with average depth across individuals of >20x
(~2 SD+ ) in each populationwerefiltered out, as they could be sequencing
artifacts or represent paralogous and repetitive regions bypassedby theprior
filtering. Finally, among the remaining sites, only diallelic sites were used in
downstream analyses. After filtering, the sequencing data rendered an
average per-site depth across chromosomes of 8x for both the ZF and BF
aligneddatasets (Supp. Table 1; additionally, awindowed analysis of average
depth for the identified ROIs discussed below is presented in Supp.
Figs. 3–14).

Population genomic analyses
Using theGATKmodel withinANGSD, we calculated genotype likelihoods
and per-site allele frequencies for the ZF and BF aligned datasets (Supp.
Text 1 and 2). Estimated per site allelic frequencieswere used to estimate the
Site Frequency Spectrum (1D-SFS) for each population as well as the
2-dimensional SFS (2D-SFS), with ancestral states as defined in each
respective reference genome. To perform Principal Component Analysis
(PCA) of the genetic relationship among individuals in our populations, we
used a heuristic approach implemented in PCAngsd [22] (Supp.
Text 1 and 2). Like ANGSD, PCAngsd is specifically designed for handling
low-coverage sequencing data by considering genotype uncertainties
instead of called genotypes.

A series of statistics summarizing the variation or distribution of alleles
within the ZF aligned dataset was calculated using ANGSD realSFS (Supp.
Text 1 and 2). In the analysis ofmultiple SNPs comprising genomic regions,
Fst was calculated as the ratio of the sum of per site Bathia et al. estimations
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of the variancewithin and betweenpopulations. This approach allowedus to
calculate weighted Fst between our Bengalese finch and white-rumped
populations in non-overlapping windows spanning 10 kb across the gen-
ome, as well as across all positions within a given gene’s full-length and
within exonic and intronic annotated boundaries (Supp. Data 1). Using
ANGSD realSFS saf2theta, we calculated Waterson’s theta (tW), Pairwise
theta (tP), and Tajima’s D (TajD)63,64 for each Bengalese finch and white-
rumped population in the same genomic partitions (Supp. Data 2).

We performed selection scans using SweepFinder265 on the ZF aligned
dataset, both implementations of a method that performs a composite
likelihood ratio test for positive selection (Supp. Text 1). In this method, the
likelihood of the null hypothesis is calculated for each population from their
respective genome-wide 1D-SFS, and the likelihood of the alternative
hypothesis is calculated fromamodel inwhich a recent selective sweep alters
the neutral spectrum. SweepFinder2 selection scans were run in non-
overlappingwindows spanning 10 kb each (Supp.Data 3). Subsequently, we
defined genomic regions of interest (ROIs) as the contiguous segments
containing the top 5% of windows with a higher composite likelihood ratio
(CLR), as detected by SweepFinder2 scans, in each domesticated and wild
songbird population. Additionally, to characterize the gene content of ROIs
originally identified using the ZF aligned dataset in the BF genome, we
conducted SweepFinder2 scans onboth theBF andWRMdata aligned to the
BF genome. ROIs were defined using the same criteria as for the ZF aligned
dataset, andoverlappingROIs identified inboth approacheswere compared
(Supp. Table 4).

Statistics and reproducibility
Our analysis included a total of 11 BFs and 11, based on the number of per-
breed/per-site individuals used in a previously published songbird study66.
We did not perform replication studies in additional, independent BF and
WRM populations, primarily due to the difficulty of accessing both captive
and wildWRMpopulations. All BF andWRM samples were processed in a
single batch by the same bench experimenter, from total DNAextraction to
whole-genome library preparation. To ensure blinding during these pro-
cedures, a second experimenter assigned anonymized labels (A[n]–Z[n]) to
the BF andWRMsamples. The correspondence between these anonymized
labels and theoriginalBF[n] andWRM[n] identifierswasonly revealedafter
sequencing was complete.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The sequencingdata (e.g., raw fastqfiles) generatedduring the current study
are available in the SRA NCBI repository under BioProject accession code
PRJNA1257907. The corresponding author can provide processed data
generated as part of this study upon reasonable request.

Code availability
Custom code used to produce the main figures in the manuscript is
available in the GitHub repository https://github.com/madzafv/
SongbirdDomesticationGenomics.
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