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INTRODUCTION

The domestic canary (Serinus canaria) is one the most 
common caged songbirds, currently including three 
main breeds – song canaries, colour canaries and type 
canaries – each one characterised by several varieties 

and derived selected lines. Domestication of canaries 
started from the native wild populations of the Canary 
Islands and the islands of the Madeira and Azores ar-
chipelagos, in the North Atlantic Ocean (Parsons, 1987). 
Canaries with an originally grey-green plumage were 
imported into Europe by Spanish and Portuguese 

R E S E A R C H  A R T I C L E

Whole genome sequencing identifies candidate genes and mutations 
that can explain diluted and other colour varieties of domestic 
canaries (Serinus canaria)

Samuele Bovo1   |    Anisa Ribani1   |    Valerio Joe Utzeri1   |    Valeria Taurisano1   |   

Gianmaria Bertarini2  |    Luca Fontanesi1

Received: 7 March 2023  |  Accepted: 3 May 2023

DOI: 10.1111/age.13331  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in 
any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Animal Genetics published by John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics.

1Department of Agricultural and Food 
Sciences, Division of Animal Sciences, 
University of Bologna, Bologna, Italy
2Federazione Ornicoltori Italiani, 
Piacenza, Italy

Correspondence
Luca Fontanesi, Department of 
Agricultural and Food Sciences, Division 
of Animal Sciences, University of Bologna, 
Viale Giuseppe Fanin 46, 40127 Bologna, 
Italy.
Email: luca.fontanesi@unibo.it

Funding information
Federazione Ornicoltori Italiani; 
Università di Bologna

Abstract
The domestic canary (Serinus canaria) is one of the most common pet birds and 
has been extensively selected and bred over the last few centuries to constitute 
many different varieties. Plumage pigmentation is one of the main phenotypic 
traits that distinguish canary breeds and lines. Feather colours in these birds, 
similarly to other avian species, are mainly depended on the presence of two 
major types of pigments: carotenoids and melanins. In this study, we exploited 
whole genome sequencing (WGS) datasets produced from five canary lines 
or populations (Black Frosted Yellow, Opal, Onyx, Opal × Onyx and Mogno, 
some of which carrying different putative dilute alleles), complemented with 
other WGS datasets retrieved from previous studies, to identify candidate genes 
that might explain pigmentation variability across canary breeds and varieties. 
Sequencing data were obtained using a DNA pool-seq approach and genomic 
data were compared using window-based FST analyses. We identified signatures 
of selection in genomic regions harbouring genes involved in carotenoid-derived 
pigmentation variants (CYP2J19, EDC, BCO2 and SCARB1), confirming the 
results reported by previous works, and identified several other signatures of 
selection in the correspondence of melanogenesis-related genes (AGRP, ASIP, 
DCT, EDNRB, KITLG, MITF, MLPH, SLC45A2, TYRP1 and ZEB2). Two 
putative causative mutations were identified in the MLPH gene that may explain 
the Opal and Onyx dilute mutant alleles. Other signatures of selection were also 
identified that might explain additional phenotypic differences between the 
investigated canary populations.
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sailors from the beginning of the fifteenth century, 
mainly because of their beautiful song (Parsons, 1987). 
The songbird was considered a luxury bird, frequently 
present in many European courts, and its breeding be-
came fashionable among the aristocracy. By the early 
sixteenth, the canary started to be massively imported 
and traded in many countries, including Italy, Germany 
and England, where canary breeding (or canariculture) 
was first established (Parsons, 1987). The transition from 
grey-green to yellow plumage is thought to represent one 
of the first evidences of the domestication process of this 
bird (Birkhead et al., 2004; Parsons, 1987). There is much 
uncertainty as to when and where the yellow canaries 
appeared and if they were produced through selection 
and breeding: it seems that yellow canaries were pres-
ent in the sixteenth or seventeenth centuries in Spain, 
Italy, Germany and England (Birkhead et al.,  2004; 
Parsons, 1987; Perez-Beato, 2008). Subsequently, several 
other genetic variants of plumage colourations appeared 
in Europe, marking the beginning of coloured canary 
breeding as a hobby. It is only more recently, in 1930, 
that the artificial hybridisation of canaries with the red 
siskin (Spinus cucullatus) introduced the red factor into 
the species (Perez-Beato, 2008). Thus, selective breeding 
has introduced several other plumage colourations that 
characterise and distinguish many varieties of coloured 
canaries.

Feather colours in these birds, similarly to other 
avian species, mainly depend on the presence of two 
major types of pigments: carotenoids and melanins 
(Perez-Beato,  2008). Carotenoids are responsible for 
the yellow or red/orange ground colours (that also in-
clude the white colour) and derive from the metabolic 
processes of carotenes and xanthophylls, which are ob-
tained from the diet, and their deposition in the integu-
ment (Brush,  1990; McGraw,  2006). The identification 
of genes acting on carotenoids has been quite challeng-
ing, considering that the expression of carotenoid-based 
colouration is strongly affected by the environment as 
carotenoid precursors are available only from the diet. 
The genetic basis for red colouration in red factor ca-
naries was elucidated taking advantage of comparative 
genome analyses between red siskins (Spinus cucullata), 
Serinus canaria and their hybrids, the ‘red factor’ canar-
ies (Lopes et al., 2016). Two genomic regions introgressed 
into the red factor canaries, derived from S. cucullata, 
are required for the red colouration. One of these re-
gions contains a gene encoding a cytochrome P450 en-
zyme (CYP2J19), that produces a carotenoid ketolase, 
which is responsible for the transformation of yellow 
carotenoids to red ketocarotenoids in canaries with red 
feathers (Lopes et al., 2016). Another introgressed region 
contains the epidermal differentiation complex (EDC), 
a cluster of genes involved in the development of the in-
tegument (Lopes et al., 2016). Beta-carotene oxygenase 2 
(BCO2) is another key gene in the carotenoid metabolism 
that has been linked to carotenoid-based colouration in 

several birds, including canaries, where it mediates sex-
ual dichromatism (Gazda, Araújo, et al., 2020a) and is 
also responsible for carotenoid-based bare part coloura-
tion in Urucum canaries (Gazda, Toomey, et al., 2020b). 
Scavenger receptors are another important gene family 
acting on carotenoids as they mediate the cellular up-
take of such molecules. A splice donor site mutation in 
the scavenger receptor B1 (SCARB1) gene is responsible 
for the white recessive phenotype in canaries (Toomey 
et al., 2017).

Melanin pigments include eumelanin (black/brown 
pigments) and pheomelanin (yellow/red pigments) that 
are responsible for dark-coloured varieties. Their dis-
tribution has also a role in producing spatial patterns 
(e.g. stripes). Unlike carotenoids, these pigments are 
biochemically produced by the canaries themselves as 
endogenous products of the metabolism, based on their 
genetic information, and do not have to be acquired from 
the diet. Both eumelanin and pheomelanin pigments are 
synthesised and accumulated in melanosomes starting 
from the hydroxylation of tyrosine catalysed by tyros-
inase (TYR), followed by several other enzymatic steps 
(Kondo & Hearing, 2011). The switch between eumela-
nin and pheomelanin synthesis is regulated by two other 
key genes: melanocortin 1 receptor (MC1R) and its li-
gand, agouti signaling protein (ASIP). Moreover, along-
side melanogenic enzymes, many other genes contribute 
to melanogenesis via affecting melanocyte morphology, 
development and migration or affecting the melanoso-
mal structure and function (Baxter et al., 2019; Lamorux 
et al., 2010).

Some dilute melanic forms have been selected in ca-
naries and are combined to constitute different colour 
varieties, including Agate, Isabelle and Pastel canaries, 
among several others (Perez-Beato, 2008). Most of the di-
lute factors have been only phenotypically described and 
their correct identification is sometimes difficult when 
they are combined with other modifier genetic factors. 
The Opal mutation appeared in 1949 in Germany and 
only subsequently became very popular among fancy 
canary breeders (Perez-Beato, 2008). The Opal mutation 
has been described as an extreme dilution factor that 
affects both types of melanin pigments. This mutation 
reduces the level of phaeomelanin (brown) and shifts the 
eumelanin black towards the underside of the feather, 
together with its general reduction. Onyx is another mu-
tation that appeared in Spain in 1983–1984, which was 
described as a variant of the Opal mutatation (Perez-
Beato, 2008). According to Perez-Beato (2008), the Opal 
locus has the following allele series: the normal domi-
nant allele L, the recessive allele l responsible for the 
Opal mutation, and finally the recessive allele l′ respon-
sible for the Onyx mutation. These two mutated alleles 
have been considered co-dominant to each other. Mogno 
is another more recently appeared variety (2012–2013), 
quite similar to Opal. Opal and Mogno differ as the lat-
ter mutant shows the complete absence of phaeomelanin 
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whereas the black eumelanin, although lowered, is nor-
mally localised on the upper side of the feather. There 
is no agreement between fancy breeders as to whether 
Mogno is considered another allele of the previous series 
or a mutant of a distinct locus. Very active debates are 
underway in the canariculture sector about the genetic 
basis of these and many other mutations that might be 
phenotypically distinguishable only by expert breeders. 
Figure 1 shows canaries carrying these mutated forms.

To shed some light on this interesting debate, we ad-
opted a DNA pool-seq strategy to identify signatures 
of selection that might refer to the phenotypic differ-
ence in the Opal, Onyx and Mogno dilution factors. To 
fully understand the mechanism at the basis of these co-
lourations, considering also that the individual canaries 
included in the DNA pools might not be potentially com-
pletely uniform for other carotenoid-derived genetic fac-
tors and patterns within the same group of investigated 
canaries, we added to the study a group of canaries with 
a phenotype similar to the wild type and other canar-
ies derived from an Opal × Onyx cross. Our sequencing 
data were also integrated with publicly available whole 
genome resequencing datasets of additional canary va-
rieties and populations (Gazda, Toomey, et al.,  2020b; 
Lopes et al., 2016; Toomey et al., 2017) to further confirm 
the identified variants and extract additional signatures 
of selection in genomic regions carrying pigmentation-
related genes that would contribute to the explanation 
of the phenotypic variability in different canary pop-
ulations and in the Opal, Onyx and Mogno variants. 
Other genes affecting pigmentation were also identified 
in addition to those that might explain the targeted di-
luted phenotypes in the investigated canary varieties and 
populations.

M ATERI A LS A N D M ETHODS

Canaries

A total of 31 canaries were included in this study. These 
birds were from several Italian licensed fancy breeders 
and included six Black Frosted Yellow canaries (BFY), 
10 Opal canaries (OPA; three Black Opal Mosaic Red; 
one Black Opal White Dominant/Perl and six Black Opal 

Intensive Red), four Black Onyx White Dominant canar-
ies (ONY), five crossbred Opal × Onyx canaries (OXO; 
phenotypes similar to two Black Onyx White Dominant, 
one Black Onyx Mosaic Yellow and two Black Onyx 
Mosaic Red) and six Mogno canaries (MOG; two Brown 
Mogno White Dominant, two Black Mogno Mosaic 
Yellow and two Black Mogno White Dominant/Brown). 
Figure 1 shows the colour types of the investigated ca-
nary varieties putatively carrying dilute genetic factor(s). 
Birds were not raised or treated in any way for the pur-
pose of this study, therefore no ethical questions were 
relevant.

DNA samples and sequencing

DNA was extracted from the base or calamus of feathers 
provided by the fancy breeders. DNA was obtained using 
the Wizard Genomic DNA Purification kit (Promega 
Corporation). A DNA pool-seq approach was adopted to 
obtain genomic information. A total of five DNA pools 
were constructed using, for each individual included in 
the pool, equimolar DNA concentration (Table S1). Five 
genomic libraries of 300–400 bp in size were constructed 
and sequenced on a BGISeq500 machine, following the 
provider's protocol. About 56 Gbp sequenced paired-end 
reads of 150 bp in length were obtained for each DNA 
pool.

Publicly available whole genome 
sequencing datasets

Six additional whole genome sequencing (WGS) data-
sets of S. canaria were downloaded from the European 
Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/) 
resource. These datasets were produced by previous 
studies (Gazda, Toomey, et al., 2020b; Lopes et al., 2016; 
Toomey et al., 2017) applying a DNA pool-seq approach 
like our approach. Datasets were from six additional 
canary types including Lipochrome Red (red plumage; 
LR), Black Intense Red (red plumage; BIR), Gibber 
Italicus (yellow plumage; GIB), White Recessive (white 
plumage; WR), one wild population from the Canaries 
(WT) and the Urucum canary (red bill and legs; red or 

F I G U R E  1   Different diluted colour types of the investigated canary varieties sequenced in this study.
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yellow plumage; URU). More details on these additional 
datasets are given in Table S1.

Data quality controls, read mapping and 
variant detection

Sequenced reads were inspected using fastqc v.0.11.7 
(https://www.bioin​forma​tics.babra​ham.ac.uk/proje​
cts/fastq​c/) that highlighted very high-quality reads. 
No other filtering procedures were adopted. Reads 
were mapped to the S. canaria reference genome 
(GCA_007115625.1; cibio_Scana_2019) with BWA-MEM 
tool 0.7.17 (Li & Durbin, 2009) with default parameters. 
picard v.2.1.1 (https://broad​insti​tute.github.io/picar​d/) 
was used to remove duplicated reads. Variant calling and 
filtering were performed with gatk4 (Poplin et al., 2017), 
haplotypecaller (indel-size-to-eliminate-in-ref-model 
equal to 10) and variantfiltration (hard-filter; basic 
filtering thresholds for SNPs and insertions/deletions 
or INDELs, as suggested in the manual), respectively. 
We further retained only bi-allelic variants covered by 
reads in all the 11 investigated DNA pools (five newly 
generated datasets and six datasets retrieved from ENA). 
Allele frequencies were estimated by counting the num-
ber of reads supporting the reference and alternative al-
leles. The variant effect predictor v.95.0 tool (McLaren 
et al., 2016) was used to annotate variants based on gene 
information reported in the cibio_Scana_2019 NCBI's 
GFF file.

Detection of signatures of 
selection and annotation

The fixation index (FST) statistics was used to identify sig-
natures of selection in the analysed canary populations 
(Bovo et al., 2020). Signatures of selection were evaluated 
in adjacent genome windows of size 20 kb, for a total 
of 56 373 computed windows. Only SNPs were evalu-
ated and windows with <20 SNPs (about 2000 windows) 
were excluded. On average, windows contained 230 ± 132 
SNPs (median = 207) in the 11 datasets. The FST index 
was computed in each window according to the formula 
proposed by Karlsson et al.  (2007). Briefly, FST values 
were calculated for each SNP and then averaged within 
the window. As not all SNPs segregated in all 11 popula-
tions, only SNPs actually segregating and not fixed in 
the populations under comparison (e.g. DNA pool A vs. 
DNA pool B) were included in the computation of the 
averaged FST value of the windows. In each comparison, 
windows presenting an FST value above the 99.9th per-
centile of the related distribution were considered can-
didate regions for signatures of selection. All pairwise 
comparisons between the 11 populations (Table S1) were 
carried out. The thresholds used to detect outlier win-
dows are reported in Figure S1.

Outlier windows were annotated with bedtools 
v.2.17.0 (Quinlan & Hall, 2010) considering the gene fea-
tures retrieved from the cibio_Scana_2019 NCBI GFF 
file. The relevance of annotated genes was evaluated 
through a detailed analysis of the scientific literature. 
Sequence data were also manually inspected to identify 
candidate mutations affecting the targeted colour phe-
notypes. panther-psep (position-specific evolutionary 
preservation) (Tang & Thomas, 2016) was used to pre-
dict the impact of missense mutations on the protein 
function of the selected candidate genes. panther-psep 
calculates the length of time (in millions of years, MY) 
a given amino acid has been preserved in the lineage, 
leading to the protein of interest. The longer the pres-
ervation time, the greater the likelihood of functional 
impact (converted to a probability of deleterios effect; 
Pdel): if the preservation time is greater than 450 MY, 
the amino acid substitution is ‘probably damaging’ and 
is very likely to disrupt the protein function; if the pres-
ervation time is between 200 and 450 MY, the amino acid 
substitution is ‘possibly damaging’ and may disrupt the 
protein function; if the preservation time is less than 200 
MY, the amino acid substitution is ‘probably benign’ and 
is more likely not to disrupt the protein function (Tang 
& Thomas, 2016).

Pipelines were developed either in python 3.0 or in r 
4.2.0 (R Core Team, 2018).

RESU LTS

Sequencing data and detected variants

Sequencing of the five DNA pools produced a total 
of ~1.9 billion of reads, with an average number of se-
quenced read pairs per pool equal to ~388.9 million 
leading to a depth of sequencing of about 46×. Data ob-
tained from ENA had a depth of sequencing that ranged 
from ~19× to ~30×. The percentage of duplicated reads 
was around 15 and 6% for in-house produced and ENA-
retrieved WGS data, respectively. Sequencing statistics 
are given in Table S1. A total of 15 057 112 high-quality 
biallelic variants were retrieved from the analysis of the 
11 DNA pools, including 13 070 505 SNPs (87%) and 
1 986 607 indels (13%).

FST signals: Overview of the identified 
signatures of selection

FST statistics were applied to detect signatures of selec-
tion between two populations using a window-based 
approach on DNA-pool sequencing datasets. We first 
compared the wild population (WT) against the other 
five canary populations derived from the publicly avail-
able datasets (Lipochrome Red, LR; Black Intense Red, 
BIR; Gibber Italicus, GIB; White recessive, WR; and 
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Urucum, URU) and against our five newly sequenced 
canary populations (Black Frosted Yellow, BFY; Opal, 
OPA; Onyx, ONY; Opal × Onyx, OXO; and Mogno, 
MOG). Manhattan plots of these 10 pairwise compari-
sons are reported in Figure 2. These two first groups of 
comparisons were useful to evidence signatures of selec-
tion derived from several colour mutants, considering 
that WT can be regarded as the representative of the 
ancestral domestic canary (Lopes et al.,  2016; Toomey 
et al.,  2017). Some of the signatures of selection that 
emerged in the comparison between WT and the other 
publicly available datasets were only in part already evi-
denced in previous studies (Gazda, Araújo, et al., 2020a; 
Gazda, Toomey, et al., 2020b; Lopes et al., 2016; Toomey 
et al., 2017). Then, all other possible pairwise compari-
sons between populations (n. 45) were carried out, also 
including those between the newly sequenced popu-
lations (BFY, OPA, ONY, OXO and MOG). Figure  3 
reports a few Manhattan plots derived from relevant 
pairwise comparisons that involved some of these later 
five canary populations. Manhattan plots of all other re-
maining comparisons are reported in Figure S2.

Many other signatures of selection were identified, 
including the candidate regions which might explain the 
targeted dilute factors that determine the Opal, Onyx 
and Mogno varieties. A summary of the pigmentation 
related genes detected in all comparisons is provided in 
Figure 4. Figure 5 shows the allele frequency of the poly-
morphic sites in the major gene regions identified across 

all canary populations. Table S2 includes the detailed in-
formation of all outlier genomic regions with also the list 
of annotated genes.

The subsequent paragraphs describe in more details 
the results that (1) confirmed what was reported by pre-
vious studies on pigmentation in canaries, (2) identified 
additional signatures of selection involving pigmentation 
genes not directly related to the targeted dilute factors 
and (3) identified signatures of selection that might ex-
plain the targeted diluted phenotypes in the investigated 
Opal, Onyx and Mogno varieties. In addition, a few 
other signatures of selection emerged that, however, may 
contain additional candidate or novel genes involved in 
feather development and colouration or that might af-
fect other differentiating characteristics between canary 
varieties.

Pigmentation genes already detected in other 
studies in canaries

The FST pairwise analyses that involved WT canaries in 
contrast with all other 10 canary populations identified 
in most comparisons at least one of the few candidate 
genes already described in previous studies in this bird 
species (Gazda, Araújo, et al.,  2020a; Gazda, Toomey, 
et al.,  2020b; Lopes et al.,  2016; Toomey et al.,  2017, 
2022). For example, a signature of selection includ-
ing the CYP2J19 gene (positioned at NW_022041653.1: 

F I G U R E  2   Manhattan plots of the pairwise FST comparisons between whole genome sequencing (WGS) datasets obtained from wild 
canaries (WT) and WGS datasets obtained from all 10 other canary varieties and populations (on the left, those retrieved from previous studies; 
on the right, those sequenced in this study). Each dot represents a genomic window. Red lines indicate the threshold in FST analyses used to 
highlight signatures of selection (see Figure S1). BFY, Black Frosted Yellow; BIR, Black Intense Red; GIB, Gibber Italicus; LR, Lipochrome 
Red; MOG, Mogno; OPA, Opal; ONY, Onyx; OXO, Opal × Onyx; WR, White Recessive; WT, wild canaries; URU, Urucum. Chromosome 
scaffolds are ordered according to their size. Unassembled scaffolds are reported at the right end of each plot.
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3.46–3.48 Mb) was identified in six contrasts (Figure 2): 
as expected, three were against red varieties for which 
data were retrieved from ENA (Lipochrome Red, 
Urucum and Black Intense Red) and three were from the 
new sequenced populations (Opal population that in-
cluded nine red or red related canaries; Onyx population 
that included black Onyx white birds; and the crossbred 
Opal × Onyx). Another region, containing the EDC gene 
complex (positioned at NW_022042652.1: 98.7–98.8 Mb), 
was identified in the same six out of 10 pairwise compar-
isons with the WT group, supporting that both CYP2J19 
and EDC are co-involved in determining red pigmenta-
tion in canaries (Lopes et al., 2016), as also confirmed by 
the overlapping pattern of allele frequencies of the two 
gene regions (Figure 5). Over the 55 pairwise compari-
sons, CYP2J19 and EDC regions emerged in 20 and 18 of 
them, respectively, 15 of which highlighted both regions 
together (Figure 4).

The BCO2 gene region emerged in five out of 10 com-
parisons with the WT canaries, including the Lipochrome 
Red and White Recessive (from ENA) and the Black 
Frosted Yellow, Opal and Opal × Onyx populations. 
The comparison between WT and Urucum produced 
an FST of ~0.6 in this region (just below the threshold). 
As expected, this region emerged with the most rele-
vant peak in the comparison between Lipochrome Red 
and Urucum, where a missense mutation (NW_022042
652.1:g .75258192G > A; p.R413H; XP_009096268.1) de-
termines a carotenoid-based pigmentation of bare parts 
(bright red bills and legs; Gazda, Toomey, et al., 2020b). 
panther-psep analysis supported the functional relevance 

(probably damaging) of this mutation (Table S3), as al-
ready reported (Gazda, Toomey, et al., 2020b). We con-
firmed the presence of this mutation in the Urucum 
canaries and we also identified another missense mu-
tation (p.G443S) that was present only in the Gibber 
Italicus variety (Table S3). The probably damaging role 
of the p.G443S mutation was supported by the panther-
psep scores (Table S3).

The SCARB1 gene (NW_022042652.1: 27.46–
27.48 Mb) emerged only in the pairwise analysis 
between White Recessive and Gibber Italicus, in 
agreement to Toomey et al.  (2017), and in line with the 
fact that the splice donor site mutation in this gene 
(NW_022042652.1:g.27474120A>C), that disrupts the ca-
rotenoid uptake in white canaries, was fixed in the White 
Recessive variety (Table S3). However, this mutation was 
also identified in some of the newly sequenced popula-
tions (Table S3): Black Frosted Yellow (frequency = 0.45), 
Opal (frequency = 0.20) and Mogno (frequency = 0.27).

Other pigmentation genes not directly related 
to the targeted dilute factors

The FST pairwise analyses that involved WT canaries in 
contrast with six other canary populations (including all 
other populations with datasets derived from ENA and 
the Black Frosted Yellow populations that we sequenced) 
and all other pairwise combinations between these seven 
populations evidenced several other pigmentation genes 
not identified in previous studies in canaries. As these 

F I G U R E  3   Manhattan plots of the pairwise FST comparisons between whole genome sequencing datasets obtained from varieties and 
populations sequenced in this study. Each dot represents a genomic window. Red lines indicate the threshold in FST analyses used to highlight 
signatures of selection (see Figure S1). BFY, Black Frosted Yellow; MOG, Mogno; OPA, Opal; ONY, Onyx; OXO, Opal × Onyx. Chromosome 
scaffolds are ordered according to their size. Unassembled scaffolds are reported at the right end of each plot.
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      |  7MELANOGENESIS-RELATED GENES IN CANARIES

populations have not been selected for any dilute factors 
[and therefore can be putatively considered as non-dilute 
carrying factor(s) populations], these genes might not 
be directly involved in determining the Opal, Onyx and 
Mogno colour varieties. This question is important as in 
some pairwise analyses based only on the Opal, Onyx, 
Opal × Onyx and Mogno populations [defined as puta-
tive dilute carrying factor(s) populations] a few emerged 
genes were the same as those that also emerged in the 
comparisons between non-dilute carrying factor(s) pop-
ulations. These results might provide some indirect evi-
dence that would tend to exclude these common genetic 
factors [i.e. evidenced both in the comparisons involving 
non-dilute carrying factor(s) populations and dilute car-
rying factor(s) populations] from being involved in the 
targeted diluted phenotypes represented by the Opal, 
Onyx and Mogno lines.

However, based on the applied experimental design 
we cannot completely exclude that variants in these ad-
ditional genes could not act as modifiers of the dilute 
factors, in particular if different mutated haplotype 
structures and frequencies could genetically character-
ise one or more newly sequenced populations, a scenario 
that however cannot be completely disentangled by the 
FST window-based scan. This seems the case for the ASIP 
gene (NW_022042652.1:13.98–14.00 Mb) region detected 
in several pairwise comparisons based on the analysed 

canary DNA pools. The ASIP gene region emerged not 
only using data derived from ENA (WT vs. Urucum, WT 
vs. Black Intense Red, and Black Intense Red vs. Gibber 
Italicus) but also from other five pairwise comparisons 
that included one or both newly sequenced groups of ca-
naries (WT vs. Opal, WT vs. Mogno, Opal vs. Mogno, 
Black Intense Red vs. Mogno, and Urucum vs. Mogno). 
According to the three-way relationships that could be 
inferred from these comparisons (Figure 4), it seems that 
more than one functional ASIP allele form may be pres-
ent in the investigated populations: one form may be car-
ried by WT canaries, another form might be prevalent 
in Urucum and Black Intense Red and two other forms 
could be present in Opal and Mogno, respectively. In 
the ASIP gene, a missense mutation (p.T63S; ‘possibly 
damaging’; Table S3) that segregated in some of the in-
vestigated canary populations (with frequency ranging 
from 0.10 to 0.52; Table S3) did not explain the signatures 
of selection that emerged in the comparisons mentioned 
above.

The region including the agouti-related protein 
(AGRP) gene (NW_022041875.1:7.02–7.04 Mb), which in 
birds is involved in pheomelanin synthesis in response to 
oxidative status (Rodríguez-Martínez & Galván, 2020), 
emerged in two comparisons with WT (i.e. against 
White Recessive and against Mogno) and in a compar-
ison between Urucum and Onyx. It is, however, worth 

F I G U R E  4   Summary of the signatures 
of selection identified in all pairwise 
comparisons and including pigmentation 
related genes. Only regions with a FST 
above the related FST thresholds are 
reported. Acronyms of the canary breeds 
and populations are reported in the legend 
to Figure 2 and in Table S1.
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8  |      BOVO et al.

mentioning that in a few other comparisons, this gene 
region was just below the adopted thresholds (data not 
shown).

Another region including a well-known gene 
involved in the melanin biosynthetic pathway, 

tyrosinase related protein 1 (TYRP1), located on scaf-
fold NW_022044521.1:47.49–47.51 Mb, was evidenced in 
three comparisons based only on ENA-derived datasets 
(Lipochrome Red vs. White recessive; Gibber Italicus 
vs. Black Intense Red; and White Recessive vs. Black 

F I G U R E  5   Allele frequency patterns obtained from the 11 whole genome sequencing datasets, each from one of the analysed canary 
breeds/populations, reported for the genomic regions that harbour some pigmentation relevant genes highlighted in this study. Each bar 
represents an SNP coloured according to the frequency of the alternative allele. The red boxes highlight the gene region: (a) CYP2J19, (b) EDC 
gene complex, (c) BCO2, (d) SCARB1, (e) TYRP1, (f) AGRP, (g) EDNRB and (h) MLPH. Acronyms of the different canary breeds/populations 
are explained in the legend to Figure 2 and in Table S1.
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      |  9MELANOGENESIS-RELATED GENES IN CANARIES

Intense Red) or in six comparisons between ENA data-
sets and newly sequenced varieties (three that com-
prised Black Frosted Yellow vs. Lipochrome Red, Black 
Intense Red and White Recessive; two comparisons 
that comprised White recessive vs. Opal × Onyx and 
Mogno; and a comparison between Black Intense Red 
and Opal × Onyx). Inspecting the coding region of the 
canary reference genome, we noted that the assembled 
TYRP1 gene included a frameshift mutation (p.S280fs; 
XM_018918325.2, XP_018773870.1; Figure  S3) that we 
also identified in the sequenced DNA pools of Gibber 
Italicus, White Recessive and Urucum varieties but not 
in all other sequenced populations (Table S3). Therefore, 
adding this information to the signatures of selection 
data based on the FST results, it seems that more than 
one allele form, probably with regulatory effects (as no 
other obvious mutations were identified in the coding re-
gions), might affect TYRP1 function or structure in the 
sequenced varieties.

One FST peak, that included the dopachrome tautom-
erase (DCT) gene (NW_022043763.1:42.11–42.14 Mb), 
which encodes for a key enzyme in melanin biosynthe-
sis, was evidenced just in the comparison between Black 
Frosted Yellow and Opal × Onyx canaries.

The region that encompassed the solute carrier family 
45 member 2 (SLC45A2) gene (NW_022044521.1:68.04–6
8.06 Mb), which encodes a transporter protein that me-
diates melanin synthesis, emerged in five comparisons: 
Gibber Italicus vs. Lipochrome Red, White Recessive 
and Black Intense Red; Mogno vs. Lipochrome Red and 
Opal × Onyx. No obvious mutations that could explain 
the observed signatures of selection were identified by 
inspecting all canary sequencing datasets.

Other signatures of selection appeared in regions 
that included genes involved in the migration of the 
early melanocyte precursors: KIT ligand (KITLG; 
NW_022044632.1:31.2–31.3 Mb) that appeared in the FST 
analysis of Black Intense Red vs. White Recessive and 
Urucum varieties; melanocyte inducing transcription 
factor (MITF; NW_022041986.1:4–48-4.59 Mb) identi-
fied in the comparison between Black Frosted Yellow 
and Gibber Italicus; endothelin receptor B (EDNRB; 
NW_022043763.1:49.35–49.38 Mb) that emerged in sev-
eral comparisons that mainly distinguished two groups 
of canaries, one based on Black Frosted Yellow, Opal, 
Onyx and Opal × Onyx and the other that included all 
remaining varieties, as also evidenced by the distribution 
of allele frequencies at the polymorphic sites in this re-
gion (Figure 5).

Identification of the candidate gene mutations 
determining some dilute factors in canaries

Several signatures of selection emerged when the dilute 
varieties (Opal, Onyx, Opal × Onyx crosses and Mogno 
colours) were compared with the other canary varieties 

(Figures 3, 4). As mentioned above, most of them also 
appeared when the datasets retrieved from ENA and 
derived from other colour varieties were compared with 
themselves and with the newly sequenced canary pop-
ulations. One genome region, however, emerged only 
when dilute varieties were compared with other non-
dilute varieties or when newly sequenced dilute popu-
lations were contrasted with each other (Figures  2–4). 
This region contained the melanophilin (MLPH) gene 
(NW_022042652.1:66.48–66.51 Mb). Mutations in this 
gene, reported in many mammals and in few avian spe-
cies, are well known to determine abnormal pigment 
distribution, resulting in diluted phenotypes (Bed'hom 
et al., 2012; Fontanesi et al., 2014; Ishida et al., 2006; Li 
et al., 2016; Matesic et al., 2001; Philipp et al., 2005; Vaez 
et al., 2008; Van Gele et al., 2009). Therefore, MLPH is 
a strong candidate gene whose variability might explain 
the diluted pigmentation in the investigated canary vari-
ants. Interestingly, a signal in the MLPH gene region 
emerged not only when Black Frosted Yellow canaries 
were compared with all mutated varieties (Opal, Onyx 
and Mogno), but also when Opal was compared with 
Onyx and Opal × Onyx and when Onyx was compared 
with Mogno (Figures 3 and 4), suggesting that more than 
one MLPH allele might be present in these different ca-
nary varieties.

By investigating the MLPH gene sequence from 
the generated whole genome sequencing data-
sets, we identified two putative causative muta-
tions of the dilute canary variants. A missense 
mutation (NW_022042652.1:g.66497548C>T; Figure  6), 
causing the p.R111K substitution at the protein level 
(XM_009088195.3; XP_009086443.1), was fixed in the 
Onyx canaries and had an estimated frequency of 0.58 
in the Opal × Onyx DNA pool (Table S3), close to the 
expected frequency of 50% based on fact that the cross-
bred canaries might have received a copy of the mutated 
allele from the Onyx parent and a wild-type form at this 
position from the other parental variety. panther-psep 
analysis indicated that this missense mutation is ‘prob-
ably damaging’ (preservation time 456 MY; Pdel 0.57). 
The second mutation was a deletion of seven nucleotides 
(NW_022042652.1:g.66493407_66493413del; Figure  6), 
causing a frameshift of the reading frame and then the 
constitution of a premature stop codon that truncates the 
676 residue wild-type protein at residue 236 (p.A237fs; 
XP_009086443.1). This deletion was fixed in both Opal 
and Mogno canaries. Again, in the Opal × Onyx DNA 
pool, its frequency was close to the expected 1:1 ratio of 
the two parental alleles (Table S3). This is again consis-
tent with the fact that Opal and Onix carried two differ-
ent MLPH alleles. As Opal and Mogno canaries carried 
the same allele at the MLPH gene, their phenotypic 
differences might be due to other modifier loci. Among 
the signatures of selections that emerged in the differ-
ent comparisons and considering the allele frequency 
patterns at several pigmentation-related genes that were 
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10  |      BOVO et al.

F I G U R E  6   Detailed analysis of the MLPH gene region including the identified variants and their frequency in the analysed canary breeds/
populations. Deduced transcripts and variant positions are referred to the MLPH gene annotated in the NW_022042652.1 scaffold. Acronyms 
of the different canary breeds/populations are explained in the legend to Figure 2 and in Table S1.
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identified in our study, Opal and Mogno canaries were 
different at the CYP2J19, EDC, BCO2, ASIP, MITF and 
EDNRB gene regions (Figures 3–5, S4).

It is also worth noting that a few other signatures of 
selection differentiated the three dilute canary variet-
ies, i.e. Opal, Onyx and Mogno (Table  S2), suggesting 
that a few other modifier genes could be involved in 
defining subtle feather colour shades that might dis-
tinguish these canary lines. For example, another sig-
nature of selection that emerged in Opal × Onyx vs. 
Mogno (NW_022041542.1:27.76–27.84 Mb) and sev-
eral other comparisons (Figure  4) contained the genes 
(glycosyltransferase-like domain-containing 1, GTDC1; 
and zinc finger E-box binding homeobox 2, ZEB2) that 
are annotated in the rat Downunder (Du) coat colour 
locus region, a pigmentation mutation that also causes 
eye abnormalities and embryonic lethality in homozy-
gous condition (Hieu et al., 2022). In mice, melanocyte-
specific Zeb2 deletion resulted in a congenital loss of 
hair pigmentation, which suggests an essential role for 
this gene in melanogenesis (Denecker et al., 2014).

Other major signatures of selection

Several other signatures of selection, which did not con-
tain any annotated known pigmentation-related genes, 
emerged in some comparisons (Figures 2, 3; Table S2 and 
Figure S2). These regions could other gene variants that 
may contribute to explaining the phenotypic differences 
of the analysed canary breeds and lines, which can also 
be distinguished for a few other traits, including feather 
characteristics and behavioural traits.

For example, a region on NW_022042208.1 emerged 
in 24 out of 55 pairwise comparisons, and in several cases 
with FST equal or close to 1.0. This region contained 
the OCRL inositol polyphosphate-5-phosphatase gene 
(OCRL; NW_022042208.1:19.09–19.12 Mb). In chicken, 
LOC431648, a pseudogene with high sequence similarity 
to the mRNA sequence of OCRL, has been shown to af-
fect tail formation (Wang et al., 2017).

Another recurrent signature of selection (four 
out of 10 comparisons with WT and in three oth-
ers pairwise contrasts; Figure  1, Table  S2) was in 
the correspondence of the neuregulin 1 gene (NRG1; 
NW_022044521.1:33.24–33.35 Mb), which encodes for 
an estrogen-responsive gene closely correlated with the 
estrogen-dependent development of the oviduct of chicks 
and regeneration of the oviduct after moulting (Jeong 
et al.,  2017). The encoded membrane glycoprotein me-
diates cell–cell signalling and plays critical roles in the 
growth and development of multiple organ systems and 
in neurological processes. Disregulation of this gene 
causes behaviour-related diseases (Babovic et al., 2008).

Ectodysplasin A gene (EDA), which is expressed in de-
veloping feather placodes in chicken embryos and involved 
in the feather patterning pathways, was in a signature of 

selection region (NW_022042208.1:5.25–5.32 Mb) iden-
tified by comparing Black Frosted Yellow and Gibber 
Italicus. EDA is considered one of the few genes that 
distinguish the genome of hybridising warblers (Toews 
et al., 2016).

DISCUSSION

Since the beginning of the canariculture, selective breed-
ing of S. canaria raised for hobby purposes has made it 
possible to identify and then multiply many colour and 
feather varieties that, together with other traits, have 
been fixed in peculiar lines and then used extensively 
to produce novel varieties through their combinations. 
These canary lines constitute unique genetic resources 
that can be exploited to further expand the knowledge of 
the basic biological processes underlying pigmentation, 
cell and tissue development and other complex pheno-
types that are difficult to dissect in other animal models.

Morphological phenotyping provided by amateur 
breeders can usually be very helpful to classify the main 
pigmentation related mutants and their allele series even 
if, in some cases, the incomplete knowledge on the domi-
nance, pleiotropic and epistatic effects of several loci, the 
results of repeated introgressions, and also the involve-
ment of modifier loci, could complicate the identification 
of the genetic factors involved in determining peculiar 
colour lines or breed varieties. Whole genome sequencing 
coupled with specific comparative analyses of sequence 
data obtained from a few canary varieties or crossbred 
lines has been already very successful in identifying a few 
genes involved in the production of carotenoid-based co-
lourations (Gazda, Araújo, et al., 2020a; Gazda, Toomey, 
et al., 2020b; Lopes et al., 2016; Toomey et al., 2017, 2022). 
Reanalysing these datasets and adding other whole ge-
nome sequencing datasets produced from five additional 
canary varieties, we confirmed the signatures of selection 
already reported in major genes (CYP2J19, EDC, BCO2 
and SCARB1) and some of the relevant mutations iden-
tified by previous studies (Gazda, Araújo, et al., 2020a; 
Gazda, Toomey, et al., 2020b; Lopes et al., 2016; Toomey 
et al., 2017, 2022). In the case of SCARB1, it seems that 
the splice donor site mutation that determines the White 
Recessive phenotype has been spread in several other 
breeds and lines, providing a marker that can be used 
to track back the genetic history of some canary popu-
lations and the potential admixture events between pop-
ulations. Similar fingerprints might be evidenced from 
the multiple signals that appeared in many different va-
rieties in the correspondence of the CYP2J19, EDC and 
BCO2 genes.

It is also worth mentioning here that, according to 
the fact that several gene regions already described by 
previous studies (Gazda, Toomey, et al.,  2020b; Lopes 
et al., 2016; Toomey et al., 2017) also emerged from the 
newly sequenced DNA pools with similar peak heights 
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and background genetic variability to those derived from 
the original DNA pools retrieved from ENA from which 
this information was first identified (Gazda, Toomey, 
et al., 2020b; Lopes et al., 2016; Toomey et al., 2017), it 
seems evident that the FST approach was not biased by 
the different numbers of canaries of the investigated va-
rieties included in the contrasted DNA pools. Therefore, 
the sub-optimal sample size that we used to construct 
the new DNA pools (four to 10 canaries/pool) was suf-
ficient to obtain a good estimation of allele frequencies 
and then to capture differences between the compared 
groups of canaries, even if we cannot completely exclude 
some false positive and false negative results owing to a 
sampling effect and or to the Wahlund effect. Adequate 
sample size and sequencing depth are critical for pursu-
ing efficiency in DNA pool-seq for population genomic 
studies: in these contexts, allele frequency estimates are 
more robust if the number of individual samples included 
in the DNA pool is larger and if the depth of sequencing 
is higher (Schlötterer et al., 2014). Technically speaking, 
therefore, we counterbalanced, at least in part, the biases 
of allele frequency estimates derived by the low number 
of individuals included in the DNA pools with a higher 
depth of sequencing that we obtained for the newly se-
quenced DNA pools than for those retrieved from ENA.

In line with these considerations and the discussed 
evidence and according to the observed general FST 
baseline values in all pairwise analyses, it seems that the 
genome of many canary populations became very ho-
mogenised, probably owing to extensive crossbreeding 
between breeds or varieties and therefore ongoing gene 
flow. A few exceptions are represented by some clear 
signals of strong genetic divergence in small genomic re-
gions containing genes involved in the phenotypic pecu-
liarities that are directly selected by fancy breeders. As a 
proof of concept, for example, some of these signals were 
those already reported from across-species introgres-
sion, and that constituted the ‘red factor’ canaries, which 
derived from the hybridisation between red siskins and 
common canaries (Lopes et al., 2016).

This general scenario (i.e. highly homogenised ge-
nome except in relevant selected regions) is also a 
great advantage when other signatures of selection are 
searched by comparing data obtained in DNA pools 
constituted by a few genomes. Exploiting this import-
ant aspect, we were also able to substantially enlarge the 
number of pigmentation-relevant genes identified thus 
far in S. canaria. The newly identified genes are mainly 
involved in the melanogenesis processes, complementing 
previous studies that focused on carotenoid-derived pig-
mentation. However, we cannot exclude the possibility 
that some of these additional detected regions could be 
false positives and that other regions exhibiting more 
subtle signatures have been missed. Some genes (ASIP, 
TYRP1, AGRP, EDNRB and SLC45A2) emerged in 
pairwise comparisons involving different canary variet-
ies, suggesting that, for a few of them, more than one 

mutated allele occurred independently in different pop-
ulations. For example, ASIP and TYRP1 emerged in 
several lines in the comparisons against WT or Black 
Frosted Yellow canaries that represent wild or wild-like 
populations as well as in several other pairwise analyses 
(Figure 4). Additional genes (DCT, KITLG and MITF), 
that in other avian and mammalian species have been 
already shown to affect pigmentation (Liu et al.,  2022; 
Ren et al.,  2021; Stryjewski & Sorenson,  2017; Sultana 
et al.,  2018), emerged in just one or a few comparisons 
involving canary DNA pools.

In a variety of avian species, ASIP gene mutations 
have been already recognised to affect pigmentation 
in several ways, for example in dorsoventral pigmen-
tation patterning and recessive black plumage (like 
in mammals), in sexual dichromatism and other pig-
mentation effects (Campagna et al.,  2022; Hiragaki 
et al., 2008;Nadeau et al., 2008; Oribe et al., 2012; Robic 
et al., 2019). The multiple signatures that we observed 
in the canary ASIP gene region could be due to more 
than one regulatory mutation, as the frequency de-
duced from DNA pools of the identified missense mu-
tation (p.T63S) was not consistent with the signals that 
emerged in 14.5% pairwise comparisons (eight out of 
55). A broad spectrum of regulatory regions affecting 
this gene have already been reported in chicken and 
Japanese quail (Nadeau et al., 2008; Oribe et al., 2012; 
Robic et al., 2019) and in several other mammalian spe-
cies (Fontanesi et al.,  2010; Trigo et al.,  2021; Vrieling 
et al., 1994). In our cases, long read sequencing would 
be much more effective in solving the putative haplo-
type structures of this region that might exist in differ-
ent canaries and capture candidate mutations instead 
of the short-read paired-end sequencing approach on 
DNA pools that we used. Gene expression studies in-
volving different developmental stages, body regions 
and tissues might be also needed to support a functional 
role of this gene in affecting pigmentation variability in 
different canary lines.

Mutations in the TYRP1 gene, affecting plumage 
colouration, have been already reported in some avian 
species (Domyan et al.,  2014; Li et al.,  2019; Nadeau 
et al., 2007). We also identified a putative functional mu-
tation in the canary TYRP1 gene (that was also present 
in the reference genome sequence). This TYRP1 frame-
shift mutation may disrupt the encoded enzyme, which 
might impair the regular production of black eumela-
nin. This mutation was observed in three canary vari-
eties (Gibber Italicus, White Recessive and Urucum; 
Table S3). It would be interesting to evaluate the distribu-
tion of this frameshift mutation in several other canary 
colour varieties, in particular in Brown or Cinnamon 
lines, where it could be involved in determining the type 
of pigmentation that gives the names to these canary 
lines (Perez-Beato, 2008).

Frequent signatures of selection also highlighted 
AGRP as another candidate gene that may contribute to 
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genetically differentiate some of the compared canary 
lines. AGRP could potentially be involved in affecting 
pigmentation (Rodríguez-Martínez & Galván, 2020) even 
if its direct biological role in melanogenesis is still not 
completely clarified in vivo (Gluckman & Mundy, 2017). 
AGRP might be also relevant for other physiological 
mechanisms, according to its well-established role as an 
endogenous melanocortin receptor antagonist, with high 
affinity for melanocortin 4 receptor (MC4R) and, in 
turn, as a regulator of body weight, energy expenditure, 
feeding and behaviour (Deem et al.,  2022; Nijenhuis 
et al., 2001).

EDNRB emerged as another interesting gene 
with a role in pigmentation patterns. Other stud-
ies in birds have already reported the involvement of 
an avian-specific paralog of endothelin receptor B 
(EDNRB2) in determining plumage colour variants 
in Japanese quail, chicken, geese and domestic ducks 
(Kinoshita et al., 2014; Li et al., 2015; Miwa et al., 2007; 
Xi et al.,  2020). Clear signatures of selection in the 
EDNRB gene region, also with distinct allele frequency 
patterns (Figure  5), defined two groups of canaries: 
one group included four out of five of the newly se-
quenced lines (with the only exception of Mogno) and 
the other group included Mogno and all other varieties 
whose datasets were retrieved from previous studies. 
Allele frequency differences between the two groups 
were, however, present over a larger chromosome re-
gion than that covered by the EDNRB gene, suggesting 
the presence of a high level of linkage disequilibrium 
all over a few megabase pairs (Figure  5). Therefore, 
just using sequence data information, in this case, it 
would be difficult to disentangle the potential involve-
ment of this or other closely annotated genes in con-
tributing to any differences between these two groups 
of canaries, which, apparently, seem phenotypically 
quite heterogeneous.

Mutations in the SLC45A2 gene explain the S (Silver) 
locus allele series in chickens, the sex-linked imper-
fect albinism locus in Japanese quails (Gunnarsson 
et al., 2007) and the sex-linked recessive dilute (d) allele 
in domestic rock pigeons (Domyan et al., 2014). Diluted 
effects on the pigmentation of Japanese quails have 
been also reported by structural mutations in the ASIP 
gene (Robic et al., 2019). Here, the FST pairwise anal-
yses did not show any consistent signals between the 
genomic regions carrying these two genes (SLC45A2 
and ASIP) and the diluted phenotypes represented by 
the Opal, Onyx and Mogno varieties. However, the 
diluted phenotypes clearly matched with the signals 
that highlighted MLPH as the strongest candidate 
gene explaining a multiple allele series present in the 
investigated dilute varieties and attributed to the Opal 
locus (Perez-Beato, 2008). Mutations in this gene have 
been already associated with diluted pigmentations in 
many other species (Bed'hom et al.,  2012; Fontanesi 
et al., 2014; Ishida et al., 2006; Li et al., 2016; Matesic 

et al., 2001; Philipp et al., 2005; Vaez et al., 2008; Van 
Gele et al.,  2009). Two putative causative mutations 
were identified by analysing the coding region of this 
gene: one frameshift mutation (NW_022042652.1:g.66
493407_66493413del), corresponding to the recessive 
allele l at the Opal locus, and a missense mutation 
(p.R111K), corresponding to the second recessive allele 
l′ at the same locus. Sequence data clearly indicated 
that these two alleles emerged independently from 
wild-type forms, as allele l′ does not contain the mu-
tation of allele l, and vice versa. Even if we cannot for-
mally exclude that other regulatory mutations might be 
involved in determining the diluted phenotypic effects 
of the Opal and Onyx mutants, these two exonic muta-
tions, fixed respectively in the two canary lines, can be 
considered the strongest candidates to act as causative 
mutations. Anyway, they are markers that can be used 
to track these two recessive allele forms. The frame-
shift mutation was also fixed in the Mogno canaries, 
indicating that this line originated from an Opal mu-
tant (at least considering the MLPH gene). Therefore, 
the diluted effect of Mogno canaries seems directly 
related to this disrupting mutation. Other regulatory 
MLPH mutations, whose presence in Mogno canaries 
cannot be excluded by our data analysis, would prob-
ably not change the disrupting effect of the NW_0220
42652.1:g.66493407_66493413del allele. Therefore, it is 
possible that Mogno phenotype could be due to a pe-
culiar multilocus allele combination, as suggested by 
several signatures of selection that emerged by com-
paring Opal and Mogno DNA pools. Further studies 
are needed to better clarify this issue.

The quite large number of pigmentation-related 
genes that we highlighted in our study might also be due 
the heterogeneous composition of some of the newly se-
quenced DNA pools which included, in addition to the 
DNA of canaries having all the main target loci, also 
the DNA of some canaries that might carry other gen-
otypes affecting secondary pigmentation factors. The 
whole genome sequencing comparative strategy that 
we applied in this study was also successful in show-
ing other strong signatures of selection, probably not 
directly related to pigmentation differences between 
the contrasted canary lines. These additional results 
might be useful as reverse genetic starting points to 
reconstruct the biological meaning of fixed or almost 
fixed genomic regions in some canary lines and explain 
other unique phenotypic differences. Therefore, min-
ing whole genome sequencing data can disclose unex-
pected hints that are useful to reconstruct the genetic 
history of some canary lines.

In conclusion, our study demonstrated that genomic 
information could be very useful to clarify the genetic 
mechanisms underlying phenotypic differences of many 
canary colour varieties and may represent complemen-
tary tools to inform fancy breeders in designing more 
effective plans in their breeding activities.
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