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ABSTRACT. The melatonin-related receptor GPR50 plays an 
important role in mammalian adaptive thermogenesis in response to 
calorie intake. The evolutionary history of the GPR50 gene is poorly 
understood in primates; however, it has been reported that GPR50 is 
the mammalian ortholog of Mel1c, which has been well characterized. 
In this study, the complete coding sequences of the GPR50 gene in the 
Sichuan snub-nosed monkeys (Rhinopithecus roxellana) and Tibetan 
macaques (Macaca thibetana) were sequenced, and the orthologous 
nucleotide acid sequences of the GPR50 gene in 11 other primate 
species were downloaded from GenBank. Thirteen species representing 
6 major primate lineages (human, great ape, lesser ape, Old World 
monkey, New World monkey, and prosimian monkey) were subjected to 
statistical analyses. A selective test showed that the entire GPR50 gene 
sequence is under strong purifying selection in these primates but has 
a significantly different evolutionary rate among the 6 major primate 
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lineages. Notably, both the Homo and Pan branches exhibited an ω 
ratio >1, indicating accelerated evolution of the two lineages. Further 
analysis of different domains revealed that the acceleration trend was 
more significant in the C-terminal domain (CTD). Interestingly, in the 
alignment of 13 primate GPR50 nucleotide acid sequences, numerous 
insertions or deletions were only found in the CTD region, implying 
that this region may play a key role in the process of primate GPR50 
evolution. The results provide deeper insight into the functional 
evolution of GPR50 in mammals at the molecular level.

Key words: GPR50 gene; Melatonin-related receptor; Primate; 
Molecular evolution; Sichuan snub-nosed monkey; Tibetan macaque

INTRODUCTION

The orphan receptor GPR50 belongs to the G protein-coupled receptor (GPCR) super-
family and has the typical 7-transmembrane structure (Marinissen and Gutkind, 2001; Lund-
strom, 2006). The original GPR50 gene was cloned from the human pituitary complementary 
DNA (cDNA) library (Reppert et al., 1996). The gene is located on chromosome Xq28 in 
humans (Gubitz and Reppert, 1999) and consists of 2 exons separated by a single intron. Gen-
erally, GPR50 in humans is a splice variant of 617 amino acids. GPR50 has 45% identity with 
the melatonin receptor family in eutherian mammals; thus, it was identified as a melatonin-
related receptor (Reppert et al., 1996). Three melatonin receptor subtypes have been charac-
terized, including MT1, MT2, and Mel1c. Mel1c was recently identified in amphibians, fish, 
and birds; the others are expressed in mammalian and non-mammalian species (Dubocovich 
et al., 2010). However, despite this close structural relationship, GPR50 does not bind mela-
tonin (Drew et al., 1998), and it has been shown to interact with the melatonin receptors in a 
ligand-independent manner when overexpressed (Levoye et al., 2006). GPR50 is most highly 
expressed in the brain, especially in the dorsal medial hypothalamus, but it is also found in 
the adrenal glands, testes, ovaries, eyes, lungs, kidneys, intestines, and hearts of mice and rats 
(Drew et al., 2001; Izzo et al., 2010). Recently, GPR50 was identified as a gene indicating 
risk of major mental illness in women through a case-control association (Thomson et al., 
2005; Macintyre, 2010). A previous study (Bechtold et al., 2012) established the orphan recep-
tor GPR50 as a critical player that significantly advances the field toward understanding the 
molecular signaling mechanisms involved in achieving a torpid state. Remarkably, GPR50-
knockout mouse models have been developed. Comparatively, the GPR50-/- mice exhibited an 
increase in metabolic rate and a decrease in the amount of fat stores when fed a normal chow 
diet (Ivanova et al., 2008). Hence, the evidence further lends support to the potential role of 
the GPR50 receptor in metabolic regulation. GPR50 is a GPCR recently demonstrated to play 
an important role in adaptive thermogenesis in response to calorie intake (Levoye et al., 2006). 
Interestingly, a recent phylogenetic study of GPR50 and the melatonin receptors suggested 
that GPR50 was the mammalian ortholog of Mel1c (Dufourny et al., 2008); however, the re-
ceptor has experienced a number of changes throughout its evolution, including the mutation 
of numerous amino acids and the addition of a long C-terminal domain (CTD).

Nonhuman primates (NHPs) are a diverse group of animals. Due to the close genetic 
relationship between NHPs and humans, NHPs have been extensively used in biomedical re-
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search as experimental models. Comparative genomics and evolutionary analyses have been 
powerful tools in the exploration of gene function. Although the roles of GPR50 have been 
well clarified in other mammals, including mice and rats, little is known on the functions of 
these proteins in NHPs. In particular, earlier studies have rarely referred to the evolution of the 
primate GPR50 gene. This study is expected to provide insight into the functional significance 
of the gene throughout the history of primate evolution.

MATERIAL AND METHODS

Samples

DNA samples were isolated from the muscle tissue of Sichuan snub-nosed monkeys 
(Rhinopithecus roxellana) and Tibetan macaques (Macaca thibetana) at the Wildlife Conser-
vation Laboratory, Sichuan Agricultural University, China. All the samples used in this study 
were collected according to the law of the PR China on the protection of Wildlife established by 
the Ministry of Forestry of China. We collected known and predicted GPR50 gene sequences 
from humans (accession No. NM004224) as query sequences and conducted BLAST searches 
to identify GPR50 gene sequences against currently available genome sequences in the NCBI 
(http://www.ncbi.nlm.nih.gov) database. Eleven primate species with the GPR50 gene cod-
ing sequence were obtained, covering the major lineages of primates. The data set included 
the common marmoset (Callithrix jacchus, XM002763367), western gorilla (Gorilla gorilla, 
XM004065017), rhesus macaque (Macaca mulatta, XM001092026), northern white-cheeked 
gibbon (Nomascus leucogenys, XM003271842), northern greater galago (Otolemur garnet-
tii, XM003800937), bonobo (Pan paniscus, XM003804526), chimpanzee (Pan troglodytes, 
XM001136005), olive baboon (Papio anubis, XM003918414), Sumatran orangutan (Pongo 
abelii, XM002832239), common squirrel monkey (Saimiri boliviensis, XM003943417), and 
modern human (Homo sapiens). The secondary structure of GPR50 in humans was predicted 
using the Universal Protein Resource (www.uniprot.org, query No. Q13585).

Polymerase chain reaction (PCR) and DNA sequencing

The PCR primers were designed to cover the coding region of GPR50 by using the 
Primer 5.0 software based on the sequence alignment of the Rhesus macaque and synthesized by 
BGI-Shenzhen (Shenzhen, China). Nucleotide sequences of the primers were as follows: GPR1-
F: 5'-ATTGGTCGGGGGGAGGGATTTG-3' (forward) and GPR1-R: 5'-TGAGGGCACTGT
CCATAGATTC-3' (reverse); GPR2-1F: 5'-TGTCTTTCCCCTTTCTCCCTCC-3' (forward) 
and GPR2-1R: 5'-CATCAGGGTTTCCTCCACAGCA-3' (reverse); and GPR2-2F: 5'-CTGTC
AGTCCGAAGGAGATGGC-3' (forward) and GPR2-2R: 5'-GCAAAACAAACTGGAAAGG
CGA-3' (reverse). The primer pair GPR1-F and GPR1-R was used to amplify the first exon, 
and the others were used to amplify the second exon. PCR was performed in a thermal cycler 
(Mastercycler gradient, Eppendorf, Germany) with a total reaction volume of ~10 μL, which 
was comprised of 1 μL genomic DNA (10 ng/μL), 0.3 μL of each primer, 5 μL Premix LA Taq 
(loading dye mix; TaKaRa Biotechnology Co., Ltd., Dalian, China), 3.5 μL double-distilled wa-
ter, and 1 μL mineral oil. PCR conditions were initial denaturation at 95°C for 5 min; 32 cycles 
of denaturation at 94°C for 35 s, annealing at 50°C for 50 s, and an extension at 72°C for 1 min; 
followed by a final extension at 72°C for 10 min. The amplified GPR50 fragment was purified 
using a PCR gel extraction kit (Sangon Biotech Co., Ltd., Shanghai, China).
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Data analysis

Nucleotide sequence variation was confirmed through artificial check and correction us-
ing the Chromas 1.45 (McCarthy, 1998) and SeqMan programs (DNASTAR LaserGene, Madi-
son, WI, USA). To identify sequence characterization, we completed a comprehensive analysis 
of the sequence, including sequence homology, GC content of various codons, ratio of transition/
transversion (ti/tv), and information of variable sites, in the MegAlign program (DNAStar Laser-
Gene) and MEGA 5.1 (Tamura et al., 2011). We utilized the Bayesian method to infer ancestral 
sequences and then calculated the evolutionary rates using the following equation:

where r denotes the evolutionary rate, K denotes the number of substitutions per site between 
2 sequences, and T denotes the divergence times between the putative ancestors and the living 
primate species (Graur and Li, 2000). The relative rate test was conducted to detect variations 
in the substitution rate (Tajima, 1993). Phylogenetic reconstructions were performed using 
MEGA 5.1 (Tamura et al., 2011) for neighbor-joining (NJ) analyses. The non-synonymous to 
synonymous rate ratio ω (dN/dS) provided an indication of the change in selective pressures. 
The dN/dS ratios of 1, <1, and >1 are indicative of neutral evolution, purifying selection, and 
positive selection, respectively. We applied the codon substitution models implemented in 
the CODEML program in the PAML package (Yang, 2007). Two models were used in the 
PAML analysis: 1) the branch model, which accommodated variable ω ratios among particular 
lineages of interest and 5 different classifications; and 2) the site model, which allowed the 
ω ratio to vary among sites (Yang et al., 2000) and incorporated several null and alternative 
models, including M0 (null), M1a (nearly neutral), M2a (positive selection) (Wong et al., 
2004), M3 (discrete), M7 (beta), and M8 (beta and ω) (Yang et al., 2000). The likelihood ratio 
tests (LRT) of 3 pairwise comparisons (i.e., comparisons of M1a vs M2a, M0 vs M3, and M7 
vs M8) determined whether particular models would provide a significantly better fit. When 
the LRT suggested positive selection, the Bayes empirical Bayes method was used to detect 
the sites subjected to positive selection (Yang et al., 2005).

RESULTS

Sequence characterization of the primate GPR50 genes

We first obtained 2 nucleotide sequences of GPR50 (complete coding sequence, CDS) 
from the Tibetan macaque (1887 bp) and Sichuan snub-nosed monkey (1866 bp) by PCR, clon-
ing, and sequencing (accession Nos. KF207916 and KF220655). Moreover, we obtained 11 
corresponding sequences from other primate species from GenBank. In total, 13 major repre-
sentative primates, including the prosimian monkey (PM), New World monkeys (NWM), Old 
World monkeys (OWM), lesser apes, great apes, and humans, were compared. Two hundred 
and forty-five variable sites were detected, of which 61 were parsim-informative and 183 were 
singleton sites. All had 4 highly conserved regions. We noticed a repeat (SVHFK) between the 
amino acids 460 and 492 by sequence alignment analysis. Another remarkable repeated (RA) 
insert arose in the common marmoset, and a 12-bp deletion occurred in the modern human be-
tween amino acids 1074 and 1083. There was no insert or deletion in the transmembrane (TM) 
domain (Figure 1). Mutations were not identified in the TM6 region. Histidine was conserved 
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in the TM5 region of all melatonin receptors (Dubocovich et al., 2010) and retained in the TM5 
of GPR50, although it did not bind to melatonin. At the amino acid Asp22 position, aspartic 
acid was replaced by Glu in humans. Interestingly, at position 621 of the amino acid sequence, 
alanine was substituted by asparagine in the OWM, great apes, and lesser apes but replaced by 
serine in humans. The most variable sites were identified in the long CTD.

Figure 1. Alignment of the amino acid sequences of GPR50 in 13 primates. Seven transmembrane regions are shown 
by transmembrane (TM) and blue font (TM ~17); C-terminal domin (CTD) is marked by the red underline. Insert 
or deletions (indel) in several species are highlighted by cyan and O. gar species-specific indels are highlighted by 
yellow. H. sap, Homo sapiens; P. tro, Pan troglodytes; P. pan, Pan paniscus; G. gor, Gorilla gorilla; P. abe, Pongo 
abelii; N. leu, Nomascus leucogenys; M. mul, Macaca mulatta; M. thi, Macaca thibetana; P. anu, Papio anubis; 
R. rox, Rhinopithecus roxellana; S. bol, Saimiri boliviensis; C. jac, Callithrix jacchus; O. gar, Otolemur garnettii.
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We explored the signs of sequence characterization. The ti/tv rate ratio was 2.39 
under the Hasegawa et al. (1985) model (+G) with pairwise sequence comparison, indicat-
ing a low ti/tv preference. Most disparity indices between sequences were near 0, suggesting 
relatively small differences in base composition biases. The sequence homology generated 
by pairwise sequence alignments revealed that the identity levels of amino acid sequences 
and nucleotides among the major primates ranged from 81.2 to 99.4% and from 72.3 to 
99.8%, respectively (Table 1).

	 H. sap	 P. tro	 P. pan	 G. gor	 P. abe	 N. leu	 M. mul	 M. thi	 P. anu	 R. rox	 S. bol	 C. jac	 O. gar

H. sap	 -	 98.9	 99.4	 99.4	 98.6	 97.8	 96.6	 96.9	 97.0	 96.5	 93.6	 93.8	 82.6
P. tro	 97.3	 -	 99.4	 98.9	 98.0	 97.3	 96.0	 96.2	 96.3	 95.9	 93.0	 93.1	 82.3
P. pan	 98.6	 98.6	 -	 99.4	 98.5	 97.7	 96.5	 96.7	 96.8	 96.3	 93.5	 93.6	 82.8
G. gor	 99.3	 97.9	 99.3	 -	 98.6	 97.8	 96.5	 96.8	 96.9	 96.4	 93.8	 93.9	 82.8
P. abe	 97.9	 96.6	 97.9	 98.6	 -	 97.9	 96.3	 96.5	 96.7	 96.2	 93.5	 93.5	 82.9
N. leu	 96.8	 95.6	 96.8	 97.4	 97.6	 -	 95.7	 96.0	 96.1	 95.9	 93.3	 93.2	 82.4
M. mul	 95.1	 93.8	 95.1	 95.4	 95.1	 94.3	 -	 99.6	 99.2	 97.4	 92.7	 92.7	 81.7
M. thi	 95.6	 93.9	 95.3	 95.9	 95.6	 94.8	 99.4	 -	 99.5	 97.7	 92.9	 93.0	 81.9
P. anu	 95.8	 94.1	 95.4	 96.1	 95.8	 94.9	 99.3	 99.8	 -	 97.8	 93.0	 93.1	 82.0
R. rox	 95.6	 94.1	 95.3	 95.9	 95.6	 95.1	 96.1	 96.6	 96.6	 -	 92.5	 92.7	 82.1
S. bol	 90.9	 89.4	 90.7	 91.2	 90.9	 90.4	 90.4	 90.9	 90.9	 90.6	 -	 95.8	 81.2
C. jac	 90.6	 88.9	 90.2	 90.7	 90.4	 89.6	 90.2	 90.7	 90.7	 90.4	 93.9	 -	 81.9
O. gar	 74.0	 73.1	 74.2	 74.3	 74.5	 73.7	 72.8	 73.1	 73.3	 73.1	 72.6	 72.3	 -

Deleted or inserted nucleotides were excluded from the calculation of divergence. The homology of amino acids is 
shown above diagonal and that of nucleotide sequence below diagonal. For abbreviations, see legend to Figure 1.

Table 1. Identity of nucleotide and amino acid sequence between 13 primate GPR50 genes.

Selective pressure analysis of the GPR50 gene in primates

The NJ tree reconstructed using the CDS of 13 primate GPR50 genes displayed only 
subtle differences in misplacement between Rhesus and Tibetan macaques when compared 
to the previously established primate species tree (Goodman et al., 1998), suggesting that the 
sequences obtained are orthologous. Thus, we utilized the established species tree in all sub-
sequent analyses (Figure 2).

In order to investigate the evolution of the primate GPR50 gene, we estimated the ω 
ratio of non-synonymous to synonymous substitution rates of the genes in 13 species using a 
likelihood method. We first assumed a uniform ω for all branches of the 13 primates (model 
A in Table 2); here, ω was estimated to be 0.4033, which is significantly <1 (P < 0.01; see the 
comparison with model B in Table 2). This result suggests that, overall, GPR50 is under strong 
purifying selection in these primates. Subsequently, we tested a model that allowed for differ-
ent values of ω for the 6 major primate lineages (human, great ape, lesser ape, OWM, NWM, 
and PM; model D in Table 2) compared to a model that assumed they have the same ω values 
(model C in Table 2); model D fit the data significantly better than model C (P = 0.039), in-
dicating different levels of selective pressure on GPR50 among the 6 major primate lineages. 
We then examined a model in which every branch had its own ω (model H). This model was 
significantly better than the uniform ω model A (P = 0.0014), suggesting that the variation of 
ω among the 13 different species lineages was significant.
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Figure 2. Evolutionary rates of the GPR50 gene in major primate lineages. Tree topology followed Goodman et 
al. (1998). The numbers shown along each branch correspond to maximum-likelihood estimates of the numbers of 
non-synonymous or synonymous substitution along that branch. Omegas greater than 1 are in bold. A. dN/dS ratios 
for the entire coding sequences. B. dN/dS ratios for the CTD. C. dN/dS ratios for the non-CTD. OWM = Old World 
monkeys; NWM = New World monkeys.

Models	 Parameter estimates	 lnLa	 npb	 Models compared	 2Δ(lnL)c	 P value

A: All branches have the same ω	 ω = 0.4033	 -5456.66	 25			 
B: All branches have one ω = 1	 ω = 1	 -5505.40	 24	 B vs A	   97.48	 P < 0.01
C: Braches in human, great apes, lesser apes, 	 ω = 0.4181	 -5455.96	 26			 
   old world monkeys, new world monkeys, and 
   prosimian monkey have the same ω. Other branches 
   have their own omega.
D: Braches in human, great apes, lesser apes, 	 ω1 = 999.00
   Old World monkeys, New World monkeys, and 	 ω2 = 0.3569
   prosimian monkey have ω1, ω2, ω3, ω4, ω5, 	 ω3 = 0.4047
   and ω6, respectively. Other branches have 	 ω4 = 0.2579
   their own omega	 ω5 = 0.3347
	 ω6 = 0.4761	 -5450.11	 31	 C vs D	 11.7	 P = 0.039
H: Each branch has its own ω	 Variable ω in each branch	 -5433.10	 47	 A vs H	   47.12	 P = 0.0014
aNatural logarithm of the likelihood value; bnumber of parameters; ctwice the difference in lnL between the two 
models compared.

Table 2. Likelihood ratio test of selective pressure on GPR50 in primates using branch models in PAML.
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Region	 lnL (ω = 1)	 lnL (one ω)	 2dL	 P (d.f. = 1)

Extracellular	   -658.35	   -648.98 (0.30273)	 18.74	 P < 0.01
Transmembrane	 -1083.41	 -1041.93 (0.13709)	 82.96	 P < 0.01
Cytoplasmic	 -3622.07	 -3611.59 (0.59088)	 20.96	 P < 0.01

2dL = twice the difference in lnL between the two models compared; d.f. = degrees of freedom.

Table 3. Likelihoods (lnL) and parameter estimates for structure-specific regions under ω = 1 and one estimated ω.

Models	 Estimate of parameters	 lnLa	 Models compared	 2Δ(lnL)b	 Positively selected sites

M0	 ω = 0.38533	 -5148.86			 
M1a	 p0 = 0.68763, p1 = 0.31237	 -5136.16			   Not allowed
	 ω0 = 0.19178, ω1 = 1.00000				  
M2a	 p0 = 0.68763, p1 = 0.18389, p2 = 0.12848	 -5136.16	 M1a vs M2a	 0	
	 ω0 = 0.19178, ω1 = 1.00000, ω2 = 1.00000				  
M3	 p0 = 0.26703, p1 = 0.70718, p2 = 0.02579	 -5135.77	 M0 vs M3	 26.18	
	 ω0 = 0.00000, ω1 = 0.53385, ω2 = 2.77055			   (P = 2.911 x 10-5)	
M7	 p = 0.51904, q = 0.67306	 -5136.35			   Not allowed
M8	 p0 = 0.98768, p = 0.67702, q = 0.96036	 -5135.81	 M7 vs M8	   1.08	
	 (p1 = 0.01232), ω = 3.36944			   (P = 0.58275)
aNatural logarithm of the likelihood value; btwice the difference in lnL between the two models compared.

Table 4. Likelihood ratio test of selective pressure on GPR50 in primates using site models in PAML.

To further explore whether some key local regions presented different evolutionary 
patterns, we divided the complete sequence into 3 regions (i.e., extracellular, transmembrane, 
and cytoplasmic). The results for the ω value were <1 (ω = 0.30273, 0.13709, and 0.59088, 
respectively; Table 3), indicating that the three local regions are also under strong purifying 
selection. We calculated the ω values of the CTD and non-CTD. For all human sequences, 
we found that dN > dS; however, further calculation indicated dN > dS only in the CTD. This 
indicates that relaxed selection pressure is primarily acting on the C-terminal sites of the hu-
man evolutionary processes. The one-tailed Z-tests (positive hypothesis: dN > dS) of the CTD 
showed that the human lineage has significantly deviated from the expectation of adaptive 
evolution (P < 0.05).

To further investigate selection pressure on the primate GPR50 gene, we used the 
site model in the PAML package. Six non-synonymous substitution site models were run in 
CODEML (Table 4). The first comparison model of M0 and M3 was used to test whether the 
ω value among the sites was variable. LRTs showed that M3 was a significantly better fit than 
M0 (P < 0.01). The result showed that the selective pressure was highly variable among sites. 
The LRTs estimated a similar value for a comparison of models M1a and M2a (-5136.16). The 
LRT was 2Δ(lnL) = 0, which refused the M2a and allowed the M1a model. Therefore, we can 
infer that 68.8 and 31.2% of the sites of the GPR50 gene are subjected to purifying and neutral 
selections, respectively; there were no sites subjected to positive selection. In addition, an 
analogous result was found in the comparison of the M7 and M8 models. The test results were 
not significant (P > 0.05). Thus, the model did not support positive selection.

Evolutionary rate of the GPR50 gene

The evolutionary rates of the major primate lineages were calculated based on the 
well-established divergence times for primates (Goodman et al., 1998) (Table 5). The non-
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Primate lineage 	 Non-synonymous rate	 Synonymous rate

Homo (6)	 0.500 ± 0.167	 0.333 ± 0.333
Pan (6)	 0.617 ± 0.257	 0.377 ± 0.371
Gorilla (7)	 0.000 ± 0.000	 1.286 ± 0.571
Pongo (14)	 0.357 ± 0.143	 1.286 ± 0.429
OWM (25)	 0.160 ± 0.080	 1.480 ± 0.360
NWM (40)	 0.325 ± 0.075	 0.850 ± 0.200
PM (50)	 3.020 ± 0.240	 5.720 ± 0.540
Average value	 0.711 ± 0.137	 1.619 ± 0.401

Calculation was based on the sequence divergence in the primate lineages. For example, the evolutionary rate of 
the homo lineage means that average substitutions between human and the putative ancestor divided by the known 
divergence time and the rate unit is substitutions per site per 109 years. OWM = Old World monkey; NWM = New 
World monkey; PM = prosimian monkey.

Table 5. Evolutionary rates of the GPR50 gene in seven major primate lineages.

synonymous rates ranged from 0 to 3.02 in the different primate lineages, with an average of 
0.711. The average synonymous rate (1.619) was much higher than the average non-synony-
mous rate, which is concordant with the conservation of GPR50 in primates. We conducted the 
relative rate test developed by Tajima (1993) and observed significant rate differences among 
the major primate lineages (P < 0.05). However, significant rate differences were not shown 
in the great-ape primate lineage, excluding P. tro and P. pan. The equality of the evolutionary 
rate was conducted between sequences A (P. tro) and B (P. pan), with sequence C (H. sap) 
used as an outgroup in Tajima’s relative rate test (Tajima, 1993). The χ2 test result was 9.00 (P 
= 0.00270 with 1 d.f.) with a P value <0.05. Significant differences were identified, implying 
that P. tro and P. pan have different evolutionary rates.

DISCUSSION

Molecular evolution of the GPR50 gene in primates has been poorly studied. For the 
first time, we conducted a molecular evolutionary analysis of the GPR50 gene in major pri-
mate lineages. R (ti/tv) and disparity index per site of nucleotide sequences revealed low ti/tv 
preference and base composition biases. A relatively high similarity between nucleotide and 
amino acid sequences of the GPR50 gene was also found among the major primate groups. 
The results showed that GPR50 is highly conserved at the molecular level. Rich Ser and 2 
repeats (RA and SVHFK) were also found in the CTD (Figure 2). Dufourny et al. (2008) 
analyzed the CTD by using a bidimensional Hydrophobic Cluster Analysis. They first aligned 
the repeated heptapeptide and found a heptad in the C-terminal extension of human GPR50. 
Then, they compared it to the repeated heptad observed in the CTD of RNA polymerase II 
(RNAPII). The result suggested that the repeats might constitute a flexible scaffold for the 
binding of partner(s) to recognize specific phosphorylation sites, and the structure includes the 
SVHFK repeats. However, in the present study, the repeats were revealed as inserts or dele-
tions in primate evolutionary processes; another obvious repeat was the four-RA insert, which 
only exists in C. jacchus.

The ω values for the sequences of entire coding and local regions in major primates 
were calculated to test whether the conservation of GPR50 resulted from purifying selection 
according to the maximum likelihood method (Yang, 2007). We found that the GPR50 genes 
in major primate lineages have undergone strong purifying selection. It is important to note 
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that selective tests were performed among 6 major primate lineages, which yielded indepen-
dent ω values for each lineage. When Pan and Homo were classified as hominine, they yielded 
the same ω value, and the 6 lineages presented different levels of selective pressure. At the 
same time, the value ω > 1 was found in the Hominini lineages, implying that accelerated 
evolution may have occurred in these lineages. Thus, they have undergone special adaptive 
evolution. The tribe of Hominini included Pan and Homo (Mann and Weiss, 1996). After the 
branch-model comparison, the models indicate that each major primate lineage has its own 
best-fit ω value. The relative rate test showed similar results; it also observed that dN > dS in 
the Pan and Homo branches from the evolutionary rates of GPR50 in the major primate lin-
eages (see Table 5). Remarkably, the results showed significant rate differences between the P. 
troglodytes and P. paniscus branch lineages (P > 0.05) by the relative rate test, which may be 
attributed to the differential availability of food sources (Macdonald, 2001). The results of the 
ML pairwise comparison in PAML showed that the value of ω > 1 was significant in the Homi-
nini, although the ω value of any two members from the human, bonobo, and chimpanzee 
lineages were also >1. This result indicates that relaxed selection pressure may have occurred 
in the Hominini lineage. GPR50 belongs to the G protein-coupled melatonin receptor fam-
ily, and a previous study provides a potential molecular link between the circadian/seasonal 
hormone melatonin and seasonal affective disorder (Delavest et al., 2011). Previous studies 
have discussed seasonality in primates because of their different intake methods (Brockman 
and Van Schaik, 2005). To achieve energy balance, all species of primates adjust their energy 
metabolism to adapt to changing intake conditions, and GPR50 plays an important role in 
regulating entry into torpor. For this reason, there may be different selective pressures acting 
on the different lineages of GPR50.

Additionally, we did not identify any sites that were under positive selection using the 
Bayes empirical Bayes method. A similar result was found in a previous study. Parameter es-
timates suggest that 71% of the sites evolved under purifying selection (ω0 = 0), whereas 29% 
of the sites were identified under the neutrality assumption for the GPR50 gene (Dufourny et 
al., 2008). A recent study reported that the MT1 gene is primarily under purifying selection 
when compared to the MT2 gene, which is under positive selection (He et al, 2012). Although 
the association between GPR50 and MT2 did not modify the function of MT2, GPR50 abol-
ished high-affinity agonist binding and G protein coupling to the MT1 protomer in the het-
erodimer (Levoye et al., 2006).

In summary, our study show that GPR50 genes still undergo strong purifying selection 
in major primate lineages, no positive sites have been found in this study, the result implied 
that the GPR50 is extremely conserved during primate evolution. We also demonstrated that 
the purifying selection acted on the CTD domains of GPR50. In the future, analyses of ad-
ditional species should contribute to better understanding of the ecology and the selective 
agent(s) acting on the evolution of GPR50 genes.
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