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Abstract
Local adaptation is critical in speciation and evolution, yet comprehensive studies on proximate and ultimate 
causes of local adaptation are generally scarce. Here, we integrated field ecological experiments, genome se
quencing, and genetic verification to demonstrate both driving forces and molecular mechanisms governing 
local adaptation of body coloration in a lizard from the Qinghai-Tibet Plateau. We found dark lizards from 
the cold meadow population had lower spectrum reflectance but higher melanin contents than light counter
parts from the warm dune population. Additionally, the colorations of both dark and light lizards facilitated 
the camouflage and thermoregulation in their respective microhabitat simultaneously. More importantly, by 
genome resequencing analysis, we detected a novel mutation in Tyrp1 that underpinned this color adaptation. 
The allele frequencies at the site of SNP 459# in the gene of Tyrp1 are 22.22% G/C and 77.78% C/C in dark 
lizards and 100% G/G in light lizards. Model-predicted structure and catalytic activity showed that this muta
tion increased structure flexibility and catalytic activity in enzyme TYRP1, and thereby facilitated the gener
ation of eumelanin in dark lizards. The function of the mutation in Tyrp1 was further verified by more 
melanin contents and darker coloration detected in the zebrafish injected with the genotype of Tyrp1 from 
dark lizards. Therefore, our study demonstrates that a novel mutation of a major melanin-generating gene un
derpins skin color variation co-selected by camouflage and thermoregulation in a lizard. The resulting strong 
selection may reinforce adaptive genetic divergence and enable the persistence of adjacent populations with 
distinct body coloration.
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Introduction
Divergent selection maintains adaptive divergence be
tween conspecific groups that occupy a heterogeneous en
vironment and may lead to local adaptation (Hendry et al. 
2009; White and Butlin 2021). In nature, species may ex
perience multiple biotic and abiotic stresses that drive lo
cal adaptation. However, how species respond to these 
kinds of selective pressures phenotypically and genetically 
remains elusive. To answer these questions, we not only 

need to identify the role of these selective pressures in 
shaping and maintaining phenotypic divergence, but also 
need to explore the genetic basis underpinning local 
adaptation.

Animal body coloration is an important phenotypic trait 
that can aid our understanding of local adaptation. This is 
because an animal's body coloration serves multiple func
tions including camouflage and thermoregulation that affect 
individual fitness (Clusella-Trullas et al. 2007; Stevens and 
Merilaita 2009; White and Kemp 2015). Camouflage, which 

Mol. Biol. Evol. 41(2):msae009 https://doi.org/10.1093/molbev/msae009 Advance Access publication January 19, 2024 1

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/41/2/m
sae009/7578362 by N

ational Science & Technology Library user on 18 Septem
ber 2024

https://orcid.org/0000-0002-7318-6059
https://orcid.org/0000-0003-2997-6763
https://orcid.org/0000-0003-3228-0943
https://orcid.org/0000-0002-1868-5664
mailto:duweiguo@ioz.ac.cn
mailto:liuf@ioz.ac.cn
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


increases the crypsis of animals to their predators and preys, 
is one of the most crucial functions of body coloration 
(Stevens and Merilaita 2011). In addition, the coloration 
also serves thermoregulation. The thermal melanin hypoth
esis (TMH) suggests that dark individuals heat up faster 
than light individuals, giving them a thermoregulatory ad
vantage and therefore higher fitness in cooler environments 
(Clusella-Trullas et al. 2007). Consistent with this hypothesis, 
body coloration in many ectotherms is lighter in warm re
gions and darker in cold regions (Clusella-Trullas et al. 
2008; Heidrich et al. 2018). However, the dual functions of 
camouflage and thermoregulation served by body coloration 
in ectotherms are not always satisfied synchronically in nat
ural populations, which depend on the environmental con
text and selective pressures (Umbers 2011; Vroonen et al. 
2012; Munguia et al. 2013). For instance, the variation of col
oration in wild bearded dragons (Pogona vitticeps) and toad- 
headed agama (Phrynocephalus grumgrzimailoi) primarily 
improves camouflage due to the pressure of predators, but 
compromises thermoregulation (Smith et al. 2016; Tao 
et al. 2018). Therefore, identifying the role of camouflage 
and thermoregulation in shaping animal body coloration 
via manipulative ecological experiments is essential to reveal
ing the driving force of local adaptation in body coloration.

In addition to the driving force, the genetic basis of body 
coloration is critical for understanding the origin and main
tenance of local adaptation (Tigano and Friesen 2016). The 
darkness of body coloration in ectotherms can be deter
mined by pigmental and structural coloration (Stuart-Fox 
et al. 2021). The most important mechanism underpinning 
dark coloration is pigment deposition in melanocytes 
(Aspengren et al. 2009; Stuart-Fox et al. 2021), which 
selectively absorb light with specific wavelengths, 
allowing the light of other wavelengths to be reflected 
and therefore produce colors (Morehouse et al. 2007). 
The melanocytes produce two types of melanin— 
eumelanin and pheomelanin—which results in black to 
brown, and red to yellow coloration, respectively (Kaelin 
and Barsh 2013). Accordingly, dark coloration is determined 
by the types, density, and area of distribution of melanin, 
which in turn is determined by the melanin synthesis path
way regulated by the Melanocortin-1 receptor (Mc1r) and its 
second messenger cyclic adenosine monophosphate 
(cAMP) (Aspengren et al. 2009; Manceau et al. 2010; 
McNamara et al. 2021). Specifically, the important regula
tory genes (e.g. Mc1r, Agouti, Oca2, Tyr, Tyrp1) in the 
“cAMP pathway” induce differences in melanin generation 
and determine the darkness of the skin (Steiner et al. 
2007; Manceau et al. 2010; Rosenblum et al. 2010; Orteu 
and Jiggins 2020). Therefore, exploring the “cAMP pathway” 
can help identify the molecular mechanism underlying body 
coloration determination, and increase our understanding 
of how biotic and abiotic environments shape adaptive 
genetic divergence among species or populations.

Here we studied adjacent populations of the species of 
toad-headed agama, Phrynocephalus putjatai, distributed 
in two distinct habitats on Qinghai-Tibet Plateau (QTP)— 
alpine meadows and sand dunes—with two distinct 

phenotypes (dark vs. light) in dorsal coloration. By integrat
ing field behavioral experiments, laboratory manipulation, 
genomic and transcriptomic sequencing, and gene function 
verification, we identified the functions of dark and light 
dorsal coloration in camouflage and thermoregulation, 
and analyzed the physiological and molecular mechanisms 
underlying the variation in dorsal coloration. By doing so, 
we aim to comprehensively reveal the proximate and ultim
ate causes of local adaptation in lizard dorsal coloration.

Results
Lizards from three populations inhabiting cold alpine mea
dow regions had dark dorsal coloration, whereas lizards 
from another three populations inhabiting the warmer 
dune regions had light dorsal coloration. Previous studies 
revealed P. putjatai is mainly distributed around Qinghai 
Lake (Jin et al. 2014; Hu et al. 2019; Jin and Brown 2019). 
However, to avoid confusion with the closely related spe
cies (e.g. Phrynocephalus vlangalii), we ascertained the six 
populations of lizards are P. putjatai with a phylogenetic 
tree of one mitochondrial DNA gene fragment (1,096 bp 
of ND2, NADH-dehydrogenase subunit II) and exon of 
one nuclear DNA gene (634 bp of BDNF, brain-derived 
neurotrophic factor) (Fig. 1). Therefore, the difference 
in dorsal colorations between cold alpine meadow and 
warm dune populations were intraspecific variations. 
We then used one pair of adjacent populations (i.e. D1 
vs. L3 in Fig. 1) to compare the functions and underlying 
mechanisms of dorsal coloration divergence.

The Role of Dorsal Coloration in Camouflage
To identify the function of dorsal coloration in camouflage, 
we quantified the spectral reflectance of lizards and their 
microhabitats, and the ratio of different colored lizard mod
els being attacked by natural predators. The dorsal reflect
ance spectra (i.e. colors) of dark and light lizards was 
closest to the substrate reflectance of their own habitats 
in the alpine meadows (F1,16 = 48.477, P < 0.0001) and 
dunes (F1,12 = 38.555, P < 0.0001), respectively (Figs. 1 and 
2a, b; supplementary fig. S1, Supplementary Material on
line). Correspondingly, the dark-lizard models were attacked 
less often than were light-lizard models in the alpine mea
dows (8/47 vs. 20/45, χ2 = 8.17, P < 0.01), while the light- 
lizard models were attacked less often in the dunes (7/44 
vs. 17/44, χ2 = 5.73, P < 0.05; Fig. 2c). This result was consist
ently validated through replicate testing (in the meadow: 
6/42 vs. 17/44, χ2 = 6.50, P < 0.05; in the dunes: 5/40 vs. 
14/40, χ2 = 5.59, P < 0.05). The dorsal coloration of lizards 
matched the reflectance spectra of their respective habitat 
substrates and therefore reduced predation risk to lizards 
within their own habitat types.

The Role of Dorsal Coloration in Thermoregulation
To identify the function of dorsal color in thermoregula
tion, we measured environmental temperatures, field 
body temperatures, and heating-up rates of lizards. 
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During the lizard activity period from 9 AM to 5 PM, the 
average surface temperatures (Tsurface; meadow vs. dune: 
30.56 ± 0.64 °C vs. 35.09 ± 0.49 °C; F1,380 = 31.473, P <  
0.0001) and air temperatures (Tair; meadow vs. dune: 
19.96 ± 0.34 °C vs. 22.54 ± 0.26 °C; F1,380 = 36.066, P <  
0.0001) were 4.53 and 2.58 °C lower in alpine meadows 
than in dune habitats, respectively (Fig. 2d and e). 
However, the average active body temperature (Tb) was 

only 0.75 °C lower in lizards from the alpine meadow 
population (34.97 ± 0.21 °C) than in lizards from 
the dune population (35.72 ± 0.16 °C; F1,380 = 7.856, 
P = 0.005; Fig. 2d and e). In addition, the active tempera
tures of lizards are time-dependent, and the active body 
temperatures were lower at 9 AM and 5 PM than those 
from 10 AM to 4 PM (F8,380 = 13.034, P < 0.001). The 
heating-up rate was significantly higher for dark alpine 

Fig. 1. Sample sites, phenotypes, natural habitats, and phylogenetic relationship of six P. putjatai populations. The yellow (L1, L2, and L3) and 
black (D1, D2, and D3) spots indicate the sample sites of lizards from the dune and alpine meadow habitats, respectively. The photos indicate 
that the microhabitats for light and dark lizards are significantly different from each other, but are similar to their local microhabitats, respect
ively. The ML phylogenetic relationship is based on 1,730 bp (partial ND2 and BDNF) sequences. Node strongly supported (BS = 1) is marked 
with black asterisks. D1 to D3 and L1 to L3 indicate 1 to 3 dark populations (meadow) and 1 to 3 light populations (dune), respectively.
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meadow lizards than light dune lizards, both in terms 
of the thermal time constant (τ) from 15 to 30 °C (meadow 
vs. dune, 379.3 ± 14.5  S vs. 580.3 ± 13.5 S; F1,29 = 83.446, 
P < 0.0001; supplementary fig. S2a, Supplementary 
Material online) and the increase in body temperature after 
5 min of heating (meadow vs. dune, 14.36 ± 0.30 °C vs. 
10.25 ± 0.27 °C; F1,29 = 84.399, P < 0.0001; supplementary 
fig. S2a, Supplementary Material online). Therefore, 
compared with the light dorsal coloration of lizards 
from the warm dune environment, the dark dorsal 
coloration may help lizards heat up faster and achieve 
optimal body temperatures in the cold alpine meadow 
environment.

Melanin Abundance in the Dorsal Skin of Lizards
To explore the physiological basis of between-population vari
ation in body color, we compared the difference in abundance 
of melanin and the metabolites of dorsal skin between the 
alpine meadow and dune populations. The dorsal skin of 
lizards from the alpine meadow population had greater 
surficial areas of melanin (F1,25 = 11.283, P = 0.003; 
supplementary fig. S3, a and b, Supplementary Material
online), higher eumelanin content (F1,18 = 6.239, P = 0.022) 
and total melanin (F1,18 = 19.466, P = 0.0003) than 

those from the dune population (supplementary fig. S3c, 
Supplementary Material online). In addition, the lizards 
from the alpine meadow population had a higher abundance 
of melanin precursors (i.e. Dopa) of L-domachromate 
(Z = 2.012, P = 0.044) and D-dopachrome (Z = 4.500, 
P < 0.0001), but not L-dopachrome (Z = 1.353, P = 0.176) 
than lizards from the dune population (supplementary fig. 
S3d, Supplementary Material online). Overall, dark lizards 
from the alpine meadow population had a higher content 
of melanin and its precursors than light lizards from the 
dune population.

Genomic Variation in the Melanin-generating 
Pathway
To explore the molecular mechanisms of body color vari
ation between the alpine meadow and dune populations, 
we conducted whole-genome resequencing and transcrip
tomic sequencing of dark and light lizards. First, our analysis 
of population structure and demographic history indicated 
that the adjacent alpine meadow and dune populations had 
a clear delimitation with a FST value of 0.14, revealed by PCA 
(Fig. 3a) and Admixture (Fig. 3b) based on whole-genome 
resequencing data. Demographic modeling suggests the 
initial divergence between alpine meadow and dune 

Fig. 2. Functional determination of camouflage and thermoregulation in lizards from the dune and alpine meadow populations with different 
dorsal coloration. a) Reflectance spectra of the natural substrate and dorsal skin of lizards from the dune and meadow populations under natural 
light in the field. Each line indicates an individual or a natural substrate in the field. b) The difference in reflectance spectra between the natural 
substrate and dorsal skin of lizards from the dune and alpine meadow populations. Data are shown as mean ± SE. (c) The percentage of lizards 
attacked by avian and mammalian predators in dune and alpine meadow habitats, respectively. Numbers above the columns indicate the sample 
size of attacked models against the initial set. d, e) Substrate surface temperatures (Tsurface), air temperatures (Tair), and active body temperatures 
of lizards (Tb) in natural habitats of alpine meadow and dune. Each diamond indicates a Tb from an active individual, and Tsurface and Tair are 
shown as mean ± SE.

Sun et al. · https://doi.org/10.1093/molbev/msae009 MBE

4

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/41/2/m
sae009/7578362 by N

ational Science & Technology Library user on 18 Septem
ber 2024

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae009#supplementary-data


populations happened ∼0.26 million years ago (Ma, esti
mated with 2 yr/generation), and a recent migration 
∼8,000 years ago, with very unidirectional gene flow from 
the alpine meadow to the dune population 
(supplementary fig. S4, Supplementary Material online). 
Second, we identified 514 outlier candidate genes in the al
pine meadow population using an XP-EHH threshold of 
1.61879 (i.e. top 5%) (Fig. 3c, supplementary table S1, 
Supplementary Material online). We discovered a melanin- 
generating related gene, Tyrp1, attained the highest rank 
(289th) among all outlier candidate genes associated with 
melanin generation. This positioned Tyrp1 as the sole 
melanin-related gene within the top 5% of all outliers (see 
supplementary table S1, Supplementary Material online 
for outliers with the top 5% highest XP-EHH values). In con
trast, 288 genes exhibited greater divergence than Tyrp1, as 
evidenced by higher XP-EHH values. Subsequent Gene 
Ontology (GO) enrichment analysis highlighted the signifi
cant association of these 288 genes with four GO terms: 
actin-myosin filament sliding, actin-mediated cell contrac
tion, actomyosin structure organization, and muscle fila
ment sliding. Moreover, Tyrp1 displayed a notable 
difference in allele frequency between the alpine meadow 
and dune populations at a nonsynonymous polymorphic 
site (SNP 459; Fig. 3c). We also identified nonsynonymous 
mutations in other melanin-generating related genes, 
including Zeb2, Rab1a, Bnc2, and Prep. However, the 
XP-EHH values for these genes fell below 1.61879, indicating 
they did not rank within the top 5% (Fig. 3c; supplementary 
table S1, Supplementary Material online).

Genomic resequencing indicated that the genotype of 
Tyrp1 showed a significant differentiation between alpine 
meadow and dune populations (G/G frequency: χ² =  
28.00, P < 0.01), with 22.22% of G/C (2/9) and 77.78% 
of C/C (7/9) at SNP 459 in the alpine meadow popula
tion, but 100% of G/G (19/19) in the dune population 
(Fig. 3d). Additional Tyrp1 sequencing by PCRs experi
ment with 30 individuals from each of meadow and 
dune populations verified the difference in allele fre
quency (G/G frequency: χ² = 34.74, P < 0.01), with 40% 
of G/C (12/30), 33.3% of C/C (10/30), and 26.7% of 
G/G (8/30) at SNP 459 in lizards from the alpine meadow 
population, but 100% of G/G (30/30) in lizards from the 
dune population. Combined the results from both gen
omic resequencing and PCRs experiment, Tyrp1 
exhibited a significant difference in allele frequency 
between the alpine meadow and dune populations (G/G 
frequency: χ² = 60.13, P < 0.01), with 35.90% of G/C 
(14/39) and 43.59% of C/C (17/39) and 20.51% of G/G 
(8/39) at SNP 459 in the alpine meadow population. 
In contrast, the dune population showed 100% G/G 
(49/49) frequency.

Furthermore, transcriptome sequencing revealed that 
the expression (Fragments Per Kilobase of exon model 
per Million mapped fragments: FPKM) of Tyrp1 gene was 
significantly higher in the skin of lizards from the alpine 
meadow population than in those from the dune popula
tion. In contrast, other identified melanin-generating 

related genes of Zeb2, Rab1a, Bnc2, and Prep, did not 
show difference in expression between the alpine meadow 
and dune populations (Fig. 3e). Thus, we infer that the 
gene Tyrp1 is a primary candidate gene for generating 
more melanin in dark lizards from the alpine meadow 
population.

Structure and Catalytic Activity of TYRP1
Based on the sequences of the enzyme TYRP1, we predicted 
the 3-D structure and the catalytic activities of the candi
date enzymes by mathematical models. We found that 
only one mutation out of 1,602 bp, located in the beta-sheet 
at 459#, induced the amino acid of serine (Ser) in the dune 
population, but threonine (Thr) in the alpine meadow 
population (Fig. 3f). Integrative modeling further predicted 
that the C-score for Ser-459# and Thr-459# were 
both −1.42, indicating the prediction was reliable. 
Ser-459# from light lizards had higher numbers of salt 
bridges and hydrogen bonds, and greater radius of gyration 
and solvent-accessible surface area than Thr-459# from dark 
lizards, suggesting more flexibility in the TYRP1 enzyme 
with Thr-459# (Table 1, supplementary tables S2 and S3, 
Supplementary Material online). The predicted catalytic ac
tivity (KM) value for the TYRP1 enzyme with Thr-459# from 
the alpine meadow population (0.0385) is lower than KM 

with Ser-459# from the dune population (0.0442) and other 
lizard species with light dorsal coloration (supplementary 
table S4, Supplementary Material online). This indicates 
higher catalytic activity of TYRP1 from the alpine meadow 
population, as a lower KM value means higher catalytic 
activity.

Tyrp1459Thr Leads to More Melanin Generation in 
Zebrafish
To verify whether the mutations of the candidate gene can 
cause changes in skin darkness, we conducted molecular ma
nipulations in a model system of zebrafish. The enzyme of 
TYRP1 mediates the last step of melanin synthesis by one- 
step oxidizing DHICA to produce 5,6-IQCA, which is an 
isoform of melanin (Ito and Wakamatsu 2008) (Fig. 4a). To 
further confirm the distinct catalytic activity of TYRP1 
from Tyrp1459ser (light) and Tyrp1459Thr (dark) of P. putjatai, 
we cloned these two types of Flag-tagged Tyrp1 coding se
quence (CDs) of P. putjatai, Tyrp11376G and Tyrp11376C, into 
pCS2+ vectors. First, the difference of cloned sequences at 
1,376 base was validated by sequencing (Fig. 4b). We then 
found that both types of Tyrp1 mRNA could be significantly 
over-expressed (OE) in zebrafish embryos at 36 hpf (i.e. 
hours post-fertilization) (Fig. 4c and d). Subsequently, we ob
served that more melanin was synthesized in both Tyrp1 
mRNA-injected embryos compared to wild type (WT) at 
36 hpf and 4 dpf (i.e. days post-fertilization) (Fig. 4e; 
supplementary fig. S5, a to c, Supplementary Material on
line). The number of melanocytes did not differ between 
WT and both Tyrp1 OE groups at 36 hpf (supplementary 
fig. S5d, Supplementary Material online). However, the surfi
cial areas of dorsal melanin significantly increased in both 
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Tyrp1 OE groups at 36 hpf (supplementary fig. S5e, 
Supplementary Material online) and 4 dpf (Fig. 4f), respect
ively. Additionally, surficial areas of ventral melanin signifi
cantly increased at 4 dpf (Fig. 4g). Interestingly, the 
Tyrp11376C (dark) mRNA-injected group showed a significant
ly increased surficial area of dorsal melanin compared to the 
Tyrp11376G (light) group (Fig. 4f). These findings suggest that 
the Tyrp1 from P. putjatai could efficiently promote zebrafish 

melanin biosynthesis, and that the Tyrp1459Thr derived from 
the alpine meadow population may have higher melanin- 
generating potential compared to Tryp1459Ser derived from 
the dune population. Finally, we confirmed a significant 
upregulation of melanin in Tyrp1 OE groups, and that the 
Tyrp1459Thr derived from the alpine meadow population 
led to more melanin biosynthesis activity than did the 
Tyrp1459Ser from the dune population (Fig. 4h).

Fig. 3. Genomic and transcriptomic analysis of the phylogenetic relationship and mechanisms underpinning the dorsal coloration variations in 
lizards from the dune and alpine meadow populations. a) PCA analysis of the phylogenetic relationship between the dune and meadow popula
tions. The first two axes of PCA for the dune (pink) and meadow (blue) populations are based on 7,146,131 SNPs. b) Individual assignment 
probability bar plot at the best fit (K = 2), inferred by Admixture and based on 642,957 neutral SNPs. c) The distribution of XP-EHH values 
that were calculated with a 40-kb window in a 20-kb step size between the dune and alpine meadow populations. The positions of the arrows 
represent the XP-EHH values of each candidate gene. The black and red dash lines indicate the top 1% and top 5% of XP-EHH, respectively. 
Notably, only Tyrp1 surpasses the threshold for the top 5% XP-EHH (i.e. 1.61879). d) The percentage of G/G, G/C, and C/C at Tyrp1 459# of 
lizards from the dune and alpine meadow populations by genomic resequencing. Lizards from the dune population have 100% G/G, while lizards 
from the meadow population possess G/C (22.22%) or C/C (77.78%) genotypes at Tyrp1 459#. e) The differential expression of five (Tyrp1, Zeb2, 
Rab1a, Bnc2, and Prep) melanin-generating-related genes. Asterisks indicate a significant difference between the dune and alpine meadow po
pulations. f) Structure and the chemical bonds of the enzyme TYRP1 between the dune and alpine meadow populations. Dash cycles indicate 
the difference site of 459# between the dune and alpine meadow populations.
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Discussion
Here we found that the dark and light dorsal coloration in 
adjacent populations of P. putjatai facilitates both camou
flage and thermoregulation in their respective habitats 
that differ in substrate color and thermal quality (e.g. 
dark and cold vs. light and warm). More interestingly, an 
important point mutation (different allele frequencies of 
G/C at the site of SNP 459# in the gene of Tyrp1) was found 
resulting in skin coloration variations that were positively 
selected for both camouflage and thermoregulation.

The divergence between alpine meadow and dune po
pulations of P. putjatai happened at ∼0.26 Ma, following 
the formation of Qinghai Lake and the appearance of 
dunes (2.43 to 0.73 Ma) (Hong et al. 2009). Our results 
of camouflage and thermoregulation experiments suggest 
that predators and thermal environments may additively 
shape the dorsal coloration variation between the alpine 
meadow and dune populations (Yang et al. 2020; 
Semenov et al. 2021). However, pinpointing the exact rela
tive importance of these two ecological factors in driving 
dorsal coloration evolution over time is challenging, be
cause the arrival time of avian (∼3.0 Ma) and mammalian 
(∼1.7 Ma) predators of P. putjatai in the QTP predates 
the formation of dunes and, thus, the dune population 
of P. putjatai (He et al. 2021). Nonetheless, according to 
high attack rates by predators (Fig. 2c) and similar active 
body temperatures of lizards (Fig. 2d and e) we observed 
in this study, we infer that the selection pressure due to 
thermoregulation might not be as influential as the selec
tion for camouflage. This inference is particularly sup
ported by the higher attack rates if the lizard models 
were placed outside their matching habitats (Fig. 2c). 
Further investigations into the interplay of these factors 
could provide a more comprehensive understanding of 
the selective forces shaping dorsal coloration in P. putjatai 
(e.g. Rosenblum et al. 2010; Hardwick et al. 2015; 
Gunderson et al. 2022).

The functions of camouflage and thermoregulation may 
conflict in shaping animal coloration if one is compromising 
the other (e.g. Smith et al. 2016). In contrast, we demon
strated that the two functions turned out to be compatible, 
given that the dorsal coloration variation of lizards en
hanced both camouflage and thermoregulation simultan
eously in contrasting environments of dark and cold vs. 
light and warm. This compatibility is plausibly due to the 
fact that the selective pressures of camouflage and thermo
regulation in shaping lizard coloration are consistent. 
The color matching between dorsal skins and habitat 

substrate led to relatively low probabilities of predation at
tack in their respective natural habitats (Fig. 2b), indicating 
the role of crypsis as seen in other animals (Stevens and 
Merilaita 2009, 2011; Stuart-Fox and Moussalli 2009). 
Simultaneously, the lower dorsal reflectance and higher 
heating-up rates allow the dark lizards to effectively thermo
regulate in the cold meadow environment to achieve 
higher body temperatures (Tao 2022). Consistent with the 
prediction of TMH, the dorsal coloration divergence is 
also likely an adaption to local thermal environments 
(Clusella-Trullas et al. 2007). Similarly, pale morphs of three 
lizard species (Eastern Fence Lizard [Sceloporus undulatus], 
Little Striped Whiptail [Aspidoscelis inornata], and Lesser 
Earless Lizard [Holbrookia maculata]) were found success
fully colonized and adapted to the White Sands of New 
Mexico in North America (Rosenblum et al. 2004, 2007, 
2010), by increasing camouflage against avian predators 
(Hardwick et al. 2015), and maintaining thermal perform
ance as well (Gunderson et al. 2022).

We found that the Tyrp1 gene possessed a nonsynon
ymous mutation (Tyrp1459Thr/Ser) that is responsible for 
the between-population divergence in dorsal coloration 
in P. putjatia. This assertion is supported by several lines 
of evidence. First, the frequency of the mutation was 
stable in dark (Tyrp1459Thr) and light (Tyrp1459Ser) lizards 
from the alpine meadow and dune populations, respect
ively (Fig. 3c and d). Second, the mutation of Tyrp1 leads 
to fewer salt bridges and hydrogen bonds and thereby 
lower KM value in the enzyme of TYRP1 from dark lizards, 
producing a more flexible structure of the enzyme TYRP1 
with a higher catalytic ability (Pan et al. 2017; Kroll et al. 
2021). The higher catalytic activity of TYRP1 may gener
ate more eumelanin and total melanin content in alpine 
meadow lizards compared to their dune counterparts 
(supplementary fig. S3b and c, Supplementary Material
online). Third, the mutation of Tyrp1 in the meadow 
population (Tyrp1376C) induced more melanin generation 
and resulted in a larger dark area on the skin surface than 
did Tyrp11376G from the dune population and in WT zeb
rafish (Fig. 4e to g). Notably, the darker dorsal coloration 
in alpine meadow lizards is attributable to the higher 
catalytic activity of TYRP1 due to genetic mutation, 
because the mutation of Tyrp1 did not affect the amount 
of enzyme TYRP1 or melanocytes (Fig. 4c; supplementary 
fig. S5b and d, Supplementary Material online). 
Analogous to our results, mutation and regulation in im
portant genes (e.g. Mc1r, Prep, and Prkar1a) of the 
melanin-generating signal transduction pathway may lead 
to body coloration variation in lizards and other vertebrates 
as well (e.g. Braasch et al. 2009; Corso et al. 2012; Utzeri et al. 
2014; Corl et al. 2018; McNamara et al. 2021). For example, 
the pale coloration of the lizards (S. undulatus, A. inornata, 
and H. maculata) has evolved background-matched color
ation (i.e. blanched) at White Sands of New Mexico, through 
different mutations in Mc1r (Rosenblum et al. 2010). 
Similarly, the camouflage by pale coloration of beach mice 
from the dunes of Florida's coast is also achieved partly by 
a single amino acid mutation in Mc1r (Steiner et al. 2007). 

Table 1 The numbers of salt bridges, hydrogen bonds, radius of gyration, 
and solvent-accessible surface area of enzyme TYRP1 in the dorsal skin of 
lizards from alpine meadow (dark, Thr-459#) and dune populations 
(light, Ser-459#), respectively

Salt 
bridges

Hydrogen 
bonds

Radius of 
gyration

Solvent-accessible 
surface area

Thr-459# (dark) 34 99 22.81 22,694
Ser-459# (light) 41 126 23.32 22,083
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Nonetheless, the detailed molecular regulatory mechanisms 
underlying the dorsal coloration variation in P. putjatia war
rant further studies. For example, why the mutation of 
Tyrp11376C enhances TYRP1 activity but not mRNA expres
sion and its enrichment in the precursors of eumelanin re
mains unanswered.

Revealing the link between genotype, phenotype, and fit
ness can provide important insights into the process of local 
adaptation that starts with divergent/disruptive selection in 
different environments (Barrett and Hoekstra 2011; Rausher 
and Delph 2015). Here, we show that co-selection by cam
ouflage and thermoregulation on the body coloration of 

Fig. 4. Verification of the effect of Tyrp1 variations on coloration in the zebrafish system. a) Diagram of the TYRP1 catalytic reaction equation. 
b) The sequencing base peak of constructed Tyrp11376G (light color/dune population) and Tyrp11376C (dark color/alpine meadow population) 
OE vectors. The base changes are denoted by yellow arrowheads. c) Protein level of Flag-tagged TYRP1 in the WT, Tyrp11376G (light/dune), and 
Tyrp11376C (dark/meadow) mRNA OE groups detected by western blot. d) Quantification of protein level in (c) by using Gel-Pro analyzer. Data 
are shown as mean ± SD. ***P < 0.001. e) The representative bright-field images of zebrafish embryo melanin enriched area at 4 dpf in WT, 
Tyrp11376G and Tyrp11376C mRNA OE groups. The red dashed areas indicate regions with melanin enriched. From left to right panels are lateral, 
dorsal, and ventral views (scale bar, 200 μm). f) Quantification of relative melanin area of dorsal views in (e) by Image-Pro Plus analyses. Data are 
shown as mean ± SD. N (WT) = 8, N (Tyrp11376G OE embryo) = 10, N (Tyrp11376C OE embryo) = 10, **P < 0.01, ***P < 0.001. g) Quantification of 
relative melanin area of ventral views in (e) by Image-Pro Plus analyses. Data are shown as mean ± SD. N (WT) = 10, N (Tyrp11376G OE embryo) =10, 
N (Tyrp11376C OE embryo) = 10, *P < 0.05, ***P < 0.001. h) Quantification of whole embryo melanin content by using OD 500 absorption assay. Data 
are shown as mean ± SD. N = 3, *P < 0.05, **P < 0.01.
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lizards resulted in a fixation of the allele in Tyrp1 in response 
to adjacent contrasting thermal environments and back
ground colorations, despite the considerable gene flow be
tween different ecotypes. This provides an excellent model 
system to further explore the mechanisms that promote 
adaptation and even speciation. In this study, the alleles re
tained in the dune population (i.e. 100% G/G) originate 
from standing genetic variation present in the meadow 
population (a mix of C/C, G/C, and G/G). This implies 
that the dune population can be considered as a derived 
population stemming from the meadow population. 
However, we need to exercise extreme caution in conclud
ing that the dune population (i.e. derived) originated from 
the meadow population (i.e. ancestral) with such a limited 
number of populations in this study. For a more robust con
clusion, it is essential to conduct a comprehensive analysis 
that includes additional populations, especially those be
yond the current study area, and incorporates them into 
demographic inference models (e.g. Steiner et al. 2009). 
Therefore, some important questions for future studies in
clude: (1) how does multifarious selection function during 
the process of local adaptation? (Chevin et al. 2014); (2) 
what is the role of gene flow during the fixation of muta
tion? (Pinho and Hey 2010); (3) how does ecological adap
tation interact with phylogenetic evolution in determining 
the current pattern of body coloration? Such work requires 
joint endeavors from both ecologists and molecular biolo
gists to identify the ecological processes and evolutionary 
mechanisms involved.

Materials and Methods
Study System
The toad-headed agama (P. putjatai) is a small viviparous liz
ard (snout-vent length [SVL] < 70 mm) on the QTP 
(Hu et al. 2019). This species is distributed in the Gobi or 
semidesert dune areas of the Qinghai Lake Basin, and the al
pine meadows around Qinghai Lake, with elevations ranging 
from 2,500 to 3,500 m asl (https://www.iucnredlist.org/ 
species/47755672/47755678) (Jin et al. 2014). Populations 
of P. putjatai not only experience dramatic climate fluc
tuation but also face predation pressure exerted by birds 
and mammals (Li 1989). P. putjatai expresses distinct 
body coloration among populations, with dark dorsal col
oration in lizards inhabiting the alpine meadow where 
the substrate is dark loam, and light dorsal coloration 
in lizards inhabiting dunes by Qinghai Lake where the 
substrate is light sand.

In July 2019, we collected 38 dark lizards from an alpine 
meadow population (100.999°E, 37.083°N; elevation 
3,280 m asl), and 35 light lizards from a dune population 
by Qinghai Lake (100.866°E, 36.682°N; elevation 3,330 m 
asl) (supplementary fig. S6a, Supplementary Material on
line). We took photos of lizards in natural habitats 
(supplementary fig. S6b, Supplementary Material online) 
with a spectrum camera (Specim IQ, Specim Ltd., Oulu, 
Finland) before they were transferred to our laboratory 
in Beijing. We used a 2 (population) × 2 (substrate) design 

to detect the plasticity of dorsal coloration. Both the dark 
and light lizards were reared in two treatments with mea
dow and dune substrates collected from our field study 
sites, respectively. We reared four lizards in each terrarium 
(550 × 420 × 360 mm) with 50 mm depth of substrates, 
which were located in oxygen-controlled chambers 
(14.5% oxygen concentration, 600 × 550 × 960 mm) in a 
temperature-controlled room at 16 ± 1 °C. A heating 
lamp (25 W) was hung above one end of each terrarium 
to create a thermal gradient of 16 to 40 °C for lizard 
thermoregulation from 8 AM to 8 PM. Food (crickets 
dusted with vitamin supplements) and water were pro
vided ad libitum. After 2  mo, we took photos of lizards 
again to detect the plasticity of the dorsal coloration of li
zards (supplementary fig. S6c, Supplementary Material on
line). In addition, we collected pregnant females from the 
alpine meadow (black, n = 6) and dune (light, n = 6) popu
lations, and reared them in the indoor laboratory in the 
same way as described above (2 × 2 design). We took pho
tos of the neonates produced by the females to identify 
the between-population variation under different sub
strates in dorsal coloration in offspring (supplementary 
fig. S6d, Supplementary Material online). Our preliminary 
results indicated that the difference in dorsal coloration 
of lizards from the alpine meadow and dune populations 
was not induced by developmental plasticity (see detail 
results in supplementary fig. S6, Supplementary Material
online), because the neonates of the two populations 
showed distinct dark and light dorsal colorations as seen 
in adults, and the between-population difference in dorsal 
coloration was still significant after the lizards from the 
two populations were kept on the same substrate in 
the laboratory for 2 mo. Therefore, the contrast in micro
habitats and dorsal coloration of P. putjatai in adjacent 
populations provides an excellent model system for inves
tigating the functions and underlying genetic mechanisms 
of body coloration, with particular attention to ecological 
adaptation.

From early June to early July 2020, we collected adult 
P. putjatai from three alpine meadow populations with 
dark dorsal coloration (36.97° to 37.09°N, 100.88° to 
100.99°E; elevation 3,212 ± 35 m asl) and three dune popu
lations with light dorsal coloration (36.64° to 37.06°N, 
100.53° to 100.88°E; elevation 3,257 ± 18 m asl) beside 
Qinghai Lake on QTP, respectively. First, we verified the 
taxonomic status of the six populations of P. putjatai. We 
selected two lizards from each of the six populations to ex
tract total genomic DNA from blood. We amplified one 
mitochondrial DNA (mtDNA) gene fragment, 1,096 bp of 
ND2, and exons of one nuclear DNA (nuDNA) gene, 
634 bp of BDNF. The total length of these data was 
1,730 bp. Primer pairs for PCR were taken from the litera
ture (BDNF: Townsend et al. 2008; ND2: Noble et al. 
2010). PCR products were sequenced with both forward 
and reverse primers using Applied Biosystems 3,730 DNA 
Analyzer (Applied Biosystems, Carlsbad, CA, USA). We 
obtained the sequences for Phrynocephalus myctaceus and 
P. vlangalii from published data as outgroups, as well as 
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one sample of P. putjatai from Guide County, where is out
side our study area (Solovyeva et al. 2018). Sequences were 
first aligned using the Clustal Omega (Sievers et al. 2011), in 
Geneious Prime 2022.1.1 (http://www.geneious.com/) with 
default parameters. Subsequently, the alignment was 
checked and manually revised if necessary. Phylogenetic 
analyses were performed with a concatenation of all genes. 
We reconstructed the phylogenetic tree under the max
imum likelihood (ML) by using RaxML 8.2.11 with 100 boot
strap replicates (Stamatakis 2014), employing the standard 
GTR + GAMMA model of nucleotide substitution. Then, 
using one pair of populations that have typical dark and 
light colorations (i.e. dark 1 and light 3 in Fig. 1; dark: 
37.09°N, 100.99°E, 3,259 m asl; light: 36.64°N, 100.88°E, 
3,280 m asl), we compared the functions and underlying 
mechanisms of dorsal colorations between two ecotypes 
of lizards.

Reflectance Spectra of Microhabitat and Dorsal Skin 
of Lizards in the Field
The camouflage function of dorsal coloration occurs mostly 
within the range of the visible spectrum e.g. birds: 300 to 
700 nm, and mammals: 400 to 700 nm (e.g. Ma et al. 2019; 
Stoddard et al. 2020). Thus, we first determined the reflect
ance spectra of microhabitat substrates and dorsal skin of li
zards using a miniaturized handheld hyperspectral camera 
(400 to 1,000 nm; Specim IQ, Specim Ltd., Oulu, Finland). 
On sunny days, we took photos of dark and light lizards in 
their natural habitats, and determined the reflectance spectra 
of substrates and lizards synchronously (supplementary fig. 
S6b, Supplementary Material online). For the analysis, we first 
extracted eight to ten spots randomly on the surface of the 
substrate and dorsal skin of the lizard, respectively. 
Subsequently, we obtained the reflectance curve for each 
spot by the software ENVI 5.3 (Harris Geospatial Solutions, 
Inc., USA), and recorded the average reflectance of each curve 
across the wavelength from 400 to 1000 nm for each spot. 
Then we averaged the reflectance value of the eight to 
ten spots as the reflectance value for each substrate and 
lizard, respectively. The reflectance value was expressed 
as %, indicating the percentage of the spectrum which 
were reflected by the surface of the substrate or dorsal 
skin of the lizard. The differences in average reflectance 
spectra between the lizard and the substrate were then 
calculated. We employed SPSS V21.0 to analyze the 
data. We used generalized linear models to detect the dif
ference between the average reflectance spectra of sub
strate and lizards from dunes and alpine meadow 
habitats respectively, with population as the main factor.

The Role of Dorsal Coloration in Camouflage
After reflectance spectra determination, we determined the 
camouflage functions of the dorsal coloration, using plasti
cine models that mimicked lizards with different colors. We 
made a silastic mold of the lizard with the specimen of an 
adult P. putjatai, and then filled fresh, nontoxic (i.e. food- 
grade) and flavorless plasticine into the mold to shape the 

lizard models. After several minutes of drying, the lizard 
models made in plasticine were ready. The colorations of 
the models were regulated by the mixture of white and yel
low plasticines for the models mimicking the lizards of 
the dune population, and by the mixture of white and 
black plasticines for the models mimicking the lizards of 
the meadow population (supplementary fig. S7a and b, 
Supplementary Material online). The dorsal patches of liz
ard models were painted with nontoxic (i.e. food-grade) 
and flavorless pigment (supplementary fig. S7c and d, 
Supplementary Material online). The proportions of the 
mixed plasticines and the mixed pigment were according 
to the formula determined in the preliminary experiment. 
The brightness of models and lizards was analyzed by one- 
way ANOVAs, the similar brightness between the plasticine 
models and lizards indicated that the models were valid in 
mimicking the dorsal colors of light and dark lizards 
(supplementary fig. S2e, Supplementary Material online).

The plasticine lizard models were then used for camou
flage determination. In brief, we placed 44 light and 44 
dark lizard models in the dune habitat, and 45 light and 
47 dark lizard models in the alpine meadow habitat. On 
sunny days plasticine lizard models were placed in pairs 
at intervals of 2 m along two parallel transects in the alpine 
meadow and dune habitats, respectively. Models were set 
out at 10 AM to 11 AM on the first day and retrieved at the 
same time on the second day. We then counted the num
ber of lizard models that showed traces of being attacked 
by predators to evaluate the role of dorsal coloration in 
camouflage (supplementary fig. S7f to i, Supplementary 
Material online). The traces of being gnawed or pecked 
were considered as being attacked as the predators of 
P. putjatai mainly are avians and mammals. We repeated 
the experiment twice at the meadow and dunes, respect
ively, and the results were repeatable. The ratio of models 
that were attacked vs. not attacked was analyzed using 
Chi-square tests, to compare differences in predation at
tempts between light and dark lizard models in the dune 
and alpine meadow habitats.

The Role of Dorsal Coloration in Thermoregulation
To quantify operative temperatures (Te), we placed copper 
models of a similar size to the lizards (length × width ×  
height, 70 × 25 × 10 mm) in their natural habitats from 
late June to mid-August 2020. We set out six models for 
each population, including two models at open, filtered, 
and shaded sites, respectively. We placed one temperature 
logger (iButton, DS1921; Maxim Integrated Products Ltd.) 
in each copper tube model to record hourly temperatures 
(Liu et al. 2022). From each set of six temperature loggers, 
we calculated the average Te for each population.

In addition, during the daily active period of lizards from 
9 AM to 5 PM on sunny days, we captured lizards by lasso 
or hand, and immediately measured body temperature 
(Tb, cloacal temperature). Additionally, we measured the 
substrate surface temperature (Tsurface), and air tempera
ture (30 cm height from the surface) (Tair) with electronic 
thermocouples (UNT-325, Shanghai, China) at the same 
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sites from which lizards were captured. We collected 122 
and 270Tb for lizards in the meadows and dunes, respect
ively. We used a dependent t-test to compare the differ
ences in operative temperatures (Te) between the dune 
and alpine meadow microhabitats. Next, we used general
ized linear models to analyze the differences in substrate 
surface temperature (Tsurface), air temperature (Tair), and 
active body temperatures (Tb) between dune and alpine 
meadow habitats, with the origin of the population as 
the main factor, and time as a covariate.

After measurements of active body temperatures, we 
transferred 40 lizards from each population for further ex
periments. To compare the heating-up rate between dark 
and light lizards, we conducted a heating-up experiment 
with a full-spectrum heating lamp (220 V, 50 W; 
Hanyang, China) to calculate the thermal time constant 
(τ) of lizards in the laboratory (Dzialowski and O’Connor 
2001). As heating functions of radiation are mostly within 
a wide wavelength (e.g. 300 to 700 nm provides 45% heat, 
700 to 2,500 nm provides 50% heat) (Stuart-Fox et al. 
2017), we additionally determined the dorsal skin reflect
ance in the laboratory under a full spectrum lamp (400 
to 1,700 nm) using the Specim system (Specim FX, 
Specim Ltd., Oulu, Finland). The results of the reflectance 
were similar to previous records. Lizards were acclimated 
at 15 °C for 2 h and then attached to an insulated panel 
(Expanded Polystyrene, EPS, 400 × 300 mm) with double- 
sided tape. A heat lamp was suspended 60 cm above the 
lizards. We recorded the dorsal body temperatures of li
zards from 15 °C every 10 s with a calibrated electric 
thermometer (835-T1, Testo, Germany). We calculated 
the thermal time constant (τ) at 30 °C (time to increase 
body temperatures from 15 to 30 °C), and body tempera
ture increase within 5 min from 15 °C to evaluate the 
heating-up rates of lizards (Dzialowski and O’Connor 
2001). We used general linear models to analyze the aver
age reflectance spectra with the origin of the population 
as the main factor. We also used general linear models to 
analyze the thermal constant time (τ), and the increase of 
the body temperatures in 5 min intervals, with the origin 
of population as the main factor, and initial body tem
perature, SVL, and body mass as covariates.

Melanin Abundance in Dorsal Skin
We evaluated the melanin abundance in dorsal skin using 
two estimates: the surficial area of melanin and the content 
of eumelanin and total melanin (i.e. the total content of eu
melanin and phaeomelanin combined). First, we performed 
optical microscopy to analyze the surficial area of total mel
anin on the dorsal skin of the lizards from the dune and al
pine meadow populations. Lizards were acclimated at 15 °C 
for 2 h (which is the body temperature at which lizards be
come active in the field). Then we sacrificed the lizards by 
euthanasia and immediately collected samples of dorsal 
skin at 15 °C. Dorsal skin samples were collected from the 
same area in which the reflectance spectrum of dorsal col
oration had been measured previously. Dorsal skin samples 
were immersed in 4% paraformaldehyde for 2 d at 4 °C and 

then washed in water for over 30 min. We dehydrated the 
dorsal skins in a graded series of alcohol, penetrated with a 
xylene–alcohol mixture (1:1), then xylene. Finally, we took 
images of dorsal skins using a Nikon NIS elements F imaging 
system (4.60.00, Nikon, Tokyo), which was linked to an op
tical microscope set as 10 objective lenses × 10 ocular 
lenses. The surficial area of total melanin was then calcu
lated by the software Image-Pro Plus 6.0.0.260 (ImagePro, 
Dallas, TX). In brief, for each microscope view, the total 
area was equivalent to 1,779,968 ppi. Pixels of total melanin 
were labeled with red color. We then calculated the num
bers of ppi in the red area out of 1,779,968 per view 
(supplementary fig. S8, Supplementary Material online).

Second, we measured the content of eumelanin and total 
melanin of dorsal skins using a spectrophotometer, according 
to published protocols with minor modifications (Ozeki et al. 
1996). First, we obtained a standard curve with melanin, and 
then tested the content of eumelanin and total melanin 
according to absorbance. For each test, we used 20 mg 
dorsal skin cut into pieces and placed in 100 µL cell lysis 
solution (Solarbio Life Science, Beijing, China). The skin 
pieces were acclimated at 4 °C for 30 min and then centri
fugated at 12,000 × g for 10 min. The sediment was then 
added to 1 mL NaOH solution (3 mol/L) and acclimated 
at 80 °C for 2 h. The skin sample suspension was then 
tested at 500 nm (A500) and 650 nm (A650) with a spec
trophotometer. Total melanin content was calculated by 
a standard curve equation with the values from A500 
(melanin concentration = 0.447 × A500 − 0.018, mg/g). 
The ratio of A650/A500 was then calculated to estimate 
the content of eumelanin (Ozeki et al. 1996).

We also conducted metabolite analysis with dorsal skins 
from the dune and alpine meadow populations. The meta
bolites involved in the melanin-generating pathway were 
analyzed by Biomarker Technologies Corporation follow
ing the established protocols (Zhu et al. 2019). In brief, 
15 samples of dorsal skins (100 mg per sample) from 
each population were used for analysis. We obtained the 
data by extraction, sample testing, liquid chromatography- 
mass spectrometry (HLPC-MS), metabolite quantifica
tion, and identification. The raw data were then assessed 
using Progenesis QI software (Nonlinear Dynamics, 
USA). We normalized the relative abundance of each 
peak and then generated a peak graph and detected 
the metabolite database. Next, we searched for the me
tabolites related to melanin generation and recorded the 
relative abundance for each sample. Surface areas, eume
lanin content, and total melanin content in dorsal skin 
were analyzed using a generalized linear model, with 
the origin of the population as the main factor. 
Between-population differences metabolites in the 
melanin-generating pathway of dorsal skins were ana
lyzed by Mann–Whitney U tests.

Whole-genome Resequencing and Transcriptomic 
Sequencing
We conducted whole-genome resequencing and tran
scriptomic sequencing to reveal the molecular regulation 
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of coloration in lizards from alpine meadow and dune po
pulations. For genomic resequencing, we collected mus
cle samples from lizards after euthanasia (N = 9 for the 
alpine meadow population and N = 20 for the dune 
population) and immediately transferred the tissues 
into liquid nitrogen. The libraries were sequenced to an 
approximate depth of 10× on the Illumina NovaSeq 
6000 platform, employing paired-end reads with a length 
of 150 bp (Novogene Corporation, Beijing, China). We 
used BWA (Burrows-Wheeler Aligner) (Version: 0.7.8) 
(Li and Durbin 2009) with “mem -t 4 -k 32 -M” to 
map the raw reads of each individual to the P. vlangalii 
genome (https://bigd.big.ac.cn/search/?dbId=gwh&q= 
GWHAAFC00000000) (Gao et al. 2019) (supplementary 
tables S5 and S6, Supplementary Material online). The 
variant calling was performed according to all the aligned 
BAM files using “mpileup” in SAMtools (Li et al. 2009) 
with the parameters “-q 1 -C 50 -t SP -t DP -m 2 -F 
0.002'. To obtain high-quality SNPs for downstream ana
lysis, we retained SNPs with the following criteria: cover
age depth ≥5 and ≤100, RMS mapping quality ≥ 20, 
maf ≥ 0.1, and missing rate ≤ 0.1 (supplementary table 
S7, Supplementary Material online).

We scanned for signals of selection across the genome 
using XP-EHH scores (Sabeti et al. 2007) as implemented 
in the Python package “ALLEL” (DOI: 10.5281/zeno
do.4759368) with a sliding window of 40 Kb in 20 Kb 
step size. Genomic regions with extreme XP-EHH scores 
(top 5%) were considered as candidate regions under 
rigorously selective sweeps. All outlier regions were as
signed to corresponding SNPs and annotated genes. We 
then took the SNPs in windows with FDR > 0.05 as neutral, 
which were used to reveal the population structure and in
fer the demographic history of the dune and alpine mea
dow populations. The calculation of pairwise FST and 
PCA was based on all the SNPs that passed the quality con
trol by SAMtools (7,146,131 SNPs). Pairwise FST (Weir and 
Cockerham 1984) between the dune and alpine meadow 
populations was obtained with VCFtools (Danecek et al. 
2011), and PCA was carried out with EIGENSOFT 
(Patterson et al. 2006). We then evaluated population 
structure using genetic clustering analysis with 
ADMIXTURE (Alexander et al. 2009), which was based 
on all the neutral SNPs (642,957 SNPs). From K = 1 to 5, 
100 independent runs were performed for each K with 
the default termination criteria per run. We used a 
5-fold cross-validation procedure to choose the optimum 
K. For historical demographic analysis, four basic models 
were performed: a simple isolation model with no mi
grants (IS), a model with constant migration rate (IM), a 
model with ancient migration only (AM), and a model 
with secondary contact (SC). We used a FASTSIMCOAL 
26 (Excoffier and Foll 2011) to perform the model selection 
based on the site frequency spectrum (SFS) of the neutral 
SNPs. The input was transformed from vcf files by 
vcf2sfs.py of Popgen Pipeline Platform (PPP, https:// 
github.com/jaredgk/PPP.git). We used the mutation rate 
μ = 2e−9 from Gao et al. (2022). All models were 

compared using the Akaike Information Criterion (AIC) 
from the approximated likelihood and number of para
meters. One hundred replicates were run for each model 
to obtain the highest likelihood. Each run included 
100,000 simulations for estimating the composite likeli
hood and 50 cycles by each time using a conditional maxi
mization for estimating parameters.

For transcriptomic sequencing, we collected skin tissue 
samples of six captive individuals from each population 
(12 lizards in total) immediately after euthanasia in the 
indoor laboratory, and transferred the skin tissue into liquid 
nitrogen. We prepared one paired-end library for each indi
vidual. Libraries were sequenced using the Illumina Novaseq 
platform (Performed by Novogene Corporation) with a read 
length of 150 bp, which produced ∼6 Gb high-quality reads 
for each sample. The mapping of RNA-seq clean reads to the 
indexed reference genome was conducted with HISAT2 
v2.0.4 program with default parameters (Pertea et al. 2016) 
(supplementary table S8, Supplementary Material on
line). Fragments per kilobase of transcript per million 
mapped reads (FPKM) is one of the most commonly 
used methods for estimating gene expression levels, which 
considers the effect of sequencing depth and gene length 
for the reads count at the same time. We counted the map
ping rates of reads to each gene with HTSeq v0.6.1 (Anders 
et al. 2015) and calculated FPKM for each gene. 
Differential-expression analysis was performed by the 
EdgeR (Robinson et al. 2010).

To further examine the differences in Tyrp1 between 
the alpine meadow and dune populations in sequence, 
we amplified the Tyrp1 gene for 30 individuals from each 
of the meadow and dune populations, respectively, by 
PCRs in 2022. We designed a pair of primers for 
the Tyrp1 sequence with PRIMER 3.0 online (Andreas 
et al. 2012). (TYRP1-F: AGCTCAATATACCCAATAGAA; 
TYRP1-R: TGAGCGAACGAACGAAT). PCRs were per
formed in a 25 µL reaction volume containing 12.5 µL 
Premix Ex Taq II Version 2.0 (2×; Takara Biotechnology 
[Dalian] Co., Ltd), 0.1 µM of each PCR primer and 80 ng 
of genomic DNA. The PCR products were sequenced dir
ectly in the forward direction on an ABI 3730 capillary se
quencer (Applied Biosystems, Life Technologies, New York, 
USA) using a BigDye Terminator v3.1 Cycle Sequencing Kit 
(Life Technologies, New York, USA).

Model-predicted Structure and Catalytic Activity of 
TYRP1 Between the Dune and Alpine Meadow 
Populations
Corresponding to the sequence differences between the 
dune and alpine meadow populations (see details in re
sults of Genomic resequencing), we projected the 3-D 
structures of the most important candidate enzymes (i.e. 
TYRP1) in melanin generation, the genetic sequence of 
which differed between dune and alpine meadow popula
tions. We then performed integrative modeling with 
Iterative Threading ASSEmbly Refinement (I-TASSER) 
(Zhang 2008), by using the software Visual Molecular 
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Dynamics (VMD) to visualize the structure of the enzyme 
of TYRP1 (Humphrey et al. 1996). C-scores of 3-D struc
tures are calculated based on the significance of threading 
template alignments and the convergence parameters of 
the structure assembly simulations for estimating the qual
ity of predicted models. C-score is typically in the range be
tween −5 and 2, and a higher value signifies a model with 
high confidence (Zhang 2008). We then calculated the 
numbers of the salt bridges, hydrogen bonds, radius of gyr
ation, and solvent-accessible surface area of the structure 
in the dune and alpine meadow populations, respectively.

Further, we predicted the catalytic activity (i.e. KM va
lue) of TYRP1 in the dune and alpine meadow populations 
according to sequence and structure, following the model 
developed by Kroll et al. (2021). This model can predict en
zyme activity based on its structure. In brief, this is a 
deep-learned model based on the UniRep vectors of en
zymes and the diverse molecular fingerprints of their sub
strates. We modified it to achieve the prediction of KM 

value with amino acid sequences and the structure of in
dividual enzymes and the ID in KEGG of the corresponding 
substrates as input. To compare KM values, we input the 
sequence of the enzyme TYRP1 from the dune and alpine 
meadow populations, respectively.

Functional Verification of Tyrp1 in Melanin 
Generation
To verify the functional differences in the mutation of Tyrp1 
from the dune and alpine meadow populations in melanin 
generation, we performed functional verification using a 
model Zebrafish system. The Zebrafish line Tübingen 
(WT) was raised in system water at 28 ± 0.5 °C under stand
ard conditions. Zebrafish embryos were obtained by natural 
spawning and raised in an incubator at 28 °C. In brief, we 
verified the functions of Tyrp1 by mRNA microinjection. 
For P. putjatai, Tyrp1 mRNA overexpression, Flag-tagged 
Tyrp11376G (i.e. light) and Tyrp11376C (i.e. dark) CDs were 
cloned into pCS2+ vectors. The mRNAs were then gener
ated by using SP6 mMessage Machine kit (AM1340; 
Ambion) and 100 to 200 pg of mRNAs were injected into 
embryos at the one-cell stage. To confirm the expression 
of TYRP1 after mRNA injection, western blotting was per
formed at 36 hpf as previously reported (Lv et al. 2020) 
using the following antibodies: anti-β-Actin antibody 
(4967; Cell Signaling Technology), and anti-Flag antibody 
(F7425; Sigma–Aldrich). Relative protein level was calcu
lated by 8-bit gray analysis (Gel-Pro analyzer 6.3). We also 
performed microscopy imaging for comparison of the dark
ness of zebrafish between Tyrp11376G (light) and Tyrp11376C 

(dark) mRNA injections at 36 hpf or 4 dpf. The brightfield 
photographs of zebrafish were taken by using a Nikon 
SMZ1500 stereomicroscope and the raw images were pro
cessed by Image-Pro Plus, photoshop CC 2021. We used 
Student’s t-tests to compare the differences in relative ex
pression, melanin area, and melanin content between the 
groups of WT, Tyrp11376G (light), and Tyrp11376C (dark) 
mRNA injections.

Supplementary Material
Supplementary material is available at Molecular Biology 
and Evolution online.
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