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Abstract

Studies on melanin-based color variation in a context of natural selection have provided a wealth of 
information on the link between phenotypic and genetic variation. Here, we evaluated associations 
between melanic plumage patterns and genetic polymorphism in the Réunion grey white-eye 
(Zosterops borbonicus), a species in which mutations on MC1R do not seem to play any role in 
explaining melanic variation. This species exhibits 5 plumage color variants that can be grouped 
into 3 color forms which occupy discrete geographic regions in the lowlands of Réunion, and 
a fourth high-elevation form which comprises 2 color morphs (grey and brown) and represents 
a true color polymorphism. We conducted a comprehensive survey of sequence variation in 96 
individuals at a series of 7 candidate genes other than MC1R that have been previously shown 
to influence melanin-based color patterns in vertebrates, including genes that have rarely been 
studied in a wild bird species before: POMC, Agouti, TYR, TYRP1, DCT, Corin, and SLC24A5. Of 
these 7 genes, 2 (Corin and TYRP1) displayed an interesting shift in allele frequencies between 
lowland and highland forms and a departure from mutation-drift equilibrium consistent with 
balancing selection in the polymorphic highland form only. Sequence variation at Agouti, a gene 
frequently involved in melanin-based pigmentation patterning, was not associated with color 
forms or morphs. Thus, we suggest that functionally important changes in loci other than those 
classically studied are involved in the color polymorphism exhibited by the Réunion grey white-
eye and possibly many other nonmodel species.
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Melanin-based pigmentation is an important component of vertebrate 
coloration that is often under strong genetic control (Roulin 2004; 
Hill and McGraw 2006). In laboratory mice (Mus musculus), at least 
150 different genes from the melanocortin pathway play some role 
in shaping patterns of melanin pigment production and deposition 
(Bennett and Lamoreux 2003). Only a handful of these genes has pre-
viously been found to influence body color in other vertebrate species 
(Hubbard et  al. 2010). The melanocortin-1-receptor (MC1R), one 
of the most studied “color genes,” has been shown to explain color 
variation in a broad variety of lineages, such as lizards (Rosenblum 
et al. 2004), Peromyscus mice (Mullen and Hoekstra 2008), humans 
(Valverde et al. 1995), birds (Theron et al. 2001; Mundy et al. 2004; 
Haas et al. 2009; Uy et al. 2009; Roulin and Ducrest 2013 for some 
examples) and even mammoths (Römpler et al. 2006). However, vari-
ation in melanin-based color at the intra- or interspecific levels is not 
always associated with mutations at the MC1R gene, and this seems 
especially likely in species or populations with complex patterns of 
eumelanin/phaeomelanin deposition (e.g., MacDougall-Shackleton 
et al. 2003; Cheviron et al. 2006; Bourgeois et al. 2012). Therefore, 
understanding the genetic basis of complex melanin-based pigmen-
tation patterns may require a wider exploration of other candidate 
genes, especially those involved in the melanocortin pathway. This 
is especially needed in taxa such as birds in which genes involved 
in melanin-based color variation other than MC1R are particularly 
understudied. Several genes (e.g., Agouti, TYRP1) known for their 
influence on mammal pigmentation (Sarangarajan and Boissy 2001; 

Hoekstra 2006; Nadeau et  al. 2007; Steiner et  al. 2007; Manceau 
et  al. 2010, Domyan et  al. 2014) have a similar effect on plum-
age color in quail (Coturnix japonica) and chicken (Gallus gallus) 
(Nadeau et al. 2007, 2008), but it is unknown whether mutations at 
these genes can be associated with color variation in other, nondo-
mesticated, bird species (but see Lehtonen et al. 2012).

In this study, we evaluated associations between melanistic plum-
age patterns and genetic polymorphism in the Réunion grey white-
eye (Zosterops borbonicus) at a series of 7 candidate genes that have 
been previously shown to influence melanin-based color patterns in 
vertebrates (Table 1), including genes that have rarely been studied in 
wild birds before (but see Poelstra et al. 2013). We chose the Réunion 
grey white-eye for our study because it is comprised of 5 distinct 
plumage variants which correspond to 4 geographic forms and dif-
fer in the relative extent of melanin-based grey and brown colors 
in their plumage (Gill 1973). The differences in plumage color traits 
between these variants appear to have been shaped by natural selec-
tion (Cornuault et al. 2015) and are likely controlled by relatively few 
genes (Gill 1973; Milá et al. 2010). However, amino-acid variation at 
MC1R plays no role in explaining this pattern of melanic variation 
(Bourgeois et al. 2012), which may thus reflect a mixture of modi-
fications in the structure and regulation of other genes underlying 
pigment production. Candidate genes were selected on the basis of 
1) their role in pigment synthesis, including melanosome migration 
(SLC24A5), agonism or antagonism with MC1R (POMC, Agouti), 
inhibition of other factors (Corin) and required enzymatic reactions 

Table 1.  Candidate genes that have been shown to influence melanin-based color patterns in mammals and/or bird model species

Locus Chromosome Expressed in Physiological roles Involvement in  
polymorphism

Pleiotropic  
effects

References

Agouti 20 Dermis, 
adipose tissues, 
gonads, heart, 
liver, muscles

Interacts with MC1R and allows 
to switch from eumelanin to  
phaeomelanin production.  
Interacts with other  
melanocortin receptors  
involved in a range of  
physiological aspects.

Melanic variations in  
Peromyscus mice.  
Responsible for the  
yellow variants in  
quail and chicken.

+ Minvielle et al. (2007), 
Hiragaki et al. (2008), 
Nadeau et al. (2008), 
Kingsley et al. (2009)

Corin 4 Dermal papilla, 
heart

Serine protease expressed in  
the heart and in dermal papilla.  
Involved in regulating blood  
pressure and inhibits Agouti  
action on MC1R.

Melanic variations  
in Peromyscus mice. 
Limits the extent of  
phaeomelanic band  
in mice.

+ Yan et al. (1999), 
Enshell-Seijffers et al. 
(2008), Manceau  
et al. (2010)

DCT 1 Melanocyte Involved in synthesis of  
melanin from l-dopaquinone

Responsible for the slaty 
phenotype in mice

− Jackson et al. (1992)

POMC 3 Brain, immune 
cells, gastro- 
intestinal tract, 
dermis, adrenal 
glands, thyroid, 
pancreas

Interacts with MC1R and  
allows to switch to eumelanin  
production. Interacts with other  
melanocortin receptors involved  
in a range of physiological  
aspects.

KO responsible for obese 
and yellow mice.  
Variations in  
melanocortin levels 
observed between  
tawny owls morphs.

++ Yaswen et al. (1999),  
Roulin et al. (2011)

SLC24A5 10 Melanocyte Cation exchanger involved 
in migration of melanosomes 
toward keratinocytes

Dilution of pigments in 
humans, chicken and  
zebra fish. Down  
regulated in yellow quails.

− Lamason et al. (2005),  
Nadeau et al. (2008)

TYR 1 Melanocyte Involved in synthesis of  
dopaquinone from tyrosine

Responsible for the  
recessive white phenotype 
in chicken

− Sato et al. (2007)

TYRP1 Z Melanocyte Involved in synthesis of  
melanin from l-dopaquinone

Responsible for the roux 
phenotype in quail. Color 
variation in flycatchers.

− Buggiotti (2007),  
Nadeau et al. (2007)

Examples of involvement in wild bird species are also given. Chromosome assignation is based on the chicken (Gallus gallus) genome.
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for pigment production (TYR, TYRP1, DCT); 2)  their likely influ-
ence on the switch between eumelanin and phaeomelanin produc-
tion, either upstream (Corin, Agouti, POMC) or downstream (TYR, 
TYRP1, DCT, SLC24A5) from MC1R; 3) their known association 
with pigmentation in vertebrates (Agouti, Corin, enzymatic genes, see 
description and main references in Table 1). We also tried to obtain 
sequences from genes responsible for dilution phenotypes in chicken 
like SLC45A2 (Gunnarsson et al. 2007) or MLPH (Vaez et al. 2008) 
but their amplification failed in our study species. We screened exten-
sively the Agouti gene, since its large cis-regulatory region (around 
100 kb) has been shown to be involved in pigmentation patterning in 
other species. We examined sequence variation at these 7 candidate 
genes (Agouti, Corin, TYR, TYRP1, DCT, POMC, and SLC24A5) 
to test the hypothesis that mutations within the focal gene region are 
associated with variation in melanin-based pigmentation patterns in 
Z. borbonicus and also tested for evidence of selection.

Materials and Methods

Bird Materials
The 5 plumage color variants in the Réunion grey white-eye can 
be grouped into 4 geographic forms: 3 monomorphic forms occupy 
discrete geographic regions in the lowlands of Réunion; a fourth 
form comprises 2 morphs, a grey and a brown, which occur at high 
elevations in complete sympatry and represents a true color poly-
morphism (Figure 1; for a description of the plumage color variants, 
see Gill 1973; Cornuault et al. 2015).

We sampled a total of 96 individuals from 9 different localities 
(Figure 1, Supplementary Table 1) covering the entire distribution range 
of Z. borbonicus. For the polymorphic highland form, we sampled 16 
individuals (8 grey and 8 brown) at each of 3 localities for a total of 24 
individuals per morph across localities. For the 3 lowland forms, we 
sampled 8 individuals in 2 localities within each form’s range, for a total 
of 16 individuals per form. For each individual, about 10 µL of blood 

were collected by gently puncturing the subbrachial vein and conserved 
in Queen’s lysis buffer (Seutin et al. 1991) before storing at −20 °C.

DNA Isolation, Amplification, and Sequencing
We extracted genomic DNA from blood samples using DNeasy 
Blood and Tissue kits (Qiagen, Venlo, the Netherlands), following 
the manufacturer’s instructions for nucleated blood cells. Conserved 
regions were identified for primer design using 2 avian reference 
genomes (the chicken: G.  gallus and the zebra finch: Taeniopygia 
guttata). Primers were usually anchored in exons, but we tried when-
ever possible to obtain intronic sequences since these are known to 
be more variable. Protocols were optimized until amplification was 
specific to the targeted loci, with the aim of amplifying 400–1000 bp 
regions for each gene (see Supplementary Table 2 for information 
on primer sets).

For Agouti, we adopted a different strategy and designed 22 
PCR primers to amplify 11 fragments across coding and cis-regula-
tory regions, spanning around 70 kb of the gene. We first obtained 
sequences from fragments around the largest and most variable 
marker found in an intronic region of Agouti (Supplementary 
Figure  1) for all individuals. We then took advantage of the fact 
that the 2 morphs (grey and brown) of the highland form differ in 
the overall pattern of melanin deposition throughout the plumage 
to investigate further a possible role of Agouti. In order to assess a 
possible role of distant cis-regulatory mutations, we thus obtained 
sequences from all fragments for all individuals from these 2 morphs.

As TYRP1 is a sex-linked gene, we first conducted molecular sex-
ing of all individuals to correctly determine the number of haploid 
sequences in our dataset. To do so, we amplified a fragment of CHD 
genes whose size differs between Z and W copies (Griffiths et  al. 
1998). After PCR amplification, visualization on a 1% agarose gel 
allowed sexing by counting the number of bands. One band indi-
cated a ZZ genotype (male), whereas 2 bands indicated a ZW geno-
type (female).
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Pas de Bellecombe
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Trois Citernes

Entonnoir Basse Vallée

Etang Salé
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Polymorphic form
(grey + brown)
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Brown grey-headed 
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Brown brown-naped
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Figure 1.  Map showing localities sampled in this study. For each locality a color code indicates which form is present. Brown circle: lowland brown-headed 
brown form. Blue circle: highland polymorphic form with grey and brown morphs. Red circle: grey-headed brown form. Green circle: brown-naped brown form. 
Limits between monomorphic lowland forms are indicated with a hard line; limits between lowland forms and the highland polymorphic form are indicated by 
a dotted line.
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PCR reactions (25 µL) were performed using: 5 µL of 5X buffer 
(Promega®), 0.5 µL of 10 µM dNTPs mix (2.5 µM each), 0.125 µL 
of Taq (5 U/µL, Promega GoTaq® DNA polymerase), 1 µL of each 
primer (10 µM), 15.4 µL of sterile distilled water, and 2 µL of DNA 
extract (10 ng/µL). The thermocycling profile was as follows: an ini-
tial denaturation at 94 °C for 2 min, then 40 cycles consisting of a 
45 s denaturation step at 94 °C, a 45 s annealing step at variable tem-
perature, and a 1 min extension step at 72 °C. A final elongation step 
at 72 °C for 5 min ended the process. PCR products were visualized 
on a 1% agarose gel. Both forward and reverse DNA strands were 
sequenced on an ABI3730XL sequencer (Applied Biosytems) using 
the same primer pairs as in PCR reactions.

Sequences were edited and aligned unambiguously using 
Sequencher® and variable sites were checked by eye. Individuals 
were considered as heterozygous at a given site when we observed 
double peaks approximately half the height of neighbouring peaks 
in both strands. Sequences were blasted against zebra finch (T. gut-
tata) sequences to check their identity. Nucleotidic sequences were 
translated into amino-acid sequences using Mega 5 (Tamura et al. 
2011). All sequences were submitted to Genbank (Accession num-
ber: KU903288-KU904220).

Data Analyses
The program PHASE (Stephens and Donnelly 2003) implemented 
in DNAsp (Librado and Rozas 2009) allowed us to reconstruct 
haplotypes from the population-based genotype data. We tested for 
deviations from Hardy–Weinberg equilibrium using Arlequin 3.5 
(Excoffier and Lischer 2010). We used genotypic data to perform 
association tests on each of the 6 genes displaying at least 2 segregat-
ing sites, following the SCORE test from logistic regression (Clayton 
et  al. 2004) in the package AssotesteR (available at http://gaston-
sanchez.com/software/; last access: March 2016). This test aims at 
comparing changes in allele frequencies at several SNP loci from the 
same genomic region, testing whether they display a significant asso-
ciation with a given phenotype. Statistical significance was assessed 
with 1000 permutations. As TYRP1 displayed only one polymorphic 
site, we performed a Fisher’s exact test on the allelic counts at this 
locus. Tests were run according to 4 distinct configurations, grouping 
individuals according to 4 phenotypic criteria: head color (brown vs. 
grey), nape color, back color, and also whether birds were grey or 
brown when dealing with individuals from the highland form.

To test for population structure, we performed a molecular anal-
ysis of variance (AMOVA) on haplotypes inferred by PHASE, with 
the 5 color variants as groups. As we could observe differences in 
allele frequencies at some markers between highland and lowland 
forms, we also performed analyses using data from the polymor-
phic highland form only, with morph (grey or brown) as a group-
ing factor. A last analysis was performed to compare the 3 lowland 
forms. All analyses were carried out using the Arlequin 3.5 package. 
Significance was assessed based on 10 000 permutations.

To test whether selection had a detectable impact on genetic vari-
ation, we used the program DnaSP v5.10 (Librado and Rozas 2009) 
to perform analyses of DNA polymorphism on our data. Nucleotide 
diversity was estimated by Watterson’s θw (Watterson 1975) and 
π, the average number of pairwise nucleotide differences among 
sequences (Nei and Li 1979).

To identify departures from neutral theory predictions, Tajima’s 
D (Tajima 1989) was computed for each locus and for each form or 
morph. This statistic reflects the difference between θw and π, which 
are 2 different estimators of θ  =  4Neµ that should be correlated 

positively under neutrality. At mutation-drift equilibrium, the 
expected value of Tajima’s D is zero, while positive values indicate 
population reduction or balancing selection, and negative values 
indicate population expansion or purifying and positive selection. 
For sequences including exons, we also performed the McDonald–
Kreitman (MK) test (McDonald and Kreitman 1991) which com-
pares the patterns of synonymous and nonsynonymous substitutions 
among and within species. The zebra finch (T.  guttata) genome 
sequence (release 3.2.4) used as an outgroup was obtained from the 
genomic database Ensembl! (http://www.ensembl.org/index.html; 
last access: March 2016).

For all tests performed in DNAsp, significance was calculated by 
10 000 coalescent simulations on the basis of segregating sites and 
with no recombination to generate the neutral distribution of the 
statistics. For the MK test, significance was assessed using a 2-tailed 
Fisher’s exact test.

Results

Sequence Properties
Ninety-six individuals were successfully sequenced at all 7 candidate 
genes, for a total of approximately 1.3 Mb of DNA sequences (ca. 
13.5 kb per individual). For the whole dataset, we found a total of 
66 segregating sites, 24 of which displayed a minor allele frequency 
greater than 0.05. We did not observe any deviation from Hardy–
Weinberg equilibrium across the 9 localities in any of the candidate 
genes. We obtained the entire coding sequence of the Agouti gene 
from individuals belonging to the highland form, and partial exonic 
sequences from all the other genes across all forms (Table  2 and 
Supplementary Figure 1). Of the 6 cis-regulatory sequences obtained 
for Agouti, only 3 (consisting of the second, the fourth, and the sixth 
marker sequenced from 5′, see Supplementary Figure 1) were poly-
morphic and were included in our analyses. Three indels of 4, 3, 
and 2 bp were found in the intronic region of Agouti, in POMC and 
SLC24A5 genes, respectively.

Association between Genes and Plumage Color
We did not find any significant association between genes and plum-
age color differences, except for TYRP1, where a significant asso-
ciation was detected with back color (P = 0.001). This association 
disappears when comparing brown and grey birds from the altitu-
dinal form only (Table 3), meaning that these alleles could be linked 
to color variation with altitude. However, it might also be due to a 
population structure effect. The spatial distribution of haplotypes 
among forms or between morphs in the polymorphic highland form 
did not reveal any obvious shift in frequencies, except for Corin and 
TYRP1, for which there was a clear difference in frequency between 
lowland and highland forms. Again, this might reflect a population 
structure effect rather than a phenotype–genotype association, as 
shown by significant patterns of differentiation for both Corin and 
TYRP1 (Figure 2; Table 4)

Tests of Selective Neutrality
Coalescence simulations showed that Agouti coding regions dis-
played significantly lower nucleotide diversity (π) than expected 
under a neutral model before Bonferroni correction (Table 2). On the 
other hand, Corin and TYRP1 displayed significantly higher nucleo-
tide diversity than neutral expectations, but only for samples belong-
ing to the polymorphic highland form. As noted previously, this 
change in diversity was not associated to a particular plumage color, 
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both grey and brown morphs displaying the same allele frequencies 
(Table 4). The number of segregating sites was generally higher in the 
3 lowland forms than in the polymorphic highland form.

A few genes displayed significant deviation from neutrality 
(Table 2). Among these markers, the region of Agouti including the 
3 coding exons and 2 introns showed a tendency toward negative 
values for Tajima’s D, but none of the tests was significant after 
Bonferroni correction. In contrast, Corin and TYRP1 displayed a 
strong and significant trend toward a positive Tajima’s D indicating 
population reduction or balancing selection. However, this pattern 
was found only in polymorphic highland populations. The MK test 
could not be performed on Agouti and Corin as no polymorphic 
synonymous mutation on coding sequences could be observed, but 
was always nonsignificant for other markers.

Discussion

We report here a comprehensive screening of the variation in a series 
of candidate genes involved in melanin-based pigmentation in a 

wild passerine bird displaying a complex melanic polymorphism not 
explained by MC1R variation. Although we did not sequence the 
whole coding sequence of each gene, except for Agouti, we would 
expect that any gene involved in color variation should be a target 
of selection, since divergent selection seems to have shaped plumage 
color patterns (Cornuault et al. 2015). Moreover, it has been sug-
gested that the genetic determinism of color variation is quite simple. 
At high altitude, crosses between grey individuals produce both grey 
and brown offsprings, whereas crosses between brown parents pro-
duce only brown offsprings (Gill 1973). This observation suggests a 
role for a few loci of major effect, at least for the 2 sympatric morphs 
at high elevation. This would result in detecting more easily associa-
tion between plumage patterns and genetic variants even at mark-
ers that do not include the selected sites, though genetic hitchhiking 
(Barton 2000). However, we found no evidence across all genes that 
sequence variation is associated with plumage color differences in 
Z.  borbonicus. This result suggests that variation at other genes 
besides Agouti, POMC, SLC24A5, Corin, DCT, TYRP1, and TYR 
must be involved in melanic plumage color variation. In particular, 

Table 2.  Results from selection tests in highland (N = 48) and lowland (N = 48) forms

Locus Length S Number of  
sequenced  
exons

Cumulative 
length of exons

Nonsynonymous  
mutations

Synonymous  
mutations

Number  
of alleles

π ϴw Tajima’s D MK  
test

Highland polymorphic form only
  Agouti (complete) 3522 12 3 417 1 0 16 0.000218* 0.000664 −1.79** —
  Agouti cis 2 346 1 0 0 0 0 2 0.000061 0.000565 −1.04 —
  Agouti cis 4 228 1 0 0 0 0 2 0.000874 0.000676 0.34 —
  Agouti cis 6 267 1 0 0 0 0 2 0.000682 0.000739 −0.09 —
  Corin 702 2 2 239 0 0 2 0.00146** 0.00056 2.46** —
  DCT 512 3 1 301 1 1 4 0.000904 0.00115 −0.39 NS
  POMC 379 7 1 379 5 2 9 0.002123 0.00364 −0.99 NS
  SLC 652 5 3 256 0 2 8 0.000828 0.001797 −1.22 NS
  TYR 767 2 1 767 2 0 3 0.000233 0.00051 −0.85 NS
  TYRP1 589 1 1 382 1 0 2 0.00086* 0.00035 1.78*** NS
Lowland forms
  Agouti (partial) 960 12 0 0 0 0 12 0.00079 0.00243 −1.80* —
  Agouti cis 2 346 0 0 0 0 0 1 — — — —
  Agouti cis 4 228 1 0 0 0 0 2 0.00144 0.00068 1.3 —
  Agouti cis 6 267 1 0 0 0 0 2 0.00053 0.00074 −0.32 —
  Corin 702 3 2 239 0 0 4 0.0006 0.00083 −0.5 —
  DCT 512 10 1 301 2 4 10 0.00144* 0.0038 −1.60* NS
  POMC 379 10 1 379 8 2 17 0.00307 0.00518 −1.05 NS
  SLC 652 6 3 256 1 2 10 0.00107 0.00183 −0.95 NS
  TYR 767 4 1 767 2 2 5 0.00014** 0.00102 −1.73** NS
  TYRP1 589 1 1 382 1 0 2 0.0001 0.00036 −0.9 NS

S, Number of segregating sites; π: Nei & Li’s nucleotide diversity; ϴw: Watterson’s theta; NS: non-significant. Selection was assessed with Tajima’s D and posi-
tive selection was assessed in coding regions with a McDonald–Kreitman (MK) test. Significance levels: *P < 0.05, **; P < 0.01, ***; P < 0.001. Significant values 
after Bonferroni correction for multiple testing are indicated in bold.

Table 3.  Results from the SCORE association tests comparing birds displaying changes in head, nape, and back color (N = 96 individuals)

Comparison Agouti Corin DCT POMC SLC24A5 TYR TYRP1a

Head: brown vs. grey 0.52 0.08 0.25 0.97 0.56 0.81 0.213
Nape: brown vs. grey 0.78 0.45 0.74 0.82 0.98 0.27 0.059
Back: brown vs. grey 0.12 0.18 0.88 0.38 0.90 0.26 0.001
Highland form: brown vs. grey 0.54 0.13 0.18 0.38 0.46 0.43 0.309

The fourth test compared highland grey and brown morphs (N = 48 individuals). Significant P-value is highlighted in bold.
aFor TYRP1, a Fisher’s exact test was performed as there was a single polymorphic site in the sequence.
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we found no evidence that Agouti, a promising candidate gene for 
melanin-based pigmentation patterns (e.g., Nadeau et  al. 2008; 
Manceau et  al. 2011), experienced disruptive selection that could 
have driven plumage color divergence between forms or between 
morphs within the highland form. However, the large cis-regulatory 
region in Agouti and the low variability in our cis-regulatory mark-
ers leave the possibility of undetected selection far from the sites we 
studied, especially if selection is relatively weak.

We found an interesting pattern of increased polymorphism at 
TYRP1 and Corin in the polymorphic highland form as well as 
important shifts in allele frequencies between this form and the 3 
lowland forms, although no relation between alleles and plumage 
color was observed. The shift in allele frequencies might indicate a 
change in selective regime between lowland and highland forms for 
TYRP1 and Corin. Apart for these 2 loci, no significant differentia-
tion between highland and lowland forms could be detected in this 
work. Previous studies nonetheless showed genetic differentiation 
between these forms (Milá et al. 2010), as well as small-scale dif-
ferentiation between populations (as highlighted in Bertrand et al. 
2014). Only a more detailed study at the genomic scale would bring 
insights about how common such outliers are under a scenario of 
pure drift. Changes in allele frequencies may be linked to the ten-
dency for highland forms to display darker plumage (as first docu-
mented by Gloger in 1833), with melanic plumage color patterns 
conveying information on physiological adaptations to altitude.

Melanin-based plumage color phenotypes can be superficially 
similar, yet do not necessarily rely on the same physiological mecha-
nisms and thus might not share the same genetic basis (e.g., Poelstra 
et al. 2013, 2014). The popularity of loci such as Agouti or MC1R, 
which are often considered as “optimally pleiotropic” genes (Kopp 
2009) due to their limited physiological impact outside color vari-
ation (Ducrest et al. 2008; Hubbard et al. 2010), may have led to 
an assessment bias inflating their importance. Focusing on such 
genes does not reflect the whole range of processes underlying and 
maintaining melanic color variation. First, pleiotropic effects may 
be under positive selection as was shown in the barn owl (Tyto 
alba) where high concentrations in melanocortin enhance immune 
response and influence coloration (Roulin et al. 2011). Second, it is 
likely that mutations in cis-regulatory regions control and fine-tune 
gene expression in space and time during development, thus limiting 

any negative impact on fitness, as was shown for Agouti in mice 
(Steiner et al. 2007; Manceau et al. 2011). Such mutations also seem 
to explain changes in spot position on Drosophila wings (Gompel 
et al. 2005), or the plasticity of mimetic patterns in Heliconius but-
terflies (Joron et al. 2006). Third, selective sweeps or chromosomal 
rearrangements might increase the frequency of mutations having an 
impact on color if those mutations are found close to loci involved 
in local adaptation. If negative effects due to mutations on genes 
involved in color patterning are counterbalanced by advantageous 
mutations linked to local adaptation or alternative mating strategies, 
then color polymorphism might maintain even if color genes with 
broad pleiotropic effects are involved. Such association between 
genes with different physiological function may occur in white-
throated sparrows, where an inversion on chromosome 2 was found 
to be responsible for both color and behavioral variation (Thomas 
et al. 2008).

Bird studies having shown the involvement of MC1R mostly 
focused on species displaying discrete color polymorphism with 
mutations associated with color variation across the whole body and 
rarely on situations where variants differ in the patterns of melanin 
deposition across the body (see Bourgeois et  al. 2012 for a sum-
mary). Color pattern evolution in species with complex patterns 
of melanin deposition may be due to local changes in the expres-
sion of pigmentation genes rather than amino acid mutations (e.g., 
Manceau et al. 2011). This is strongly suggested by recent results in 
crows, where local variation in gene expression has been found to 
be correlated with the presence or absence of grey and black color 
patches (Poelstra et al. 2015). Since color variation in Z. borbonicus 
consists of local changes in pigment deposition, it seems likely that 
the mutations responsible for color pattern differences between vari-
ants and morphs lie in the 5′ cis-regulatory region of one or a few 
genes that remain to be identified.

The lack of obvious association between plumage color and 
major genes in the melanocortin pathway in Z. borbonicus shows 
the existence of untapped genetic complexity in the genetic basis of 
melanin-based coloration in birds and perhaps other vertebrates. 
It also confirms that mechanisms of plumage color evolution are 
more diverse than implied by studies of discrete melanic/nonmelanic 
polymorphisms and their study will greatly benefit from the appli-
cation of next-generation sequencing to candidate gene finding in 

Table 4.  Hierarchical AMOVA at all markers used in this study

Marker A priori grouping

All 5 plumage color variants Highland grey and brown morphs Lowland forms

FCT FSC FST FCT FSC FST FCT FSC FST

Agouti cis 2 −0.010 0.009 −0.001 0 0 0 0 0 0
Agouti cis 4 0.017 0.034 0.051 0.002 0.123* 0.124* −0.007 −0.033 −0.040
Agouti cis 6 0.023 0.026 0.049 0.037 0.043 0.079 0.059 −0.007 0.052
Agouti partial 0.009 0.119*** 0.127*** −0.023 0.115** 0.095** −0.033 0.105*** 0.076***
Agouti complete — — — −0.030 0.099** 0.072** — — —
Corin 0.224** 0.001 0.225*** 0.008 −0.021 −0.013 −0.036 0.048 0.014
DCT −0.003 0.008 0.006 0.016 0.021 0.037 −0.013 0.004 −0.009
POMC 0.009 0.010 0.019 −0.016 0.018 0.002 0.010 0.001 0.011
SLC24A5 0.001 0.036* 0.037* −0.005 0.046 0.041 0.016 0.026 0.042
TYR 0.012 0.020 0.031 −0.016 0.017 0.001 0.006 0.018 0.024
TYRP1 0.292* 0.019 0.306*** −0.029 0.009 −0.020 0.010 0.038 0.048

Analyses were conducted using plumage color variant, highland color morph, or lowland color form as grouping factors. FCT, FSC, FST stand for genetic differ-
ences among a priori defined groups, among localities within groups, and among localities, respectively. Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001. 
Significant values are highlighted in bold.
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nonmodel species, for example, through genome-wide association 
mapping (Ellegren et al. 2012; Bourgeois et al. 2013; Poelstra et al. 
2014).

Supplementary Material

Supplementary material can be found at http://www.jhered.oxford-
journals.org/.
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