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The period circadian clock gene 3 (PER3) plays a role in the mammalian circadian clocksystem.  A 
regular exercise regime may affect the PER3 transcription in skeletal muscle. Although the effects of 
day length on circadian and circannual processes are well established in humans and mice, the influ-
ence of exercise on these processes in the horse has not been investigated. The present study inves-
tigated the expression of the PER3 gene following exercise in a thoroughbred breed of Korean horse. 
In addition, a comprehensive in silico nonsynonymous single nucleotide polymorphism (nsSNP) anal-
ysis of the horse PER3 gene and predicted effects of nsSNPs on proteins were examined. The ex-
pression of PER3 in skeletal muscle was significantly upregulated after exercise. Four nsSNPs were 
functionally annotated and analyzed by computational prediction. The total free energy and RMSD 
values of PER3 gene showed causative mutations. The results showed that nsSNP s395916798 (G72R) 
was associated with residues that have stabilizing effects on structure and function of PER3 gene. This 
study documented role of PER3 gene in phenotypic adaptation related to exercise in skeletal muscle. 
Further, the SNPs in PER3 could serve as useful biomarkers of early recovery after exercise in 
racehorses.
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Introduction

The adaptive response to training is dependent on varia-

tions in exercise-induced phenotypic and biochemical 

changes causing muscle load, energy requirements and cal-

cium flux [9]. Skeletal muscle has an elevated plasticity, 

which is revealed by its capacity to produce a functional 

response by a series of biochemical and morphological 

changes depending on the specific stimulation [16]. However, 

skeletal muscles generate free radicals during prolonged and 

intense exercise can result in oxidative damage to cellular 

constituents [13]. Generally, very few genes, proteins and 

signaling pathways are indispensable to the process of ex-

ercise-induced adaptation [17]. 

Animal models have been invaluable in the conduct of 

nursing research for the past 40 years [7]. While the modern 

exercise adaptive responses exposure studies with human 

subjects, most investigations with animal are routinely use 

an exercise protocol models [8].  Horses are particularly well 

designed for intense exercise; however during their athletic 

career frequently suffer from several problems related to ei-

ther endogenous or exogenous stress [1]. In contrast, among 

the multiple physiological characteristics for exercise, horses 

are known to support arterial hypoxemia and, sometime, hy-

percapnia, during strenuous effort. Therefore, the numerous 

equine studies have also confirmed the stress response is 

a critical factor during athlete horses' training. Thorough-

breds are a novel and valuable model that having demon-

strated molecular mechanisms underlying basic to both en-

durance and resistance exercise stress [3, 9]. Thoroughbred 

has a very high skeletal muscle mass comprising over 55% 

of total body mass and under racing conditions metabolic 

rate increase up to 60-fold from basal levels [6]. 

Genes are selectively activated or deactivated for survival 

and successful response to stressors. The period circadian 

clock genes (PER2, PER3) have key molecular clock compo-

nents within the mammalian circadian timing system [14]. 

The earlier study suggested that the induction of these genes 

might represent an entrainment of the muscle transcriptional 

- Note -
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Table 1. List of primer sequences for qRT-PCR

Gene names Primer sequences Product size
Annealing 

temperature (Ta)
GeneBank ID

PER3
F 5’ CGGAAGGGTAGTGCACATTT 3’

R 5’ AAGGACTTCGCAGGAGCATA 3’
207 54.00 XM_005607561.1

β actin
F 5’ CGACATCCGTAAGGACCTGT 3’

R 5’ GTGGACAATGAGGCCAGAAT 3’
192 54.00 AF035774.1

clock by a regular exercise regime. [9]. A numbers of studies 

on PER3 have been conducted in humans, mice and horses 

[2, 5, 12], however the functional association of PER3 has 

not vastly been study in horse. Thus, despite the importance, 

we perform the expression profiling of the PER3 gene in 

Thoroughbred breed of Korean horse before and after ex-

ercise. Further, we conducted comprehensive in silico non- 

synonymous single nucleotide polymorphism (nsSNP) anal-

ysis and predicted the possible effects of these nsSNPs on 

protein structure and function.

Materials and Methods

Ethics Statement and collection of samples

Purebred adult female Thoroughbred horse (n=5) were se-

lected from the Jeju Provincial Livestock Institute in South 

Korea. All of the experimental procedures used in this study 

were approved by the Institutional Animal Care and Use 

Committee of the Pusan National University (PNU-2013- 

0417) and the animals were handled in accordance with 

proper animal welfare guidelines.

Muscle biopsy were collected from Triceps brachii on the 

right leg during before and after exercise with cooperation 

from the horses’ owners and veterinarians. For the resting 

period after exercise, the horses were subjected to a 30 min 

trot before sample collection. The tissue samples were sub-

sequently stored in the laboratory at -80°C until the isolation 

of RNA and protein.

RNA extraction and RT-PCR 

Total RNA was isolated from 100 mg of the fragmented 

tissue sample using Trizol (Life Technologies, Grand Island, 

NY, USA). Genomic DNA contamination was removed by 

treating with the RNase-free DNase set (QIAGEN, Hilden, 

Germany) and purification with the RNeasy mini kit, in ac-

cordance with the user guidelines (QIAGEN, Hilden, 

Germany). The Bioanalyzer 2,100 with RNA 6,000 Nano Lab 

chips was used following the manufacturer’s guidelines 

(Agilent Technologies, Dublin, Ireland) to assess the quality 

and quantity of RNA. Purified RNA samples were stored 

at -80°C for future use.

Validation of the expression levels of PER3 in horse 

tissues

To evaluate the relative expressions of PER3 gene quanti-

tatively in Thoroughbred breed of Korean horse, real-time 

qRT-PCR was conducted using an Applied Biosystems, 

Step-One Real Time PCR system. The dye EvaGreen (Bio-

tium, USA) was used to determine the quantity of target 

gene present in sample. Primers used in RT-PCR and quanti-

tative real-time PCR were designed using the online 

Primer-3 program and the primers that were used to conduct 

PCR along with their detailed information are listed in Table 

1. The efficiency of amplification of the target gene was com-

pared with that of the endogenous β actin control transcript. 

Quantification of mRNA levels was performed using the 

comparative CT method. The results are reported as the rela-

tive expression normalized using the level of the transcript 

of the endogenous reference.

Database retrieval of information on PER3 genes 

and annotation of Gene Ontology

Data on the PER3 from horse was collected from Entrez 

Gene of the National Centre for Biotechnology Information 

(NCBI). The ids and types of SNPs related information were 

obtained from the NCBI dbSNP (http://www.ncbi.nlm. 

nih.gov/snp/) and SWISSProt databases (http://expasy. 

org/) and Ensembl databases (http://asia.ensembl.org/ 

Equus_caballus/) for computational analysis and predicate 

the gene tree. 

In addition, Gene Ontology (GO) has also been analyzed 

for biological processes associated with the functioning of 

the PER3 in horse. CateGOrizer (http://www.animalgeno-

me.org/tools/catego/) was used as a common language tool 

to annotate functional association. 
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Table 2. Biological process and molecular functions of the PER3 gene

Accession Term

   Biological process

GO:0000122

GO:0006355

GO:0007165

GO:0007623

GO:0032922

GO:0045187

negative regulation of transcription from RNA polymerase II promoter

regulation of transcription, DNA-templated

signal transduction

circadian rhythm

circadian regulation of gene expression

regulation of circadian sleep/wake cycle, sleep

   Molecular functions

GO:0004871

GO:0005515

GO:0019900

GO:0031625

signal transducer activity

protein binding

kinase binding

ubiquitin protein ligase binding

Functional consequences of the coding of nsSNPs 

of PER3 of horse using SIFT tool

SIFT (http://www.blocks.fhcrc.org/sift/SIFT.html) uses 

sequence homology to predict whether an amino acid sub-

stitution affects protein function; if it does, it can be priori-

tized for further study. Study on SNPs of PER3 of horse 

was performed to identify amino acid substitutions, which 

effect metabolic activities and protein conformations. SIFT 

scores were classified as indicating that the SNP would be 

damaging (0.00-0.05), potentially damaging (0.051-0.10), bor-

derline (0.101-0.20), or tolerable (0.201-1.00).

Functional annotation of nsSNPs of PER3 of horse 

using PROVEAN

The amino acid sequence of PER3 of horse associated with 

identified SNPs through SIFT were submitted as queries. 

This computational tool helps to predict the functional effect 

of variation in amino acids by selecting the common delete-

rious SNPs through both SIFT and PROVEAN. It can predict 

the possible impact of amino acid substitutions on the struc-

tural and functional properties of proteins.

Protein stability prediction using I-Mutant

I-Mutant (2.0) is a support vector machine based tool 

(http:// folding.biofold.org/cgi-bin/i-mutant2.0.cgi). The 

FASTA format of protein sequence of PER3 of horse was 

used as an in-put to predict the effect of a mutation on its 

stability.

Homologous modeling and Identification of the 

stabilizing residues using SRide 

The three-dimensional structure of PER3 of horse was 

generated by subjecting the amino acid sequence in the 

FASTA format to analysis using the SWISS-MODEL expasy 

and ESyPred3D tools. The constructed homologous protein 

model was further subjected to evaluation of its internal con-

sistency and reliability. A Psi/Phi Ramachandran plot was 

generated by PROCHECK analysis. The energy-minimized 

structures were then used for further analysis for the RMSD 

calculation.

Data analysis

The results from the expression analysis by real-time 

qRT-PCR are expressed as the mean ± SEM. The significant 

differences between the mean expressions of the genes at 

p<0.05 were analyzed by Tukey’s b- test.

Results and Discussion

Genetic variation in components of the circadian clock al-

lows natural selection to optimize the relationship between 

clock-influenced biological processes and the sun’s diurnal 

cycle [9]. The screening of PER3 in a Japanese population 

showed a number of polymorphisms to be associated with 

delayed sleep-phase syndrome (DSPS) and a circadian 

rhythm sleep disorder [4, 11]. Thus, Thoroughbred breed 

horse as the model and can be used for possible explanation 

of the polymorphisms of period circadian clock genes.

To investigate PER3 gene and association with exercise, 

we classified GO terms. GO terms helped to identify bio-

logical processes that could be affected by the mutations. 

From the GO annotation, PER3 participate in metabolic proc-

esses circadian rhythm (GO: 0007623) and circadian regu-

lation of gene expression (GO: 0032922) (Table 2). Signifi-
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Fig. 1. Expression analysis of mRNA PER3 in horse. Relative 

quantitative expression of PER3 at before and after ex-

ercise; bars with different superscripts show signifi-

cantly different expression in the two conditions (p< 

0.05).

Fig. 2. The maximum likelihood phylogenetic tree representing the evolutionary history of genes. The gene of interest is highlighted 

in red and within-species paralogues are shown in blue. Red squares represent duplications nodes, blue squares represent 

speciation nodes, giving rise to paralogues and orthologues. Another class of node, ambiguous, is shown as a lighter blue 

square.

cantly, higher expression of PER3 of horse after exercise sup-

ports the role of PER3 in circadian rhythms that may play 

an important role in sports performance and its importance 

to achieve the optimal athletic performance [10]. 

Both RT-PCR and real-time qRT-PCR were performed to 

clarify the qualitative and quantitative expressions of the 

genes under study. The post-exercise period samples showed 

significantly (p<0.05) higher expression of PER3 than pre-ex-

ercise period samples (Fig. 1). The increased expression of 

PER genes post training in the current study is thought to 

represent a strengthening of the endogenous circadian clock 

in equine muscle [9]. The reason for differential expression 

may be due to Thoroughbred horses’ routine training, usu-

ally on early morning hours [8]. Thus, our results provide 

strong incentive for further investigation of the influence of 

training times on daily muscle function in the horse. In addi-

tion, we conducted evolutionary analysis. The horse PER3 

gene is well conserved evolutionarily and has functional do-

mains found in other animals (Fig. 2). The display shows 

the maximum likelihood phylogenetic tree representing the 

evolutionary history of genes. These trees are reconciled 

with a species tree, generated by TreeBeST. Internal nodes 

are then annotated for duplication (white boxes) or speci-

ation (black boxes) events. The expression of PER3 gene is 

regulated by endurance exercise in muscle and this gene 

could be a useful biomarker to measure endurance and 
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Fig. 3. Short sequence variants for a gene are shown graphically. Red and gold transcripts are protein-coding, while blue transcripts 

are non-coding. These are displayed as vertical lines, color-coded according to the position of the variation in a transcript. 

These colors are described at the legend on the bottom of the graphic.

Table 3. List of the deleterious nsSNPs with their prediction tools and scores

Variation ID Type Alleles Residues SIFT PROVEAN I-Mutant 3

rs395011812
rs395916798
rs396693420
rs68617398

Missense variant
Missense variant
Missense variant
Missense variant

T/C
C/T
G/A
G/A

N9S
G72R

A407V
S767L

0.26
0.16
0.67
0.67

-0.165
0.130
-0.412
-1.514

-0.56
-0.40
-0.03
 0.35

fatigue. 

To our knowledge, this study is the first attempt to char-

acterize nsSNPs of PER3 of horse. Results of this study show 

that nsSNPs are to be considered potentially important for 

the functional and structural analysis of proteins. Short se-

quence variants for a gene are displayed graphically (Fig. 

3). After the row showing all SNPs in the region, all tran-

scripts in a gene are drawn. Red and gold transcripts are 

protein-coding, while blue transcripts are non-coding. We 

observed four nsSNPs were functionally annotated and sub-

jected to analysis using the SIFT, PROVEAN and I-Mutant 

tools to predict their potential deleterious effects (Table 3). 

The template PDB ID 4dj3 of chain A was used (Fig. 4A.) 

for the modeling of 3D structures of the native and mutant 

proteins. The validation by PROCHECK verified that 90% 

of the residues are in the most favored region in the 

Ramachandran plot (Fig. 4B.). The QMEAN-Z score (-1.41) 

for the query model of PER3 indicated the high level of accu-

racy of the constructed model (Fig. 4C.). The total free en-

ergy and RMSD values of the nsSNPs i.e. rs395011812 of 

PER3 was found to be -12.52 and 0.32 A°; rs395916798 was 

-20.41 and 0.54 A°; rs396693420 was identified as -19.26 and 

0.86 A°; rs68617398 was found as -24.28 and 0.49 A° 

respectively. These values suggest that rs395916798 is a high-

ly deleterious nsSNP.

Such nsSNPs are of particular interest, given that they 

might provide markers of selection. The wild-type and mu-

tant amino acids of PER3 protein of horse differ in size. The 

mutations in nsSNPs of PER3 are associated with changes 

the charge which leads to empty space in the core of the 
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A

B C

Fig. 4. The 3D homologous model and PROCHECK analysis of the native PER3 protein. (A) 3D structure of the native PER3 protein 

was prepared using SWISSMODEL expasy and ESyPred3D. It depicts the native structure in 3D ribbon pattern of chain 

folding in PER3. (B) The Ramachandran plot is showing the empirical distribution of data points observed in the structure 

of PER3. This plot was used for quality checking and the structural validation of the modelled PER3. The red, brown, and 

yellow regions represent the favoured, allowed and generously allowed regions as defined by PROCHECK. (C) The QMEAN-Z 

score for the query model of PER3. 

protein. These differences can disturb the core structure of 

this important domain and as well as interactions with mole-

cules different from those that interact with the wild type 

[15]. 

In conclusion, we identified expression of the horse PER3 

gene before and after exercise and analyzed the structural 

and functional effects of nsSNPs. In further studies, the anal-

ysis of gene expression related to oxidation, mitochondrial 

biogenesis, and enhancement of physical performance by 

PER3 gene after exercise might be useful for understanding 

the relationship between PER3 gene and athletic ability in 

horse. Thus, it suggests that PER3 gene as an early bio-

marker for evaluating the status of horse after racing.
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록：국내산 경주마의 주기성 시계 유 자(PER3) SNP  운동에 따른 기능  식별 근 가능성 제안
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주기성 시계 유전자 3(period circadian clock gene 3, PER3)는 포유류에서 생물학적 주기 타이밍 시스템의 역할

을 수행 한다. 이 유전자는 규칙적인 운동 체계에 의해 근육에서 전사 개시 되는 것으로 알려져 있다. 인간과 마우

스에서는 본 유전자에 대해 잘 알려져 있지만, 주기 및 연주기 동안 낮의 길이에 영향을 많이 받는 말에서 운동 

연관 연구는 존재하지 않는다. 운동 시 근육의 기능에 중요한 역할을 하는 PER3 유전자에 대해 대표적인 경주마

인 국내산 더러브렛 품종의 운동 전과 운동 후 유전자 발현을 분석하기 위해 본 연구를 수행하였다. 그 결과, 골격

근에서 PER3 유전자의 발현은 운동 전에 비해 운동 후에 유의적으로 증가하는 것으로 나타났다. 또한, 인실리코

상에서 4개의 비동의성 단일 염기 변이(non-synonymous single nucleotide polymorphism, nsSNP) 분석과 이러

한 nsSNP의 단백질 구조 및 기능 분석 결과, 전체 자유 에너지와 RMSD 값은 돌연변이의 원인이 될 수 있음으로 

나타났다. 이 중, nsSNP–s395916798 (G72R)은 구조적 기능적 측면에서 중요한 잔기의 안정화 효과와 연관된 것

을 알 수 있었다. 본 연구는 운동에 따라 더러브렛 골격근 내 PER3 발현 차이는 운동이라는 표현형에 대표될 수 

있음을 확인하였다. 또한, SNP의 조합을 활용하여 운동 후 경주마의 조기 회복의 평가 지표로써 유용한 바이오마

커가 될 수 있음을 시사한다.
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