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Abstract

Color polymorphism is an important trait due to its role in defense strategies, feeding habits, environmental responses
such as temperature regulation, and overall fitness. While the genetic basis of color polymorphism is well understood in
mammals, it remains relatively understudied in nonavian reptiles. Vipera berus, the European adder, is the most widely
distributed and northernmost terrestrial snake in the world. Similar to other European vipers, V. berus exhibits a range of
dorsal color patterns spanning from zig-zag to complete melanism. However, a unique longitudinal dorsal stripe pattern
was recently discovered in the isolated Gossa Island (~45 km?) population of Norway, where ~5% of snakes exhibit this
distinct pattern instead of the common dorsal zig-zag pattern. In this study, we investigated the genetic basis of the
unique phenotype observed on Gossa by combining low-depth whole-genome shotgun sequencing and pairwise Fst
genome scanning. We discovered a moderately sized, significantly differentiated genomic region containing five asso-
ciated genes, including the premelanosome gene (PMEL) that encodes a well-known transmembrane glycoprotein that
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is a key component of melanosome organelles. We implicate a functionally relevant variant in the encoded premelano-
some protein. Our results provide insight into the evolution and genetic basis of pigmentation of squamate reptiles
using the unbiased approach of genome scanning, a method that has rarely been used in this context.

Key words: Vipera berus, aposematism, crypsis, dorsal pattern, PMEL, pigmentation.

Significance

We provide strong evidence from population genomics that the genetic control of stripe pigmentation in the
European adder (Vipera berus) is the PMEL gene that encodes the premelanosome protein. This is only the second
time this gene has been implicated in stripe pigmentation in a snake, so the work suggests PMEL may play a uni-
versal role in determining squamate skin stripes. The PMEL gene is evolutionarily conserved and important in ver-
tebrate development, but its entire range of functions is still unknown. Thus, this research provides evidence for
further work toward PMEL's full functional characterization.

Introduction

The investigation of intraspecific melanin-based poly-
morphism has captured the interest of researchers
across various taxa, as it offers insights into sexual selec-
tion, predator—prey interaction, thermoregulation, eco-
logical niches, pattern formation, and mimicry (Murray
and Myerscough 1991; Roulin 2004; McKinnon and
Pierotti 2010; Murray 2011). Snakes, in particular, have
garnered interest due to their remarkable diversity of
pattern and color variations that are unparalleled
among vertebrates (Allen et al. 2013). While color poly-
morphism in mammals and birds has been the focus of
numerous studies—largely centered on melanocyte
biology—our understanding remains incomplete and
is well resolved only in a handful of model species.
Investigations into the genetic basis of color polymorph-
ism in reptiles have been comparatively limited.

The primary protein targets implicated in studies of
nonavian reptile color polymorphism have been
pro-opiomelanocortin (POMC), agouti-signaling protein
(ASIP), premelanosome protein (SILV/PMEL), the tyrosin-
ase gene family, and the melanocortin 1 receptor
(MCTR) (Rosenblum et al. 2004; Corso et al. 2012; Cox
et al. 2013; Ducrest et al. 2014; Brown et al. 2022).
Although melanocytes do contribute to pattern forma-
tion, in reptiles color patterning is more complex due
to the presence within the dermis of additional pigmen-
tation cells called chromatophores (Alibardi 2013;
Ullate-Agote et al. 2020; Tang et al. 2023). In many rep-
tiles (including most snakes and lizards), chromatophore
stratification begins with melanophores at the base of
the dermis, producing black pigment patterns
(Kuriyama et al. 2020). Ascending from the melano-
phores are the iridophores, erythrophores, and xantho-
phores, which are located in the upper layers of the
dermis and produce light-scattering effects and red/yel-
low pigments. These chromatophores are derived from

neural crest cells, which migrate in developing embryos
and give rise to a vast range of cells in addition to chro-
matophores (Tang et al. 2023). Reptile pattern diversity
is the result of the distribution and layering of chroma-
tophores and melanocytes in the dermis and epidermis
(Alibardi 2013; Saenko et al. 2013; Ullate-Agote et al.
2020). While the vertebrate model organism zebrafish
has played a significant role in advancing understanding
of chromatophores and pattern formation, there has
been only limited research on the complex color and
pattern morphology of reptiles (Kuriyama et al. 2020).
The European adder (Vipera berus Linnaeus, 1758;
family Viperidae) is the most widely distributed

(a)

(b)

Fig. 1. Both V. berus morphs can be observed on the Norwegian island
of Gossa. a) A male (individual M2) and female (individual F1) with the
zig-zag dorsal pattern. b) A male (individual M4) and female (individual
F4) with the comparatively rare dorsal stripe phenotype. Photos ©
2017 by K. H. Ophus.
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terrestrial snake in the world, with its range stretching
from Sakhalin Island in the Far East of Russia to
Scotland (Lourdais et al. 2013; Horreo and Fitze 2018)
and from Northern Greece to above the Arctic Circle
(Andersson 2003; Ursenbacher et al. 2006). Due to its
northern distribution, in most parts of its range the ad-
der lives at low altitudes, but in, eg southeastern
Europe with warmer climatic conditions, V. berus is re-
stricted to high altitudes (1,000 to 2,600 m above sea le-
vel; Ursenbacher et al. 2006). Despite the European
adder's wide range, by far the most common
skin pattern is a dorsal zig-zag (Fig. 1a). In some parts
of its range (such as Scandinavia), however, melanism
is common, with a population frequency ranging from
10% to >80% (Madsen et al. 2022). The zig-zag pattern
had been suggested to be an example of aposematic
coloration (Wuster et al. 2004), disruptive coloration
(Valkonen et al. 2011; Bauwens and Claus 2019), and re-
sulting in a flicker-fusion effect (Shine and Madsen
1994). Vipera berus is one of the few snakes that show
sexual dichromatism from birth, and this dichromatism
is maintained in adults, where males have a black zig-
zag pattern with white, gray, or light blue coloration
while females often have a dark brown zig-zag pattern
and light brown body color (Andrén and Nilson 1981;
Cui et al. 2016; Madsen et al. 2022).

Apart from melanism, deviations from the zig-zag
pattern morphology are considered rare for the
European adder, and a study conducted in south-east
England between 2005 and 2020 observed only three
adders to have a straight dorsal line (Hills 2020).
Although this striped phenotype is rare for V. berus, it
is common in V. seoanei (Lataste, 1879; 4 Mya diver-
gence from V. berus; Martinez-Freiria et al. 2017, Smid
and Tolley 2019) and in Vipera aspis (Linnaeus, 1758;
15 Mya divergence from V. berus; Ducrest et al. 2014;
Smid and Tolley 2019). Similar to Swedish V. berus, mel-
anism in V. aspis is quite common (Ducrest et al. 2014).
In an analysis of the POMC and the melanocortin-1-
receptor (MCTR) genes, a single-nucleotide polymorph-
ism (SNP) within the 3’-untranslated region (3'UTR) of
the POMC gene was discovered to be correlated with
the dorsal color polymorphism in V. aspis (Ducrest
et al. 2014). Since POMC is a precursor to several hor-
mones, and consequently responsible for several vital
functions in the body, it is highly conserved across multi-
cellular animals (Cai and Hruby 2016; Dores et al. 2016).

On the island of Gossa off the west coast of Central
Norway (Mere og Romsdal county), a population of
V. berus was recorded displaying the striped phenotype
(Fig. 1b) in ~5% of individuals during preliminary field
observations in 2017 (2 striped of ca. 42 live individuals)
and 2020 (5 striped of 92 live individuals). Gossa, also
called Gossen, is ~45 km? in area and covered in boreal

heathland, moorland, and marsh (Thorsnees 2024).
Several locations have rocky outcrops with crevices
that go deep into the earth (K. H. Ophus, personal report).
The landscape is speckled with numerous ponds and
streams providing habitat for frogs (Rana temporaria),
which constitute the main diet of the Gossa adder popu-
lation (K. H. Ophus, personal report).

Given the limited research on reptile color polymorph-
ism in regards to pigmentation genes outside of melano-
cytes, this study aimed to determine the genomic basis of
the rare striped phenotype that is common in the Gossa
population. Our work uses whole-genome sequencing
and genome scanning of 76 individuals from the Gossa
population, including 19 with a striped phenotype, to
further our understanding of pattern development and
polymorphism in wild snake populations.

Results

Bioinformatic Processing and Analysis of Population
Structure

The 76 combined samples (both field collected and from
a natural history collection) were sequenced to a mean
genomic depth of 3.4x (minimum: 0.2x, maximum:
12.1x) after mapping against the V. berus reference nu-
clear genome and removing reads with low-quality
alignments (Table S1). After processing the dataset
with ANGSD and removing repeat regions, we were
left with 1,796,192 variant positions used in the subse-
quent genome-wide association study (GWAS) ana-
lyses. Further filtering, by pruning the variants in high
linkage disequilibrium (LD), reduced the dataset to
373,558 variants used for inferring the overall popula-
tion structure via a principal component analysis
(PCA). In the PCA, the top four eigenvectors were dis-
played to visualize the population structure within
Gossa (Fig. 2). Notably, the first four principal compo-
nents explain 18% of the variation, and the structuring
of genetic variation is not associated with the pheno-
types of interest. The kinship analysis revealed that 19
of the individuals were related with r,, > 0.3, including
the expected close kinship between mothers and
their offspring and siblings within the same brood
(Table S2). Selecting a single representative of each kin
group resulted in a set of 57 unrelated individuals
used in a subset of the subsequent analyses.

Fst Analyses

The pairwise Fst analysis based on the site frequency
spectra of the two color morph cohorts including all
76 sequenced individuals resulted in a global weighted
Fst value of 0.0020. The sliding window analysis consid-
ered 123,909 10 kb windows, 124 of which were
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outliers in the 99.9% quantile (Fig. 3). To identify gen- those with Z-scores =12, resulting in a list of 19 windows
omic regions with exceptionally strong genetic differen- (Table 1). Liftover of these windows to a newly available,
tiation, the outliers were further filtered to include only improved, haplotype-resolved V. berus genome
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vo
Table 2 Information about missense variants within the predicted PMEL and DDN genes segregating in the Gossa population
Gene Scaffold Scaffold Casual Missense Freq. in Freq. in Amino acid Amino acid
ID position nucleotide amino acid striped zig-zag genotype freqs.  genotype fregs.
(bp) variant variant cohort (%) cohort (%) in striped in zig-zag cohort
cohort (%) (%)

A/ A/ R/  A/A A/R R/R

A R R
PMEL  KN633923.1 55,190 G>A Gly206Ser 0 59.5 0 0 100 174 826 00
DDN KN631330.1 31,193 A>G Ser100Gly 100 50.0 100 O 0 160 680 16.0
DDN KN631330.1 31,058 A>T Arg145Trp 100 455 100 O 0 136 637 227
DDN KN631330.1 29,939 A>C Thr518Pro 100 56.8 100 O 0 318 500 182
DDN KN631330.1 29,545 G>C Ser649Thr 100 55.0 100 O 0 200 70.0 100

No missense variants were detected within the genes DGKA, RAB5B, or MYL6. R indicates the reference allele, and A indicates the alternate allele.

assembly (rVipBer3.hap1.1; Owens et al. 2025) revealed
that 90% (17 of 19) of these regions align to a single 250
kb locus of chromosome 2 (Table 1). A second Fst ana-
lysis of the two color morph cohorts using genomes
from the 57 unrelated individuals resulted in largely
similar results, but with a smaller global weighted Fsy va-
lue of 0.0017, yielding 25 outlier windows (Table 1).
These align to a 1 Mb region of chromosome 2 that
completely encompasses the 250 kb region identified
in the analysis with all the individuals, as well as smaller,
7 to 20 kb regions on chromosomes 1 and 2. There was
considerable overlap between the outlier windows
identified in the two Fst analyses (Table 1).

GWAS Analysis

The GWAS analysis including related individuals yielded an
overall low inflation factor of 1.092 (Fig. S1) and revealed
76 SNPs with highly significant (P < 5e—8) associated with
the striped phenotype (Fig. S2). The most significant of
these mostly fall within the same genomic windows re-
vealed as extreme outliers in the Fst analysis (Table S3).
Another GWAS considering only unrelated individuals
also yielded a low inflation factor of 1.087 (Fig. S3) and re-
vealed 58 SNPs with highly significant (P < 5e—8) associa-
tions with the striped phenotype (Table S4, Fig. S4).

Ab Initio Genome Annotation

After aninitial run of RepeatMasker and RepeatModeler,
a second run of RepeatMasker and RepeatModeler was
performed using the generated model as a custom li-
brary input. This second run resulted in masking
491,372,682 bp (32.1%) of the genome assembly. This
custom repeat library, as well as the genome assembly
sequence, a Boa constrictor transcriptome, protein hom-
ology evidence from Squamata, and several run itera-
tions using MAKER2, SNAP, AUGUSTUS, and BUSCO,
resulted in a final ab initio annotation containing
7,948 gene models. Owing to the highly fragmented

nature of the genome assembly, the BUSCO analysis of
3,354 total BUSCO groups revealed 930 (27.7%) com-
plete BUSCOs, 913 complete and single-copy BUSCOs
(27.2%), 17 complete and duplicated BUSCOs (0.5%),
521 fragmented BUSCOs (15.5%), and 1,903 missing
BUSCOs (56.8%).

Homology-Based Gene Prediction and Annotation in
Outlier Windows

The homology-based prediction of V. berus genes in
identified highly differentiated (Z> 12) outlier genomic
windows produced the full-length position, sequence,
and exon structure of PMEL (premelanosome: 713 aa,
12 exons), DGKA (diacylglycerol kinase alpha: 745 aa,
23 exons), RAB5B (Ras-related protein Rab-5B: 214 aa,
5 exons), DDN (dendrin: 659 aa, 2 exons), MYL6 (myosin
light polypeptide 6: 151 aa, 5 exons). Highly differen-
tiated outlier windows from both Fst analyses (all se-
quenced individuals or only unrelated individuals) and
containing highly significant SNPs from both GWAS
analyses overlapped the genes RAB5B, PMEL, and
DGKA. The gene DDN was contained in only those out-
lier windows from the Fst analysis with all sequenced in-
dividuals, and MYL6 was contained in only those outlier
windows from the Fst analysis with only unrelated indi-
viduals (Table 1). Notably, all four of these genes were
determined to fall within the same ~1 Mb locus of
chromosome 2. Together with the clustering of highly
differentiated windows, this indicates that the genomic
signal underlying the striped phenotype is concentrated
within a single locus, rather than distributed across mul-
tiple independent regions. The remaining highly differ-
entiated (Z=>12) outlier genomic windows contained
no annotated genes.

Variant Effect Analysis and Inheritance Patterns

The analysis of gene variant effects within the predicted
PMEL, DGKA, RAB5B, MYL6, and DDN genes revealed
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Vipera berus Premelanosome (PMEL) protein
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Fig. 4. Premelanosome protein domains predicted from the translated coding regions of the V. berus PMEL gene. The location of the Gly206Ser
missense variant is indicated by the arrow. Ma and MB indicate the two fragments formed by proteolytic cleavage of the full-length PMEL protein
(Berson et al. 2003). IP, signal internal propetide targeting the nascent PMEL protein to the endoplasmic reticum; CAF, core amyloid fragment that
drives fibril formation in developing melanosomes; PKD, polycystic kidney disease domain; RPT, repeat domain; CS, proprotein convertase cleavage
site responsible for separating the luminal Ma fragment from the membrane-associated MB fragment; KLD, Kringle-like domain; TM, single-pass
transmembrane helix anchoring PMEL in the melanosomal membrane; Cyto, cytoplasmic domain involved in intracellular trafficking.

that the Gossa population of V. berus carries no variants
causing nonsynonymous substitutions (missense var-
jiants) within predicted exons of DGKA, RAB5B, or
MYL6. However, one missense variant (Gly206Ser) was
detected in PMEL exon 5, which is within the core amyl-
oid fragment domain (Table 2, Fig. 4). In addition, four
missense variants were detected within DDN exons at
residues 100, 145, 518, and 649 (Table 2).

The identified PMEL and DDN missense alleles have
substantially different frequencies in the striped and zig-
zag cohorts (Table 2). For the 39 individuals with se-
quencing depth sufficient to assess genotype at the
relevant site, all 16 striped individuals were homozygous
for the reference Gly206Ser missense variant. Of the 23
zig-zag individuals, 19 were heterozygous for the mis-
sense variant, while 4 were homozygous for the alter-
nate allele.

Discussion

Reptile pattern polymorphism and the mechanisms driv-
ing pattern variation are under-studied topics, as the ma-
jority of pigmentation research in this group is limited to
genes specific to melanocytes (Rosenblum et al. 2004;
Corso et al. 2012; Cox et al. 2013; Kuriyama et al.
2020). With the pattern variation of adders in the
Gossa population being so rare outside of Gossa, deter-
mining the genomic basis is significant, not only for the
Gossa population, but also for all reptiles that exhibit
polymorphism in color and pattern. Unlike most previous
studies that targeted known pigmentation genes, we
took an unbiased approach by scanning the whole gen-
ome for associations in a population that displays no
overall genetic structure associated with pigmentation
phenotype, finding a single genomic region with signifi-
cant genetic differentiation containing several genes
that are strong candidates for playing roles in the
Gossa stripe morph phenotype. Our discovery that
PMEL likely plays a role in V. berus pattern polymorphism

broadens our understanding of the genetic components
at the basis of these polymorphisms in snakes.

Most noteworthy is the identification of PMEL in
our genome scanning analyses. This gene encodes a
type | transmembrane glycoprotein called the
"Pre-melanosomal protein,” which is localized to the mel-
anosome and plays a role in eumelanin production, al-
though the gene is also expressed in the outermost layer
of the retina and the basal ganglia (Hodges et al. 2023)
and may also have other functions (Brunberg et al. 2006;
Fowler et al. 2006; Chrystal et al. 2021). Because an aspect
of pattern formation depends on the ability of pigment to
bind to vesicles in the melanocytes and chromatophores,
PMEL plays a vital role in the development of melano-
somes, and therefore color pattern morphology, by creat-
ing tight parallel sheets of fibrils for melanin to synthesize
and adhere to in stages Ill and IV of melanosome
biogenesis (Watt et al. 2013; Bissig et al. 2016). These tight
fibrils give the melanosomes their ellipsoidal shape, char-
acteristic of the darkly pigmented eumelanin.
Pheomelanin-producing melanocytes (responsible for
red and yellow pigments in skin) lack this ellipsoidal shape
and are instead spherical, as was observed in PMEL knock-
out mice (Hellstrom et al. 2011).

PMEL is involved in numerous pigmentation disorders
in a variety of species such as chickens, horses, cattle,
dogs, mice, and zebrafish (Drogemduller et al. 2010;
Watt et al. 2011; Claerhout et al. 2018), caused by
both loss-of-function and gain-of-function mutations
(Chrystal et al. 2021). Our association of the V. berus
stripe morph phenotype with a single amino acid substi-
tution at the border between the PMEL transmembrane
region and the cytoplasmic domain is interesting, since
mutations in or near the transmembrane domain have
already been identified in pigmentation disorders in
both chickens (Dominant White; Karlsson et al. 2009)
and horses (Silver; Brunberg et al. 2006). Previous
work has suggested that mutations in PMEL's well-
conserved transmembrane domain (Brunberg et al.
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2006) produce divergent forms of amyloid fibrils that re-
duce melanocyte pigmentation and melanocytes that
are depleted of melanosomes (Brumbaugh 1971) and
may even be toxic to the melanocytes (Watt et al. 2011).

PMEL was very recently reported as the gene under-
lying the Terrazzo morph phenotype in the corn snake
(Pantherophis guttatus) system (Tzika et al. 2024). In
that work, a 3 bp polymorphism in the PMEL gene se-
quence was shown to be responsible for the Terrazzo
skin pattern, which is characterized by stripes, in con-
trast to the blotched pattern of the wild type. This multi-
nucleotide polymorphism introduces a premature stop
codon that produces a truncated premelanosome pro-
tein product lacking the Kringle-like domain, the trans-
membrane helix, and the cytoplasmic domain at
carboxyl-terminal end, which ultimately results in the
protein's reduced expression. That work also used
gene-editing and single-cell transcriptomics to provide
strong evidence that PMEL is involved in both chromato-
phore patterning during corn snake embryonic
development and melanophore melanogenesis (Tzika
et al. 2024).

We determined that the V. berus PMEL protein prod-
uctis 713 aa in length, as in the P. guttatus genome. We
hypothesize that underlying the V. berus striped pheno-
type is a missense variant within the 713-aa PMEL pro-
tein. This Gly206Ser amino acid substitution falls
specifically within PMEL's core amyloid-forming (CAF)
domain. Such amyloids play a critical role in melano-
somes by providing a scaffold for melanin deposition,
which is essential for pigmentation (Yanagisawa et al.
2025). A previous study of the human PMEL protein
identified a different A Gly> Ser variant, 27 residues
downstream and also in the CAF domain, which was
found to alter amyloid formation by changing the pro-
tein's f-sheet organization and thereby enhancing poly-
merization capacity (Yanagisawa et al. 2025).

Beyond PMEL, several additional genes (DGKA, RAB5B,
DDN, and MYL6) were identified within highly differen-
tiated outlier windows. However, our results strongly sug-
gest that these genes do not represent independent loci
underlying the striped phenotype. Instead, liftover of out-
lier windows to the improved, haplotype-resolved gen-
ome assembly revealed that the vast majority of
differentiated regions, including all candidate genes, fall
within a single ~250 kb to 1 Mb locus on chromosome
2. This physical clustering indicates that the observed sig-
nals likely reflect a single underlying genomic region ra-
ther than multiple independent genomic targets. In this
context, the most parsimonious explanation is that the
missense variant identified in PMEL represents the pri-
mary causal mutation underlying the striped phenotype,
while the signals observed in DGKA, RAB5B, DDN, and
MYL6 are due to physical linkage and genetic hitchhiking

within the same genomic region. Such clustering of func-
tionally related genes within a genomic region is not un-
expected, particularly for genes involved in pigmentation
or cellular processes associated with melanogenesis.

DGKA encodes an enzyme that phosphorylates
diacylglycerol to phosphatidic acid and is involved in
lipid-mediated signaling pathways that can influence
melanogenesis (Kawaguchi et al. 2012; Sakane et al.
2021). RAB5B is an early endosomal Rab GTPase and
regulator of endocytic trafficking, its silencing impairs
melanocore uptake by keratinocytes (Correia et al.
2018). MYL6 encodes a component of the myosin motor
complex involved in muscle and nonmuscle cytoskeletal
function. MYL6 is expressed in smooth muscle and various
nonmuscle tissues, where it contributes to actin-based
contractility and cellular motion (Heissler and Sellers
2014). Similarly, DDN encodes a cytoskeletal/scaffold
protein predominantly expressed in neurons and in
the kidney (Herb et al. 1997). Although actin-myosin
machinery is important for pigment cell processes
(Ripoll et al. 2018), we are not aware of any experimen-
tal evidence specifically linking MYL6 or DDN to melano-
cyte function, pigmentation processes, or skin
patterning in snakes or other vertebrates.

Although these additional genes have functions that
could plausibly relate to pigmentation biology or chroma-
tophore dynamics, we find no direct evidence from our
data supporting a causal role for them in the striped
phenotype. However, no missense variants were detected
in DGKA, RAB5B, or MYL6, and although several missense
variants were identified in DDN, there is currently no clear
evidence linking this gene to pigmentation or pattern for-
mation. Taken together, these observations support a
model in which these genes represent linked passengers
within the same genomicregion ratherthanindependent
contributors to phenotype determination.

We cannot exclude the possibility that regulatory var-
iants within this locus influence the expression of mul-
tiple genes; however, the convergence of Fst outliers,
GWAS signals, and a clear functional candidate muta-
tion within PMEL strongly supports a model in which a
single major-effect locus underlies the striped pheno-
type. Although DGKA occurs nearby PMEL in the corn
snake genome, the amino acid variants in the corn snake
Terrazzo morph individuals were not predicted to pro-
duce changes in the domain structure of the DGKA pro-
tein product (Tzika et al. 2024). Similarly, the V. berus
genomes sequenced in this study contained no mis-
sense variants in the DGKA gene, nor in the MYL6, or
RAB5B genes. Still there may be noncoding variants out-
side the gene regions that affect the expression of these
genes and thus play some meaningful role in the striped
phenotype. Future studies incorporating transcriptomic
data and improved genome annotation will be valuable
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for disentangling potential regulatory interactions with-
in this region and confirming the extent to which linked
genes contribute, if at all, to phenotypic variation.

In an exploratory analysis of color polymorphism in
the closely related asp viper (V. aspis), two genes
(POMC and MCIR) were screened to test for geno-
type—phenotype correlation (Ducrest et al. 2014). Both
genes are related to melanin-specific pigmentation;
however, POMC also contributes to several other func-
tions and hormones (Cai and Hruby 2016). Although
there is evidence that the POMC gene is involved in pat-
tern variation in V. aspis (Ducrest et al. 2014), unfortu-
nately the location/sequence for the POMC gene
could not be recovered from the genome annotation
of V. berus and, therefore, could not be tested for asso-
ciations with the striped phenotype in the Gossa popu-
lation. The annotation used in this study resulted in only
7,948 gene models, which falls well short of the esti-
mated 21,194 predicted protein-coding genes found
in Deinagkistrodon acutus (GuUnther, 1888), another
member of the family Viperidae (Yin et al. 2016).
Future work is needed to determine whether POMC
also plays a role in color polymorphism in V. berus.

In many snake species, longitudinal stripes assist in a
rapid-escape strategy by disrupting the predator's abil-
ity to maintain a focal point on the body when the snake
escapes (Jackson et al. 1976; Madsen et al. 2022).
Though the striped phenotype is perhaps more con-
spicuous in closed habitats, it is more likely to have a
benefit in open and wetland habitats (Allen et al.
2013), such as are common on Gossa. This is supported
by striped individuals of the harmless viperine snake
(Natrix maura, Linnaeus, 1758) having been shown to
flee from approaching predators at further distances
than zig-zag individuals (Santos et al. 2018). In that
same study of N. maura, striped individuals were almost
exclusively found in more open habitats, while the zig-
zag counterparts were found in all habitats (Santos
et al. 2018). Thus, it is possible that the V. berus popula-
tion on Gossa face similar selective pressure since Gossa
is largely covered in heathland, moorland and marsh.
Therefore, it would be interesting for future studies to
search for further evidence of selective sweeps in the
aforementioned genomic regions, especially those con-
taining PMEL, DGKA, and RAB5B.

However, a recent study (Madsen et al. 2022) sug-
gested that when zig-zag adders are moving, the pattern
creates a flicker-fusion effect (Shine and Madsen 1994).
This effect makes it harder for a visual hunting predator
to focus on a reference point or track the moving adder
because the dorsal zig-zag blurs into a dorsal stripe that
appears to stay stationary while the snake moves away.
From this view, the striped pattern on some of Gossa ad-
ders most likely provides just as effective an antipredator

effect as does the zig-zag morph. It should be noted that
the geographical origin of the striped morph of V. berus
on the island is not known. There exists a photo of an ap-
proximately striped adder specimen from the mainland
~2 km away, and an observation has been made of a
striped adder on a neighboring island further away
(D. Dolmen, personal report).

Although closely related snakes have evolved the striped
and melanistic phenotypes in addition to the zig-zag
phenotype, they appear to differ in the specific genetic me-
chanisms used to achieve thisvariation. In this study, we dis-
covered a single, moderately sized, gene-containing
genomic region with significant association with the
striped phenotype on Gossa. The ability of V. berus to adapt
color patternsto local environmentsis highly beneficial and
as a result, the species has evolved phenotypes similar to
other species within Vipera. We provide the second report
of PMEL as a molecular control of pattern variation in
snakes, here determining the dorsal pattern of the unique
stripe morphs observed at high frequency in Gossa's
V. berus population. Further genomic resources for this or-
ganism will be highly beneficial for further contextualizing
ourfindings and for exploring the extreme outlier windows
we identify with an improved genome annotation based
on mRNA evidence from the taxon of interest.

Materials and Methods
Sample Acquisition

During the field seasons of 2017 to 2021, V. berus snakes
were captured on the island of Gossa, Norway under per-
mits 2017/8183, 2,638 from the Norwegian Environment
Agency, granted to KHO. Ideal locations on theisland were
targeted, which included south-facing rocky outcrops,
where V. berus naturally hibernates. After capture, each
snake was photographed (Figs. S5 to S16), individually
identified using their head scalation pattern, marked
with water-based, nontoxic marker to avoid recaptures,
thenreleased. When possible, the individual's sex and cap-
ture location were recorded (Table S1). DNA samples were
collected using buccal swabs (Boca Scientific) according to
the manufacturer's protocol, which were then placed into
a collection tube with a silica capsule. Additionally, ventral
scale clippings were collected from each individual and
stored in 95% ethanol. Further skin tissue samples were ta-
ken from four individuals collected in 2016 to 2017 and
stored in ethanol in the vertebrate collections at the
NTNU University Museum (Harsaker 2025; Table S1). To
further explore the basis of the striped morph, during
the 2017 fieldwork, two pregnant striped adders (F1S
and F2S) were collected and maintained under observa-
tion and care in captivity (terraria) from August 2017 to
April 2018. A total of 14 neonates were born in captivity
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in August 2017 (7 in each brood). Within the brood of in-
dividual F1S, 5 out of 7 (71%) neonates were striped (Fig.
S11).In contrast, within the brood of individual F2S all 7 in-
dividuals were zig-zag morphs (Fig. S12). Shed skin was
collected from each of the neonates and then subjected
to DNA extraction and genomic sequencing. A total of
76 snakes were sequenced, 57 having the zig-zag pheno-
type (36 males and 21 females) and 19 having the striped
phenotype (10 males and 9 females; Table S1).

DNA Extraction, Library Preparation, and Sequencing

Genomic DNA was extracted from buccal swabs, scale
clippings, and museum skin samples with the Qiagen
DNeasy Blood and Tissue extraction kit following the
manufacturer's protocol. The extracted DNA was
sheared using the Covaris ME220 or Bioruptor Pico son-
ication instruments with a target fragmentation length
of 300 bp. Double-stranded DNA genomic libraries
were constructed using blunt-end adapters (Carge
et al. 2018). High-throughput sequencing was per-
formed initially on the lllumina MiniSeq platform in 75
bp paired-end format, then at the Norwegian National
Sequencing Centre on the lllumina HiSeq x platform in
150-bp paired-end format, and at the Novogene
Europe sequencing facility on the lllumina NovaSeq
6000 platform in 150 bp paired-end format.

Ab initio Genome Annotation and Repeat Masking

Because no gene annotation is available for the V. berus
reference genome (Vber.be_1.0), we used an ab initio
approach to obtain an annotation of the masked gen-
ome using MAKER v3.01.03, SNAP and Augustus (Korf
2004, Stanke et al. 2006, Cantarel et al. 2008). Prior to
the ab initio genome annotation, repeats and low-
complexity regions were masked from the genome as-
sembly using RepeatMasker v4.1.2-p1 (Smit et al.
2013-2015) to apply the taxon-specific “"common viper”
subset of the curated Dfam/Repbase repeat database.
About 3.2% of the genome assembly (49,031,054 bp)
was masked in this initial process. Specific repetitive ele-
ments remaining in the masked genome were predicted
de novo using RepeatModeler v2.0.2a (Flynn et al.
2020). Subsequently, a second round of RepeatMasker
was performed on the previously masked genome,
using the model generated from RepeatModeler as a
custom library input. This custom repeat library and
the annotated repeat regions of the V. berus genome
assembly were extracted for later use.

Genome annotation was performed using the genome
annotation pipeline MAKER2 v2.31.9 (Holt and Yandell
2011) in an iterative process. For the first round of anno-
tation, the genome assembly file, the custom repeat li-
brary from the previously described repeat masking

process, a B. constrictor transcriptome (Card et al. 2019)
used as alternative expressed-sequence tag (EST) evi-
dence, and protein homology evidence from 2,689 un-
ique experimentally verified protein sequences from
Squamata (lizards and snakes) [TaxID:8509] were used
as the input files to the annotation pipeline. The custom
repeat library was used to soft mask the repetitive regions.
Additional regions with low complexity were soft masked
using RepeatMasker. Gene predictors SNAP v2013-11-29
(Korf 2004) and AUGUSTUS v3.3.1 (Stanke et al. 2006)
were trained by performing iterative runs of MAKERZ2 as
recommended by the authors (Cantarel et al. 2008). As
the first round of annotation was based on the alignment
of the EST evidence to the genome, the est2genome op-
tion in the MAKER2 control file was set to allow
MAKER? to infer gene models directly from the EST evi-
dence. The protein2genome option was also enabled to
allow MAKER2 to infer predictions from protein hom-
ology. After the completion of the first round of annota-
tions, gene models were retained and used to train
SNAP to obtain a SNAP HMM file. We then trained
AUGUSTUS using BUSCO v5.1.3 (Manni et al. 2021). First,
training sequences were identified using the gene mod-
els predicted by MAKER2 from the first run by excising re-
gions with mRNA annotations and 1,000 bp on either
side. These were used to run BUSCO using the “tetrapo-
da_odb10' set of conserved genes. After training both
SNAP and Augustus, MAKER2 was run again, with SNAP
hmm and Augustus files. A total of three rounds of
BUSCO/Augustus retrainings and four MAKER? iterations
were performed.

Bioinformatic Data Processing, Read Mapping, and
Variant Discovery

The pipeline Paleomix v1.3.6 was selected for bioinfor-
matic processing of the raw genomic sequencing data
due to its efficiency in handling datasets that originate
from a combination of modern and degraded samples
(Schubert et al. 2014). Initially, AdapterRemoval v2.3.2
(Schubert et al. 2016) was used to trim adapters, as low-
quality bases, and ambiguous bases from the 3’ end of
sequence reads, as well as to merge overlapping read
pairs. The trimmed sequences were then mapped
against an available highly fragmented V. berus refer-
ence genome assembly (Vber.be_1.0; NCBI accession
code GCA_000800605.1) using the Burrows-Wheeler
Aligner (BWA) v0.7.16a (Li and Durbin 2010) with the
backtrack algorithm, allowing for a minimum map qual-
ity of 30. Polymerase chain reaction (PCR) duplicates
were removed using Picard Tools v2.9.1 (Broad
Institute 2020). Genome Analysis Tool Kit (GATK) v3.7
(McKenna et al. 2010) was used to perform local se-
quence alignment around indels. Mean sequencing
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depth was assessed at all sites in the reference genome
using samtools v1.16.1 (Li et al. 2009).

The software package ANGSD v0.934 (Korneliussen
et al. 2014) was used to parse the BAM files for variant
discovery and genotype likelihood (GL) estimation after
filtering the mapped genomic sequences, requiring a
minimum phred-scaled base quality 20 (-minQ 20) and
a sequence mapping quality of 25 (-minMapQ 25).
Although typically related individuals should be re-
moved from population genetic analyses, we took a
less conservative approach, electing to include both
the neonates and their mothers so as to increase the
number of striped individuals in our analysis. PCR dupli-
cates and mapped sequences with multiple best hits
were removed (-remove_bads -uniqueOnly). ANGSD
was used to calculate GLs using the algorithm from
GATK (McKenna et al. 2010), infer and output the major
and minor alleles at each variant site (-doMajorMinor 1
-doGeno 1), require a minimum SNP P-value of 1e7°
(-SNP_pval), and calculate genotype posterior probabil-
ity using the allele frequency as a prior (-doPost 7). For
each sample, a minimum of two high-quality mapped
reads was required to estimate the GL at a particular
site (-setMinDepthind 2). Only sites that were covered
by at least two high-quality mapping sequences in at
least half the individuals (-minind 38) and only geno-
types with a 95% posterior probability (-postCutoff
0.95) were included in downstream analyses. Finally,
ANGSD was used to generate a plink-compatible output
file (-doPlink). Previously identified V. berus genome re-
gions containing transposable elements and repeats
were also removed from all downstream analyses. This
process resulted in the GLs at what we hereafter refer
to as the “final dataset of filtered SNP sites.”

Principal Components Analysis of Population
Structure

PLINK v1.90 (Purcell et al. 2007) was used to calculate
pairwise LD within the final dataset of filtered SNP sites
with the (-r2) command. To allow unrecognized
chromosome codes (-allow-extra-chr) was included, as
well as (-allow-no-sex), which keeps the phenotype va-
lues of missing-sex samples. A threshold of 0 was used
for the analysis (-/d-window-r2 0) to visualize the decay
of r? in LD. The average LD distances were plotted in a
100 kb window (-/d-window-kb 100) with a window lim-
it of 100 (-/d-window 100) to limit the variant count.
From this plot, the threshold for pruning was deter-
mined (Fig. S17). PLINK was then used to establish an in-
dependent pairwise cut-off at r’=0.4, using 25 kb
windows and a step size of 5 kb. To estimate the covari-
ance matrix and allele frequencies, the variants remain-
ing after pruning were analyzed by the software

PCAngsd v1.03 (Meisner and Albrechtsen 2018, 2019).
PCAngsd uses the GLs from heterogeneous populations
to infer population structure using PCA of low-depth
genomic sequencing data. The covariance matrix was
then imported into R v4.0.5 to calculate the eigenvec-
tors and eigenvalues using the eigen function included
in the base R. A PCA plot was created with ggplot2
v3.3.5 (Wickham 2016) using the eigenvectors.

Kinship Analysis

To estimate kinship between individuals, angsd was run
exactly as before except that only sites with a minor al-
lele frequency of at least 5% (-domaf 1 -minmaf 0.05)
were utilized. The software ngsRelate v2 (Korneliussen
and Moltke 2015) was used to estimate pairwise re-
latedness r,, (Hedrick and Lacy 2015) among the 76 in-
dividuals. For sets of individuals with r,, > 0.3, only the
individual with the highest mean sequencing depth
was selected, resulting in a set of 57 genomes from un-
related individuals, of which 14 were striped and 43
were zig-zag.

Genome Scanning Analysis

An Fst-based genome scanning approach was selected
in order to identify genomic regions that are highly dif-
ferentiated in a comparison of striped versus zig-zag in-
dividuals. The analysis was first conducted using the
entire set of all sequenced individuals and then a second
time using a subset of only unrelated individuals. To es-
timate the folded site frequency spectrum (SFS) from
the striped and unstriped cohorts, first the site allele fre-
quency (saf) likelihoods were calculated using the GLs
from the final dataset of filtered SNP sites using
realSFS in ANGSD v0.934 (Korneliussen et al. 2014)
with the flag -doSaf 7. The V. berus reference genome
sequence was used in place of the ancestral state (as-
signed using the flag -anc), thus using the reference al-
lele as a proxy to define a consistent orientation of
variants in the folded SFS. The GATK model was imple-
mented using the -GL 2 option and the quality threshold
was set using -minMapQ 25 to ignore reads with a map-
ping quality score below 25. Further filtering was ap-
plied, requiring a minimum quality score of 20 using
-minQ 20, removing duplicate reads (-remove_bads 1)
and discarding sites with multiple best hits
(-uniqueOnly 1). Then, using the striped and unstriped
site allele frequencies, the 2D SFS was calculated. The
-fold option was included to estimate the folded SFS
since no ancestral state was used. The Fst index was cal-
culated from the allele frequencies from both striped
and unstriped sub-populations as well as the folded
2D SFS using the Hudson estimation method
(-whichFST 1) in realSFS. The realSFS Fst statistics were
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then used to calculate weighted Fsy values for each gen-
omic window. Using the realSFS stat2 function, Fst was
calculated in nonoverlapping sliding windows of length
10 kb (-win 70000 and -step 10000). The results from the
Fst analysis were refined by correcting negative Fst va-
lues to zero and removing windows with fewer than
100 variants. To identify outliers and potential genes
of interest, Z-scores were calculated and ranked using
the quantile function in base R. The extreme outlier win-
dows (Z-scores >12) were extracted from the V. berus
reference genome. The genome annotation was used
to identify genes positioned within outlier regions.

GWAS Analysis

To complement the Fsr-based genome scanning, a
GWAS analysis approach was also implemented, again
comparing the striped cohort versus the zig-zag cohort
within the set of all sequenced individuals. For this, GLs
from the final dataset of filtered SNP sites were utilized,
including both LD-pruned and unpruned SNP data.
Genotype probabilities were imputed from the likeli-
hoods with Beagle v.3.3.2 (Browning et al. 2018) and
converted to genotype dosages. GWAS was performed
with GEMMA (Zhou and Stephens 2012). A centered
genotype relatedness matrix was included in the
GEMMA model to account for the high relatedness
among individuals in the population. The genomic infla-
tion factor (1) was calculated and results were visualized
with Q-Q and Manhattan plots, generated with the
ggman package in R (Turner 2018). The GWAS analysis
was performed again with the set of unrelated
individuals.

Homology-Based Gene Prediction and Annotation in
Outlier Windows

As particular genes within outlier windows became of
interest, we determined many of these to be only par-
tially annotated by the BUSCO/Augustus/MAKER2 an-
notations. Thus Exonerate v2.4.0 protein2genome
algorithm was used to predict the location and full ex-
tent of protein-coding genes within the identified out-
liers windows of interest, using homology evidence
from all RefSeq protein sequences from P. guttatus
(NCBI RefSeq accession GCF_029531705.1). Within
these outlier windows, V. berus gene annotations
from Exonerate were further considered if they matched
with >85% identity and >90% similarity along the entire
length of a P. guttatus gene. The exon structures and
amino acid sequences of the genes by Exonerate were
confirmed by extracting the nucleotide sequence of
each exon using the getfasta algorithm of BEDTools
(Quinlan and Hall 2010) and then using using the trans-
late algorithm of SeqgKit (Shen et al. 2016) to obtain the

amino acid sequence. In each case, the amino acid se-
quence was then compared to that of the correspond-
ing P. guttatus RefSeq protein.

Variant Effect Analysis

To explore the potential effects of variants within the
genes of interest identified in the extreme outlier win-
dows, the HaplotypeCaller algorithm within the
Genome Analysis Tool Kit (GATK) v4.3 (McKenna et al.
2010) was used to create sample-specific GVCF files.
Then GATK GenotypeGVCFs was run using default set-
tings (eg —sample-ploidy 2, —heterozygosity 0.001, —indel-
heterozygosity 1.25e-4, —heterozygosity-stdev  0.01,
—standard-min-confidence-threshold-for-calling 30.0,
—max-alternate-alleles 6, and -max-genotype-count
1024) to produce a multisample VCF file containing gen-
omic variants and the genotypes for each sample. The
software snpEff v5.2c (Cingolani et al. 2012) was used
to annotate genomic variants within the outlier regions
annotated as genes. Only the three predicted full-length
genes (PMEL, DGKA, DDN) predicted to overlap with
these windows were considered, and only missense var-
iants were analyzed. VCFtools v0.1.17 (Danecek et al.
2011) was used to filter out individual genotypes sup-
ported by fewer than 2 sequencing reads or a
Phred-scaled genotype quality <15. The InterProScan
(Jones et al. 2014) website was used to identify and as-
sign functional domains within the predicted amino
acid sequence of the V. berus PMEL gene.

Liftover to Improved Genome Assembly

To better understand the proximity of the genomic re-
gions identified in this study, scaffolds of the highly frag-
mented V. berus reference genome assembly
(Vber.be_1.0) were aligned to haplotype 1 of an im-
proved, haplotype-resolved assembly (rVipBer3.hap1.1;
Owens et al. 2025) that became available late in the
life of the present project. This improved assembly lacks
a gene annotation at present. To achieve the liftover,
MUMmer v4.0.1 (Marcais et al. 2018) was used with
the options —-maxmatch -1 100 -¢ 500 to identify all max-
imal exact matches between the reference and query
sequences with a minimum seed length of 100 bp and
requiring matches to form alignment clusters of at least
500 bp. The delta-filter algorithm —7 option was used to
retain only the best mutually consistent set of align-
ments such that each region participates in at most
one alignment.

Supplementary Material

Supplementary material is available at Genome Biology
and Evolution online.
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