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Abstract

The variegated toad-headed agama, Phrynocephalus versicolor, lives in the arid landscape of the Chinese Gobi Desert. We
analyzed populations from three different locations which vary in substrate color and altitude: Heishankou (HSK), Guazhou
County (GZ), and Ejin Banner (EJN). The substrate color is either light-yellow (GZ-y), yellow (EJN-y), or black (HSK-b); the cor-
responding lizard population colors largely match their substrate in the degree of melanism. We assembled the P. versicolor
genome and sequenced over 90 individuals from the three different populations. Genetic divergence between populations
corresponds to their geographic distribution. We inferred the genetic relationships among these populations and used selec-
tion scans and differential expression to identify genes that show signatures of selection. Sic2a77 and akap72, among other
genes, are highly differentiated and may be responsible for pigment adaptation to substrate color in P. versicolor.
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Significance

Before this study, genetic resources for Phrynocephalus versicolor were limited to mitochondrial sequences. Here we
present the de novo assembly of this lizard genome and resequencing data from 94 individuals from three different po-
pulations. We present an example of a workflow using different methods and statistics that can be applied to low-
coverage seqguencing projects that rely on genotype likelihoods.

Introduction also have physiological functions such as thermoregulation

and water loss reduction (Cuthill et al. 2017; Burgon et al.
Pigmentation is a phenotypic trait often subjected to select- 2020). There are now multiple studies of the genetic basis
ive pressures via the perception of other organisms, for ex- of color variation in a variety of different species (Theron
ample, by a predator or a potential sexual partner. It can et al. 2001; Nachman et al. 2003; Rosenblum et al. 2004;
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Corso et al. 2012; Albertson et al. 2014; MclLean et al.
2017; Burgon et al. 2020). In many cases, mc7r has been
found responsible for changes in melanic and nonmelanic
populations of reptiles and mammals that match their sub-
strate (Nachman et al. 2003; Rosenblum et al. 2004; Corso
etal. 2012; Cox et al.2013; Jin et al. 2020; Hasegawa et al.
2020). However, the pathways that produce chromato-
phores and their pigments involve several gene regulatory
networks and enzymatic pathways comprising many differ-
ent loci.

In reptiles, pigments are stored in four different
types of chromatophores: (1) melanophores which
contain melanin-producing black-brown colors, (2) irido-
phores containing light-reflecting guanine crystals
which can help produce blue color, (3) xanthophores,
and (4) erythrophores containing carotenoid and
pteridine pigments that produce yellow-red coloration.
They contain pterinosomes which are vesicles that
produce pteridine pigments, and carotenoids must be
obtained through diet. Xanthophores/erythrophores se-
lectively absorb short wavelengths of light (violet-blue),
allowing longer wavelengths (yellow-red) to pass
through (Morrison et al. 1995; MclLean et al. 2017,
Hasegawa et al. 2020). The cell types are ordered spatial-
ly in the dermis such that xanthophores and erythro-
phores are in the upper layers, iridophores are in the
middle, and melanophores are in the deepest layers
(Bagnara et al. 1968; Hasegawa et al. 2020). Pigment
cell distribution/density also plays an important role in
coloration. For example, melanophore density is respon-
sible for the lightness or darkness of the skin (Hasegawa
et al. 2020).

The arid landscape of the Gobi Desert is inhabited by the
variegated toad-headed agama, Phrynocephalus versicolor,
a lizard that, as the name suggests (in Latin, English, and
even Chinese), exhibits variation in its coloration. We ana-
lyzed populations from different locations in China, where
the sand of the mountains is either black or yellow/light-
yellow (fig. 1A and B). The corresponding populations ex-
hibit dark and light skin color that may be an adaptation
to avoid predator detection similar to the mechanism pro-
posed for lizards at White Sands, New Mexico
(Rosenblum et al. 2010). The dorsal coloration and reflect-
ance differences between populations were shown to be
statistically significant in a previous study (Tong et al.
2019). Notably, the phenotype of an individual is not
plasticc, as shown by substrate transplantation
experiments done in these populations (Tong et al. 2019),
suggesting that the different color morphs are mainly
based on genetic differences rather than phenotypic plasti-
city. We performed genome-wide selection scans to iden-
tify potential adaptive trait loci. For this purpose, we
assembled de novo and annotated the P. versicolor
genome.

Results

Phenotypic Differences

In a previous study, we measured skin reflectance in differ-
ent populations of P. versicolor and determined that indivi-
duals from nonmelanic populations have significantly
higher reflectance values (fig. 1C). Our previous study also
showed these differences are not plastic and thus are likely
to have a genetic basis (Tong et al. 2019). This suggests that
evolved skin pigmentation differences may exist between
populations of P. versicolor. To understand the cellular basis
of the pigmentation differences observed between the po-
pulations inhabiting the lightest and darkest substrates, we
analyzed skin samples by transmission electron microscopy
(TEM). Samples were taken from equivalent regions on the
flank of two representative individuals of the nonmelanic
(yellow) lizards from the Guazhou County (GZ-y) and two
melanic (black) lizards from the region of Heishankou
(HSK-b) (fig. 1). Melanophores, iridophores, and xantho-
phores were detected in the dermis of both populations,
though not in equal amounts: as expected, the HSK-b ani-
mal presented relatively more melanophores compared
with the GZ-y animals (fig. 1D and E). HSK-b melanophores
were also detected in the epidermis, which were never ob-
served in the GZ-y animals (fig. 1F and G). Additionally, the
xanthophores from the GZ-y specimen contained numer-
ous electron-dense bodies previously described as pterino-
somes in other animals (Phang et al. 2012; Brejcha et al.
2019), sometimes appearing in clusters (arrows in E' and
E”), whereas these were never observed in samples from
the HSK-b population. These TEM data from representative
individuals thus suggest that there is a decrease in melano-
cytes and a change in xanthophore organelle composition
in GZ-y relative to HSK-b. Although a more thorough sam-
pling would be needed to provide statistical support for
these observed differences, these TEM data suggest that
evolved differences in pigment cell abundance and/or com-
position may underly coloration differences between mel-
anic and nonmelanic P. versicolor populations.

Genomic Assembly

We decided to take a genetic approach to understand more
about the divergence and coloration differences between
P. versicolor populations. There were no genetic resources
for this species available. We generated the first genomic
assembly for this species by sequencing a female EJN-y indi-
vidual. The raw output of the assembly from Supernova
was 2.4 Gb, but contained duplicated scaffolds. The
BUSCO completeness score (C) was 90%, with 68% single-
copy orthologs (S), and 21% duplicated (D). After the pro-
cessing described in Materials and Methods, including the
removal of duplicated scaffolds, the assembly size was
2 Gb, with a completeness score of 90% (S:77.3%,
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Fic. 1.—Populations of P. versicolor vary in melanism and exhibit different cell type and organelle composition. Individuals were collected from a melanic
(HSK-b) and two nonmelanic populations (GZ-y and EJN-y). (A) Sampling locations are shown on the map. (B) Pictures of lizards and their substrate.
(C) Reflectance measurements. (D) An individual from population HSK-b showed relatively more melanophores (M), whereas (E) an individual from population
GZ-y showed relatively more xanthophores (X), which also contained some pterinosomes (E' and E" show close-ups of panel E as delineated above, arrows
indicate pterinosomes.) Pterinosomes were never detected in HSK-b xanthophores. Iridophores (Ir) were present in samples from both populations.

(F) Epidermis melanophores in HSK-b. (G) Epidermis in GZ-y.

D:1.5%) and the N50 of 39 Mb. To enhance the computa-
tional efficacy of downstream analyses we removed scaf-
folds smaller than 10 kb, resulting in an assembly of
1.7 Gb. As mentioned in the Materials and Methods, we
then reformatted to submit to NCBI obtaining 1.6 Gb.
Although the BUSCO score improved (supplementary

table S1, Supplementary Material online), the number of
scaffolds was reduced from 750,174 to 4,558. The result-
ing assembly compares well with other published lizard as-
semblies (supplementary table S6, Supplementary Material
online) (Alfoldi et al. 2011; Georges et al. 2015; Tollis et al.
2018). We generated a draft annotation of the genome by
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combining the transcriptome annotation and BRAKER2 re-
sults. Novogene annotated 34,185 transcripts which were
aligned to the genome and used as annotation. To extract
exons and corroborate genes we complemented with the
BRAKER2 annotation which identified 36,433 genes.

Population Structure

To understand how populations are genetically related to
each other and how divergent they are, we resequenced in-
dividuals from three populations (fig. 1A and B), one melan-
ic population (HSK-b, n=44), and two nonmelanic
populations (GZ-y, n=22; EIN-y, n=28). We mapped
them to our genome and obtained 30,657,068 single nu-
cleotide polymorphisms (SNPs) after filtering 94 rese-
guenced genomes of P. versicolor. The details of the
filtering are shown in the Materials and Methods. We
used this SNP set in the subsequent analyses. Using princi-
pal component analysis (PCA), population branch statistic
(PBS), and the fixation index (Fst), we found that the geo-
graphically closer populations GZ-y (nonmelanic) and
HSK-b (melanic) are also genetically closer than either is
to the nonmelanic EJN-y population (fig. 2A and B). The first
principal component explains 14.7% of the variance and
clearly separates EJN-y (nonmelanic) from GZ-y and HSK-b
(fig. 2B). Individuals from different populations do not over-
lap on this PCA axis (fig. 2B). Fst is higher between EJN-y
and the other two populations (EJN-y-GZ-y: Fst=0.156,
EIN-y-HSK-b: Fst=0.175), than it is between GZ-y and
HSK-b (Fst=0.048). The average genomic tree estimated
from the distance matrices of concatenated sequences
(block size 50 Mb) is consistent with these results
(supplementary fig. S6, Supplementary Material online).
GZ-y and HSK-b are less divergent from each other com-
pared with EJN-y. EJN-y and HSK-b are monophyletic in
this tree. EJN-y is an outgroup to GZ-y and HSK-b and the
most parsimonious hypothesis is, therefore, that the melan-
ic skin in the HSK-b population is the derived phenotype.

In the PCA plot (fig. 2B) there are primarily two indivi-
duals that separate from the rest (top). Similarly, in the aver-
age genomic tree these two samples share a long internal
branch in the GZ-y population but are still within the GZ-y
population clades (supplementary fig. S6, Supplementary
Material online). As it is only two individuals separating
from the rest, we do not have sufficient data to do a
more detailed analysis of the population structure.
However, we did not consider that the divergence of these
two individuals from the rest was sufficient grounds for
exclusion.

Regions of Selection and Differential Expression
Between Color Morphs

The same set of SNPs was used for scanning the genome for
selection using PBS. We annotated the genomic windows

using a transcriptome aligned to the genome. We looked
at the top 99.5% PBS values in each population scan
(fig. 2C, E, and G), obtaining 906 outlier transcripts for
EJN-y, 634 for GZ-y, and 708 for HSK-b. The union of these
transcripts resulted in 1,452 transcripts corresponding to
1,069 genes (supplementary table S7, Supplementary
Material online in Excel format). Out of these 1,609 genes,
38 are differentially expressed between GZ-y and HSK-d
(g-value <0.05) according to the RNA-seq analysis
(supplementary table S8 and fig. S3A, Supplementary
Material online). Some of the 38 genes have been previous-
ly reported to be involved in pigmentation pathways: gstt7
(Kanetsky et al. 2001; Polimanti et al. 2015), slc2all
(Kimura et al. 2014; Burgon et al. 2020), cdkn2b
(Dorshorst and Ashwell 2009; Gryzinska et al.2013),
akap12 (Isoldi et al. 2010; Santos et al. 2016), and scnn1b
(McLean et al. 2017; Burgon et al. 2020). One of the high-
est peaks in the EJN-y PBS scan contains a gene with high
seguence similarity to the melanophilin gene (miph) which
has been previously reported in diluted color phenotypes in
mammals (Ishida et al. 2006; Drogemdiller et al. 2007,
Demars et al. 2018). The 38 genes also included sic2a17,
which was also an outlier in the test for reduced diversity
(fig. 2D, F, and H). The GZ-y population has increased diver-
sity and the EJN-y population has reduced diversity in this
gene compared with other populations (fig. 2F and H).
We further explore diverged paralogs of this gene (see be-
low). We found increased Tajima’s D for GZ-y population in
this region (fig. 3D), which is compatible with a balancing
selection hypothesis. PBS in GZ-y was not increased at
this locus, consistent with the balancing selection hypoth-
esis (fig. 2G). No other genes with reduced diversity dis-
played differential expression in the RNA-seq analyses. For
example, the region containing the gene ormd/1, which
was previously reported to affect pigmentation (Senczuk
et al. 2020), has reduced diversity in the melanic HSK-b
population (fig. 2D) but does not display differential
expression. Similarly, the region containing blocs1, which
is known to be involved in melanosome biogenesis
(Wasmeier et al. 2008), has increased diversity in the
HSK-b population (fig. 2D) but was not found differentially
expressed.

Genomic Association

We performed a genomic association with skin reflectance
to identify genetic variants associated with color. To correct
for population structure, we used the loadings from the
first ten PCs as covariates (fig. 3C). The QQplot suggests
that the covariates adequately account for the latent popu-
lation structure (fig. 3B). The SNPs with the lowest P-values
were found in the following genes: ninj2, cpas2, synel, and
pcdhgb. We note that our data are very limited for this pur-
pose with ~3x coverage and only 78 individuals for which
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Fic. 2—Genomic divergence and genomic scans in populations of P. versicolor. (A) Tree with genome-wide PBS branch lengths (EJN-y: 0.156, GZ-y:
0.014, HSK-b: 0.036), (B) PCA, (C) PBS scan in nonoverlapping windows for HSK-b, (E) PBS scan of EJN-y, (G) PBS scan of GZ-y. Dashed lines represent
the boundary for the SNPs with the top 99.5% PBS values. (D, F, and H) Diversity test scan for HSK-b, EJN-y, and GZ-y, respectively. For the scans, outlier
genes that are also differentially expressed, previously reported as pigmentation genes, or mentioned in the text are highlighted.

we had reflectance data and only 2,754 positions retained
after hard filtering (see Materials and Methods). Overall,
this genomic association is likely highly underpowered
but would be able to detect genetic variants of very strong
phenotypic effect, such as Mendelian phenotypes.

The highest peak of the HSK-b PBS contains the gene
akap12 (fig. 2C and fig. 4A). The lead SNPs for this locus
did not pass the hard filters for coverage used in the
GWAS. However, we further investigated the relationship
of akap12 to the color phenotype, by quantifying the asso-
ciation between genotypes in this locus and reflectance. In

a genomic association performed using ten PCs as covari-
ates, where we did not filter out sites with lower coverage,
we detected five SNPs at scaffold405 inside or flanking the
akap12 gene which also had high PBS values: (1) scaf-
fold405:492129 had a LRT value of 5.571008 which
corresponds to a P-value of 0.01826SNP, (2) scaf-
fold405:491094 had a LRT value of 5.580719 and P-value
of 0.01815927, (3) scaffold405:492434 had a LRT value
of 5.852483 and P-value of 0.01555509, (4) scaf-
fold405:488857 had a LRT value of 11.01976 and P-value
of 0.00090, and (5) scaffold405:489138 with LRT value
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Fic. 3.—SIc2a11 has several paralogs, is differentially expressed and shows signatures of selection. (A) Gene tree of slc2a11 paralogs in different
P. versicolor morphs and in other species. (B) Differential expression of the different paralogs of slc2a11. (C-K) Zoom-in of the region containing the
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M. Each plot has lines indicating the genome-wide 97.5% percentiles (blue-top, red-bottom). (L) Boxplot showing Tajima’s D-values for all 2 kb windows
genome wide, and 2 kb windows overlapping with any slc2a11 paralog are overlayed in red. (M) Diagram of the five paralogs of slc2a11 and mean coverage

of populations over this locus.
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reflectance values. (D) QQplot of the genomic association.

of 8.626967 and P-value of 0.003312226. We tested a lin-
ear model using population of origin and each of these
SNPs genotype as explanatory variables and skin reflectance
as response variable. The complete results of these tests in
all candidate SNPs are shown in supplementary table S9,
Supplementary Material online. We would expect the coef-
ficient for the HSK-b melanic population to be significant
because it can clearly explain a lot of the reflectance differ-
ences (fig. 3D). The effect of the genotype at SNP scaf-
fold405:492129, when coded as (0, 1, 2), had a
coefficient of 0.7647 with a P-value of 6.87e—05, and
the effect of belonging to the population HSK-b had a co-
efficient of —2.0373 and a P-value 1.54e—11. Although
genotype P-value is not significant genome-wide, it is mar-
ginally significant, which strengthens the support for the
hypothesis proposed by the PBS scan that akap72 may be
related to pigmentation differences between populations.
The genotype frequencies in the three populations, and
the reflectance value distribution corresponding to each
genotype, together contribute to the association of the A
allele with lower reflectance values (fig. 3E).

We did not find any differences in expression of the
akap12 gene between GZ-y and HSK-b. However, the

differential expression analysis we made was only done
for the adult stage of the lizard, it is possible that the
gene was differentially expressed in earlier stages of devel-
opment. We also analyzed the sequences from the three
different populations and the mutations that we found
are all segregating, none of the mutations is fixed.
However, it should be noted that with our low-coverage se-
guencing there is a lot of uncertainty of the genotypes and
itis possible that with deeper sequencing fixed mutations in
this locus are found. Another possibility is that there are
fixed differences in regulatory sequences. Some of the
SNPs we found as outliers in the PBS scan are in the
akap12 locus but not necessarily in the exons. Color differ-
ences have been reported before due to mutations in cis-
regulatory elements (Miller et al. 2007).

Analyses of the Yellow Pigment Production Gene
slc2al1

After observing signals of selection and differential expres-
sion between melanic and nonmelanic morphs, we decided
to further investigate the locus containing the sic2at7
gene. The slc2al1 gene is involved in leucophore (white
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pigment-producing chromatophores found in fish) and
xanthophore differentiation in fish and it is also necessary
for yellow pigmentation in birds (Kimura et al. 2014). Five
paralogs of the gene were identified in the same region.
To examine the possibility of a misassembly artifact, we
analyzed coverage with the reads that were used to build
the assembly and found it to be even over the different cop-
ies (supplementary fig. S4, Supplementary Material online).
A dotplot of the region (supplementary fig. S5,
Supplementary Material online) revealed that the paralogs
of the gene have quite diverged. This divergence can also
be appreciated from the gene tree (fig. 34), where paralogs
cluster together across populations and phrynocephalus
species. Additionally, we also calculated a percentage iden-
tity matrix between paralogs and the average identity is
56.70% (supplementary table S4, Supplementary Material
online). Thus, this is unlikely to be a misassembled haplotype
given that itis well outside of divergence expected for haplo-
type diversity within species (Leffler et al. 2012). The data in-
dicate it is an ancient duplication. We included individuals
from another species from the same genus (P. viangalii)
and found the five paralogs present (fig. 34). This is consist-
ent with a very ancient duplication that is also present in
close related species. The read coverage for this region
was examined in the different populations, but we did not
find any signs of structural variation (fig. 3M).

There was not a perfect correspondence between the
transcripts annotated by Novogene and the paralogs found
in the genome, only three of the paralogs were assembled
by their de novo assembly of the transcriptome. For this rea-
son, gene expression was reassessed in each of the paralogs
(fig. 3B). In paralogs 1-4, there is more expression in GZ-y
thank in HSK-b. There was almost no expression detected
for any of the populations for paralog 2. Paralog 5 has high-
er expression in HSK-b than in GZ-y. As a validation of the
RNA-seq, gPCR was performed and slc2a11 was confirmed
to be differentially expressed (supplementary fig. S3B8 and
table S8, Supplementary Material online) with higher ex-
pression found in GZ-y relative to HSK-b. The gPCR primers
were designed for paralog 1, because according to the ori-
ginal analysis of differential expression performed by
Novogene, this transcript is significantly differentially
expressed.

A gene tree was estimated with a consensus sequence
for each paralog using the most common base found in
each population and P. vlangali (n=10) (fig. 3A).
Ortholog sequences of sic2a?1 from four other species
were incorporated to the analysis: python (Python bivitta-
tus), common box turtle (Terrapene carolina), viviparous liz-
ard (Zootoca vivipara), and human (Homo sapiens). We
chose these organisms based on the availability of se-
guences in NCBI, whereas ensuring a wide range of diver-
gence levels, resulting in a species set including several
other lizards, other reptiles, and human sequences. The

tree was rooted with the human sic2a’7 gene. One of
the paralogs of slc2all forms a separate clade on the
tree and is more diverged from the other paralogs than
from the same gene in other species (fig. 34). This divergent
paralog is the most upstream on the scaffold (fig. 3L) and
has the lowest sequence similarity with the other four para-
logs (supplementary fig. S5, Supplementary Material on-
line). Our sequencing data additionally suggest that
paralogs 2-5 are identical between populations.

Since strong signals of selection were detected in this re-
gion (fig. 2E, F, and H) and there is differential expression
(supplementary figs. S3A and S6B), regulatory elements in
the different populations in this region may have diverged.
To address this, we analyzed signals of selection in this re-
gion using a sliding 2 kb window, and confirmed that the
signals from the genome-wide diversity scans overlap
with slc2al1 paralogs on that scale. Namely, the GZ-y
population has increased diversity in this region (fig. 3G
and J) and EJN-y population has reduced diversity (fig. 3/).
Tajima’s D is around 0 at this gene in the HSK-b population
(fig. 3E), whereas it is close to 2 (fig. 3D) in GZ-y and -1 in
EIN-y (fig. 3C). The genome-wide average Tajima’s D in
2 kb windows in each population is HSK-b: 1.0925, GZ-y:
0.7870, EJN-y: 0.5801. We also plotted the distribution of
the Tajima’s D-values in 2 kb windows and overlay the va-
lues of windows in slc2a71 on top of them (fig. 3/), to verify
how extreme were these Tajima’s D-values relative to the
genome-wide distribution. The genome-wide average va-
lue of GZ-y is larger than 0 so we do not discard the possi-
bility of a bottleneck, however, the valuesin sic2a11 are still
in the higher tail of the genome-wide distribution. These re-
sults could indicate a recent selective sweep in the EJN-y
population and possibly balancing selection in the GZ-y
population.

We did not find any SNPs in these genes that had signifi-
cant associations with the reflectance phenotype. We ana-
lyzed the sequences from the different populations. We
did not find any fixed mutations between populations in
paralogs 2-5. We found two nonsynonymous mutations in
paralog1 (supplementary fig. S7, Supplementary Material
online). One of them is different in the melanic (HSK-b) com-
pared with the nonmelanic populations (EJN-y-GZ-y). We
found five mutations between EJN-y and the other two po-
pulations, four synonymous and one nonsynonymous.

Discussion

The strongest candidates underlying color variation identi-
fied in this study are sic2a71 and akap12. Akap12 is an im-
portant candidate because it was found to be the most
divergent gene in the melanic population compared with
the nonmelanic populations (figs. 2C and 4A), having the
highest peak in the HSK-b PBS scan. It is a gene that has
been reported to have a role in pigmentation phenotypes
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(Santos et al. 2016) and in the a-MSH signaling pathway in
Xenopus laevis melanophores (Isoldi et al. 2010). We de-
tected a SNP in akap72 with some evidence of association
with reflectance. It is possible that this SNP itself, or by link-
age disequilibrium with nearby causal variants, could be re-
sponsible for some of the pigmentation differences
between melanic and nonmelanic P. versicolor.

As a validation of the RNA-seq, the gPCR indicated
slc2a11 was highly expressed in the nonmelanic (yellow)
GZ-y population relative to melanic HSK-b (supplementary
table S6, Supplementary Material online), which would be
consistent with previous studies that reported functions
of this gene in lighter/diluted colors. Sic2a71 was found
to be up-regulated in yellow versus black skin fire salaman-
ders (Burgon et al. 2020), establishing it as a good candi-
date gene for explaining differences between black and
yellow morphs of herpetofauna. We found a region in
the genome with five divergent paralogs of s/c2a77 that
seem to be under selection, and four of them are differen-
tially expressed. Both Tajima’s D (D>0) and alpha (in-
creased diversity) in the GZ-y population for this locus are
compatible with a balancing selection hypothesis. This
population is located near the melanistic HSK-b population,
and we hypothesize it could occasionally occupy the dark
sand habitat, where the yellow (nonmelanic) phenotype is
presumably disfavored or alternatively may receive diver-
gent haplotypes by gene-flow from the melanistic popula-
tion. Both scenarios involve balancing selection acting
through spatially varying selective pressures for the yellow-
associated alleles. We would not expect to see a peak in the
GZ-y PBS in this region if there is balancing selection in this
locus. In contrast, the EJN-y population, located further
from dark substrates, shows signatures compatible with a
selective sweep (D < 0 and decreased diversity). However,
we did not discover any direct association with reflectance
for this gene.

In TEM analyses on P. versicolor skin, we observed differ-
ent organelle and cell type composition was found be-
tween melanic and nonmelanic P. versicolor individuals
(HSK-b and GZ-y). As expected, melanophores were more
abundant in HSK-b overall. Specifically, we observed an ap-
parent increase in HSK-b dermal melanophores, and the
unique presence of HSK-b epidermal melanophores. We
additionally found clusters of pterinosomes in GZ-y xantho-
phores, which were not observed in HSK-b. Kuriyama et al.
(2013) found most morphs of Japanese four-lined snake to
have the same layers of cells: epidermal melanophore, fol-
lowed by the dermal pigmented layers: xanthophores, iri-
dophores, and melanophores. The exception was the
melanic morph which had epidermal and dermal melano-
phores but lacked dermal xanthophores and iridophores.
The authors suggest the melanic morph might be a pheno-
type that lost the ability to produce xanthophores and irido-
phores (Kuriyama et al. 2013). A similar hypothesis could be

considered for the role of s/c2a11 in melanic P. versicolor li-
zards. Given that sic2a71, a gene necessary for xantho-
phore production (Kimura et al. 2014), was observed as
having lower expression in melanic lizards, this may explain
the lower proportion of xanthophores or the absence of
pterinosomes in melanic P. versicolor lizards. We encourage
further studies to test the association between xantho-
phore abundance, sic2a11 expression, and sic2al1 genetic
polymorphisms in lizards and other organisms.

Materials and Methods
Sampling

Three different populations of P. versicolor were sampled (fig.
1A and B), one with dark dorsal color (melanic) and two with
light dorsal color (nonmelanic). The melanic lizard is distribu-
ted in a dark substrate (black) in Heishan Kou, China
(HSK-b: 95.47°E, 41.00°N, 1,680 m above sea level, n=
44), a nearby nonmelanic lizard is distributed in a light sub-
strate (light-yellow/yellow) in Guazhou County, China (GZ-y:
95.61°E, 40.80°N, 1,386 masl, n=22). Approximately
650 km away from the other sampling locations, another
nonmelanic population was sampled in the Ejin Banner,
Inner Mongolia Autonomous Region (EJN-y: 101.12°E,
42.13°N, 933 masl, n=28). This nonmelanic EJN-y popula-
tion inhabits a weathered yellow (light) substrate.

Individuals of P. vlangalii from Delingha, Qinghai
Province (97.23°E, 37.13°N, n=10) were used as an out-
group in some of the analyses. The numbers of individuals
described in parentheses correspond to the resequencing
sample sizes. Muscular tissue from tail clips was used for
DNA extraction for resequencing. A complete list of indivi-
duals used for all experiments with their corresponding sex
and tissue is provided in supplementary table 10,
Supplementary Material online.

Genome Assembly

A female EJN-y individual was sequenced for genome as-
sembly. lllumina BCL files were converted to fastq files
using bcl2fastg, and genomes were assembled using the
Supernova pipeline, version 2.0.0 (Weisenfeld et al.
2017). We subsampled reads using —maxreads =800 M,
which yielded a raw coverage of 65.57 x. The pseudohap
output style was used for further analyses. To detect assem-
bly errors, the coverage throughout the genome
(supplementary fig. S1A, Supplementary Material online)
was plotted using a subset of 6.25% of the reads of the fe-
male individual that was sequenced for the assembly. We
identified large segments with approximately half the
coverage and half the heterozygosity of the rest of the gen-
ome. Therefore, we concluded that they were likely uncol-
lapsed haplotypes. The coverage of four male and four
female lizards was mapped and plotted to check if any half-
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coverage scaffolds seemed to be a sex chromosome. We
discarded this possibility because both males and females
showed the same coverage across scaffolds
(supplementary fig. S2, Supplementary Material online).
The scaffolds with half coverage were extracted from the
whole genome assembly fasta, to create a fasta file contain-
ing only scaffolds with reduced coverage. The assembly fas-
ta file was converted into a BLAST database (Camacho et al.
2009), against which we aligned the half-coverage scaf-
folds. For alignments with two different scaffolds with
more than 99% identity, we deleted the shorter scaffold.
To verify that the local alignments made with BLAST fully
covered all the scaffolds, we used MUMmer (Marcais
et al. 2018), which is a tool that allows alignment of whole
genomes to other genomes, to find the correspondence
between eliminated duplicated scaffolds and remaining
scaffolds in the whole genome assembly (supplementary
fig. S2, Supplementary Material online). All the code used
is available at https:/github.com/aguilar-gomez/genome_
processing. This processing reduced the original output of
supernova from 2.4 to 2 Gb. Scaffolds smaller than 10 kb
were excluded for all the downstream analyses, resulting
in a genome assembly of 1.7 Gb. We submitted the gen-
ome to NCBI to make it publicly available. To match their
format requirements, we changed Supernova’'s gap of
100 Ns to 10 Ns, and removed all leading and trailing Ns
of any scaffold. We also removed a few scaffolds
(~700K) that were flagged as possible contamination.
The final published genome assembly is 1.6 Gb. We ran
BUSCO 5.2.1 (Simao et al. 2015), which calculates a score
of completeness of the assembly based on gene orthology.
The lineage parameter was set to “tetrapoda.” The score
improved after removing duplicated scaffolds and re-
mained the same after we removed the small scaffolds
(supplementary table S1, Supplementary Material online).

Genome Annotation

The genome was annotated using BRAKER2 version 2.1.2
(Hoff et al. 2019). We used the reduced genome assembly
(scaffolds <10 kb removed) and 121,482,632 RNA-seq
paired reads mapped to this assembly as input with default
parameters. RNA was extracted from an EJN-y individual,
different from the individual used for the genome assem-
bly, from five tissues (skin, brain, heart, lung, and liver).
Total RNA was extracted using TRIzol (Invitrogen, USA)
and treated with RNase-free DNase I. RNA quality was de-
termined by Bioanalyzer 2100 using RNA 6000 Nano
LabChip Kit (Agilent, USA). Libraries for strand-specific
RNA-seq were constructed using TruSeq Stranded mRNA
Library Prep (lllumina, USA). Briefly, Oligo(dT) magnetic
beads purify and capture the mRNA molecules containing
polyA tails. The purified mRNA was fragmented and copied
into first-strand cDNA using reverse transcriptase and

random primers. In a second strand cDNA synthesis step,
dUTP replaced dTTP to achieve strand specificity. The final
steps added adenine(A) and thymine(T) bases to fragment
ends and ligate adapters. The libraries were subsequently
sequenced on the lllumina HiSeq 4000 platform, and
150-bp paired-end reads were obtained. The annotation
obtained with BRAKER2 was used together with an anno-
tation provided by Novogene (supplementary methods,
Supplementary Material online) to identify genes in candi-
date regions detected by the tests described below. We
also used nucleotide BLAST searches against the NCBI data-
base to verify each gene ortholog prescription made by
BRAKER2 and the Novogene annotation to confirm gene
annotations. The annotation was validated when the
same gene was obtained as the first hit.

Measuring the Reflectance Phenotypes

A spectrophotometer (Avaspec-ULS2048CL-RS-EVO-UA),
which comprises a mainframe (AvaSpec-2048-USB2), a
photo source (Avalight-DH-S), a reflective probe
(FCR-7UV400-2-ME), a probe fixator (RPH-1), and a white
diffusing panel (WS-2) used for reflective calibration before
measuring, was used to record the skin luminous reflect-
ance (%) of three dorsal measuring points for 78 indivi-
duals. These measurements are described in more detail
in our previous paper (Tong et al. 2019). Measurements
were performed under the same photo source without
the influence of natural light. Sampling interval of the spec-
trophotometer is 0.60 nm, and the reflectance value in the
visible range (300-700 nm) of Squamata and their poten-
tial avian predators (Bennett and Cuthill 1994) were used
for subsequent analysis. The white diffusing panels were
used for calibration after preheating the mainframe.
Measurements were taken with the probe held at a 90° an-
gle and 2 mm above the lizard’s skin. Exposure time was set
to 100 ms.

Population Genomics Analysis

We sequenced 44 melanic lizards (HSK-b) and 50 nonmela-
nic lizards (GZ-y: n=22; EJN-y: n=28) at low-coverage
(~3x) (supplementary table S2, Supplementary Material
online in Excel format). We kept 30 million di-allelic SNPs
where at least 45 individuals had one read with a good
mapping score (mapQ 30), read quality score (baseQ 30),
and minor allele frequency >5%. This filtering was done
with ANGSD (Kim et al. 2011; Korneliussen et al. 2014)
and bcftools1.9 (Danecek and McCarthy 2017). Allele fre-
guencies were estimated using ANGSD based on genotype
likelihoods (Korneliussen et al. 2014). PCA was performed
using PCANngsd (Meisner and Albrechtsen 2018), and we
calculated the site frequency spectrum (SFS) for each popu-
lation using realSFS.
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Genome-wide Fst and PBS scans between populations
(window size=150 SNPs, nonoverlapping) were per-
formed using ANGSD. Previous simulation studies
(Crawford and Nielsen 2013) have demonstrated that spe-
cies with values of Fst<<0.2, in general, are highly suitable
for adaptive trait mapping using Fst based methods. PBS of
the melanic population identifies regions with unusually
strong allele frequency differences between melanic versus
nonmelanic populations. Outlier peaks were annotated
with the genes within the window to which the peak be-
longs. Outliers were defined as the top 99.5th percentile
of windows. Another type of selection scan was implemen-
ted using ANGSD to estimate 6, the population scaled mu-
tation rate. We used realSFS to calculate the folded SFS,
followed by thetaStat (Korneliussen et al. 2013) to estimate
6 using the average number of pairwise differences, in non-
overlapping windows of 30 kb for each population. Then,
for each window, we calculated «; = #jwk where [, j, k
denote the three different populations. A low value of ¢, in-
dicates reduced diversity in a region specific to population /
and may be evidence of selection in species /. We also
zoomed in on a region of interest using 2 kb windows
and used thetaStat to calculate Tajima’s D, =, and a;. We
note that all methods used here are based on genotype like-
lihoods and do, therefore, explicitly take the genotype un-
certainty in 3x sequencing data into account.

Average Genomic Tree

An average genomic tree was calculated using ngsDist
(Vieira et al. 2015) with genotype likelihoods. We gener-
ated 100 bootstrap replicates with a block size of 5 Mb.
We then used neighbor-joining (BIONJ), a distance-based
phylogeny inference method implemented in FASTME
2.1.6.2 (Lefort et al. 2015) to infer the trees for the original
data and the bootstrap replicates, using subtree pruning
and regrafting to improve the tree topology. Finally,
RAXML-NG (Kozlov et al. 2019) —support function was
used to collect and summarize the tree, and its bootstrap
replicates. To root the tree, we used an individual of
P. vlangallii as the outgroup.

Differential Expression

Transcriptome assembly, annotation, and differential ex-
pression analyses with RNA-Seq (GZ-y=3, HSK-b=3)
were performed by the company Novogene and are de-
scribed in the supplementary methods, Supplementary
Material online. RNA was extracted from whole dorsal
skin from six individuals for the differential expression ana-
lysis. The number of reads per library and other details can
be found in supplementary table S10, Supplementary
Material online. We had the BRAKER annotation but we
wanted to complement it with the transcriptome annota-
tion. First, we aligned the transcriptome to the genome

using STARIong v.2.7.0d (Dobin et al. 2013). The nonprim-
ary alignments were removed using samtools v.1.70 (Li
et al. 2009). The coordinates of the annotated genes
were obtained using bamtobed from bedtools v2.27.1
(Quinlan 2014). Transcripts that were annotated as trans-
posons, satellites, and other repeats were excluded. We
then focused on the genes that were outliers in any of
the three PBS scans, resulting in 1,452 transcripts of interest
(supplementary fig. S34, Supplementary Material online).
We wused the results from DESeg2 (supplementary
methods, Supplementary Material online) to identify differ-
entially expressed genes between GZ-y and HSK-b. We se-
lected the log2FoldChange and P-value associated with
these 1,452 transcripts to calculate g-values using FDR
only within this subset. Genes that had a corrected
g-value < 0.05 were marked as significant. Finally, we vali-
dated the differential expression of the genes of interest
using gPCR.

gPCR Analysis

Dorsal skin tissues were collected from 30 individuals
(HSK-b =15, GZ-y = 15) and the total RNAs were extracted
using TRIzol® Plus RNA Purification Kit (Invitrogen id:
12183-555) as described by the manufacturer’s protocol.
RNase-Free DNase Set (Qiagen id: 79254) was used.
cDNA was synthesized using the SuperScript™ |II
First-Strand Synthesis SuperMix for gRT-PCR (Invitrogen
id: 11752-050) following manufacturer’s instructions.
Real-time PCR was performed with PowerUp™ SYBR™
Green Master Mix (Applied Biosystems, id: 4367659) ac-
cording to the manufacturer’s guides. The cycling program
used was 95 °C for 1 min, followed by 40 cycles of amplifi-
cation (95°C for 15 s, 60°C for 25 s). Relative expressions of
target genes were normalized to the housekeeping genes
atcb and deeflal evaluated by the 272" method (Livak
and Schmittgen 2001) and given as a ratio to control in
the experiment. The lizard primers designed based on the
assembled genomic sequences and transcript sequences
are listed in supplementary table S3, Supplementary
Material online.

Genomic Association

Reflectance phenotype data used here were obtained and
described in a previous study (Tong et al. 2019). A genetic
association with the reflectance phenotype as the response
variable was performed in ANGSD with -doAsso 2 (Skotte
et al. 2012) using an additive model. This model takes
into account genotype uncertainty. We set the parameter
-minHigh to 30, indicating that a minimum of 30 highly
credible genotypes must be found in a site for the site to
be included, this resulted in only 2,754 sites for the test.
We used the first ten components of our PCA as covariates.
We also performed the association testing using a less
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stringent minH parameter, but the QQplot for those asso-
ciations had an excess of small P-values (supplementary
fig. S8, Supplementary Material online). The SNPs where
annotated by using bedtools v2.27.1 to intersect the anno-
tation coordinates with the SNP coordinates. SNPs that did
not exactly fall within a gene where not annotated. Using
this approach, many genes are likely to be missed consider-
ing the low SNP density and causal associations might have
been missed due to a lack of LD between our marker set
and causal variants.

We also used an alternative approach to explore associa-
tionsin akap12 and sic2a 11 that used the population of ori-
gin as a covariate. We tested different linear models in R to
test whether SNPs in the candidate genes were significantly
associated with the reflectance phenotypes. We used the
following formula: Im (formula = reflectance ~ population
+ genotype, data=df), where the population of origin
(EJN-y, GZ-y, HSK-b) is included as a covariate. The SNPs
were selected for this analysis based on high PBS values
and P-values lower than 0.02 in the genomic association
with ten PCs as covariates.

Analysis of the slc2a11 Paralog Region

We generated the consensus sequence from EJN-y indivi-
duals using doFasta from ANGSD (Korneliussen et al.
2014). Then we ran Muscle (Edgar 2004) with the output
option set to clustalw (Sievers et al. 2011). This generates
a summary where we could obtain the percent identity ma-
trix (supplementary table S4, Supplementary Material on-
line). Coverage in this region was calculated on windows
of 5 kb, with a slide of 2.5 kb. Reads were mapped using
bwa mem and coverage was calculated using samtools
bedcov (supplementary fig. S4, Supplementary Material on-
line). We ran dotmatcher using window size of 200 bp and
threshold of 30 to generate a dotplot showing the five para-
logs of sic2all (supplementary fig. S5, Supplementary
Material online). The annotation of the paralogs was con-
firmed via blastn and blastx (supplementary table S5,
Supplementary Material online).

We also estimated a gene tree of slc2a’1 paralogs. The
consensus sequence was generated with doFasta from
ANGSD (Korneliussen et al. 2014), the alignment was
performed with Muscle, selecting output phylip inter-
leaved. The tree was estimated with PhyML (Guindon
et al. 2010). Smart model selection was implemented
using Akaike Information Criterion. We used BIONJ for
tree searching and Nearest Neighbor Interchange for
tree improvement. We estimated a pairwise identity ma-
trix between the paralogs by aligning the EJN-y paralogs
against each other using Muscle 3.8.425 (Edgar 2004)
with clustalw output format. The summary statistic in-
cludes this matrix generated by Clustal2.1 (Sievers
etal. 2011).

Expression was reassessed for this region using the man-
ual annotation that we did for the five paralogs (see
Genome Annotation). We used STAR (Dobin et al. 2013)
and RSEM (Li and Dewey 201 1) to map and quantify the ex-
pression level in the region using a gtf file we generated
with the exons of this region. The results are shown in
fig. 3B.

Sequence Analysis of Candidate Genes

We decided to further analyze the sequences of slc2al1
and akap12. For each gene, a consensus sequence was
generated for each population using the most common
base as described in previous sections. The sequences
were analyzed using Jalview 2.11.1.4 (Waterhouse et al.
20009), using this software we performed alignments with
Muscle and translated the cDNA into amino acid sequence.
We chose the options to wrap and color by percentage
identity. We identified all the possible fixed nonsynon-
ymous mutations between populations within the candi-
date genes.

Transmission Electron Microscopy

Two individuals were used for this experiment, one from
each the HSK-b population and GZ-y population. For both
individuals we selected a similar central position on the
right side of the body flank, collecting samples of the skin
outside of the dark stripes found on both populations.
The samples were sent to the Electron Microscope Center
at Zhejiang University which performed TEM (Hayat 2012;
Niu et al. 2019) in a Model JEM-1230 TE Microscope. The
detailed protocol is in supplementary methods,
Supplementary Material online.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online. The translated abstract (currently available
in Chinese and Spanish) can be found at https:/github.
com/aguilar-gomez/jin_et_al_2022.
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