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Abstract. The biological functions of long noncoding RNAs (lncRNAs), which play an important role in regulating development
and gene expression, may be affected by variations in lncRNA gene loci or associated genomic sequences. However, the functions of
many lncRNAs remain unknown. To analyse correlations between mutations in pouMU1 with chicken growth and carcass traits, 860
chickens from a Gushi × Anka F2 resource population and 96 Lushi, Xichuan, Changshun and recessive white chickens were used
to evaluate the genetic effect of the pouMU1 gene. We performed quantitative real-time polymerase chain reaction (qRT-PCR) to
analyse the relative expression levels of pouMU1 in nine different tissues and stages of development. pouMU1 expression was highest
in pectoralis and leg muscles, whereas no expression was observed in the heart, liver and abdominal fat. Using direct sequencing
and polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) methods, two novel sequence mutations
(g.1198A>G and g.1238-1239del/insGA) were detected in the pouMU1 gene. SPSS software was used for statistical analysis in
association studies. Based on the association data, the presence of both variants was significantly associated with leg muscle fibre
width and leg muscle fibre roundness (P < 0.05) and highly associated with leg muscle fibre girth and body weight at 0 week of
age (P < 0.01). These data suggest that pouMU1 might participate in regulating chicken muscle development and growth, and the
findings offer new insight into the functions of sequence mutations in lncRNAs.
Keywords. pouMU1 gene; sequence mutation; chicken; association analysis; long noncoding RNAs.

Introduction
The central dogma of molecular biology is that genetic
information from DNA is transcribed into RNA and
subsequently translated into proteins (Kashi et al. 2016).
However, high-throughput analysis of the transcriptome
has shown that noncoding RNAs (ncRNAs) are not
translated into proteins but rather alter gene expression through various mechanisms, such as RNA interference and overexpression at the transcription level or
translation level. Based on the size, ncRNAs can be
divided into small ncRNAs and long ncRNAs (lncRNAs)
(Mercer et al. 2009; Qureshi and Mehler 2012). lncRNAs
are transcripts >200 nt in length that lack any coding
potential and are classified according to chromosomal

distribution into one or more of the following five
categories: sense, antisense, bidirectional, intronic and
intergenic (Papait et al. 2013). lncRNAs participate in
multilevel regulation of epigenetic, transcriptional and
posttranscriptional modifications. Compared with other
ncRNAs e.g., microRNAs, small interfering RNAs and
PIWI-interacting RNAs, which are highly conserved and
participate in many biological processes by silencing target gene expression, lncRNAs are generally less conserved than coding transcripts, even among related species,
and specifically function through distinct mechanisms
(Guttman et al. 2009; Baldassarre and Masotti 2012).
Most annotated lncRNAs are transcribed by RNA polymerase II and are often capped, spliced and polyadenylated
(Cabili et al. 2011).
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As the precise mechanism underlying the functions of
lncRNAs remains unknown, further, indepth investigation is needed. lncRNAs can be classified into four main
archetypes based on their mechanism: signal lncRNAs,
decoy lncRNAs, guide lncRNAs and scaffold lncRNAs
(Wang and Chang 2011). lncRNAs can serve as molecular signals through transcription of individual lncRNAs
which occurs at specific times and locations to interpret
cellular context or respond to diverse stimuli, and also
as decoy that sponge certain proteins, such as transcription factors and chromatin modifiers, leading to broad
changes in the cellular transcriptome. Guide lncRNAs
can induce changes in expression of neighbouring (cis)
or distantly located (trans) genes. Scaffold lncRNAs possess multiple domains that bind distinct proteins, whereby
the lncRNA serves as an adaptor to form functional protein complexes that mediate transcriptional activation or
repression (Papait et al. 2013).
Many reports from the last decade suggest that specific lncRNAs play important roles in diverse biological
processes, such as gene expression regulation, dosage compensation, genomic imprinting, nuclear organization and
compartmentalization, cell development and differentiation (Kretz et al. 2012; Klattenhoff et al. 2013), and human
disease pathogenesis (Wapinski and Chang 2011). Differentially expressed lncRNAs likely play key or partial roles
in adipocyte regulation and energy metabolism. Moreover, AK142386 and AK133540 may have great importance
for adipogenesis and energy metabolism by modulating
Hoxa3 and Acad10 transcription through distinct transcription factors (Chen et al. 2015). lncRNAs also have
a significant role in genomic imprinting, the process by
which a gene is monoallelically expressed based on the
parent of origin (Edwards and Ferguson-Smith 2007; Wan
and Bartolomei 2008). Additionally, lncRNAs are implicated in processes occurring later in animal development
through regulation of Hox genes from either the host or
a distant cluster (Pearson et al. 2005; Kung et al. 2013).
Sequence variations, especially in the promoter region, can
affect lncRNA expression (loss of function), and mutations can transform the binding of inhibitory complexes,
enabling expression of lncRNAs that are not typically
expressed under physiological circumstances (gain of function). In addition, mutations within lncRNA genes can
cause alternative splicing of the transcript or impact its
secondary structure (Hrdlickova et al. 2014).
In the present study, we identified highly expressed
lncRNAs through RNA-seq analysis of breast muscle
samples from 6-week-old Gushi chickens, and we further investigated the novel candidate lncRNA pouMU1
(GenBank accession number: KY126094). Bioinformatic
analyses revealed that this gene comprising three exons
is located on chicken chromosome 3, and we performed
quantitative real-time polymerase chain reaction (qRTPCR) to analyse the relative expression levels of pouMU1
in different tissues and stages of chicken development. The

results showed the highest abundance in pectoralis and leg
muscles, but no expression in the heart, liver and abdominal fat. Moreover, we identified two sequence variants
(g.1198A>G and g.1238-1239del/insGA) located in exon
1 of pouMU1 and examined their association with body
weight, body indices at different developmental stages and
carcass traits; the results indicated that pouMU1 mutations are associated with significant differences in muscle
development and growth of the Gushi × Anka F2 resource
population. Collectively, these data suggest that pouMU1
might participate in regulating muscle development and
growth.

Materials and methods
Animals and trait measurements

All animal experiments were performed according to
the regulation of the Chinese National Research Council (1994) and were approved by the Henan Agricultural
University Institutional Animal Care and Use Committee
(permit number 11-0085) (Han et al. 2011). In this study,
we used a Gushi × Anka F2 resource population of 860
individuals created at the Henan Innovative Engineering
Research Center of Poultry Germplasm Resource (Han
et al. 2012; Li et al. 2013). The F2 population was derived
from a cross between Gushi and Anka chickens; Gushi
chickens represent a slow-growing Chinese native chicken
breed, and Anka chickens represent a fast-growing broiler.
An F1 resource population was generated from 24 Gushi
hens mated with four Anka roosters, and 12 Anka hens
were mated with two Gushi roosters. The F2 birds were
constructed over two hatches (Lv et al. 2012). All chickens were raised in cages under the same environment, with
feeding and drinking water provided ad libitum.
We measured the growth and carcass traits of 860 chickens for association analysis. The growth traits, including
body weight and size of most chickens were measured from
birth until 84 days. F2 chickens were weighed every two
weeks, and body size characteristics such as shank colour
(SC), shank length (SL), shank girth (SG), chest depth
(CD), chest width (CW), breast bone length (BBL), pectoral angle (PA), body slanting length (BSL) and pelvis
breadth (PB) were measured for every four weeks. The following traits were measured after slaughter: carcass weight
(CW), semievisceration weight (SEW), evisceration weight
(EW), meat qualities (leg muscle fibre width (LFW), leg
muscle fibre length (LFL), leg muscle fibre girth (LFG),
leg muscle fibre roundness (LFR), leg muscle fibre density
(LFD), breast muscle fibre width (LFW), breast muscle
fibre length (BFL), breast muscle fibre girth (BFG), breast
muscle fibre roundness (BFR), breast muscle fibre density
(BFD), breast muscle shear force (BSF) and leg muscle
shear force (LSF), body fat indices (such as abdominal fat
weight (AFW), skin fat thickness (SFT) and muscle fat
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R1: AGGAAGACAGCAGCACTCAG
F2: CTGAGTGCTGCTGTCTTCCT
R2: TAGACTGCAGAAAGGGTGGC
F3: GCCACCCTTTCTGCAGTCTA
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R6: CATAAAGCTGATAGAAGAGG
Tcons1

Tm (◦ C)
Size (bp)
Primers (5 –3 )

Genomic DNA was extracted from blood samples using
the phenol–chloroform method. To construct the DNA
pool, 100 DNA samples were randomly selected from the
F2 individuals, and 2 μL of DNA at the same working concentration was extracted from each sample. A DNA pool
for the F2 individuals was constructed using forward and
reverse primers based on the genome and then sequenced
(Sangon, Shanghai, China) (table 1).
The 15 μL PCR reaction volume contained ∼50 ng
of template DNA, 0.75 μM each primer, 7.5 μL 2× Taq
Master mix (Kangwei, Beijing, China), and 5.25 μL ultrapure water. The amplification conditions included initial
denaturation at 95◦ C for 5 min, followed by 35 cycles of
denaturation at 95◦ C for 30 s and annealing of the two
mutants at 60 or 55◦ C for 30 s, and 72◦ C for 30 s, with a final
extension at 72◦ C for 10 min (Li et al. 2012b). The PCR
products were examined by 2.5% agarose gel electrophoresis, and subsequently, 10 μL of the PCR product then
digested with 5 μL DdeI (Takara, Dalian, China) restriction enzyme mixture containing 0.15 μL enzyme, 1.5 μL
buffer and 3.35 μL ultrapure water for 10–12 h at 37◦ C
using a Calorstat. The digested products were separated
by 2.5% agarose gel electrophoresis followed by staining
with DNAGREEN in 1× TBE buffer. Genotype classifications were determined based on the band sizes of the
6 μL products.

Loci

Polymorphism detection and diversity analysis of different breeds

Table 1. Primers used and genetic variants of pouMU1 gene identified by PCR-RFLP in chickens.

We performed qRT-PCR to analyse the relative expression patterns of pouMU1 in nine different tissues and
stages of chicken development. A pair of specific primers
was designed for pouMU1: (forward) 5 -ACTCACTCC
ATCCACATTG-3 and (reverse) 5 -GCCGTGGTGTCA
GAATGGT-3 . The GAPDH gene was used as an internal
control: forward and reverse primers 5 -GAACATCATCC
CAGCGTCCA-3 and 5 -ACGGCAGGTCAGGTCAA
CAA-3 , respectively. Total RNA was extracted using
Trizol, and RNA quality was assessed using electrophoresis and spectrophotometry. All cDNAs were synthesized
using an RNA reverse transcription kit (Takara, Dalian,
China) according to the manufacturer’s instructions. Realtime PCR was performed using the SYBR Green method
and a Roche LightCycler 96 instrument. Relative expression and significance in different tissues and developmental periods were analysed using the 2−ct method
and one-way analysis of variance (ANOVA) followed by
Duncan’s test, respectively (Schmittgen and Livak 2008).

Enzymes/genotype (bp)

Analysis of pouMU1 expression in chickens

259

bandwidth (MFBW). Blood samples were collected from
a total of 860 chickens from F2 resource population at the
age of 84 days and stored at −80◦ C until further analysis.
The characteristics of the F2 population were measured as
previously described (Han et al. 2011).

DdeI AA: 259, AG: 259 + 229 + 30,GG: 229 + 30
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Table 2. Genotypic and allelic frequencies and related genetic parameters of the
chicken pouMU1 gene.

SV

Genotypic and allelic frequencies
Breeds/n AA AG GG
A
G

He

Ne

PIC

P (HWE)

SV1

F2/860
LS/96
XC/96
CS/96
RW/96

0.42
0.04
0.18
0.16
0.12

0.30
0.45
0.10
0.37
0.33

0.28
0.51
0.72
0.47
0.55

0.570
0.265
0.230
0.345
0.285

0.430
0.735
0.770
0.655
0.715

0.491
0.391
0.355
0.450
0.405

1.963
1.642
1.552
1.819
1.680

0.370
0.315
0.292
0.349
0.323

0.000
0.196
0.000
0.077
0.072

SV2

F2/860
LS/96
XC/96
CS/96
RW/96

DD
0.08
0.32
0.27
0.23
0.46

DI
0.52
0.42
0.68
0.50
0.38

II
0.40
0.26
0.05
0.27
0.16

D
0.340
0.530
0.610
0.480
0.650

I
0.660
0.470
0.390
0.520
0.350

0.450
0.498
0.476
0.499
0.453

1.817
1.992
1.910
1.996
1.830

0.349
0.374
0.363
0.375
0.351

0.000
0.158
0.000
0.932
0.109

SV, sequence variant; F2 , F2 resource population; LS, Lushi; XC, Xichuan; CS,
Changshun; RW, recessive white chicken; He , gene heterozygosity; Ne , effective allele
numbers; PIC, polymorphism information content; P (HWE), P value of Hardy–
Weinberg equilibrium.

To verify the presence of mutations in other chicken
breeds, we selected Xichuan, Lushi and Changshun chickens representing slow-growing Chinese native chicken
breeds and a recessive white chicken representing a fastgrowing broiler (table 2). The genotypes, allele frequencies
and Hardy–Weinberg equilibrium (HWE) were calculated
for the five different breeds, and differences in these frequencies among different populations according to the χ 2
test were analysed using SPSS software (ver. 20.0; Statistical Product and Service Solutions, IBM Corporation,
Armonk, USA). Moreover, colony genetics indices, including heterozygosity (He ), effective allele numbers (Ne ) and
polymorphism information content (PIC) were calculated
using Nei’s methods with PopGene software (ver. 1.3.1)
(Nei and Roychoudhury 1974; Yeh et al. 1999) (table 2).

Haplotype estimation and association analysis of combination
genotypes

Haplotypes were obtained using the PHASE computer
program (ver. 2.1). The linkage disequilibrium (LD) structure was measured according to D , and r2 , was calculated
using HAPLOVIEW software (ver. 3.32) (Stephens et al.
2001; Barrett et al. 2005). D and r2 are the parameters typically used to measure LD. As several studies have suggested
that D is more sensitive than r2 to calculate allele frequencies, r2 was used as a pair-wise measure of LD (Zhao et al.
2007; Marty et al. 2010).
Correlation analysis was conducted to explore potential
interactions between the two variants among combined
and economic traits. The estimated model was highly similar to that of single locus marker association analysis.
All statistical analyses between the sequence mutant and
the related economic traits of the F2 resource population

using SPSS 20.0 software were performed to construct two
linear mixed models. Model I was used to evaluate correlation differences in genotypes associated with growth, meat
quality, muscle fibre traits and blood biochemical indices.
Considering the effect of body weight on carcass traits,
carcass weight served as a covariate to calculate carcass
traits in model II. Mixed linear models were used in the
analysis as follows:
Model I: Yijklm = μ + Gi + Sj + Hk + fl + eijklm ,
Model II: Yijklm = μ + Gi + Sj + Hk + fl
+ b (Wijklm − W̄ ) + eijklm ,
where Yijklm is the observe value, μ represents the overall
population mean, Gi is the fixed effect of genotype, fl is
the fixed effect of family, Sj is the fixed effect of sex, Hk is
the fixed effect of hatch, b represents the regression coefficient for carcass weight, W̄ serves as the average slaughter
weight, Wijklm is the individual slaughter weight, and eijklm
is the random error. P < 0.05 was considered statistically
significant, and Bonferroni’s test was performed to control
multiple comparisons (Li et al. 2012a).

Analyses of additive and dominance effects

To observe the accumulation and interaction effects of alleles at a gene locus, we conducted association analyses of
the additive and dominance effects for the two mutations in
the F2 resource population. The additive and dominance
effects of the two variants were also estimated using linear regression analysis through SPSS 20.0 software, where
the additive effect was represented as 1, 0 and −1 for the
wild-type homozygous (AA and DD), heterozygous (AG

lncRNA mutuations affected chicken peformance traits

Figure 1. Relative expression patterns of pouMU1 in different
tissues and developmental stages. The data represent mean ± SE
(n = 3). *P ≤ 0.05; **P ≤ 0.01.

and DI) and homozygous (GG and II) genotypes, respectively. Correspondingly, the dominance effect was set as 1
and −1 for the homozygous and heterozygous genotypes,
respectively (Liu 1998).

Results
Expression of pouMU1

Based on qRT-PCR, pouMU1 was most abundant in the
leg muscle and pectoralis tissue, lowest in the lungs, kidney, sebum cutaneum and hypothalamus; in contrast, no
pouMU1 expression was observed in the heart, liver and
abdominal fat. Moreover, expression at different developmental stages was significantly different in the pectoralis,
kidney, sebum cutaneum and hypothalamus tissue (P <
0.05), and the relative 1 day gene expression levels were
significantly higher than the expression levels at 6 and
16 weeks in pectoralis and kidney tissues. These results suggest that the pouMU1 gene may play an important role in
early stage muscle development in chickens (figure 1).

Identification, genotyping and diversity analysis of sequence
variants in chickens

Two novel mutations of g.1198A>G (A–G mutation)
and g.1238–1239del/insGA (GA indel) in pouMU1 were
observed by DNA sequencing (figure 2) (Sangon, Shanghai, China). Three genotypes were detected for the
g.1198A>G site and the 2-bp indel mutation g.1238–
1239del/insGA using the polymerase chain reactionrestriction fragment length polymorphism (PCR-RFLP)
method and validated by sequencing of the purified PCR
products. The allele and genotype frequencies of the two
mutations in pouMU1 of the F2 resource population are
presented in table 2. Specifically, the 259 bp fragment
including the sequence variant g.1198A>G (SV1) and the
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311 bp fragment including the sequence variant g.1238–
1239del/insGA (SV2), were detected by 2.5% agarose gel
electrophoresis (figure 3). The PCR products were digested
for 12 h using the DdeI restriction enzyme and genotyped
after using 2.5% agarose gel electrophoresis. For the SV1
locus, fragment lengths of 259 bp were generated for genotype AA; fragment lengths of 259, 229 and 30 bp were
generated for genotype AG; and 229 and 30 bp for genotype GG (figure 3a). AA,AG andGG represent wild-type
homozygous, heterozygous and homozygous mutations,
respectively. The genotype and allele frequencies were calculated for the five chicken populations (table 2), and the
frequencies of alleles A (F2 , 57.0%; LS, 26.5%; XC, 23.0%;
CX, 34.5%; RW, 28.5%) and G (F2 , 43.0%; LS, 73.5%; XC,
77.0%; CX, 65.5%; RW, 71.5%) were also calculated in the
five breeds. The genotype frequencies of the SV1 locus in
the F2 and XC populations were not in HWE. The difference between the F2 and XC breeds, but not between the
other populations, was highly significant (table 2). An indel
was detected at the SV2 locus. After DdeI digestion, the
311-bp PCR fragment of pouMU1 generated 222 and 87
bp fragments for the homozygous wild-type DD genotype,
311, 222 and 87 bp fragments for heterozygous variant
DI genotype, and a 311 bp fragment for the homozygous
deletion mutant II genotype (figure 3b). The genotype and
allele frequencies are shown in table 2. The frequencies of
alleles T (F2 , 34.0%; LS, 53.0%; XC, 61.0%; CX, 48.0%;
RW, 65.0%) and C (F2 , 66.0%; LS, 47.0%; XC, 39.0%;
CX, 52.0%; RW, 35.0%) in the five chicken populations
were also determined. The genotype frequencies of the SV2
locus in the F2 and XC populations were not in HWE, and
no statistical significance was observed in the other chicken
populations (table 2) (Li et al. 2012b).
The genetic indices (He , Ne and PIC) for these five
chicken populations are presented in table 2. He values
were less than 0.50, and most of the Ne values approached
2.00. The smallest and largest PIC values were 0.292 and
0.375, respectively. A PIC value of <0.25 represents low
polymorphism, a PIC value of <0.50 represents intermediate polymorphism, and a PIC value of >0.50 represents
high polymorphism. The five chicken breeds presented
intermediate genetic diversity for pouMU1 SV1 and SV2
loci. These results show a lack of high genetic diversity for
the chicken pouMU1 gene in the analysed populations.
Haplotype estimation and combination genotype of the two
sequence mutations in the F2 population

To reveal linkage relationships between g.1198A>G and
g.1238–1239del/insGA, we performed LD tests between
polymorphism pairs and haplotype structure analyses of
pouMU1 in the F2 resource population. The LD between
the two mutations in all 500 individuals was estimated,
revealing D and r2 values ranging from 0.000 to 1.000.
All frequencies of <0.03 were ignored in the analysis. The
LD was considered strong if r2 > 0.33 (Ardlie et al. 2002).
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Figure 2. DNA sequencing files of the two mutations (SV1 and SV2). (a) Wild-type homozygote of the SV1; (b) mutation heterozygote
of the SV1; (c) deletion homozygote of the SV2; (d) insertion homozygote of the SV2.

Figure 3. Agarose gel electrophoresis (2.5%) patterns showing DdeI-RFLP results for pouMU1. (a) AA (259 bp), AG (259, 229 and
30 bp), and GG (229 and 30 bp) for SV1; (b) DD (222 and 87 bp), DI (311, 222 and 87 bp), and II (311 bp) for SV2.

The results of haplotype analyses showed strong linkage
of g.1238–1239del/insGA and g.1198A>G in the F2 population (r2 = 0.381 and D = 0.743).

The combined genotype was largely superior to the single genotype. The impact of both mutations (g.1198A>G
and g.1238–1239del/insGA) on meat growth and carcass
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Table 3. Mean ± SE associations of the g.1198A>G and g.1238–1239del/insGA combination genotype with production traits in
the Gushi × Anka F2 populations.

Traits

GGDD

LFW (mm2 ) 25.68 ± 1.10ab
LFL (μm)
40.46 ± 1.87
LFG (μm)
123.16 ± 6.26a
LFR
1.65 ± 0.04ac
2
BFD (mm ) 569.69 ± 32.59
LWR (%)
21.39 ± 0.33
SFT (cm)
0.53 ± 0.03a
BW0 (g)
30.42 ± 0.47bc
BW6 (g)
575.79 ± 22.50
BSL4 (cm)
11.31 ± 0.16

Mean ± SE
AGDI

GGDI

AGDD

23.00 ± 0.90b
38.80 ± 1.00
107.77 ± 4.44b
1.48 ± 0.05b
602.17 ± 17.41
21.35 ± 0.20
0.48 ± 0.02ac
32.05 ± 0.28a
596.65 ± 10.34
11.60 ± 0.08

23.06 ± 0.92ab
34.80 ± 1.57
104.26 ± 4.96ab
1.52 ± 0.05abc
578.02 ± 40.98
20.49 ± 0.47
0.39 ± 0.03bc
28.62 ± 0.58bd
529.04 ± 22.08
11.14 ± 0.12

26.08 ± 0.62a
40.58 ± 1.02
122.82 ± 3.32a
1.62 ± 0.02a
579.19±15.11
21.28 ± 0.16
0.45 ± 0.01bc
28.94 ± 0.23d
573.28 ± 10.44
11.30 ± 0.08

AADI

AAII

P

24.24 ± 1.10ab
37.39 ± 1.87
111.90 ± 6.07ab
1.55 ± 0.04abc
664.61 ± 42.28
22.36 ± 0.28
0.53 ± 0.02a
31.08 ± 0.32ac
551.60 ± 21.97
11.40 ± 0.15

23.08 ± 0.55b
37.38 ± 0.61
107.27 ± 2.66b
1.51 ± 0.03bc
628.28 ± 14.79
21.44 ± 0.15
0.42 ± 0.01b
29.74 ± 0.32b
561.07 ± 7.79
11.41 ± 0.06

0.010
0.052
0.006
0.036
0.092
0.054
0.001
0.000
0.062
0.072

SE, standard error of the mean; LFW, leg muscle fibre width; LFL, leg muscle fibre length; LFG, leg muscle fibre girth; LFR,
leg muscle fibre roundness; BFD, breast muscle fibre density; LWR, leg muscle weight rate; SFT, skin fat thickness; BW0, BW6:
body weight at 0 and 6 weeks of age; BSL4, body slanting length of four weeks. Because of the very low frequency of the genotype,
GGII,AGII and AADD, were not considered in the combined genotype analysis. Means with different superscripts indicate significant
differences; different lower case letters indicate P < 0.05; and the same letters indicate no difference (P > 0.05).

traits was analysed in the Gushi × Anka chicken F2
resource population. Nine combination genotypes and
frequencies for the two SVs were GGDD 0.058, GGDI
0.220, GGII 0.016, AGDD 0.024, AGDI 0.240, AGII 0.014,
AADD 0.004, AADI 0.058 and AAII 0.366. GGII, AGII
and AADD were not considered in the combined genotype
analysis because of the low frequency. As shown in table 3,
six types of recombination genotypes were observed. The
A–G mutation and the GA indel combination showed significant associations with LFW and LFR (P < 0.05) and
highly significant associations with LFG, SFT and BW0
(P < 0.01).
Additive and dominant effects of the sequence variants

For SV1 (g.1198A>G), the additive effect exhibited nominally significant associations with SFT (P < 0.05) and
highly significant associations with BW0 and BW6 (P <
0.01), though the dominance effect showed a statistically significant association with LFL, LFR, BFD and
BSL4 (P < 0.05) and highly significant association with
LFW, LFG and BW0. For SV2 (g.1238–1239del/insGA),
a remarkable difference in additive effects was observed
for LFW, LFG and BFD (P < 0.05) as well as SFT
(P < 0.01), and the dominance effect was significantly
associated with SFT and BW0 (P < 0.05) as shown in
table 4.

Discussion
Genetic variations, including single-nucleotide polymorphisms (SNPs) and structural variations are widely

distributed throughout genomes, including within lncRNA
gene regions. lncRNA gene variations can facilitate investigations of their biological functions, and it is important
to estimate all potential effects of lncRNAs variations
(Chen et al. 2016). Increasing evidence suggests that lncRNAs are important to many biological processes. For
example, specific patterns of lncRNA expression coordinate the cell state, differentiation, development and
disease (Batista and Chang 2013; Flynn and Chang 2014).
However, variations in lncRNA gene loci or associated
genomic sequences may affect their biological functions.
For example, overexpression, sequence deficiency and
mutation of lncRNA genes are associated with numerous
human diseases (Esteller 2011). Further, sequence variants of lncRNAs can influence the performance traits of
livestock. For instance, association analysis showed that
SNPs are significantly (P < 0.05) associated with leg
muscle weight, chest breadth, sternal length and body
weight in chickens at one day; four and six weeks of
age, and the authors concluded that the novel lncRNA
gene pouBW1 may play an important role in regulating chicken growth (Mei et al. 2016). SNPs have become
important markers for commercial diagnostic and parentage genotyping applications, and automated genotyping
systems have been developed that yield accurate genotypes in swine (Rohrer et al. 2007). To further examine the
relationship of sequence variation and lncRNA, the lncvar database was developed by the Chinese Academy of
Sciences.
To date, the functions of many lncRNAs remains
unknown. Although, these molecules may not have
appreciable functions, the functional roles and mechanisms of some lncRNAs are well understood, such as
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slanting length of four week. Mean values show significant differences P < 0.05; and highly significant differences P < 0.01.

0.114
0.050
0.104
0.462
0.282
0.752
0.033
0.022
0.052
0.447
−0.55 ± 0.35
−0.88 ± 0.45
−2.88 ± 1.77
−0.01 ± 0.02
9.27 ± 8.60
−0.03 ± 0.09
−0.02 ± 0.01
−0.37 ± 0.16
−9.75 ± 5.01
−0.03 ± 0.04
0.037
0.064
0.022
0.067
0.039
0.445
0.005
0.202
0.357
0.556
1.19 ± 0.57
1.34 ± 0.72
6.55 ± 2.85
0.05 ± 0.03
−28.55 ± 13.81
−0.11 ± 0.14
0.04 ± 0.01
0.33 ± 0.26
7.46 ± 8.10
−0.04 ± 0.06
0.002
0.043
0.002
0.012
0.039
0.139
0.364
0.000
0.721
0.030
−1.23 ± 0.39
−1.01 ± 0.50
−6.06 ± 1.98
−0.05 ± 0.02
19.74 ± 9.54
0.15 ± 0.10
0.01 ± 0.01
0.86 ± 0.18
2.00 ± 5.59
0.09 ± 0.04
0.458
0.058
0.277
0.695
0.082
0.260
0.012
0.000
0.008
0.229
−0.31 ± 0.41
−1.02 ± 0.54
−2.27 ± 2.09
−0.01 ± 0.02
31.31 ± 17.94
0.12 ± 0.11
−0.02 ± 0.01
−0.78 ± 0.19
−15.81 ± 5.96
−0.05 ± 0.04
LFW (mm2 )
LFL (μm)
LFG (μm)
LFR
BFD (mm2 )
LWR (%)
SFT (cm)
BW0 (g)
BW6 (g)
BSL4 (cm)

Additive effect (SV2)
a ± SE
P
Dominance effect (SV1)
d ± SE
P
Additive effect (SV1)
a ± SE
P
Traits

Table 4. Association of additive and dominance effects of sequence variants (SV1 and SV2) with chicken growth and carcass traits.

Dominance effect (SV2)
d ± SE
P
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X inactive specific transcript (XIST ), HOX transcript
antisense RNA (HOTAIR), telomerase RNA component
(TERC) and adipocyte differentiation-associated long
noncoding RNA (ADNCR) (Quinn and Chang 2016).
Recent studies have revealed that lncRNAs can positively
or negatively regulate gene expression through multiple mechanisms, such as recruiting transcription factors
or chromatin modifying complexes to their DNA targets, forming heterogeneous nuclear ribonucleoprotein
(hnRNP) complexes, acting as decoys to sequester RNAbinding proteins and microRNAs, and directly interacting
with RNA and DNA through base pairing (Rinn and
Chang 2012; Goff and Rinn 2015; Chen 2016; Quinn
and Chang 2016). lncRNAs can directly compete with
the binding of miRNA and may thus relieve the repressive effect of miRNAs on their target genes. For example,
the muscle-specific lncRNA linc-MD1 functions as a
competing endogenous RNA (ceRNA) of miR-133 and
miR-135, attenuating their repressive effects on expression
of MAML1 and MEF2C, respectively (Cesana et al. 2011).
In addition, ADNCR can inhibit adipocyte differentiation
by functioning as a ceRNA for miR-204, thereby augmenting expression of the miR-204 target gene SIRT1 (Li et al.
2016).
In conclusion, in the present study, qRT-PCR analysis revealed pouMU1 to be most abundant in leg and
breast muscles and lowest in other tissues. Moreover, differences in the relative expression of pouMU1 among
different tissues and stages suggest that pouMU1 might
play an important role in the early stages of muscle
development in chickens. We detected two novel sequence
mutations: g.1198A>G and g.1238–1239del/insGA. Analysis of genetic indices showed a lack of high genetic
diversity for the chicken pouMU1 gene in the analysed
populations. Combination of the A–G mutation and the
GA indel showed significant associations with LFW and
LFR (P < 0.05) and highly significant associations with
LFG, SFT and BW0 (P < 0.01). The combination
genotypes (GGDI, AGDI and AAII) may generate more
differences than other genotypes during muscle development in chicken, whereas GGDD and AGDD likely result
in significant differences in growth. Taken together, these
findings suggest that pouMU1 regulates muscle development and growth in chickens. However, further functional
studies on lncRNAs are needed for confirmation. These
findings will contribute to further understanding of the
regulatory mechanisms of lncRNAs in chickens and other
avian livestock.
Acknowledgements
This work was supported by the project funded by China Postdoctoral Science Foundation (no. 2014M552004), Programme
for Innovation Research Team of Ministry of Education (no.
IRT16R23) and Key Science and Technology Research Project
of Henan Province (no. 151100110800).

lncRNA mutuations affected chicken peformance traits

References
Ardlie K. G., Kruglyak L. and Seielstad M. 2002 Patterns of
linkage disequilibrium in the human genome. Nat. Rev. Genet.
3, 299–309.
Baldassarre A. and Masotti A. 2012 Long non-coding RNAs
and p53 regulation. Int. J. Mol. Sci. 13, 16708–16717.
Barrett J. C., Fry B., Maller J. and Daly M. J. 2005 Haploview:
analysis and visualization of LD and haplotype maps. Bioinformatics 21, 263–265.
Batista P. J. and Chang, H. Y. 2013 Long noncoding RNAs:
cellular address codes in development and disease. Cell 152,
1298–1307.
Cabili M. N., Trapnell C., Goff L., Koziol M., Tazon-Vega B.,
Regev A. and Rinn J. L. 2011 Integrative annotation of human
large intergenic noncoding RNAs reveals global properties and
specific subclasses. Genes Dev. 25, 1915–1927.
Cesana M., Cacchiarelli D., Legnini I., Santini T., Sthandier O.,
Chinappi M. et al. 2011 A long noncoding RNA controls muscle differentiation by functioning as a competing endogenous
RNA. Cell 147, 358–369.
Chen J., Cui X., Shi C., Chen L., Yang L., Pang L. et al. 2015
Differential lncRNA expression profiles in brown and white
adipose tissues. Mol. Genet. Genomics 290, 699–707.
Chen L. L. 2016 Linking long noncoding RNA localization and
function. Trends Biochem. Sci. 41, 761–772.
Chen X., Hao Y., Cui Y., Fan Z., He S., Luo J. et al. 2016 LncVar: a
database of genetic variation associated with long non-coding
genes. Bioinformatics 33, 112–118.
Edwards C. A. and Ferguson-Smith A. C. 2007 Mechanisms regulating imprinted genes in clusters. Curr. Opin. Cell Biol. 19,
281–289.
Esteller M. 2011 Non-coding RNAs in human disease. Nat. Rev.
Genet. 12, 861–874.
Flynn R. A. and Chang H. Y. 2014 Long noncoding RNAs in
cell-fate programming and reprogramming. Cell Stem Cell 14,
752–761.
Goff L. A. and Rinn J. L. 2015 Linking RNA biology to lncRNAs. Genome Res. 25, 1456–1465.
Guttman M., Amit I., Garber M., French C., Lin M. F., Feldser
D. et al. 2009 Chromatin signature reveals over a thousand
highly conserved large non-coding RNAs in mammals. Nature
458, 223–227.
Han R. L., Li Z. J., Li M. J., Li J. Q., Lan X. Y., Sun G. R. et al.
2011 Novel 9-bp indel in visfatin gene and its associations with
chicken growth. Br. Poult. Sci. 52, 52–57.
Han R. L., Wei Y., Kang X. T., Chen H., Sun G. R., Li G. X. et al.
2012 Novel SNPs in the PRDM16 gene and their associations
with performance traits in chickens. Mol. Biol. Rep. 39, 3153–
3160.
Hrdlickova B., de Almeida R. C., Borek Z. and Withoff S. 2014
Genetic variation in the non-coding genome: involvement of
micro-RNAs and long non-coding RNAs in disease. Biochim.
Biophys. Acta 1842, 1910–1922.
Kashi K., Henderson L., Bonetti A. and Carninci P. 2016 Discovery and functional analysis of lncRNAs: methodologies to
investigate an uncharacterized transcriptome. Biochim. Biophys. Acta 1859, 3–15.
Klattenhoff C. A., Scheuermann J. C., Surface L. E., Bradley
R. K., Fields P. A., Steinhauser M. L. et al. 2013 Braveheart,
a long noncoding RNA required for cardiovascular lineage
commitment. Cell 152, 570–583.
Kretz M., Webster D. E., Flockhart R. J., Lee C. S., Zehnder
A., Lopez-Pajares V. et al. 2012 Suppression of progenitor differentiation requires the long noncoding RNA ANCR. Genes
Dev. 26, 338–343.

949

Kung J. T. Y., Colognori D. and Lee J. T. 2013 Long noncoding
RNAs: past, present, and future. Genetics 193, 651–669.
Li H., Sun G. R., Lv S. J., Wei Y., Han R. L., Tian Y. D. 2012a
Association study of polymorphisms inside the miR-1657 seed
region with chicken growth and meat traits. Br. Poult. Sci. 53,
770–776.
Li H., Sun G. R., Tian Y. D., Han R. L., Li G. X. and Kang X.,
2013 MicroRNAs-1614-3p gene seed region polymorphisms
and association analysis with chicken production traits. J.
Appl. Genet. 54, 209–213.
Li M., Sun X., Cai H., Sun Y., Plath M., Li C. et al. 2016 Long
non-coding RNA ADNCR suppresses adipogenic differentiation by targeting miR-204. Biochim. Biophys. Acta Gene Regul.
Mec. 1859, 871–882.
Li Z. J., Lan X. Y., Sun J. J., Wang J., Huang Y. Z., Guo W. J.
et al. 2012b Molecular characterization and haplotype combination of PrRP gene polymorphism and its association with
production traits in Chinese native goats. Small Rumin. Res.
105, 69–78.
Liu B. H. 1998 Statistical genomics: linkage, mapping, and QTL
analysis. CRC Press, Boca Raton.
Lv S. J., Su L., Li H., Han R. L., Sun G. R. and Kang X. T. 2012
Polymorphisms of the interleukin-15 gene and their associations with fatness and muscle fibre traits in chickens. J. Appl.
Genet. 53, 443–448.
Marty A., Amigues Y., Servin B., Renand G., Levéziel H. and
Rocha D. 2010 Genetic variability and linkage disequilibrium
patterns in the bovine DNAJA1 gene. Mol. Biotechnol. 44,
190–197.
Mei X., Kang X., Liu X., Jia L., Li H., Li Z. et al. 2016 Identification and SNP association analysis of a novel gene in chicken.
Anim. Genet. 47, 125–127.
Mercer T. R., Dinger M. E. and Mattick J. S. 2009 Long noncoding RNAs: insights into functions. Nat. Rev. Genet. 10,
155–159.
Nei M. and Roychoudhury A. K. 1974 Sampling variances of
heterozygosity and genetic distance. Genetics 76, 379–390.
Papait R., Kunderfranco P., Stirparo G. G., Latronico M. V. and
Condorelli G. 2013 Long noncoding RNA: a new player of
heart failure?J. Cardiovasc. Transl. Res. 6, 876–883.
Pearson J. C., Lemons D. and McGinnis W. 2005 Modulating
Hox gene functions during animal body patterning. Nat. Rev.
Genet. 6, 893–904.
Quinn J. J. and Chang, H. Y. 2016 Unique features of long noncoding RNA biogenesis and function. Nat. Rev. Genet. 17,
47–62.
Qureshi I. A. and Mehler M. F. 2012 Emerging roles of noncoding RNAs in brain evolution, development, plasticity and
disease. Nat. Rev. Neurosci. 13, 528–541.
Rinn J. L. and Chang H. Y. 2012 Genome regulation by long
noncoding RNAs. Annu. Rev. Biochem. 81, 145–166.
Rohrer G. A., Freking B. A. and Nonneman D. 2007 Single
nucleotide polymorphisms for pig identification and parentage exclusion. Anim. Genet. 38, 253–258.
Schmittgen T. D. and Livak K. J. 2008 Analyzing real-time PCR
data by the comparative C(t) method. Nat. Protoc. 3, 1101–
1108.
Stephens M., Smith N. J. and Donnelly P. 2001 A new statistical
method for haplotype reconstruction from population data.
Am. J. Hum. Genet. 68, 978–989.
Wan L. B. and Bartolomei M. S. 2008 Regulation of imprinting
in clusters: noncoding RNAs versus insulators.Adv. Genet. 61,
207–223.
Wang K. C. and Chang H. Y. 2011 Molecular mechanisms of long noncoding RNAs. Mol. Cell 43, 904–
914.

950

Tuanhui Ren et al.

Wapinski O. and Chang H. Y. 2011 Long noncoding RNAs and
human disease. Trends Cell Biol. 21, 354–361.
Yeh F. C., Yang R. and Boyle T. 1999 Microsoft Windows-based
freeware for population genetic analysis. POPGENE. Release
1.31. University of Alberta, Edmonton.

Corresponding editor: Silvia Garagna

Zhao H., Nettleton D. and Dekkers J. C. M. 2007 Evaluation of linkage disequilibrium measures between multi-allelic
markers as predictors of linkage disequilibrium between single
nucleotide polymorphisms. Genet. Res. 89, 1–6.

