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for low (low-response, LR) or high (high-response, HR) post-stress cortisol production24, previously shown to 
display correlated behavioral (proactive LR vs reactive HR) and pigment patterns15,25, to gain deeper insight into 
the molecular mechanisms linking pigment patterns and behavioral patterns. We show that a missense mutation 
in melanocortin 1 receptor (MC1R), typically considered a pigmentation gene26,27 controlling melanin synthesis 
in skin, is functionally linked with heritable variation in stress resistance. �is �nding may improve the under-
standing of the gene-environment interactions underlying individual variation in behavior and physiology, a topic 
of interest to diverse �elds such as evolutionary ecology, population management, animal husbandry, and bio-
medicine28�31. Understanding the associations between color polymorphisms and other physiological-behavioral 
trait clusters (coping styles and animal personalities) can be particularly interesting in this context, due to the well 
recognized role of visual signals in behavioral ecology and evolutionary biology.

Results
Sequencing of candidate genes.  We sequenced the coding region of a number of genes known to be 
involved in pigmentation and cortisol regulation, including MC2R, MRAP (FR837908), MRAP2 (FR837909), 
ASIP (FN821692) and MC1R. None of the coding sequences from low-responsive (LR) �sh (n �​ 5) and high- 
responsive (HR) �sh (n �​ 5) (see Fig.�1A for representative phenotypes) revealed any polymorphism distin-
guishing the two groups except for MC1R (see online supplementary material for details of methods and results).  
We identi�ed two paralogs, MC1R_paralog1 (FN821693) and MC1R_paralog 2 (FN821694), each containing 
an open reading frame encoding a 328 amino acid protein. �e MC1R_paralog 2 sequence contained a single 
(non-synonymous) adenine/cytosine (C/A) polymorphism in nucleotide position 526 (c.526C �​ A), which 
explicitly distinguished the HR and LR groups (Fig.�1B). All HR individuals genotyped for this polymorphism 
(n �​ 13) were homozygous CC, while 10 LR individuals were homozygous AA, and 3 LR individuals were het-
erozygous AC (Fisher�s exact test for unequal distribution of CC, p �​ 0.0001). �e c.526C �​ A polymorphism 
causes a Leu/Met switch in aa-position 176 (L176M), located in the fourth transmembrane domain of the MC1R  
protein (Figure S1).

Figure 1.  Features distinguishing low-responsive (LR) and high-responsive (HR) �sh. (A) Representative 
images of dermal pigmentation in LR (top panel) and HR (lower panel) individuals. (B) Sequence chromatograms 
from homozygous AA (top panel), heterozygous AC (middle panel), and homozygous CC (lower panel) 
individuals in strain-distinguishing melanocortin 1 receptor (MC1R)_paralog2 position 526. Relative expression 
of (C) melanocortin 2 receptor (MC2R) mRNA in head kidney is increased in high-responsive (HR) (n �​ 8) 
compared to low-responsive (LR) (n �​ 8) �sh. mRNA expression levels are presented as fold change normalized  
to LR average �​ 1 (mean �​ s.e.m; �​�​p �​ 0.01, two-tailed t-test).
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Gene expression studies.  Since endogenous ACTH production has been shown to be similar between the 
LR and HR groups and since the HR steroidogenic response to any given (exogenous) dose of ACTH is approxi-
mately twice that of LR32, we hypothesized that the MC1R polymorphism might in�uence cortisol level by inter-
acting with MC2R. In teleosts the head kidney forms the homolog of the mammalian adrenal gland33. �erefore, 
a physical interaction between the two receptors requires MC1R expression in the head kidney. A real competitive 
(rc)PCR in 8 HR and 8 LR �sh con�rmed that MC1R was expressed in head kidney of both groups (all logEC50 
values �​�​19). Expression of MC1R in head kidney has also recently been shown in zebra�sh34.

Using Chinese hamster ovary (CHO) cells, it was showed that ACTH caused a strong MC2R-mediated cAMP 
response when MC2R was co-transfected with MRAP, while cells co-transfected with MC2R and MRAP2 only 
showed a small increase in cAMP13,35. Guided by this, we found in a pooled group of 8 HR and 8 LR individuals 
that MC2R and MRAP mRNA levels were strongly correlated (R2 �​ 0.67, p �​ 0.001), while MC2R and MRAP2 
mRNA levels were not correlated (Figure S2). �is suggests that major features of the MRAP/MRAP2/MC2R 
regulatory architecture seen in mice and humans are similar in teleost �shes, and that the mRNA level of MC2R 
in the head kidney tissue re�ects the level of MC2R-MRAP signaling. Assuming this, the observed di�erence in 
MC2R mRNA levels between the two groups (Fig.�1C) implies that MC2R-MRAP signaling function is lower 
in LR than in HR individuals under baseline conditions. Since MRAP has the ability to also bind MC1R11,36, we 
hypothesized that this protein could represent a molecular link between the MC1R-polymorphism and MC2R 
signalling.

Homology modelling and protein-protein docking.  As an initial test of this hypothesis we performed 
a molecular dynamics study using homology modelling and protein-protein docking to examine a possible inter-
action between a MRAP dimer and the two MC1R variants. MRAP forms a stable, antiparallel homodimer37. 
Several MC1R structures were generated by I-TASSER, and the energetically most stable structure (Figure S1) 
was used for MC1R � MRAP docking studies. �e ClusPro online server generated several dimeric models for 
MRAP, and a perfect antiparallel low volume model (Figure S3) was selected for the MC1R-MRAP docking study.

�e three least energy docking poses for this MRAP dimer are shown in Fig.�2. �e MC1R-176Leu variant and 
lowest energy MRAP (red) complex indicates that the nearest MRAP residue (41A) is located within 3.9 ̄ , while 
the MC1R-176Met variant and lowest energy MRAP (red) complex has the nearest MRAP residue (17P) located 
within 4.8 ̄ . In general, MRAP binds close to MC1R residue 176. A close interaction (�​2.0 ̄ ) between MRAP 
dimer and the MC1R-residues �r5, Gln7, Tyr81 and �r169 was observed in this binding mode. In the case of 
MC1R-176Met (Fig.�2B), the least energy dock pose (red) is close to residue 176Met and the orientation is par-
allel to MC1R helix 4. �is binding mode shows close interaction (�​2.0 ̄ ) between MRAP and MC1R-residues 
Arg166, �r169, Val187, Tyr188 and Arg225. �ese results indicate that the MC1R-176Leu �​ Met change could 
a�ect MC1R-MRAP binding.

Mammalian cell experiments.  Given the above theoretical results, and the fact that both MC1R and 
MC2R are expressed in head kidney, we then explored possible interaction targets for these two receptors in 
HEK293 cells, a classical model for evaluating G protein-coupled receptor signaling. MC2 receptor accessory 
protein (MRAP) is a prerequisite for MC2R function, and all �ve human MC receptors interact with the 172 aa 
human MRAP�​ in vitro11. We therefore tested whether 176Leu or 176Met MC1 receptors interacted with trout 
MRAP expressed in the same cells by precipitating HA-tagged receptors and blotting for Flag-tagged MRAP and 

Figure 2.  �e 3 least energy docking poses for MRAP-dimer are shown for (A) (MC1R-176Leu) and  
(B) (MC1R-176Met), respectively. �e MCIR helices are displayed in grey, and the N-terminal and C-terminal 
ends are indicated in blue and red, respectively. �e MRAP dimers are colored according to their energy 
sequence red �​ yellow �​ green. �is indicates the most probable complex is MC1R (grey) and MRAP dimer 
(red) and second most probable complex will be MC1R (grey) and MRAP dimer (yellow) while third most 
probable complex will be MC1R (grey) and MRAP dimer (green).
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vice versa (Fig,�3A). Both variants of trout MC1 receptor co-precipitated with the 78 aa trout MRAP, although 
not quantitatively.

Having veri�ed that trout MC1R and MC2R can bind MRAP, we tested a model where the two receptors could 
compete for MRAP. If the MC1R-176Met variant binds more MRAP than MC1R-176Leu, that would reduce 
the availability of MRAP for the MC2R, possibly resulting in a reduced response to ACTH. Like MC1 receptors 
of other species, both variants of trout MC1 receptors displayed very strong constitutive activity and additional 
responses to the potent agonist NDP-�​-MSH and ACTH (Fig.�3B, diamonds). MC1R signaling was the same for 
176Met and 176Leu variants and not substantially a�ected by MRAP (not shown). As expected, signaling by trout 
MC2 receptors was highly dependent on trout MRAP. Trout MC2R showed �​50-fold increase in cAMP-reporter 
activity in response to ACTH (EC50 �​ 3.4 nM) and low levels of constitutive activity and NDP-�​-MSH responsiv-
ity (Fig.�3B, open symbols).

In similar experiments, EC50 values for ACTH were 0.02 and 17 nM for human MC2R expressed with human 
MRAP�​ and trout MRAP, respectively, versus 320 and 8.4 nM for trout MC2R expressed with human MRAP�​ 
and trout MRAP. It is likely that the �sh MRAP/�sh MC2R complex achieves a conformation with high a�n-
ity for ACTH based on the 40-fold lower EC50 value for �sh MC2 receptor/�sh MRAP compared to �sh MC2 
receptor/mammalian MRAP. Regions of MRAP critical for activity are similar in �sh and mammals and present 
even in the short trout MRAP sequence. In particular, the activity of rainbow trout MRAP is greatly reduced 
by mutation of trout MRAP residues 12�15 from YDYL to AAAA; alanine substitution of the corresponding 
residues in mouse MRAP (LDYI) is likewise inactivating35,38. Unfortunately, the high constitutive activity of 

Figure 3.  Analysis of trout MC receptor and MRAP in vitro. (A) Co-precipitation of MRAP and MC1 receptors. 
Cells were transfected with HA-tagged trout MC1 receptors and Flag-tagged trout MRAP as shown. Cell lysates 
were immunoprecipitated (IP) with anti-HA or anti-Flag antibodies and lysates and immunoprecipitates run 
on SDS-PAGE and immunoblotted with anti-HA or anti-Flag antibodies. Immunoprecipitate gels (bottom 
panels) were loaded with 5x more per lane than lysate gels (top panels). Asterisks denote IgG chains, open 
arrows MRAP-Flag, and solid arrows HA-MC1 receptors. �e single MRAP band is consistent with the lack of a 
predicted N-glycosylation site. Trout MC1Rs, with multiple potential glycosylation sites, ran in broad bands near 
the expected MW of nonglycosylated and core glycosylated receptor, and in di�use high MW bands typical of 
heterogeneously glycosylated mature receptor. (B) Agonist speci�city of MC1 and MC2 receptors. Cells expressing 
the cAMP reporter CRE-luciferase and MC receptors with or without MRAP were stimulated with NDP-�​MSH 
or ACTH. Mean �​ range of duplicates is shown. (C) E�ect of MC1 receptors on function and expression of MC2 
receptors. (Le�) Cells were transfected as shown and cAMP responses determined with or without 1 �​M ACTH. 
Results shown are mean �​ SEM from 7�9 experiments, each in duplicate. (Right) Cells were transfected and the 
relative expression of HA-MC2R on the cell surface was measured by ELISA; only the MC2 receptor was HA-
tagged. �​P �​ 0.05 vs. no ACTH (le�) or MC2R alone (right).
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downstream e�ects in the HPA axis. �erefore, the increased cortisol response to ACTH shown by HR �sh rela-
tive to LR �sh32 is likely explained by an increased MC2R function in the HR �sh (Fig.�1C).

�ese results are not likely to be an artefact of the HR-LR selection program24, since entirely similar patterns 
were seen in a outbred control population of rainbow trout. How can then a conservative amino acid change 
(L176M) in MC1R possibly in�uence MC2R expression? MC2R mRNA is regulated by its ligand ACTH in 
rainbow trout, similar to what is found in other vertebrates41, but there is no antibody that allows quanti�ca-
tion of MC2 receptor protein in tissue. Melanocortin 2 receptor accessory protein (MRAP) is a key protein for 
MC2R membrane expression and ACTH binding, which also has the ability to bind MC1R, demonstrated by 
co-precipitation of MC1R-MRAP in this and other studies11. Based on our initial results and available literature 
we hypothesized that the MC1R is expressed in the head kidney where the MC1R-176 Met/Met variant may bind 
more avidly than the MC1R-176 Leu/Leu to the MRAP protein. �is might reduce the amount of MRAP available 
for MC2R and consequently reduce responsiveness to ACTH and thus cortisol production (Fig.�5). An exclusive 
prediction from this conceptual model is that MC1R is expressed in the head kidney in both HR and LR �sh, 
which was con�rmed in this study.

We further used homology modelling and protein-protein docking to investigate if the L176M shi� possibly 
could in�uence MC1R-MRAP binding. �e position of the L176M polymorphism in the fourth transmembrane 

Figure 4.  Molecular characterization of an arbitrarily chosen population of rainbow trout. Two-tailed 
t-test is used for group comparisons unless otherwise stated. (A) Plasma cortisol levels of acutely stressed �sh 
(n �​ 8 �​ 8) and non-stressed controls (n �​ 8 �​ 8). Two-way ANOVA statistics are given on graph. (B) Agouti-
signaling protein (ASIP) mRNA abundance in skin of non-stressed �sh (n �​ 8 �​ 8, mean �​ s.e.m.; �​�​p �​ 0.01). 
(C) Melanocortin 2 receptor (MC2R) mRNA abundance in head kidneys of non-stressed �sh (n �​ 8 �​ 8, 
mean �​ s.e.m., n.s., p �​ 0.14).
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domain is compatible with previous reports implicating transmembrane domains of MRAP in MC2 receptor 
signalling11,42,43. Our docking results also indicate that MRAP dimer may bind close to the MC1R-176 position, 
and that the 176Leu �​ Met change may a�ect the MRAP-MC1R binding (Fig.�2).

To validate the model in a biological assay we used a standard model for analyzing GPCR function, HEK293 
cells, to test if the MC1R-176Met variant binds more MRAP than MC1R-176Leu. In these overexpression studies, 
both trout MC1 receptor variants displayed very strong constitutive activity (Fig.�3B, diamonds), which made it 
impossible to measure any di�erences in MC2R-speci�c signalling attributable to MC1R-176L and MC1R-176M, 
respectively. Expression of MC2 receptor on the cell surface was not signi�cantly altered by MC1R (Fig.�3C, right). 
It is therefore hard to see how ACTH can regulate MC2 receptors in the face of the high cAMP concentrations 
generated by constitutively active MC1 receptors if MC1 and MC2 receptors populate the same cells in the head 
kidney. However, the levels of receptor proteins in vivo are unknown and possibly dramatically lower than those 
reached in transfected HEK293 cells. It is also possible that factors such as ASIP reduce MC1R activity in vivo.

Since the two MC1R variants behave almost identically with respect to both constitutive activation and 
response to NDP-�​-MSH, the di�erences in skin melanin spots could not be directly attributed to the MC1R 
polymorphism. We therefore speculated that the skin pigmentation di�erence could be an indirect e�ect of 
lower plasma cortisol levels over time in LR-type (i.e. Met/Met and Met/Leu) individuals. It has previously been 
shown that glucocorticoids in�uence the expression of ASIP in human adipocytes39. LR-�sh supplied with corti-
sol implants for two weeks showed a signi�cantly higher ASIP expression compared to controls. Di�erent ASIP 
expression was also seen when an arbitrarily chosen group of rainbow trout were phenotypically grouped into LR 
and HR type and compared (Fig.�4B). �e higher amount of agouti protein in the skin will e�ciently antagonize 
the MC1 receptor, and less black eumelanin will be produced in the HR-�sh. �e observed correlation between 

Figure 5.  �e proposed model of stress response in high-responsive (MC1R-176L) and low-responsive 
(MC1R-176M) �sh. In the le� column (MC1R-176L) MC2R is highly responsive to ACTH released under 
stress, which in turn increases the production of cortisol. Higher plasma cortisol levels increase ASIP expression 
in skin. ASIP is known to be an inverse agonist of MC1R, causing lower MC1R signalling and lower production 
of black pigment (few and small black skin spots). In the right column, we speculate that MRAP binds more 
MC1R due to the 176M-variant, reducing the amount of MRAP available to interact with MC2R and reducing 
MC2R signaling. �is gives a lower cortisol response, lower ASIP expression and stronger MC1R signalling, 
since the amount of inverse agonist (ASIP) is reduced. Stronger MC1R-signalling induces production of black 
pigment (many and larger black skin spots).
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