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ABSTRACT
Reptiles showcase an extensive array of skin colours and patterns, yet little is known about the genetics of reptile colouration. 
Here, we investigate the genetic basis of the Clown colour morph found in captive-bred ball pythons (Python regius) to study skin 
pigmentation and patterning in snakes. We obtained samples by crowdsourcing shed skin from commercial breeders and hob-
byists. We applied a case–control design, whole-genome pool sequencing, variant annotation, histological analyses, and electron 
microscopy imaging. We identified a missense mutation in a transmembrane region of the melanocortin-1 receptor (MC1R) asso-
ciated with the Clown phenotype. In classic avian and mammalian model species, MC1R is known for controlling the type and 
amount of melanin produced. In contrast, our results suggest that MC1R signalling might play a key role in pattern formation in 
ball pythons, affecting xanthophore–melanophore distribution. This work highlights the varied functions of MC1R across differ-
ent vertebrate lineages and promotes a novel model system to study reptile colouration.

1   |   Introduction

The study of animal colouration has a long history in evolution-
ary biology (Wallace 1882; Cott 1940; reviewed by Caro 2017) 
and genetics (Castle and Wright 1915; Lyon 1963), because co-
lour is an important way that species interact with their envi-
ronment, and it is easily observable (Cuthill et al. 2017; Endler 
and Mappes  2017; Wiens and Emberts  2024). Within verte-
brates, mammals and birds have one type of chromatophore, 
the melanocyte, which is found in the epidermis and produces 
the most widespread and extensively studied pigment in ani-
mals, melanin (Mills and Patterson  2009; Baxter et  al.  2019). 
This pigment has important functions such as visual signalling, 

UV protection, homeostasis, host–parasite interactions and 
immunity (Ducrest, Keller, and Roulin 2008; Côte et al. 2018; 
McNamara et al. 2021). Melanin is synthesised from the amino 
acid tyrosine within membrane-bound organelles, called mela-
nosomes, by the enzymes tyrosinase (TYR), Tyr-related protein 
1 (TYRP1) and dopachrome tautomerase (DCT), as reviewed by 
Wakamatsu and Ito (2021).

In contrast, poikilothermic vertebrates, which include fish, 
amphibians, and non-avian reptiles, have three types of 
chromatophores (Bechtel  1991; Olsson, Stuart-Fox, and 
Ballen 2013). Like mammals and birds, reptiles produce mel-
anin in cells called melanophores which are found in the 

© 2024 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.
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dermis and epidermis (Bechtel  1991; Megía-Palma, Jorge, 
and Reguera 2018). In addition, they have yellow or red cells 
called xanthophores or erythrophores respectively (Andrade 
and Carneiro  2021; Kimura  2021). These cells may contain 
pterins or carotenoids. Whereas pterins are synthesised en-
dogenously from a GTP precursor, carotenoids are obtained 
from the diet, although they can be modified by enzymes 
(Toomey et  al.  2022). Finally, they can also have cells with 
stacks of guanine crystals called iridophores that produce 
structural colouration. When the crystals are regularly or-
ganised, they can produce iridescence (Kuriyama et al. 2006) 
or act as narrowband reflectors of a specific light wavelength 
(Saenko et al. 2013). When disorganised, the guanine crystals 
act as broadband reflectors and are associated with white skin 
(Saenko et al. 2013).

Vertebrate colour patterning arises from cellular processes 
that include cell-fate specification, cell migration, and cell–
cell interactions (Patterson and Parichy  2019; Subkhankulova 
et al. 2023). Animal colouration can vary in hue (e.g., amount 
of melanin; Ullate-Agote et al. 2020), pattern (e.g., solid brown 
vs. white spotting; Hauswirth et  al.  2012) or both (Watanabe 
et  al.  2016). Variations characterised by changes to colour 
(i.e., hue) but not overall patterning are often linked to genes 
directly involved in a pigment biosynthesis pathway (Iwanishi 
et al. 2018). In contrast, mutations affecting pattern (e.g., white 
spotting) tend to occur in genes involved in processes like cell–
cell interactions through gap junction proteins (Irion et al. 2014; 
Usui and Watanabe  2021), differentiation or migration (Kelsh 
et al. 1996, 2009; Baxter et al. 2004).

Reptile species found in the pet trade provide an opportunity to 
advance our understanding of reptilian pigmentation. For exam-
ple, captive-bred corn snakes (Pantherophis guttatus) have been 
used to uncover the lysosomal origin of chromatophore vesicles 
(Ullate-Agote et al. 2020) and establish gene-editing protocols 
in snakes (Tzika et  al.  2023). The ball python (Python regius; 
Figure 1a), also known as the royal python, is another species 
that shows great promise (Irizarry and Bryden 2016). Over the 
last 30 years, ball pythons have emerged as one of the most pop-
ular snakes in the reptile trade (D'Cruze et al. 2020). Numerous 
Mendelian (i.e., monogenic) phenotypes affecting pigmentation 
and patterning (‘colour morphs’) have been discovered, mostly 
in nature, and are propagated in captivity. A few ball python 
morphs have been genetically characterised so far (Brown 
et al. 2022; Dao et al. 2023; Garcia-Elfring et al. 2023; Lederer 
et al. 2023), but the majority remains to be studied.

Here, we use whole-genome sequencing to study the genetic 
basis of a recessive ball python phenotype, the Clown colour 
morph (Figure 1b). Wild type ball pythons present lateral, and 
occasionally dorsal, patches of brown colouration on a black 

background. In Clown ball pythons, the lateral patches are 
larger and of a lighter brown colour. Although dorsal patches 
are not visible, regions of dark brown colouration can be ob-
served along the dorsal midline. Thus, in this morph both the 
pigmentation and the pattern are affected. These differences are 
clearer when comparing Albino, lacking melanin, and Albino–
Clown double mutants (Figure  1c,d). An additional recessive 
phenotype, known as the Cryptic colour morph, is considered by 
ball python breeders to be allelic with the Clown colour morph 
(Clown × Cryptic pairing results in the ‘Crypton’ phenotype). 
The Cryptic colour morph shows subtle changes in the mela-
nin pigmentation and pattern, appearing slightly brighter and 
with more erratic patches relative to the wild type (Figure 1e). 
Clown and Cryptic both show lighter pigmentation on top of the 
head, referred to as a ‘stamp’. We hypothesise that Clown and 
Cryptic share a common genetic basis, with Crypton resulting 
from compound heterozygosity. We identified candidate causal 
mutations in the MC1R gene associated with Clown and Cryptic 
that are expected to affect melanophores and their distribution 
in different ways.

2   |   Materials and Methods

2.1   |   Study Design, Sample Collection, DNA 
Extraction and Sequencing

We appealed to commercial breeders for ball python shed skin 
samples. We applied a classic case–control design, meaning we 
compared (pooled) DNA from case samples (i.e., samples with 
the Clown phenotype, n = 38, Table S1) against DNA from a set 
of control samples (i.e., samples without the Clown phenotype 
or mutation, n = 21, Table S2). The set of control samples all con-
tain the Hypo–Ghost colour morph (Figure S1) but are known 
through pedigree data to not carry the Clown variant. Snakes 
with the Hypo–Ghost colour morph present a paler pigment phe-
notype (hypomelanistic) which was recently shown to be caused 
by a deletion in the melanophilin (mlph) gene (Lederer et al. 2023). 
We also compared Clown data against a control pool containing 
samples of the Spider colour morph (Figure S1 and Table S3). The 
Spider morph in ball pythons is a pattern anomaly characterised 
by a reduction in pattern and dark melanin pigmentation. It is 
also associated with pleiotropy, as Spider morph individuals fre-
quently display abnormal head movements, a syndrome known 
as ‘the wobble’, which has been linked to malformations of the 
sacculus and the semicircular canals (Starck et al. 2022). In addi-
tion, we used the results from our genome-wide analysis of case–
control data to test for the genetic basis of the recessive Cryptic 
colour morph. That is, putatively causal genes for Clown were 
used as candidates for Cryptic.

We extracted and sequenced DNA from shed skins by following a 
standard three-day phenol-chloroform procedure (Garcia-Elfring 
et al. 2023). Briefly, a small piece of shed skin (~2 mm × 2 mm) was 
digested in a lysis buffer containing proteinase K and SDS and in-
cubated at 37°C for 24–36 h to ensure complete digestion. After di-
gestion, we added an equal volume of phenol–chloroform–isoamyl 
alcohol mixture (25:24:1) and gently mixed the solution. DNA 
was precipitated with cold ethanol. We quantified and quality-
checked DNA on an Infinite 200 Nanoquant (Tecan Group Ltd. 
Männedorf, Switzerland). We prepared two pools with equimolar 

Summary

•	 Our study demonstrates that MC1R influences the dis-
tribution of xanthophores and melanophores in ball 
pythons, emphasising its diverse role in reptile skin 
colouration and broadening our understanding of pig-
mentation in vertebrates.
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amounts of each sample (10 ng/μL) (Tables S1 and S2). We sent our 
pooled samples to the McGill Genome Centre for whole-genome 
PCR-based library preparation and sequencing of 150 bp paired-
end reads on one lane of the Illumina NovaSeq 6000 platform.

2.2   |   Association Mapping

We first filtered raw sequence reads based on read quality 
(--quality-threshold 20) and length (--min-length 50) using the 
trim-fastq.pl program of Popoolation (Kofler et al. 2011). This pro-
cess trims bases with a quality score below 20 and discards reads if 
the final length is < 50 bp. The Burmese python (Python bivittatus) 
is the closest relative of the ball python for which an annotated 
draft genome sequence is available (Castoe et  al.  2013), but the 
Pmo2.0 reference genome is quite fragmented, with an N50 contig 
size of 10.7 and 207.5 kb for the unplaced-scaffold size. Thus, to 
identify genomic regions of interest, we also aligned reads to the 
chromosome-length Burmese python reference genome Python_
molurus_bivittatus-5.0.2_HiC (Dudchenko et  al.  2017, 2018), 
which is not annotated. We used the annotations (GFF3) from 
the draft assembly (GCF_000186305.1) and mapped them to the 
chromosome-length assembly using the Liftoff program (Shumate 
and Salzberg  2021). To estimate sequence divergence between 
ball python reads and the Burmese python reference genome, we 
first filtered for fixed alternate alleles. Initially, we used grep to 
filter and count the variants in the VCF file with zero coverage 
for the reference allele (‘DP4 = 0,0,’). Next, we used samtools depth 

to get the total number of sites covered during alignment. Finally, 
sequence divergence was estimated as the number of fixed SNPs 
divided by the total number of sites covered.

We aligned processed reads to both genomes using the pro-
gram bwa-mem with default parameters (Li and Durbin 2009). 
We converted SAM files to BAM format with SAMtools (Li 
et  al.  2009) and removed reads with mapping quality below 
20 (-q 20). SAMtools and Popoolation2 (Kofler, Pandey, and 
Schlötterer 2011) were subsequently used to produce mpileup 
and sync formats, respectively. We generated VCF files by 
using bcftools to call variants and filter (vcfutils.pl varFilter) 
for a minimum depth of five (-d 5) and mapping quality of 20 
(-Q 20). The program fst-sliding.pl of Popoolation2 was used to 
calculate SNP-specific FST estimates (Clown vs. Hypo–Ghost) 
across the genome. Because we only analysed DNA from 
snakes exhibiting the recessive Clown traits, the causal vari-
ant for Clown is expected to be fixed (or nearly fixed) in its re-
spective pool and have a high FST relative to the Hypo–Ghost 
control pool, where the Clown allele should be missing. We 
generated Manhattan plots to visualise genome-wide patterns 
of genetic differentiation and gain insight into the location of 
the Clown colour morph mutation. The Clown interval was 
defined as the distance between the first and last SNP with an 
FST of 1.0 on chromosome 3. Within this region, we considered 
SNPs with FST > 0.90 rather than 1.0 to account for possible 
misidentification of heterozygotes for wildtype individuals 
in crowd-sourced samples. We conducted a Fisher's exact test 

FIGURE 1    |    Mendelian phenotypes in ball pythons. The wild type (a) pigmentation and pattern is contrasted with the Clown colour morph 
(b), which exhibits larger and brighter lateral patches, light brown coloration along the dorsal midline, and altered head pigmentation. The albino 
ball pythons (c) lack black pigmentation, but the pattern seems unaffected. Albino–Clown double-mutants (d) show dorsal patches of bright red 
coloration, possibly responsible for the light brown coloration along the dorsal midline of the Clown single mutants. The Cryptic colour morph (e) 
displays a subtly lighter colour and altered patches pattern relative to the wild type. Crypton animals (f) display a reduction of their black coloration 
relative to the wild type. Photo credits: c, d, e—world​ofbal​lpyth​ons.​com, f—Prohe​rper.​com.
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(FET) to assess significant changes in allele frequency be-
tween the Clown and reference pools (Hypo-Ghost and Spider 
morphs), applying the Benjamini–Hochberg method to correct 
for multiple hypothesis testing.

2.3   |   Variant Annotation and Identification 
of Polymorphisms and Fixed Differences

We annotated variants with the software SnpEff (Cingolani 
et al. 2012) using the Burmese python reference genome (Python_
molurus_bivittatus-5.0.2, assembly: GCF_000186305.1). This 
program predicts the effect of mutations (SNPs and small in-
dels) on a protein. Variants within the region of interest, with 
an FST greater than 0.90, mapping to a gene and affecting the 
gene product (e.g., nonsense mutations and small indels—‘high 
impact’; missense mutations—‘moderate impact’) were con-
sidered as candidate causal mutations. We used the program 
Protter (Omasits et al. 2014) to visualise MC1R variation relative 
to MC1R protein domains. We conducted a multiple sequence 
alignment (MSA) of MC1R using the MUSCLE algorithm 
(Edgar 2004) implemented in the Jalview software (Waterhouse 
et al. 2009).

We validated candidate loci by PCR amplification and Sanger 
sequencing MC1R of samples known through pedigree analysis 
to be heterozygotes (Table S4: Het. Clown, n = 17; Het. Cryptic, 
n = 12), homozygotes (Clown, n = 1; Cryptic, n = 4), and wild 
type (not-Clown, n = 33; not-Cryptic, n = 35). Primers to am-
plify the regions with the candidate loci were designed using 
Primer3 (Kõressaar and Remm 2007; Kõressaar et al. 2018) and 
were the following: (Clown) Forward: 5′-ACTTCTC​CAAT​AGC​
ACC​ACTGAT-3′, Reverse: 5′-TAG​AAG​ATG​GT​GA​TGT​AGC​GG​
TC-3′; (Cryptic) Forward: 5′-CTAG​CAGC​GCC​ACA​AA​GTG-3′, 
Reverse: 5′-CTAA​GGGA​CCCAG​CCT​CTC-3′.

To increase the sample size of ball pythons genotyped at the can-
didate loci, we obtained 80 additional samples from breeders in 
Europe (Table S5). We genotyped captive-bred ball pythons from 
mainland Europe and the United Kingdom described by breed-
ers as either Clown (n = 6), heterozygous for Clown (n = 36), non-
Clown (n = 38), Cryptic (n = 5), heterozygous for Cryptic (n = 38), 
Crypton (n = 5), which is a double Clown–Cryptic heterozygote, 
and non-Cryptic (n = 37). We hypothesise that Crypton is the re-
sult of compound heterozygosity—mutations at different loci on 
the same gene.

In the ball python breeding hobby, the recessive colour morphs 
known as Amur and Gizmo were initially treated as distinct 
morphs that were allelic with Cryptic and Clown. Subsequent 
genotyping by a private company (Prohe​rper.​com) showed that 
Cryptic, Amur, and Gizmo carry the same mutation as Cryptic. 
It remains to be seen if they carry additional mutations at this 
or another locus.

2.4   |   Histological Analyses and Transmission 
Electron Microscopy Imaging

One juvenile Clown ball python was housed at the LANE an-
imal facility under the veterinary cantonal permit no. 1008. 

Samples were collected following Swiss law regulations and 
under the experimentation permit GE24/33145. This animal 
was not included in the association mapping analyses described 
above. Skin samples from three different regions were fixed in 
4% paraformaldehyde, dehydrated in ethanol, and embedded in 
paraffin blocks. We imaged seven-micrometer deparaffinised 
microtome sections with a VHX-7000 microscope (Keyence). For 
transmission electron microscopy, skin pieces of one mm2 from 
the same three regions were processed as previously described 
(Ullate-Agote et al. 2020). Sample processing and imaging was 
performed at the Electron Microscopy Facility, University of 
Lausanne (Switzerland).

2.5   |   Gene Nomenclature

Here, we refer to the MC1R/Mc1r/mc1r gene consistently as 
‘MC1R’ across all species, irrespective of conventional species-
specific gene nomenclature. This choice was made to maintain 
clarity and uniformity throughout the text.

3   |   Results

3.1   |   Missense Mutations on the Melanocortin 1 
Receptor

We compared a pool of 38 individuals of the Clown colour morph 
with two non-Clown pools: Hypo-Ghost (n = 21) and Spider 
(n = 26). The Clown samples have no Hypo-Ghost and no Spider 
variation, whereas the Hypo-Ghost and the Spider samples have 
no Clown variation (Tables S1–S3). Our sequencing resulted in 
a total of 430,722,258 reads (forward + reverse) filtered for se-
quence quality (minimum 20) and length (minimum 50 bp). 
Filtering for mapping quality and depth left a total of 227,085,378 
reads mapped to the reference Burmese python genome. We 
found that sequence divergence between ball python reads and 
the reference genome is 0.0218 (2.18%). Our sequencing of the 
Clown pool resulted in an average coverage of 36.9 for sites with 
non-zero coverage (34.1 across all sites). The two reference pools, 
Hypo–Ghost and Spider, showed an average coverage of 26.3 (all 
sites: 24.3) and 32.5 (all sites: 30.1), respectively.

A genome-wide scan of allele frequency differences, as shown 
by FST, reveals a 3.23 Mb region of Chromosome 3 (chromo-
some 3:667,960–3,296,430) with fixed SNPs (FST = 1.0) relative 
to Hypo–Ghost (Figure  2a). There is an additional peak on 
Chromosome 2 associated with the Hypo–Ghost colour morph. 
The region of high differentiation on Chromosome 2 contains 
the gene MLPH, which was recently linked to the Hypo–Ghost 
phenotype (Lederer et al. 2023). We find an overlapping inter-
val on Chromosome 3 (3:67,960–4,702,200) when comparing 
the Clown pool to the Spider pool, supporting the association 
of this genomic region with the Clown phenotype (Figure 2b). 
A Fisher's exact test between Clown and both Hypo–Ghost 
and Spider further confirms the association in chromosome 3 
(Figure S3).

We found 98 genes (748 variants, including 7 indels in non-
coding regions) annotated within the region of high differenti-
ation on Chromosome 3 from 667,960 to 3,296,430 (Table S6). 
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We checked the location of the SNP with the most significant 
changes (chromosome 3: 1,243,403), which can be seen on a 
zoomed-in chromosome 3 (Figure  S4) and maps to an inter-
genic region between the uncharacterised gene LOC112541545 
and CBFA2T3 (CBFA2/RUNX1 Partner Transcriptional Co-
Repressor 3). These genes have not been linked to animal co-
louration previously. We cross-referenced SNPs with an FST 
greater than 0.90 (popoolation2 output) with the annotated 
VCF file and found one protein-altering SNP (c.149G>A), cor-
responding to a missense mutation in melanocortin-1 receptor 

(MC1R—p.Ser50Asn). However, further inspection of the VCF 
file showed nine missense SNPs across seven genes—ZFHX3, 
COG8, CDH1, MC1R, SPG7, PIEZO1, IL17C (Table S7). These 
variants did not meet popoolation2's filtering criteria (e.g., 
coverage depth, allele frequency, data completeness across 
populations).

Given that MC1R is the likely genetic basis for the Clown pheno-
type (genotype MC1R149ᴬ/149 )A, and that Clown and Cryptic are 
allelic, we hypothesised that a different variant on MC1R might 

FIGURE 2    |    (a) Manhattan plot (Python_molurus_bivittatus-5.0.2_HiC assembly) of FST values for the Clown phenotype (case) against a reference 
pool (control). It was established through pedigree data that control samples do not have the Clown mutation, but they all carry the mutation responsible 
for the Hypo–Ghost colour morph. The candidate gene for Clown maps within the peak on Chromosome 3. The peak on Chromosome 2 contains the 
candidate gene (mlph) of the Hypo–Ghost colour morph (Lederer et al. 2023). (b) Manhattan plot of FST values between Clown (n = 38) and Spider 
control pool (n = 26). (c) On Chromosome 3, a missense mutation (p.Ser50Asn) in the protein coding region of the melanocortin-1 receptor (mc1r) gene is 
associated with the Clown phenotype. The putative Clown variant is located in the first transmembrane domain of mc1r. The candidate Cryptic missense 
variant (p.Asp181Asn) maps to the extracellular region between the fourth and fifth intracellular domains. The Clown and Cryptic loci are indicated by 
an arrow on the wild type and Clown complex models. The green square corresponds to the N-glyco motif.
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be associated with Cryptic. PCR amplification of the MC1R locus 
(3:792,150–793,091) in Cryptic, non-Cryptic, and heterozygous 
for Cryptic samples sent by breeders (see Section  2; Table  S4) 
shows a distinct missense variant in MC1R (c.541G>A) associ-
ated with Cryptic (genotype MC1R541ᴬ/541 )A, 491 bp downstream 
from the Clown mutation. This SNP is expected to change 
the amino acid sequence from aspartate to asparagine (p.As-
p181Asn). A multiple sequence alignment of MC1R from vari-
ous vertebrate species shows that the candidate Clown mutation 
occurs on a conserved residue, whereas the Cryptic mutation is 
located at a more variable site (Figure S5).

3.2   |   Histological Analysis of Clown Ball 
Python Skin

It has recently been shown that the black skin of wild-type ball 
pythons contains epidermal and dermal melanophores. In the 
brown skin of the wild type, the number of epidermal melano-
phores is reduced and xanthophores are present. Iridophores 
are absent from the wild-type ball python skin (Tzika  2024). 
Here, we present histological and electron microscopy imaging 
data from three different skin regions of a single Clown indi-
vidual (Figure 3). As for the wild type, black dorsal skin is pop-
ulated by dermal and epidermal melanophores (Figure  3a,b). 
The number of dermal melanophores is reduced in the brown 
dorsal skin (Figure  3c), compared to the black dorsal skin, as 
has been described in other polymorphic species (Murakami, 
Hasegawa, and Kuriyama 2016), and the xanthophores present 
have xanthosomes with dense concentric lamella (Figure  3d). 
Only scarce epidermal melanophores are present in the yellow 
lateral skin and the dermal melanophores seem completely ab-
sent (Figure 3e). In this region, we find xanthophores with early 
stage xanthosomes that contain amorphous material instead of 
lamella (Figure 3f). As expected, no iridophores were found in 
the three skin regions of the Clown individual.

In terms of chromatophore ultrastructure, the only difference 
we observe compared to the wild type is the presence of mela-
nophores with early-stage melanosomes in the dorsal black 
skin (inset in Figure  3b). This difference might be due to the 
young age of the Clown animal sampled, a one-year-old juve-
nile, whereas the wild-type previously studied was three-years 
old (Tzika 2024). Otherwise, the size and shape of the melano-
somes is the same. Such differences in the maturation stage be-
tween juvenile and adult snakes have already been described for 
the corn snake (Ullate-Agote et al. 2020). Thus, the differences 
in the skin colouration pattern and pigmentation intensity ob-
served in Clown ball pythons are probably due to the modified 
migration and number of melanophores, rather than changes in 
their ultrastructure.

4   |   Discussion

In this study, we identified two distinct missense mutations in 
MC1R as putatively responsible for the Clown and Cryptic ball 
python colour morphs, respectively. The Agouti/MSH/MC1R 
signalling system (Barsh 1996) plays an important role in mel-
anin pigmentation. In mammalian and avian systems, melanin 
colouration can vary from beige/yellow to black/brown. If the 

melanin-stimulating hormone (MSH) binds to the melanocor-
tin receptor (MC1R), melanocytes produce black or dark brown 
eumelanin. However, MSH/MC1R signalling is inhibited by the 
binding of Agouti-signalling protein (ASIP) to MC1R, resulting 
in the production of pheomelanin, which imparts a yellow or 
reddish-brown hue. Thus, MC1R signalling is generally thought 
to primarily affect the hue imparted by melanin.

Mutations in MC1R and its antagonist, agouti, have been associ-
ated with adaptive phenotypes in various vertebrates, including 
mice and lizards (Nachman, Hoekstra, and D'Agostino  2003; 
Rosenblum, Hoekstra, and Nachman  2004; Nunes et  al.  2011; 
Barrett et al. 2019; reviewed by Harris et al. 2020). Amino acid 
changes in transmembrane domains have been linked to me-
lanic or red phenotypes in cattle breeds (Matsumoto et al. 2020; 
Hauser et  al.  2022), birds (Theron et  al.  2001; San-Jose 
et al. 2017) and reptiles (Nunes et al. 2011), although until now 
not in snakes (but see Cox, Rabosky, and Chippindale 2013). In 
humans, variations in MC1R are associated with the production 
of pheomelanin in red hair (Zorina-Lichtenwalter et al. 2019), 
as well as the development of cancer (Pavan and Sturm  2019; 
Manganelli et  al.  2021). Loss-of-function mutations to MC1R 
have also been found in depigmented cavefish (Gross, Borowsky, 
and Tabin 2009).

The MC1R gene codes for a seven transmembrane G-protein-
coupled receptor with intracellular and extracellular regions. 
Transmembrane domains help maintain the structural integrity 
of MC1R and are important for ligand-receptor interactions and 
melanin pigmentation (Yang et al. 1997; Rosenblum et al. 2010; 
Mandal et  al.  2020). The Clown morph's missense mutation 
occurs in the first transmembrane region, while the Cryptic 
morph's mutation is in the extracellular loop between the fourth 
and fifth transmembrane domains (Figure  2c). Rosenblum, 
Hoekstra, and Nachman  (2004) investigated the evolutionary 
rates of MC1R in mammals and squamates, showing that ex-
tracellular regions evolve the fastest, followed by transmem-
brane regions, with intracellular regions evolving the slowest. 
This suggests that intracellular and transmembrane regions are 
more crucial for the protein's function compared to extracellu-
lar regions. Consequently, the phenotypic variation observed 
in Cryptic likely results from a hypomorphic mutation (partial 
loss of receptor function), rather than a complete loss of func-
tion. Since the loss of function is only partial, selection pressure 
against mutations like D181N should be weaker compared to 
mutations such as S50N, as supported by the multiple sequence 
alignment. Therefore, it is expected that the missense mutation 
of the Clown morph in a transmembrane region would have 
greater impact on fitness than the missense mutations of the 
Cryptic morph in an extracellular region.

It is not unusual for different mutations on the same gene to 
result in different phenotypes. For example, in C57BL/6 mice 
the Mc1re allele turns the mouse coat to yellow (https://​www.​
infor​matics.​jax.​org/​allele/​MGI:​1856028) and on the same ge-
netic background the Mc1rm1Btlr allele results in tan coloured 
fur (https://​www.​infor​matics.​jax.​org/​allele/​MGI:​5049874). 
Although the MC1R variants discovered with this study are the 
likely cause of the Clown and Cryptic phenotypes in ball py-
thons, we did not verify if large indels or structural mutations 
are present in the interval. This type of analysis will be possible 
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when a chromosome-level assembly of the ball python genome 
becomes available. Additionally, functional validation, for ex-
ample with CRISPR-Cas9 gene-editing, is necessary to confirm 
our findings.

Interactions of iridophores and xanthophores with melano-
phores play a role in pattern formation in zebrafish (Frohnhöfer 
et al. 2013; Singh, Schach, and Nüsslein-Volhard 2014; Singh 
and Nüsslein-Volhard  2015; Gur et  al.  2020). In zebrafish, 
MC1R is involved in the countershading, that is, the absence of 
stripes on the ventral side of the fish (Cal et al. 2019). Indeed, 
an expansion of melanophores and xanthophores ventrally is 
observed in zebrafish MC1R knockouts, where normally only 
iridophores are found. Our study of ball python pigmentation 
suggests that MC1R might also be involved in pattern forma-
tion in reptiles. Note that a recent study of the Terrazzo corn 
snake morph (Tzika et  al.  2024) provides evidence that the 
Premelanosome protein (PMEL), another important protein 

for melanogenesis, is also involved in the establishment of 
the wild type skin pattern. In combination with our findings, 
these results support the dual role these molecules of the mela-
nogenesis pathway may play in colour patterning processes in 
snake skin colouration.

Little is known of the chromatophore interactions that estab-
lish the skin colouration patterning during development in 
reptiles (Ullate-Agote and Tzika 2024; Tzika et al. 2024), but 
we can make some inferences from the Clown phenotype and 
other colour morphs. In ball pythons, certain colour morphs 
with altered melanin pigmentation, including Clown, show an 
expansion of yellow colouration (Figure 1d and Figure S6). A 
recent study by Tzika  (2024) showed that wild type ball py-
thons do not have iridophores, as is the case for the Clown 
ball pythons analysed here. Albino ball pythons, which are 
likely to carry melanophores that do not produce melanin 
similarly to amelanistic corn snakes (Saenko et al. 2015), can 

FIGURE 3    |    Histological analysis of Clown ball python skin. Images of deparaffinised skin sections and transmission electron microscopy (TEM) 
micrographs of the black dorsal skin (a, b), the brown dorsal skin (c, d), and the yellow lateral skin (e, f). Insets in (b) focus on the early-stage 
melanosomes. Insets in (d) and (f) magnify the mature and the early stage xanthosomes, respectively. cf., collagen fibres; dM, dermal melanophores; 
eM, epidermal melanophores; X, xanthophores. Brightfield images scale bars: 50 μm, TEM scale bars: 5 μm.
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be used to observe what xanthophore patterning looks like in 
the wild type (Figure  1c). Yellow colouration is observed in 
the corresponding brown regions of the wild type, and white 
in the regions that are normally black. Albino-Clown double 
mutant reveals an expanded distribution of the xanthophores 
(Figure 1d and Figure S6f), not only laterally, but also along 
the dorsal midline, where they are absent in the wild type. A 
similar pattern of xanthophore expansion can be observed in 
other Albino double mutants (e.g., Figure S6c–f). In melanic 
morphs (Figure S6g,h), which are characterised by an all-black 
phenotype, the opposite is observed. As has been documented 
in melanic lizards (Kuriyama et  al.  2016), Albino-melanic 
double mutants reveal a loss of xanthophore pigmentation, or 
an all-white snake. Based on the co-existence of melanophores 
and xanthophores in this region, we can thus speculate that 
the MC1R mutation impacts the survival and/or the migration 
of melanophores during development, and possibly their inter-
action with xanthophores. Our results provide new research 
avenues for the study of vertebrate skin colouration and pat-
tern formation, highlighting the utility of using captive-bred 
reptiles in pigmentation research. The pet trade also provides 
a useful system for exploring these genetic mechanisms that 
would be difficult to study with wild populations, where these 
variants are presumably kept at very low frequencies due to 
negative selection.
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