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L I F E  S C I E N C E S

Sequential introgression of a carotenoid processing 
gene underlies sexual ornament diversity in a  
genus of manakins
Haw Chuan Lim1,2*†, Kevin F. P. Bennett3,4*†‡, Nicholas M. Justyn5§, Matthew J. Powers5¶,  
Kira M. Long6#, Sarah E. Kingston7, Willow R. Lindsay8, James B. Pease9**, Matthew J. Fuxjager10, 
Peri E. Bolton11,4**, Christopher N. Balakrishnan11,12, Lainy B. Day8, Thomas J. Parsons4,  
Jeffrey D. Brawn13, Geoffrey E. Hill5, Michael J. Braun3,4*

In a hybrid zone between two tropical lekking birds, yellow male plumage of one species has introgressed asym-
metrically replacing white plumage of another via sexual selection. Here, we present a detailed analysis of the 
plumage trait to uncover its physical and genetic bases and trace its evolutionary history. We determine that the 
carotenoid lutein underlies the yellow phenotype and describe microstructural feather features likely to en-
hance color appearance. These same features reduce predicted water shedding capacity of feathers, a potential 
liability in the tropics. Through genome-scale DNA sequencing of hybrids and each species in the genus, we 
identify BCO2 as the major gene responsible for the color polymorphism. The BCO2 gene tree and genome-wide 
allele frequency patterns suggest that carotenoid-pigmented collars initially arose in a third species and reached 
the hybrid zone through historical gene flow. Complex interplay between sexual selection and hybridization has 
thus shaped phenotypes of these species, where conspicuous sexual traits are key to male reproductive success.

INTRODUCTION
Sexual selection has produced many remarkable physical and be-
havioral traits in animals (1). More broadly, sexual selection shapes 
biodiversity by promoting speciation, driving rapid diversification of 
extravagant phenotypes, and accelerating molecular evolution (2, 3). 
Gaining insight into the evolution of sexually selected traits includ-
ing ornamentation and other reproductive signals will be facilitated 
by understanding their genetic architecture. Whether a trait depends 
on few or many genes and the degree to which the underlying genes 
are involved in other traits or metabolic pathways have important 

implications for the trait’s evolvability. While genes underlying most 
display traits remain unknown (4), rapid advances in genomics are 
creating unique opportunities to study sexual selection and reveal 
how it can work in concert—or at times, in conflict—with natural 
selection to produce the diversity we see in nature (5).

Parallel advances in speciation research are revealing the preva-
lence of hybridization and introgression in shaping the evolution 
of organisms (6). Introgression can enlarge the pool of genetic 
variation available to a species and assemble existing variants in 
unique combinations, which in turn become the raw materials that 
fuel further evolution and diversification (7). In addition, genetic 
elements underlying particular advantageous traits can sometimes 
introgress across species boundaries despite processes that purge 
foreign alleles in the genome (8). Although these topics have re-
ceived increased attention in the genomics era, important work 
remains to establish the frequency of introgressive hybridization 
and its role in driving phenotypic changes, adaptive radiation, diver-
sification, and even reticulate evolution (9). Some of the perti-
nent challenges include identifying introgressed traits that are 
under positive selection, measuring their fitness effects, determin-
ing their genetic architecture, and deciphering the interplay be-
tween positive and negative selection, which can limit the spread 
or persistence of introgressed elements in new environments or 
genomic backgrounds.

To date, most research on introgressive hybridization has investi-
gated traits whose introgression was driven by natural selection [e.g., 
(10–12)], with fewer studies focusing on traits involved in mate prefer-
ence or sexual selection [but see (13–16)]. One possible explanation 
for the apparent paucity of systems demonstrating such introgression 
is that sexual selection tends to be associated with accelerated pheno-
typic evolution and increased discrimination among diverging species 
on the basis of reproductive traits (17, 18). Cases where introgression 
of sexually selected traits has been identified deserve careful study, 
both because their prevalence may be underappreciated and because 
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they provide special opportunities to explore mechanisms of sexual 
selection, such as perceptual bias (19) or honest signaling (20).

The manakins (family Pipridae) are a group of birds in which 
males are under strong sexual selection. Manakins exhibit lek mating 
systems, including colorful male plumage and elaborate mating 
displays (21). They also display interesting hybridization dynamics: 
There are at least nine intergeneric crosses known in manakins, sup-
porting early observations of increased rates of intergeneric hybrid-
ization in avian clades with high sexual dimorphism (22). Manakins 
also display interspecific hybrid zones (13, 23–25) and one instance 
of apparent hybrid speciation (24), which has rarely been document-
ed in birds. Among manakins, the species in the genus Manacus per-
form the most acrobatic courtship display (see movie S1) (26). The 
four species and several subspecies of Manacus replace each other 
geographically in humid lowland forests throughout the Neotropics, 
and hybrid zones occur in three areas where their ranges abut 
(Fig. 1A). Males differ conspicuously in the colors of their collar and 
belly plumage, which include bright whites, vibrant yellows, saturated 
oranges, olive-greens, and grays (Fig. 1B), and plumage coloration 
has been shown to correlate with male mating success (27, 28).

Previous studies demonstrated a notable asymmetric intro-
gression of male secondary sexual traits between two Manacus 
species—M. candei (white-collared manakin) and M. vitellinus 
(golden-collared manakin)—in northwestern Panama (13, 23, 29). 
In this region, the yellow collar plumage of male golden-collared 
manakins has introgressed beyond the genomic center of a hybrid 
zone between the species, producing hybrid populations that look 
like golden-collared manakins, but have genomic backgrounds of 
white-collared manakins (Fig. 1C). The spread of yellow collars into 
M. candei has not extended across the entirety of its range but has 
stabilized at the Río Changuinola, a river roughly 50 km from the 
center of the hybrid zone (23, 29). Other secondary sexual traits of 
male golden-collared manakins, such as their olive-green belly 
plumage, narrow hindneck collar, aggressive behavior on leks, and 
at least one dance maneuver, have also introgressed asymmetrically 
but not to the extent of golden collars (13, 23, 29–31). Introgression 
of these traits appears to be driven by female mate choice (28) and 
male-male competition (30), but the failure of these traits to sweep 
to fixation in M. candei populations suggests that countervailing 
forces are at play (32).
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Fig. 1. Overview of Manacus system. (A) Distribution of major Manacus lineages. Cross-hatched regions are hybrid zones between M. vitellinus and M. manacus (119). 
(B) The species tree of Manacus with maximum likelihood bootstrap support values shown (120). (C) Hybrid zone between M. vitellinus (orange region) and M. candei (blue 
region), with plumage introgression shown in orange and blue stripes. Sampling sites for populations used in whole-genome resequencing (circles), RADseq (triangles), 
or both methods (squares). Site 12 is located at Gamboa in central Panama. (D) Lutein concentrations of Manacus collar and belly feathers. Circles indicate replicate indi-
viduals, and diamonds indicate means.
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Because of the unusual introgression dynamics present in this 
system and its occurrence in a group marked by intense sexual 
selection, we sought to understand the evolutionary processes that 
gave rise to the diversity of plumage color in Manacus manakins. In 
this study, we first characterized the biochemical and microstruc-
tural contributors to color variation in male collar and belly plum-
age and then used whole-genome resequencing data to identify a 
major gene involved in the yellow/white collar polymorphism and 
trace its evolutionary history in the genus.

RESULTS
Feather pigmentation
Using quantitative high-performance liquid chromatography (HPLC) 
with carotenoid standards, we found only a single carotenoid pig-
ment—lutein—in male collar and belly feathers of Manacus species or 
hybrids (fig. S1). The concentration of lutein largely determined the 
coloration of collar plumage (Figs. 1D and 2A and table S2A). White 
collar feathers of M. manacus and candei had no detectable lutein, 
while yellow collar feathers of M. vitellinus and birds in the plumage 
introgression region (hereafter, “hybrids”) had intermediate lutein 
levels. The orange collar feathers of Manacus aurantiacus had lutein 
concentrations that were significantly higher than each of the other 
taxa (Table 1). In belly feathers, M. manacus had no lutein. Among 
the taxa with lutein-pigmented bellies, the only significant difference 
was between M. aurantiacus, which had the highest concentration, 
and M. vitellinus, which had the lowest (Table 1 and table S2A).

We modeled the effect of lutein concentrations on colorimetric 
variables calculated from reflectance spectra using pavo (Fig. 2, B 
and D) (33). For collar feathers, these analyses showed that lutein 
concentration was significantly and positively correlated with yel-
low saturation, carotenoid (i.e., all yellow-to-red wavelengths) chro-
ma, and hue (Fig. 2, E and F, and Table 1). Lutein concentration 
did not significantly predict collar feather brightness and was nega-
tively correlated with ultraviolet (UV) wavelength saturation (fig. S2 
and Table 1). These relationships were unchanged when belly 
feathers (which contained visible melanosomes) were included in 
the analysis along with a melanization term (table S2D).

Using light microscopy, we qualitatively characterized the visible 
melanization patterns of Manacus collar and belly feathers. Typical 
feathers are bipinnate structures composed of a central rachis ex-
tending from the skin, barbs extending from the rachis, and barbules 
extending from the barbs (Fig. 2A). We found no visible evidence 
of melanin in collar feathers of any Manacus species or hybrids 
(Fig. 2A). Yellow belly feathers of M. candei also contained no visible 
melanin (Fig. 2C). Belly feathers of trans-Andean M. manacus (ssp. 
abditivus), which appear gray to the naked eye, had white barbs and 
barbules, with black stripes running the full length of the barbules 
(Fig. 2C). We presume these stripes to be clusters of melanosomes. 
Belly feathers of M. vitellinus, aurantiacus, and candei x vitellinus 
hybrids contained varying amounts of lutein in barbs and melano-
somes in barbules, producing dark olive-green shades in vitellinus, 
dull yellow to olive in aurantiacus, and yellow to dark olive-green in 
hybrids (Fig. 2C). Belly feathers of M. vitellinus generally had heavily 
melanized barbules. M. aurantiacus had some melanized barbules in 
the center of belly feathers, but the barbules became small, lost mela-
nization, and were usually orange toward the distal end. In hybrids, 
the presence of melanosomes in barbules was sporadic, making belly 
feathers olive-green in some individuals and yellow in others. Thus, 

whether lutein-pigmented Manacus belly feathers appeared olive-
green or yellow is a function of melanin deposition in the barbules. 
The variable degree of melanosome deposition in hybrids reflects the 
fact that the geographic extent of olive-green belly color introgres-
sion trailed that of yellow collar coloration at the time the specimens 
were collected in 1991 (23); however, belly color has introgressed 
further in the past 30 years (29).

Feather microstructure
Aspects of feather microstructure differed by species, plumage patch, 
and color. Carotenoid-pigmented collar feathers of M. vitellinus and 
aurantiacus had significantly wider barbs than white collar feathers 
of M. manacus and candei (Table 2, Fig. 2A, and fig. S3). Hybrids’ 
collar feathers had barbs of intermediate width, but they were sig-
nificantly different only from aurantiacus. Barbule morphology 
also varied among the taxa. M. manacus and candei collar feathers 
had barbules typical of avian contour feathers, while vitellinus and 
aurantiacus collar feathers lacked barbules on roughly the distal 
third of the feather (Fig. 2A). Hybrids had barbules that appeared 
smaller than those of M. manacus or candei but not as greatly re-
duced as those of vitellinus or aurantiacus (Fig. 2A).

To explore the effect of barb width on collar color, we modeled 
correlations between barb width and colorimetric variables from 
reflectance spectra. Because barb width was positively correlated 
with lutein concentration (P = 0.0071), we included lutein concen-
tration as a covariate in each model. Even controlling for lutein, barb 
width was significantly correlated with feather brightness and hue in 
collar feathers, with wider barbs showing decreased brightness and 
more red-shifted hues (Table 2).

To further explore the effect of feather microstructure on color, 
we compared yellow belly feathers of M. candei, which have fully 
formed barbules (Fig. 2C), to yellow collar feathers of vitellinus and 
hybrids, which have reduced or missing barbules (Fig. 2A). There 
was no significant difference in lutein concentration among these 
three (Table 1 and table S3A), but both M. vitellinus and hybrid col-
lar feathers had significantly higher yellow saturation, higher carot-
enoid chroma, and lower UV saturation—essentially, purer and more 
saturated yellow coloration—than candei belly feathers (table S3).

Microstructural changes can affect the physical properties of 
feathers in addition to their color. A property of avian contour feathers 
that is especially important in the humid tropical forests where these 
manakins live is their ability to shed water. To investigate potential 
fitness consequences of the observed differences in feather micro-
structure, we estimated water repellency of Manacus collar feathers 
using a model from textiles science that has frequently been used in 
ornithology (34, 35). When applied to feathers, this model estimates 
the beading of water on feather vanes using a simple structural 
index dependent only on measurements of barb width and barb 
spacing. Our water repellency estimates indicated that M. vitellinus 
and M. aurantiacus, the two species with carotenoid-pigmented 
collar feathers and accompanying microstructural modifications, 
had the poorest ability to shed water when compared to the species 
with white collars (Fig. 2G and fig. S3C), while hybrids showed 
intermediate water shedding ability. Differences in barb width ap-
peared to drive these differences in estimated water repellency 
among Manacus collar feathers (fig. S3A) because barb spacing 
was similar among taxa, with a statistically significant difference 
only between white-collared M. candei and M. manacus (fig. S3B 
and table S4).
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Genetic basis of plumage color
To investigate the genetic basis of traits that have introgressed asym-
metrically across the vitellinus-candei hybrid zone, we resequenced 
whole genomes of two parental candei and four parental vitellinus 
(sites 2 and 12, Fig. 1C), as well as 10 males from each of two focal 
populations separated by less than 8 km across the Río Changuinola 
(sites 3 and 4, Fig. 1C). Genomes of these focal populations are pre-
dominantly derived from candei (29, 36); but while males from site 
3 have white collars, males from site 4 have yellow collars (23). The 

genomic similarity (figs. S4 and S5) and ongoing gene flow between 
these cross-river focal populations (tables S7 to S9 and figs. S6 to 
S8), the color difference between them, and the relatively deep 
divergence of the parental species (~0.97 million years; table S9) 
combine to create ideal conditions to isolate the genetic basis of 
collar coloration. Several other M. vitellinus traits (belly color, collar 
width, and aggression at leks) have introgressed to varying degrees 
(13, 23, 29, 30) but were not fixed at site 4 on the east bank of the Río 
Changuinola when the samples sequenced here were collected. As a 
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Table 1. Feather lutein variation and effects on color in Manacus. Results from statistical models that contrast lutein concentration in collar feathers among 
species, contrast lutein concentration in belly feathers among species, and estimate the relationship between lutein concentration and reflectance 
measurements in pigmented collar feathers. Lutein concentration data for each species are in table S2A. Bolded values correspond to contrasts or variables 
where differences or effects are statistically significant at P = 0.05.

﻿Lutein concentration -  collar﻿

﻿Contrast Estimate (β) SE df t.ratio P value Lower CI Upper CI

﻿M. vitellinus 
-  hybrid 

−0.0281 0.0491 25 −0.572 0.9780 −0.172 0.116

﻿M. vitellinus -   
M. aurantiacus 

−0.2773 0.0491 25 −5.651 0.0001 −0.421 −0.133

﻿M. vitellinus -   
M. manacus 

0.3648 0.0491 25 7.434 <0.0001 0.221 0.509

﻿M. vitellinus -   
M. candei 

0.3648 0.0491 25 7.434 <0.0001 0.221 0.509

Hybrid -   
M. aurantiacus 

−0.2493 0.0491 25 −5.080 0.0003 −0.393 −0.105

Hybrid -   
M. manacus 

0.3928 0.0491 25 8.005 <0.0001 0.249 0.537

Hybrid -  M. candei 0.3928 0.0491 25 8.005 <0.0001 0.249 0.537

﻿M. aurantiacus -   
M. manacus 

0.6421 0.0491 25 13.085 <0.0001 0.498 0.786

﻿M. aurantiacus -   
M. candei﻿

0.6421 0.0491 25 13.085 <0.0001 0498 0.786

﻿M. manacus -   
M. candei 

0.0000 0.0491 25 0.000 1.000 −0.144 0.144

﻿Lutein concentration -  belly﻿

﻿Contrast﻿ Estimate (β) SE df t.ratio P value Lower CI Upper CI

﻿M. vitellinus 
-  hybrid 

−0.0755 0.0354 25 −2137 0.2365 −0.1794 0.0283

﻿M. vitellinus -   
M. aurantiacus 

−0.1149 0.0354 25 −3.251 0.0248 −0.2188 −0.0111

﻿M. vitellinus -   
M. manacus 

0.2261 0.0354 25 6.394 <0.0001 0.1222 0.3299

﻿M. vitellinus -   
M. candei 

−0.0934 0.0354 25 −2.641 0.0929 −0.1972 0.0105

Hybrid -   
M. aurantiacus 

−0.0394 0.0354 25 −1.114 0.7975 −0.1432 0.0644

Hybrid -   
M. manacus 

0.3016 0.0354 25 8.531 <0.0001 0.1978 0.4054

Hybrid -  M. candei −0.0178 0.0354 25 −0.504 0.9862 −0.1217 0.0860

﻿M. aurantiacus -   
M. manacus 

0.3410 0.0354 25 9.645 <0.0001 0.2372 0.4448

﻿M. aurantiacus -   
M. candei 

0.0216 0.0354 25 0.610 0.9722 −0.0823 0.1254

﻿M. manacus -   
M. candei 

−0.3194 0.0354 25 −9.035 <0.0001 −0.4232 −0.2156

﻿Effect of lutein concentration on pigmented collar feather colorimetric variables﻿

﻿Dependent 
variable 

Estimate (β) SE P value Lower CI Upper CI

 Yellow saturation*﻿ 0.07579 0.02559 0.00919 0.02154 0.13

 UV saturation†﻿ −0.09862 0.03237 0.00769 −0.1672 −0.03

Carotenoid 
chroma‡﻿

0.14216 0.06521 0.0446 0.003906 0.2804

 Mean brightness§﻿ −2.794 6.877 0.69 −17.3735 11.785

 Mid hue¶﻿ 42.273 12.102 0.00301 16.618 67.9271

*Pavo variable S1Yellow.    †Pavo variable S1UV.    ‡Pavo variable S9carotchroma.    §Pavo variable b2meanbright.    ¶Pavo variable H3huermid.
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result, we expected the genomic signal of collar coloration to be 
strongest when comparing our focal sites.

We mapped the resequencing data to a reference genome for 
M. vitellinus, aligned reference scaffolds to chromosomes from an-
other manakin assembly (Chiroxiphia lanceolata), and identified 
single-nucleotide polymorphisms (SNPs) that fit the allele frequen-
cy pattern expected for genomic regions responsible for introgress-
ing vitellinus traits. Specifically, we filtered the data for strongly 
differentiated SNPs (“dSNPs”) that were missing no more than 50% 
of genotypes in parental candei and vitellinus populations (sites 2 
and 12, Fig. 1C), were fixed for different alleles between parental 
populations, had ≥80% M. candei allele frequency at site 3, where 
all males have white collars, and had ≥80% M. vitellinus allele 

frequency at site 4, where all males have yellow collars. There were 
192 such dSNPs across the entire 1.1-Gb genome, 186 of which were 
clustered in a few regions on four putative chromosomes (2, 20, 24, 
and Z; Fig. 3A). No other chromosome had more than one dSNP 
(data S1). We further filtered dSNPs to consider only those fixed at 
either site 3 or 4. Of 53 such “fixed” dSNPs, 46 of them were in a 
haplotype block of 72 kb on chromosome 24 (Fig. 3, A and I). This 
block contains three genes, including Beta-Carotene Oxygenase 2 
(BCO2), which encodes an enzyme that cleaves yellow carotenoids, 
including lutein, into colorless products (Fig. 3, I and J) (37). The 
two other genes in this block (Fig. 3J and fig. S28) were TEX12, 
which is involved in spermatogenesis (38), and PTS, which is in-
volved in synthesis of an amino acid hydroxylase cofactor (39).
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To test the geographic concordance of SNP markers with intro-
gressed plumage traits, we examined a separate restriction site–
associated DNA sequencing (RADseq) dataset from 152 individuals 
across the entire hybrid zone (Fig. 1C and table S14). From this 
genome-wide dataset, we retained 4750 high-quality SNPs show-
ing clear clinal variation in allele frequency within the hybrid zone 
transect. Cline centers for the vast majority of these SNPs fell near 
site 9 (Fig. 3F), marking the major genomic transition from M. vitellinus 
to M. candei, in agreement with previous analyses (23, 36). How-
ever, cline centers for 34 SNPs were located more than 50 km to 
the northwest (Fig. 3G), falling near the Río Changuinola and 
the limit of color introgression (Fig. 3H). Of these 34 SNPs with 
displaced cline centers, 10 are clustered in a genomic span of 
768 kb on chromosome 24 surrounding the BCO2 gene (Fig. 3F 
and data S2).

To further localize DNA blocks that have introgressed, we con-
ducted sliding window scans of the resequencing data, calculating 
metrics of differentiation and introgression in non-overlapping 
10-kb genomic windows (Fig. 3, B to E). The use of multiple 
summary statistics leverages different aspects of the data, and 

concordant signals among them increase the likelihood of detecting 
true positives (40, 41). We therefore used FST and Da (42) to gauge 
levels of genetic differentiation between focal sites 3 and 4, and 
we used fd (43) and relative node depth (RND) (44) to infer intro-
gression from parental M. vitellinus (site 12) into the yellow-collared 
hybrid population (site 4). We treated as outliers all 10-kb windows 
with extreme values for at least one statistic exceeding the 99.9th 
percentile (Fig. 3, B to E). These analyses revealed several genomic 
neighborhoods with high concentrations of strongly supported win-
dows, each containing outliers for multiple statistics (fig. S9). These 
neighborhoods included regions in chromosomes 2 (690 kb) and 24 
(140 kb around BCO2) and the Z sex chromosome (590 kb) (Fig. 3, 
B to E; figs. S10 to S33; and table S10; see Supplementary Text for 
details). In addition to carotenoid metabolism, genes adjacent to or 
within strongly supported genomic windows span a wide range of 
functions related to angiogenesis, feather/follicle development, 
solute transport, and spermatogenesis (table S11). Gene ontology–
based analyses revealed pathways or molecular functions that were 
enriched with genes found within or around outlier genomic win-
dows (tables S12 and S13). Among these pathways were several with 

Table 2. Collar feather barb width variation and effects on color in Manacus. Results from statistical models that contrast barb width among species’ collar 
feathers and estimate the relationship between barb width and reflectance measurements in pigmented collars, controlling for lutein concentration. Bolded 
values correspond to contrasts or variables where differences or effects are statistically significant at P = 0.05.

﻿Barb width﻿

﻿Contrast Estimate (β) SE df t.ratio P value Lower CI Upper CI

﻿M. manacus -   
M. candei﻿

−1.97085 2.974 25 −0.6627 0.962556 −10.7045 6.762774

﻿M. manacus 
-  hybrid

−6.1235 2.974 25 −2.0590 0.268657 −14.8571 2.610125

﻿M. manacus -   
M. vitellinus﻿

−14.6635 2.971 25 −4.9347 <0.0001 −23.3918 −5.93523

﻿M. manacus -   
M. aurantiacus﻿

−25.8807 2.974 25 −8.7021 <0.0001 −34.6143 −17.1471

﻿M. candei -  hybrid −4.15265 2.974 25 −1.3963 0.635563 −12.8863 4.580973

﻿M. candei -   
M. vitellinus﻿

−12.6926 2.971 25 −4.2715 0.002105 −21.4209 −3.96438

﻿M. candei -   
M. aurantiacus﻿

−23.9098 2.974 25 −8.0394 <0.0001 −32.6434 −15.1762

Hybrid -   
M. vitellinus﻿

−8.54 2.971 25 −2.8740 0.0573 −17.2683 0.188264

Hybrid -   
M. aurantiacus﻿

−19.7572 2.974 25 −6.6431 <0.0001 −28.4908 −11.0236

﻿M. vitellinus -   
M. aurantiacus﻿

−11.2172 2.971 25 −3.7749 0.007185 −19.9454 −2.48892

﻿Effect of barb width on pigmented collar feather colorimetric variables﻿

﻿Dependent 
variable 

Estimate (β) SE P value Lower CI Upper CI

 Yellow saturation*﻿ 1.91 × 10−4 5.41 × 10−4 0.7296 −9.63 × 10−4 1.34 × 10−3

 UV saturation†﻿ −6.39 × 10−4 6.59 × 10−4 0.3479 −2.04 × 10−3 7.66 × 10−4

Carotenoid 
chroma‡﻿

−1.18 × 10−3 1.38 × 10−3 0.4084 −4.12 × 10−3 1.77 × 10−2

 Mean brightness§﻿ −0.2986 0.1272 0.0331 −0.5698 −0.0274

 Mid hue¶﻿ 0.5448 0.2135 0.0221 0.0898 0.9998

*Pavo variable S1Yellow.    †Pavo variable S1UV.    ‡Pavo variable S9carotchroma.    §Pavo variable b2meanbright.    ¶Pavo variable H3huermid.
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plausible connections to traits of interest, but none survived multi-
ple testing correction. See Supplementary Text for further discussion.

BCO2 is the strongest candidate for a gene of major effect driving 
introgression of collar color in this system. The genomic region 
around BCO2 contained multiple windowed outliers, displaced SNP 
clines, and numerous SNPs fixed for the vitellinus allele in site 4 
and almost fixed (except for two heterozygous individuals) for the 
candei allele in site 3 (Fig. 3I). BCO2 has been implicated in carotenoid 
color polymorphisms in a variety of organisms [e.g., (45–47)], in-
cluding cases of interspecific introgression (48, 49). Because BCO2 
cleaves yellow carotenoids into colorless products when active (37), 
we expect the pigmented collar phenotypes of Manacus to be associ-
ated with reduced BCO2 activity in relevant tissues during feather 
growth, either due to reduced gene expression or inactivity of the 
enzyme (48,  50–52). The amino acid sequences predicted by the 
white-collared and yellow-collared haplotypes are identical, and 
nucleotide substitutions were concentrated in introns and noncod-
ing regions 5′ or 3′ of the gene (Fig. 3J). Thus, mutations that are 
functionally relevant to the yellow phenotype likely cause reduced 
gene expression in M. vitellinus either constitutively or in key tissues 
at crucial times for feather growth. Available RNA sequencing data 
showed that BCO2 expression levels were higher in brain and lower 
in muscle tissues of M. vitellinus when compared to those of related 
species, suggesting that the gene is under tissue-specific regulation 
(fig. S34).

Our suite of analyses identified several other genes with plausi-
ble connections to introgressing traits across the hybrid zone. Of 
192 dSNPs in the genome (data S1), 4 fell in a region on chromo-
some 20 between 25 and 114 kb upstream of Agouti Signaling Pro-
tein (ASIP), which encodes a polypeptide involved in regulating 
melanogenesis and commonly underlying melanin-based color 
variation [e.g., (53,  54)]. Sliding windows (table S10) and dSNPs 
(data S1) both implicated Retinol Dehydrogenase 10 (RDH10) on 
chromosome 2. This gene has not previously been associated with 
color variation, but it encodes an enzyme involved in the linked 
metabolism of carotenoids and retinoids (37). A third region of in-
terest, identified by dSNPs, sliding windows, and shifted RADseq 
clines, fell on chromosome 2 between the genes R-spondin 2 
(RSPO2) and Eukaryotic Translation Initiation Factor 3 subunit E 
(EIF3E) (table S10 and data S1 and S2). RSPO2 has the most obvi-
ous connection to plumage: It is a regulator of Wnt (55), which has 
been implicated in other instances of plumage patterning (56), and 
RSPO2 controls major variation in domestic dog hair growth (57), 
which could indicate a connection to follicle development. For 
more discussion of introgressing genes, see Supplementary Text.

History of BCO2 gene flow in Manacus
The two Manacus species with carotenoid-pigmented collars 
(M. vitellinus and aurantiacus) are not sister taxa (Fig. 1B), but 
both use lutein to produce their orange/yellow coloration (Fig. 2 
and fig. S1). We wondered whether pigmented collars had a single 
origin in this genus or might have arisen independently. The two 
species are not now in contact, but their ranges come within ~25 km 
in central Panama (58,  59), and hybridization could have oc-
curred through long-distance dispersal or during past periods of 
contact. To test this question, we sequenced whole genomes of ad-
ditional manakins representing the remaining major lineages of the 
genus (table S15). We constructed phylogenetic trees from a 48-kb 
region centered around BCO2 and from “control” regions of 306 

and 384 kb around two other genes also on chromosome 24 but 
with no known relationship to coloration (Fig. 4B). Topologies of 
the control gene trees (Fig. 4, D and E) matched the strongly sup-
ported species tree (Fig. 1B), with M. aurantiacus sister to candei 
and vitellinus sister to trans-Andean manacus. In the BCO2 gene 
tree, however, vitellinus was sister to aurantiacus, and the vitellinus-
aurantiacus clade was sister to candei, both with strong branch sup-
port (Fig. 4C). The fact that vitellinus moves from its position on 
the species tree to become sister to aurantiacus in the gene tree 
rather than the reverse indicates that the BCO2 sequence now 
present in vitellinus originated in the aurantiacus genomic back-
ground (Fig. 4A).

Because discordance between gene trees and species trees can 
arise from several processes, we also looked for genome-wide evi-
dence of introgression between vitellinus and aurantiacus using al-
lele frequency patterns. We calculated fd in 10-kb windows using 
trans-Andean M. manacus, vitellinus, aurantiacus, and cis-Andean 
manacus as test taxa and identified outliers exceeding the 99.9th 
percentile. A window 10 kb upstream of BCO2 had the fifth highest 
fd value of ~78,000 genome-wide windows (Fig. 4, F and G).

To localize the signal of introgression from M. aurantiacus to 
vitellinus at a finer scale, we repeated the fd calculation in 2-kb win-
dows across chromosome 24 (Fig. 4I). We also estimated local gene 
trees based on 100-bp non-overlapping windows and calculated the 
frequency of trees in 10- and 2-kb windows showing the topology 
expected under gene flow, with M. aurantiacus sister to vitellinus 
(Fig. 4, H and J). These two metrics—fd and frequency of “gene flow” 
topologies—identified different stretches of DNA in the vicinity of 
BCO2 as containing the strongest signals, with the highest fd peak 
occurring just upstream of the gene and the highest proportion of 
gene flow trees occurring just downstream of the gene (Fig. 4, J and 
I). Together, these results all support directional gene flow from 
M. aurantiacus into vitellinus at BCO2, including a considerable in-
trogression signal within the same block that has introgressed across 
the M. vitellinus-candei hybrid zone.

DISCUSSION
Feather color and microstructure
Through HPLC, spectrophotometry, and light microscopy, we 
found that color production in belly and collar feather patches 
among the major lineages of Manacus can be explained largely by 
the concentration of the carotenoid lutein, the presence or absence 
of melanin, and feather microstructure, including barb morpholo-
gy and the presence or absence of barbules.

Differences in lutein concentrations of pigmented collar feathers 
affected saturation, chroma, and hue, as predicted by simulations of 
carotenoid absorbance (60). Orange feathers of M. aurantiacus con-
tained more lutein than yellow feathers of M. vitellinus and vitellinus 
x candei hybrids. Yellow bellies of M. candei and some hybrids con-
tained only lutein, while olive-green bellies of hybrids, vitellinus, 
and aurantiacus contained both lutein and melanized feather bar-
bules. Gray bellies of M. manacus contained only melanin. Adding 
or reducing carotenoids in a plumage patch may be one of the sim-
plest ways to create differences in color (60). On the basis of our 
light microscopy observations, we believe that adding melanized 
barbules could be another “simple” mechanism by which plumage 
color can be changed, although melanism is not associated with di-
chromatism as often as deposition of carotenoids (61).



Lim et al., Sci. Adv. 10, eadn8339 (2024)     20 November 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

9 of 20

The impact of feather microstructure on carotenoid coloration is 
understudied, but the common co-occurrence of feather carot-
enoids with wide barbs lacking barbules has been known for de-
cades (62). In accordance with these previous observations, we 
found wider barbs and reduced barbules in Manacus collar feathers 
containing lutein and a significant positive relationship between 
barb width and lutein concentration. It is unclear whether these 

feathers develop without barbules, or if the barbules are gradually 
lost throughout the season, as both processes have been observed 
(63, 64). Lutein deposition in yellow feathers may inhibit full forma-
tion of hierarchical feather structure (63), but our results suggest 
that it is not the sole factor causing structural differences in Manacus 
feathers. Collar feathers of vitellinus had lutein concentrations simi-
lar to hybrid collars and candei bellies, but both of the latter retained 
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more barbules than vitellinus collars. We also found that feather mi-
crostructure, including barb width and, potentially, barbule mor-
phology, affect color by shifting peak reflectance toward redder hues 
and increasing color saturation and purity. These results suggest that 
altering feather microstructure may be an important component of 
birds’ color signaling and that this process is likely refined by selec-
tion. Barb shape, including greater width and flatness, has previ-
ously been shown to increase color saturation in other birds (65), 
and a lack of barbules has been hypothesized to reduce diffuse 
scattering of light (63). Further analysis of morphological data in 
manakins and other species, including more quantitative barbule 
measurement, will improve tests of this hypothesis. Populations that 
have received introgression resulting in de novo deposition of carot-
enoids, as in the manakin hybrid zone, are particularly fruitful 
systems in which to conduct such tests.

Genetic basis of plumage color
Three complementary genomic approaches, dSNPs, RADseq clines, 
and sliding window differentiation and introgression metrics, all iden-
tified alleles around and within the gene BCO2 as the major genetic 
difference between cross-river manakin populations that differ in collar 
color (Fig. 3). These analyses also confirmed that, in yellow-collared 
hybrid populations, the block of DNA containing BCO2 is derived 
from M. vitellinus and reached admixed populations via introgres-
sion. A growing body of evidence has pointed to BCO2 as a common 
target of selection controlling simple carotenoid-based color differ-
ences in the integument of many vertebrates, including salmon flesh 
(51), mammal fat (45), lizard skin (50), bird bare parts (48, 52, 66), 
and bird feathers (46, 47). BCO2 alleles also appear to have spread 
between colorful species several times in parulid warblers (49).

When BCO2 is active, it cleaves carotenoids into colorless prod-
ucts (37). As a result, changes to BCO2 that result in greater carot-
enoid content typically involve loss-of-function mutations (45, 66) or 
reduced expression (47, 48, 50). We found no differences between the 
BCO2 coding sequences of yellow- and white-collared males, so loss 
of function at the protein level is unlikely. Nevertheless, the signal of 
introgression was localized in and around the gene, thus pointing to 
a mutation or mutations in cis-regulatory elements in an intron or 
flanking sequence as the most likely genetic cause of the yellow phe-
notype. Although BCO2 expression was lower in M. vitellinus muscle 
than several relatives, its expression in the cerebellum appeared to be 
higher (fig. S34). Therefore, we favor a hypothesis involving precisely 
localized and/or timed reduction in gene expression or enzyme ac-
tivity during feather development. Such tissue-specific gene expres-
sion regulates other sexual traits in manakins (67), and skin-specific 
control of BCO2 expression underlies the yellow skin of domestic 
chickens (48). Gene expression analysis in growing feathers, liver, 
kidney, gut, and other tissues involved in carotenoid processing and 
deposition is needed to address this hypothesis.

Several other genes were identified by one or a combination of 
analyses that point to other instances of introgression across the 
Manacus hybrid zone, including ASIP, RDH10, and RSPO2. Wheth-
er any of these genes are causally related to introgressing plumage or 
behavioral traits deserves further study.

Historical gene flow at BCO2
We also identified historical introgression at BCO2 between M. aurantiacus 
and M. vitellinus. Allele frequency patterns showed a strong introgression 
signal at BCO2 between the two species, and the topology of the 

well-supported BCO2 gene tree suggests that the allele for pig-
mented collars arose in aurantiacus and spread to vitellinus. While 
incomplete lineage sorting can also produce gene trees that do not 
match the species tree, we consider it unlikely to be the cause of the 
BCO2 gene tree topology. Incomplete lineage sorting is most likely 
when internodes are short (68), but this is not the case for Manacus 
(69). In the study of Leite et  al. (69), all marker types (ultracon-
served elements and exons) and analytical methods (concatenation 
and gene tree reconciliation) strongly supported the sister relation-
ship between candei and aurantiacus. M. vitellinus and aurantiacus 
are not now in contact, but they are separated by ~25 km in central 
Panama (58, 59) and could have hybridized in the past. While we 
cannot identify the phenotypic outcome of this introgression with 
the same confidence as the vitellinus-candei introgression, a com-
bination of evidence strongly supports the notion that BCO2 in-
trogression from aurantiacus to vitellinus had an important impact 
on vitellinus coloration. This evidence includes the connection we 
discovered between BCO2 and vitellinus coloration, the known im-
portance of BCO2 to plumage color in other species (46,  47), the 
known importance of collar color for sexual selection in Manacus 
(27, 28), and the fact that the signal of introgression from aurantiacus 
to vitellinus largely overlaps with the vitellinus-to-candei introgres-
sion block. The most likely scenario, therefore, is one in which the 
BCO2 allele for pigmented collars arose once in M. aurantiacus, was 
subsequently transferred through hybridization to vitellinus, spread 
throughout its range, and then partially spread into a third species, 
M. candei, in western Panama.

Three-species introgression has rarely been reported in nature 
(70–77). Even rarer are instances in which such introgression is 
clearly connected to positive selection for the movement of traits 
between species, as occurred with the spread of seasonal camouflage 
pelage among rabbits (76) and, most likely, colorful plumage in 
Setophaga warblers (49). Multispecies introgression may be com-
mon early in rapid radiations like those of African cichlids (77), 
Heliconius butterflies (78), and Andean siskins (79). Whether situa-
tions like the present one involving sexually selected traits are com-
mon awaits further study, and the continued advance of genomic 
technologies and methods will facilitate that process.

Sexual selection: What traits and which mechanisms?
The asymmetric introgression of adult male plumage traits in Manacus 
has been attributed to female choice and/or male-male competition 
[reviewed in (32)]. In a study on mixed leks with both yellow- and 
white-collared males, Stein and Uy (28) found that yellow-collared 
males received more visits from females and copulated more often 
than white-collared males, implicating female choice in the plumage 
introgression. Supporting the male-male competition hypothesis, 
McDonald et al. (30) showed that yellow-collared manakin males, 
whether pure M. vitellinus or hybrids, were more physically aggres-
sive than white-collared birds, which likely confers an advantage 
during dominance interactions. However, since yellow collars and 
olive-green bellies were correlated in their study populations, it is 
plausible that belly color was the plumage trait directly associated 
with increased aggression in that study. Stein and Uy (28), in a simi-
lar study on mixed-color leks, did not detect a difference in aggres-
sion between yellow- and white-collared males, but this study also 
did not control for belly color. We have shown here that the darker 
olive-green belly colors of vitellinus and some hybrids result from 
the deposition of melanosomes in feather barbules. In a number of 
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vertebrate systems, melanocortins have been known to produce 
pleiotropic effects on both coloration and behavior, with darker col-
oration often associated with greater aggression, especially in birds 
(80). Of note, Long et al. (29) recently showed that olive green belly 
color, while initially trailing yellow collars in the Manacus system, 
has continued to spread into admixed populations and has reached 
the Río Changuinola within the past 30 years. Thus, yellow collars, 
olive bellies, and enhanced aggressiveness may all be targets of 
sexual selection in this system, and their relative importance re-
mains to be determined.

In combination with previous results, evidence presented here 
that colorful collars likely originated in M. aurantiacus and spread 
to vitellinus before reaching the vitellinus x candei hybrid zone and 
spreading into candei populations supports the hypothesis that col-
orful collars are generally attractive within Manacus. Positive selec-
tion on carotenoid-based plumage colors is implicated in other bird 
systems, such as the multiple cross-species introgressions of BCO2 
among Setophaga warblers (49), the asymmetrical introgression of 
red plumage in fairy-wrens (14), and the attractiveness of brighter 
red plumage in house finches (20). Selection for more intense colors 
has been interpreted as potentially resulting from honest signaling 
for higher male quality (81) or perceptual bias for particular signals 
(19). These explanations for yellow plumage introgression would 
predict that it should continue to spread whenever possible.

In Manacus, therefore, the fact that plumage introgression from 
M. vitellinus into candei appears to have been stalled for more than 
30 years at the Río Changuinola (29) and has not swept through 
trans-Andean M. manacus populations despite two apparent 
contact zones in Colombia (Fig. 1A) (82) presents a conundrum. 
Several explanations for stalled introgression have been proposed, 
including the river acting as a barrier to gene flow, positive frequency-
dependent selection for yellow, variable light environments, or a 
combination of these factors (23,  28,  83). To date, none of these 
proposals is supported by convincing evidence (32). A recent mod-
el of mate choice focused on how females acquire mating prefer-
ences predicts that, under certain conditions, female preference 
will vary over time and space (84). This possibility also deserves 
consideration in the Manacus system. Evidence from the present 
study linking BCO2 to collar color variation in the hybrid zone 
should facilitate further detailed investigation of the evolutionary 
mechanisms acting on color in Manacus.

Do colorful collars come at a cost?
We hypothesize that the spread of carotenoid-pigmented collars, 
while clearly advantageous for sexual selection in some cases, may 
come at a fitness cost for natural selection. We have shown here that 
microstructural modifications accompany lutein pigmentation in 
Manacus collar feathers and are likely to affect their physical perfor-
mance in shedding water (see Materials and Methods for further 
discussion of the water repellency model). Water shedding is a criti-
cal function of feathers in the tropical rainforests where manakins 
live. The potential negative fitness effects of reduced water shed-
ding capacity are numerous and varied (85). Our estimates of water 
repellency predict that Manacus species with pigmented collar feathers 
have significantly reduced water shedding performance compared to 
species with white collars. Lower predicted water repellency is due to 
the wider barbs of pigmented feathers, which reduce pore size and 
increase the ratio of solid surface to air in contact with water drop-
lets, reducing net surface tension and enhancing wettability of feathers 

(34). Water repellency of hybrid collars spanned nearly the entire 
range of values for white and pigmented collars (Fig. 2G), suggesting 
that individuals at the lower end of this range may incur a fitness cost 
(86) in the hybrid zone in western Panama, an area where rainfall is 
extremely high (87).

Collar width is another trait that has introgressed asymmetri-
cally along with carotenoid pigmentation in this hybrid zone (13). 
The pigmented collar on the dorsal surface (hindneck) of M. vitellinus 
is much narrower than the white dorsal collar of M. candei (Fig. 5). 
We speculate that this narrow hindneck collar trait may compensate 
for the reduced water repellency of lutein-pigmented collar feathers, 
limiting potential negative impacts of their reduced water shedding 
capacity. Previous work demonstrated that the narrow dorsal collar 
of vitellinus has partially introgressed into hybrid populations but 
trails behind the limit of yellow collar introgression (13). Hybrids at 
site 4 on the east bank of the Río Changuinola have bright yellow 
collars like M. vitellinus, but their dorsal collar width is very broad 
like M. candei (Fig. 5). It is possible that hybrids with this combina-
tion of traits may experience negative fitness effects due to reduced 
water shedding capacity of their broad yellow collars. Natural selec-
tion may act to ameliorate this cost by reducing the width of the 
dorsal collar, driving the observed introgression of narrow collars 
from vitellinus into candei. Future studies could test this idea by ex-
amining the physiological effects of intense rainfall on hybrid mana-
kins with different combinations of these traits.

We note that our water repellency estimates are based on a sim-
ple model originally designed to estimate the water shedding capac-
ity of porous textiles (34, 35). A recent review details complexities of 
feather structure that are not captured by this model and empha-
sizes the likely importance of barbule microstructure in water repel-
lency (88). While barbule microstructure is not considered in our 
model estimates, it seems likely that the absence of barbules on the 
distal third of pigmented Manacus collar feathers would only in-
crease their wettability, reinforcing the conclusions reached here.

In sum, our results show that a case of asymmetric sexual trait 
introgression in the manakin genus Manacus likely results from a 
regulatory change in the carotenoid processing gene BCO2 and that 
this introgression was preceded by historical gene flow at the 
same gene from a third species in the genus. Such three-species 
introgression events may be more common than now appreciated 
early in radiations, but reported cases involving key traits, like 
coloration in a lekking bird, have so far been rare. We show that the 

M. candeiM. vitellinus Hybrid

Fig. 5. Collar width differences between M. vitellinus, M. candei, and their hy-
brids. Specimens with representative dorsal collars from the hybrid zone region 
were photographed: M. vitellinus are from site 10, hybrids are from site 4, and 
M. candei are from site 2. Yellow feathers have reduced water shedding capacity 
relative to white feathers, so we propose that the narrow collar of M. vitellinus may 
compensate by reducing the available wettable surface.
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microstructure of carotenoid-pigmented feathers has likely been re-
fined by selection to enhance coloration, and we propose both a po-
tential fitness detriment that results from those modifications and a 
potential compensatory mechanism. These findings reveal the intri-
cate interplay of sexual selection, hybridization, and introgression 
involved in shaping the ornamentation and behavior of these birds 
and hint at additional levels of complexity yet to be explored.

MATERIALS AND METHODS
Feather color and pigment analysis
We examined the collar and belly feathers of four species in the genus 
Manacus (M. manacus, M. candei, M. vitellinus, and M. aurantiacus), 
as well as from M. candei x M. vitellinus hybrids. Five feathers were 
plucked from each of two plumage patches, the belly and collar, of six 
museum specimens of each taxon from the US National Museum of 
Natural History (NMNH). Specimen information is available in table 
S1. We used a combination of light microscopy, reflectance spectros-
copy, and HPLC to characterize the pigments in feathers and the 
mechanisms of color production. We sought to determine which ca-
rotenoids were present and their concentrations and to visually de-
termine the presence and location of melanin in feather morphology.

Each feather was examined under reflected light before and after 
carotenoid extraction. The presence or absence of barbules along the 
barbs and the presence of pigmentation (carotenoids and/or melani-
zation) in the barbs and barbules were noted. Pictures were taken 
using an AmScope Microscope Digital Camera at a magnification of 
×10 and ×40.

When performing UV-visible spectroscopy, five feathers were 
overlapped and taped down flat, ventral side up, onto a black card-
board background. This was done to simulate how the feathers may 
have been placed on the bird during life and to eliminate any back-
ground noise when sampling the feathers. Three measurements 
were taken in a dark room at a 90° angle of incidence from each set 
of feathers using an Ocean Optics USB4000 spectrophotometer and 
an Ocean Optics PX-2 pulsed xenon light source relative to a white 
reflectance standard (Labsphere Inc., North Sutton, NH, USA). 
Spectra were measured using OceanView v1.67 (Ocean Insight, FL, 
USA). Spectral measurements were taken from the left, center, and 
right of the distal end of the overlapped group of feathers. Capturing 
multiple measurements from each plumage patch helps account for 
any variation in color within or between feathers. The resulting 
spectral data were analyzed and graphed using the pavo package v. 
2.4.0 (33) in R v. 4.3.3 (89).

For carotenoid analysis, we sampled two feathers in each feather 
patch from each species and hybrids. All feathers were cut approxi-
mately one-third of the way up from the base, removing the bottom 
portion of the feather that was heavily melanized and saving the top 
two-thirds of the feather. Carotenoids were extracted from cut 
feather sections and analyzed using HPLC. See Supplementary Text 
for detailed methods.

We performed statistical analyses of feather data in R using lin-
ear models corrected for multiple comparisons using the emmeans 
package v.1.4.5 (90) and linear mixed effects models. First, we com-
pared the concentration of lutein (square root transformed to 
achieve normality) in the belly or collar feathers among the five 
species and hybrid included in this study. Next, we compared the 
concentration of lutein in the belly versus the collar feathers of the 
three taxa which had yellow pigmentation in both feather patches 

(hybrids, M. vitellinus, and M. aurantiacus). Next, we investigated 
the effect of increasing lutein concentration on colorimetric vari-
ables obtained during reflectance spectroscopy of collar feathers 
only (to remove the effect of barbule morphology present in belly 
feathers) using a mixed effects model that incorporated specimen 
identity to account for non-independence of data within species/
hybrid form. These variables were saturation in the yellow wave-
lengths of light (S1yellow), UV reflectance saturation (S1UV), ca-
rotenoid chroma (S9), mean sample brightness (B2), and sample 
midwavelength hue (H3). Next, we compared feather brightness (as 
measured by reflectance spectroscopy) of collar feathers of each of 
the five taxa. Next, we modeled the relationship between barb 
width and lutein concentration and between barb width and the 
colorimetric variables described above. Last, we compared the con-
centration of lutein and the colorimetric variables above between 
yellow belly feathers of M. candei and yellow collar feathers of 
M. vitellinus and hybrids.

From each model analysis, we report the estimated effect size (β: 
the difference between groups or the slope of the relationship be-
tween two variables), the confidence interval around the estimated 
effect size, and the associated P value (Table 1 and tables S2 and S3). 
All supplemental feather figures and graphs were built in R using the 
ggpubr v.0.2.1 (91) and cowplot v.1.0.0 (92) packages.

Generation of genome resequencing data and 
reference-based scaffolding
Samples used for genome resequencing were collected in northwest 
or central Panama. All birds were collected in 1980–1990s and pre-
served as voucher specimens at the US Museum of Natural History 
as round or flat study skins or skeletal specimens. All samples were 
previously studied by Brumfield et al. (23), so we follow their popu-
lation/site designations for consistency. We sequenced 12 M. candei, 
4 M. vitellinus, and 10 hybrids from a population with a predomi-
nantly candei genomic background but some introgression from 
vitellinus (table S5). Two M. candei individuals represented paren-
tals from site 2 near the border with Costa Rica and 10 were from 
site 3 on the west bank of the Río Changuinola (Fig. 1C). The 10 
hybrids were from site 4 on the east bank of the Río Changuinola 
(Fig. 1C). The four parental M. vitellinus were from site 12, ~250 km 
east of the Rio Changuinola, far from the plumage or genomic con-
tact zones (Fig. 1C). Collar and belly plumage color of the birds 
from sites 3 and 4 was confirmed by examining the museum speci-
mens. DNA, extracted through a phenol-chloroform and ethanol 
precipitation method, was shipped to the McDonnell Genome Insti-
tute, Washington University for library preparation and DNA se-
quencing across three lanes of the Illumina HiSeq X platform (2 × 
150 bp paired-end reads). Raw sequencing reads are available from 
National Center for Biotechnology Information (NCBI) at BioPro-
ject PRJNA1129471.

The average number of raw FASTQ reads per individual was 
97.6 million (range: 64.4 to 123.6 million). We used Cutadapt im-
plemented in Trim Galore v0.6.4 (https://github.com/FelixKrueger/
TrimGalore) to conduct quality and adapter trimming (default 
parameters). The average read length and number of reads per sam-
ple after quality trimming were 145.4 bp and 96.3 million (range: 
63.7 to 121.6 million), respectively. We used bowtie2 v2.3.5 (93) to 
map trimmed and filtered reads to the annotated reference genome 
of M. vitellinus (NCBI RefSeq accession GCF_001715985.3). At 
the time of read mapping, this reference genome was the only one 

https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
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available for the genus. Samtools v1.9 was then used to sort and 
index the bam files (94). This reference genome (scaffold N50 = 
17.9 Mbp, contig N50 = 290.6 kbp) was generated with a combina-
tion of Illumina HiSeq short reads and Pacific Biosystem long reads 
and assembled with MaSuRCA v3.1.1 (95).

Across all samples, the average overall botwtie2 alignment rate 
was 94.6% (range: 91.5 to 96.5%). Next, we followed recommended 
best practices and used GATK v3.8.1 to conduct variant calling (96). 
Briefly, we used the HaplotypeCaller tool to conduct calling of SNPs 
and insertions/deletions (indels) simultaneously via local de novo 
assembly of haplotypes. This generated per-sample intermediate 
GVCF files, which were then combined with the GenotypeGVCFs 
tool to produce the final raw VCF file. We then selected for SNPs 
and used the GATK tool VariantFiltration to conduct both SNP- 
and genotype-level filtering. We used the expressions “QualByDepth 
< 2.0 || FisherStrand > 60.0 || StrandOddsRatio > 3.0 || RMSMap-
pingQuality < 40.0 || ReadPosRankSum < −3.0 || ReadPosRank-
Sum > 3.0 || BaseQRankSum < −3.0 || BaseQRankSum > 3.0 || 
MQRankSum < −3.0 || MQRankSum > 3.0” and “DP < 5.0 || GQ < 
13.0” to remove low-quality or spurious SNPs and genotypes, re-
spectively, during the filtering process. Last, we retained SNPs that 
contained genotype information in at least 21 individuals (of the 
total 26), producing a filtered VCF file containing 19.8 million SNPs. 
At the individual level, the proportion of SNPs with missing geno-
type information ranged from 2.9 to 22.5% (table S3).

Because a downstream analysis (ABBA-BABA analysis) required 
the use of an outgroup taxon to determine derived-ancestral allelic 
states, we downloaded Illumina HiSeq 2000 FASTQ reads from a 
whole-genome sequencing project of Pipra filicauda (NCBI Run Ac-
cession: SRR6885520; 105.5 × 1012 bp, 349.2 × 106 150 bp paired-
end reads). Following the above workflow, we mapped P. filicauda 
reads to the M. vitellinus reference genome and generated a separate 
VCF file with outgroup data. This VCF contained 44.5 million SNPs 
after SNP-level, genotype-level, and missingness filtering.

To place M. vitellinus scaffolds in their approximate chromosomal 
positions, we conducted reference-guided chromosome-level 
scaffolding, using the genome of C. lanceolata (lance-tailed mana-
kin) as the reference (NCBI RefSeq accession GCF_009829145.1). 
This high-quality genome assembly consisted of full chromosomes, 
including 33 autosomal macro- and microchromosomes, and two 
sex chromosomes (W and Z). We used RaGOO v1 (97) with default 
parameters to conduct scaffolding. As expected, given the high level 
of synteny among bird species, the scaffolding process resulted in 
high confidence in terms of placing and orienting each M. vitellinus 
scaffold against C. lanceolata chromosomes (average positional 
confidence score = 77.8%, SD = 27.6%; average orientation confi-
dence score = 98.2%, SD = 7.3%).

Principal components and phylogenetic network analysis
To reveal relative divergence among populations and evolutionary re-
lationships among individuals, we conducted phylogenetic network 
analysis using the NeighborNet algorithm implemented in SplitsTree 
v5 (98, 99). We took the above filtered VCF file containing 19.8 mil-
lion SNPs and removed SNPs with minor allele frequency of less than 
5%. This was followed by thinning of SNPs so that no two sites were 
within 10,000 bp of each other. This produced a final VCF file con-
taining 103,885 SNPs. Using PGDSpider v2.1.1.5 (100), we converted 
the reduced VCF file into a FASTA file (one sequence per individual) 
while collapsing heterozygous genotypes into International Union of 

Pure and Applied Chemistry ambiguity codes. Before NeighborNet 
network construction, we used the HKY85 substitution model, a 
model appropriate for closely related species, to calculate genetic 
distances among individuals. To simplify the network, we filtered 
edges by setting maximum dimension to 4 (i.e., removing splits that 
caused boxes in the network to have dimensions > 4).

To conduct principal components analysis, we first used ANGSD 
v0.918 to generate filtered genotype posterior probabilities (com-
mand: -doMaf 1 -doMajorMinor 1 -SNP_pval 1e-6 -uniqueOnly 
1 -remove_bads 1 -only_propoer_pairs 1 -C 50 – baq 1 -minMapQ 
20 -minQ 13 -minMaf 0.05 -minind 21 -GL 1 -doGeno 32 -doPost 
1) (101). Only SNPs with data in at least 21 of 26 individuals and a 
minimum allele frequency of 5% were kept. This created a genotype 
posterior probabilities output containing 13.1 million SNPs. Follow-
ing this, we used ngsCovar v1 to randomly subsample 1 million 
SNPs to reduce linkage disequilibrium and to calculate the covari-
ance matrix among individuals (102). Eigenvector decomposition 
was then conducted in the R statistical package to generate the prin-
cipal components (89).

Modeling population divergence and gene flow
Using the genome resequencing data and an allele frequency spec-
trum approach, we estimated population divergence histories be-
tween M. vitellinus (N = 4), M. candei (N = 10, site 3 only), and 
hybrids (N = 10, site 4) and between the latter two populations only 
(table S3). For the three-population analysis, we removed any SNPs 
that have missing data across the three populations, creating a full 
data matrix. Following this, we kept only SNPs that were at least 
1000 bp from each other to reduce linkage disequilibrium among 
them. This resulted in a folded three-dimensional (3D) site frequen-
cy spectrum that contained 608,905 segregating sites. Next, we 
modified an optimization routine (moments_Run_Optimizations.
py) in moments_pipeline (github.com/dportik/moments_pipeline) 
to evaluate the fit of five candidate population divergence models 
(table S6 and fig. S6) to the data. The population branching history 
of all three-population models was (M. vitellinus, (M. candei, hy-
brids)), and the tested models varied with respective to whether mi-
gration was allowed between pairs of populations. The lower and 
upper bounds of population size (0, 40), time of split (0.0001, 10), 
and migration rate (0, 50) parameters were kept the same when test-
ing all models. These parameter bounds have been verified to be 
appropriate through multiple preliminary moments runs.

After the preliminary runs were completed, for each demographic 
model being tested, we first conducted four to five independent 
moments_pipeline optimization runs, with each run containing four 
sequential rounds and each round containing 10 (round 1) or 20 
(rounds 2 to 4) independent replicate moments runs. While starting 
parameters of the first-round replicates were random, parameters 
from the best scoring replicate after each round was completed were 
used to initiate perturbed starting parameters for replicates of the 
subsequent round. The levels of perturbation of starting values (i.e., 
“fold” value) for the four sequential rounds were 3, 2, 1, and 1, re-
spectively.

When parameter optimization of each model was completed, we 
inspected log likelihood values across runs to ensure convergence. 
After all candidate models were evaluated with moments_pipeline, 
we then used the Akaike information criterion to select the best de-
mographic model. Using this best demographic model, we conducted 
one final, long moments run (maximum number of iterations = 

http://github.com/dportik/moments_pipeline
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100), using demographic parameters from the best round 4 moments_
pipeline replicate as starting values. To estimate parameter uncer-
tainties, we first generated 100 bootstrapped folded spectra and used 
the Godambe Information matrix, an appropriate approach for com-
posite likelihoods and SNPs that are not fully unlinked, to calculate 
95% confidence intervals (103).

The same optimization and modeling approaches were applied to 
a 2D site frequency spectrum between M. candei from site 3 and 
hybrids from site 4 (number of segregating sites = 399,572). We 
tested four candidate models that varied with respect to whether or 
when migration occurred between the two populations (table S6). 
To convert substitution rate–scaled parameter estimates to absolute 
units, we used a genome-wide substitution rate of 3.3 × 10−9 substi-
tutions/year and a generation time of 2.5 years.

Genomic window-based divergence and 
introgression metrics
Because of our sampling scheme along the Río Changuinola—very 
similar populations genetically but with a major color difference—
we expected genomic regions underlying color to show strong sig-
nals of both differentiation across the river and introgression from 
M. vitellinus. To locate these regions, we calculated differentiation 
and introgression statistics in sliding windows along genomic scaf-
folds. Because any single population genetic statistic may be affected 
by confounding factors and because we expected a region underly-
ing color to be robust to such issues, we used multiple analysis 
methods to assess both differentiation and introgression (40,  41). 
We calculated these statistics in non-overlapping windows of 10, 25, 
and 50 kb (fig. S35). Results were similar between window sizes, and 
the smallest size allowed us to narrow down regions of interest more 
precisely. For that reason, we used 10-kb windows in downstream 
analyses and present those results in Fig. 3. We omitted all scaffolds 
smaller than 10 kb, which accounted for 0.25% of the total genome 
length. We identified focal regions potentially underlying the plum-
age color difference by selecting windows that fall above the 99.9th 
percentile of the differentiation and introgression statistics (de-
scribed below). The avian Z chromosome has a smaller effective 
population size than autosomes (macro- and microchromosomes), 
and as a result, differentiation and introgression statistics behaved 
differently on Z than on autosomes (fig. S36). Therefore, we calcu-
lated Z chromosome 99.9th percentile thresholds separately from 
autosome thresholds.

We predicted that genomic regions underlying the plumage color 
differences between M. vitellinus and M. candei would show substan-
tial genetic differentiation between birds from sites 3 and 4 on either 
side of the Río Changuinola (Fig. 1C and table S3). We used the pop-
genWindows.py script (github.com/simonhmartin/genomics_general) 
to calculate the nucleotide diversity, π, of each population, the fixa-
tion index, FST, and sequence divergence, DXY (42), between the 
two populations. FST is the proportion of total genetic variation 
accounted for by differences between populations, while DXY is the 
average of the pairwise sequence divergence between population 
samples. The method we used calculates variant site measures of DXY 
and π, so we calculated invariant sites in each window and adjusted 
DXY and π values accordingly (see get.popgen.data.R in Supplemen-
tary Code for details). Because DXY is heavily influenced by nucleo-
tide diversity, π, (Pearson’s r = 0.984; fig. S37A), we instead used Da 
(42) for downstream analyses, which we calculated by subtracting 
the mean π of the two populations from DXY (fig. S37B).

Because the plumage differences between M. candei and hybrids 
are likely due to introgression of these traits from M. vitellinus into 
the hybrid population (13, 23), we calculated introgression statistics 
to identify genomic regions in hybrids that originated in M. vitellinus. 
We predicted that regions underlying the plumage color differences 
would show signatures of both differentiation and introgression. We 
calculated fd, which is a modified version of the ABBA-BABA D sta-
tistic intended to be applied to population samples in small genomic 
windows using the ABBABABAwindows.py script (github.com/
simonhmartin/genomics_general) (43). fd is an estimator of the pro-
portion of a genomic region that is shared due to introgression be-
tween populations P2 and P3 in a set of populations with the 
relationship (((P1, P2), P3), O). fd is a more sensitive and less biased 
statistic than D when applied to small genomic regions (43), and 
unlike FST and Da, fd is not sensitive to local recombination rate 
variation since it depends on the ratio of various allelic states across 
a tree rather than measures of genetic diversity (104). In our calcula-
tions, we used P1 = M. candei (site 3, N = 10), P2 = hybrids (site 4, 
N = 10), and P3 = M. vitellinus (site 12, N = 4), and the outgroup 
was P. filicauda. We omitted windows with fewer than 100 biallelic 
SNPs used to calculate fd, as recommended by the author of ABBA-
BABAwindows.py.

In addition to fd, we estimated the RND of the split between 
site 3 M. candei and site 4 hybrids to the split between hybrids and 
M. vitellinus (site 12) by calculating sites 3 to 4 DXY ÷ sites 4 to 12 
DXY (44). Assuming a consistent substitution rate across lineages, 
values greater than one represent genomic windows where the di-
vergence between hybrids and M. vitellinus is more recent than 
the hybrid/M. candei divergence. Because the genomes of hybrids 
are predominantly derived from M. candei (23,  29,  36), these 
windows should be very rare in the genome and indicate intro-
gression from vitellinus.

A total of 266 autosomal (of 91,913) and 26 Z chromosome (of 
7079) 10-kb windows were considered 99.9th percentile outliers for 
at least one of the four summary statistics. A substantial proportion 
of these windows were flagged as outliers by two or more summary 
statistics (autosomes: 32.3%; Z chromosome: 23.1%) (fig. S9). Among 
the windows flagged by two summary statistics (n = 75), the major-
ity were flagged by either the two introgression statistics, fd and RND 
(autosomes: 37 of 75; Z chromosome: 4 of 6), or the two differentia-
tion statistics, FST and Da (autosomes: 36 of 75; Z chromosome: 1 of 
6). The fact that outlier windows for introgression statistics did not 
often overlap with differentiation statistics outliers suggests that high 
differentiation (between hybrids and M. candei in site 3) of some 
windows might have arisen from processes other than introgression 
(from M. vitellinus into hybrids), including local selection or drift in 
one of the two M. candei populations after their lineages diverged or 
increased FST or Da due to low π and/or recombination rates (104). 
Nevertheless, a number of autosomal outlier windows were supported 
by three or all four summary statistics, indicating that these were strong 
candidates for windows containing loci that underlie the plumage 
introgression (fig. S9).

To facilitate the inspection of gene content of genomic regions 
that received strong support from our window-based analyses, we 
selected focal windows based on the following approach. We consid-
ered an autosomal window (window size = 10 kb) a focal window if 
it was marked as a 99.9th percentile outlier by at least three of the 
four summary statistics (num_outliers ≥ 3). In addition, we used the 
rollmean function of the R package zoo (105) to calculate centered 

http://github.com/simonhmartin/genomics_general
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moving average of num_outliers; for each window, we calculated the 
average of its num_outliers and those of the two windows that were 
immediately up or downstream (MAV3). Next, an autosomal win-
dow was considered a focal window if its num_outliers ≥ 3 or MAV3 
≥ 1. The use of moving averages as a criterion for identifying focal 
windows allowed us to find genomic regions of interest where outlier 
windows for the various introgression/differentiation statistics were 
not exactly coincident but could be found in adjacent windows. Be-
cause no Z chromosome windows had num_outliers ≥ 3 (fig. S9B), 
the following criteria were used to identify focal windows: num_
outliers ≥ 2 or MAV3 ≥ 1.

Using these criteria, we found a total of 74 and 8 focal windows 
in autosomes and the Z chromosome, respectively. We further 
organized the focal windows into 24 genomic neighborhoods 
where focal windows were contiguous or no more than 1000 kb 
(100-window length) from each other (table S10 and figs. S10 to 
S33). These genomic neighborhoods were found only in six auto-
somes and the Z chromosome. They each spanned 10 to 960 kb, 
containing zero to eight ab initio annotated protein coding genes. 
Three such genomic neighborhoods stood out as being highly 
prominent in that they each contained one (genomic neighbor-
hood 11) or two (genomic neighborhoods 9 and 19) 10-kb win-
dows that were outliers for all four summary statistics (table S10). 
A list of genes, and their functions, found in strongly supported 
windows can be found in table S11.

Pathway and gene ontology term 
overrepresentation analysis
To test whether the outlier-marked regions of the genome were en-
riched with genes from defined molecular pathways or functions, 
we used the Protein Analysis Through Evolutionary Relationships 
(PANTHER) classification system (106). We filtered the M. vitellinus 
reference genome for isomers annotated under multiple protein IDs 
and consolidated to a single isomer per gene. The filtered M. vitellinus 
reference genome amino acid sequences for all proteins were que-
ried against the PANTHER hidden Markov model library using the 
hmmscan option to return the best hit (107). Once functional clas-
sifications were obtained for as many of the proteins in the genome 
as possible, genes (again, filtered down to single isomer representa-
tion) that appeared within a 10-kb outlier window supported by any 
of the four differentiation or introgression statistics or 20 kb up- or 
downstream of the outlier window were defined as the outlier subset 
from the full genome complement of proteins. We chose an addi-
tional area that was +20 kb of the outlier window because it could 
contain a distal cis-regulatory element (e.g., enhancer and insulator) 
with its associated gene.

We used the PANTHER Gene List Analysis tool to perform a 
PANTHER pathways statistical overrepresentation test; in short, 
the functional classifications for the entire genome complement 
served as a basis for expected composition of an outlier subset. 
Without pathway enrichment, one would expect to observe the 
same proportion of genes from a given pathway in a subset as are 
present in the entire genome complement. Statistical deviation 
from expected values in our observed outlier gene set was assessed 
with a Fisher’s exact test including a false discover rate correction 
for multiple tests. We also used the PANTHER gene list analysis 
tool to assess whether any GO-Slim (Gene Ontology Slim) term 
categories (molecular function) were overrepresented in the same 
manner as the pathways.

Cline analysis
We sought to increase the geographic resolution of our introgres-
sion results by fitting geographic clines to phenotypic traits SNPs 
genotyped using RADseq from additional sampling sites in the 
Manacus distribution. We sequenced 152 individuals from eight 
sites (Fig. 1C, sites 2 to 10) to capture variation in hybrid as well as 
parental populations, following the sampling transect from (23). 
The locations and sample sizes of each site are available in table S14. 
For phenotypic clines, we measured three male traits (beard length, 
collar color, and belly color) using the whole museum skins of male 
Manacus manakins that were measured by (23) and deposited at 
NMNH. Detailed methods are described in (29). For the genetic 
clines, we used DNA samples archived at NMNH from individuals 
captured by Parsons et al. (13) and Brumfield et al. (23) and then 
sequenced in (29). Detailed methods on DNA extraction, sequenc-
ing, SNP calling, filtering, including cline width credibility interval 
filters, and genetic and phenotypic cline fitting are described in (29) 
following the methods for the “historical” dataset. Our final SNP 
cline dataset consisted of 4750 geographic clines with precise cline 
centers. Raw reads are available at NCBI BioProject PRJNA893627.

BCO2 expression
We explored Manacus lineage–specific gene expression of BCO2 
using gene expression data from scapulohumeralis and pectoralis 
muscles in six species of manakins and a suboscine outgroup 
from (67). Muscle reads were mapped to the P. filicauda genome 
(GCF_003945595.1) using the splice aware-aligner STAR v 2.7 
(108) and counted against gene features using featureCounts v2.0.1 
(109). Data on BCO2 expression in cerebellum came from three 
manakin species and a suboscine outgroup (table S16). Cerebel-
lums were collected from breeding males of each species, and RNA 
was extracted using a Qiagen RNeasy kit and sequenced in 2 × 100 bp 
reads on an Illumina NextSeq 500. Reads are available at NCBI 
BioProject PRJNA321179. Cerebellum reads counts were estimated 
using kallisto, using 30 sample bootstraps and transcripts available 
for M. vitellinus (GCF_001715985.3), and converted to counts us-
ing R package tximport. We compared lineage-specific gene expres-
sion in these muscle and brain tissues using PhyDGET. This method 
assigns Bayes factors (>|1.5|) to infer significant changes in gene 
expression along specific branches.

Historical BCO2 gene flow in Manacus
We prepared whole-genome sequencing libraries for nine addi-
tional individuals to encompass the major lineages within Manacus, 
including three M. aurantiacus, three M. manacus from east of the 
Andes (cis-Andean), and three M. manacus from west of the Andes 
(trans-Andean) (table S15). The libraries were sequenced by Novogene 
Corp. on one Illumina HiSeq lane, producing 217 million total 
reads averaging 23.8 million reads per sample. Raw sequencing 
reads are available from NCBI at BioProject PRJNA1129471. Reads 
were trimmed using Cutadapt implemented in Trim Galore and 
aligned to the M. vitellinus reference genome using bwa mem 
(110). We marked duplicates using picard MarkDuplicates. We fol-
lowed the GATK best practices workflow for variant calling, in-
cluding producing and filtering a VCF file, and then used the 
filtered VCF to apply a recalibration table to the original bam files 
using GATK v3.8.1.0 (96). The terms we used for removing low-
quality or spurious SNPs and genotypes were “QD < 2.0 || FS > 
60.0 || SOR > 3.0 || MQ < 40.0 || ReadPosRankSum < −3.0 || 
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ReadPosRankSum > 3.0 || BaseQRankSum < −3.0 || BaseQRank-
Sum > 3.0 || MQRankSum < −3.0 || MQRankSum > 3.0” and “DP < 
4.0 || DP > 45.0 || GQ < 3.0,” followed by a filter to remove indels and 
sites missing in more than five of nine individuals in VCFtools 
v0.1.16 (111).

We selected two control genes on chromosome 24 similar in 
size to BCO2, more than 1 Mb away, and with no known connec-
tion to coloration, DCPS and TBCEL. Our rationale was to deter-
mine whether any introgression signal we detected at BCO2 was 
independent of its genomic context. We identified genomic re-
gions to use for building gene trees by anchoring the ends of the 
regions of interest in exons of flanking genes to aid sequence 
alignment. We used a much shorter sequence for the BCO2 gene 
tree (48 kb, from 26 kb upstream to 5 kb downstream) than the 
control trees (306 and 384 kb, respectively) because of the likeli-
hood that recombination has reduced signals of shared ancestry 
that may have been present if introgression occurred at BCO2.

Using bam files from each individual, including two M. candei 
and four M. vitellinus whole-genome resequencing samples used in 
the above analyses, we produced a single consensus sequence per 
individual using Samtools consensus (94) and then aligned the se-
quences using Mafft (112). To facilitate tree rooting, we included the 
corresponding genomic regions from the reference genomes of 
P. filicauda (accession ASM394559v2) and C. lanceolata (Accession 
bChiLan1.pri) in the alignments.

We used IQ-Tree v2 (113) to produce maximum likelihood gene 
trees from each alignment with 10,000 bootstrap replicates, and in 
each case, we allowed IQ-Tree to select the best model of sequence 
evolution using Bayesian information criterion. The resulting trees 
were rooted at the midpoints.

Next, to place the evidence of gene flow at BCO2 in the context 
of genome-wide signals of introgression between M. aurantiacus 
and M. vitellinus, we calculated ABBA-BABA D statistics. To pro-
duce a VCF file for this analysis containing all species, we con-
ducted an additional round of SNP calling using bam files from the 
initial M. vitellinus, candei, and hybrid sequencing as well as bam 
files from the subsequent M. manacus and M. aurantiacus sequenc-
ing as inputs for GATK HaplotypeCaller and CombineGVCFs and 
then filtered using the following terms: “QD < 2.0 || FS > 60.0 || 
SOR > 3.0 || MQ < 40.0 || ReadPosRankSum < −3.0 || ReadPos-
RankSum > 3.0 || BaseQRankSum < −3.0 || BaseQRankSum > 3.0 
|| MQRankSum < −3.0 || MQRankSum > 3.0” and “DP < 4.0 || GQ < 
3.0.” Last, we filtered out indels and any sites missing in more than 
10 of 15 individuals.

ABBA-BABA statistics require a four-species tree, and the cal-
culation of the fd statistic makes the assumption that, in the tree 
structure (((P1,P2),P3,)P4), gene flow is directional from P3 to P2 
(43). Gene flow in the opposite direction will still result in elevated 
fd, but the signal will be reduced. We used the genomics_general 
package (https://github.com/simonhmartin/genomics_general) to 
calculate fd across the genome in 10-kb windows (43) with trans-
Andean M. manacus as P1, M. vitellinus as P2, M. aurantiacus as 
P3, and cis-Andean M. manacus as P4. We changed values of fd to 
zero in windows where D was negative, where fd was negative, or 
where fd was greater than one, as recommended by the author. Re-
moving windows with fewer than 100 sites used to calculate fd is 
recommended by the author to reduce stochastic variation in fd (fig. 
S38A), but this cutoff was not feasible for our dataset (fig. S38B). 
Instead, we used a 50-site cutoff.

For a finer-scale view of introgression evidence in the BCO2 re-
gion, we calculated fd on chromosome 24 using 2-kb windows and a 
10-site minimum cutoff. Using the all-species VCF file described 
above, we also made trees in 100-bp windows across the chromo-
some. For this analysis, we subset the main VCF into a window and 
then obtained the consensus sequence for each of four species 
(M. vitellinus, trans-Andean M. manacus, parental M. candei, and 
M. aurantiacus) using bcftools v1.18 (114), aligned the sequences 
with Mafft v7.520 (112), and built a tree using fasttree v2.1.11 (115). 
Next, we identified all trees in which M. aurantiacus and M. vitellinus 
were sister to one another and calculated the frequency of such trees 
in consecutive bins of 20 and 100 windows across the chromosome, 
corresponding to 2- and 10-kb bin sizes, respectively.

Feather water shedding in Manacus
The waterproofing of a bird’s feathers is determined by two forces: 
water repellency and water penetration resistance (34). Water repel-
lency is described as the ability for a feather to cause water to bead 
and shed from its surface, and water penetration resistance can be 
defined as the force required to push water through the barbs of 
overlapping feathers (34). These forces are in partial physical oppo-
sition to each other, as they are both determined by the diameter of 
a feather’s barbs and the spacing between adjacent barbs (34).

Mathematical estimations of water repellency and water penetra-
tion resistance have been developed on the basis of the similarity of 
morphology of feather structure to adjacent and overlapping cylin-
drical surfaces (34). These estimates have been applied to multiple 
bird species that inhabit aquatic and arboreal habitats (35, 116). Ter-
restrial and arboreal birds are believed to benefit the most from 
maximizing water repellency, while aquatic birds benefit most from 
penetration resistance (86, 116). Here, we use these estimates to ex-
amine the collar feathers of the four species in the genus Manacus 
(M. manacus, M. candei, M. vitellinus, and M. aurantiacus) and the 
M. candei x M. vitellinus hybrids that attained vitellinus plumage 
coloration through genetic introgression. We compared feathers 
from each species and the hybrids to look for differences in feather 
structure that could lead to fitness-related consequences in terms of 
waterproofing ability. We used light microscopy, photographical 
measurement, and wettability modeling to estimate the ability of 
feathers to repel water and resist water penetration.

For microstructural analyses, we used the same collar feathers 
from the color analyses described above. From the collar feathers, we 
sampled the most intact feather from each of the six individuals per 
taxon. The feathers chosen were not used in any color analysis be-
yond light microscopy—they were not subjected to HPLC or spec-
troscopy before our measurement for this analysis. Each feather was 
examined under reflected light on a glass calibration slide with an 
etched scale accurate to 0.1 mm. Feathers were placed on this scale, 
and pictures were taken using an AmScope Microscope Digital Cam-
era at a magnification of ×40. Photographs were imported into FIJI 
software, and morphological measurements were recorded using the 
calibration slide scale as reference. We recorded feather measure-
ments in the middle of the feather to avoid any fraying of the feather 
edges influencing the data according to the recommendation in (34). 
We recorded two main metrics in accordance with the methods of 
(34, 35): feather barb width and the spacing between feather barbs. 
We also recorded barb length from the base of the barb to the distal 
tip. From each feather, we recorded these measurements using five 
barbs and, therefore, retained feather ID in all statistical models to 

https://github.com/simonhmartin/genomics_general
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control for pseudoreplication and non-independence of barb mea-
surements within each feather.

We calculated water repellency using Eq. 1 below, as de-
scribed in (34)

where R is equal to the radius of each barb and D is equal to half the 
distance between adjacent barbs. Lower values of the repellency esti-
mate indicate reduced water repellency and higher values represent 
better water repellency. To estimate water penetration resistance, we 
used Eq. 2 below, also as described in (34)

where P is the pressure required to force water between feather 
barbs in grams per square centimeter, γ is the surface tension of wa-
ter, and R′ is the principal radius of curvature of a feather barb, cal-
culated using Eq. 3 below

where θ is the contact of angle of water with the feather surface. As 
in Rijke et al. (34, 35), we set γ to be equal to the surface tension of 
water at 20°C (72.86 dynes/cm) and θ to be equal to 90°.

We calculated differences among taxa in barb width, barb spac-
ing, barb length, water repellency [(R + D)/R], and water penetra-
tion resistance using linear mixed effects models in R using the lme4 
package (117) and corrected for multiple comparisons using the 
emmeans package v.1.8.5 (90). In this model, we used taxon as a 
fixed effect and feather ID as a random effect to control for the fact 
that five barb measurements came from each feather. We plotted our 
results using the cowplot v.1.1.1 (92), ggpubr v.0.6.0 (91), and patch-
work v1.1.2 (118) packages. From each model analysis, we report 
the estimated effect size (β: the difference between groups), the SE, 
and the confidence interval around the estimated effect size and the 
associated P value in table S4.
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