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Runting and stunting syndrome (RSS), which is characterized by low body weight,
generally occurs early in life and leads to considerable economic losses in the
commercial broiler industry. Our previous study has suggested that RSS is associated
with mitochondria dysfunction in sex-linked dwarf (SLD) chickens. However, the
molecular mechanism of RSS remains unknown. Based on the molecular diagnostics of
mitochondrial diseases, we identified a recessive mutation c. 409G > A (p. Ala137Thr)
of Twinkle mitochondrial DNA helicase (TWNK) gene and mitochondrial DNA (mtDNA)
depletion in RSS chickens’ livers from strain N301. Bioinformatics investigations
supported the pathogenicity of the TWNK mutation that is located on the extended
peptide linker of Twinkle primase domain and might further lead to mtDNA depletion
in chicken. Furthermore, overexpression of wild-type TWNK increases mtDNA copy
number, whereas overexpression of TWNK A137T causes mtDNA depletion in vitro.
Additionally, the TWNK c. 409G > A mutation showed significant associations with
body weight, daily gain, pectoralis weight, crureus weight, and abdominal fat weight.
Taken together, we corroborated that the recessive TWNK c. 409G > A (p. Ala137Thr)
mutation is associated with RSS characterized by mtDNA depletion in SLD chicken.

Keywords: runting and stunting syndrome, mitochondrial DNA depletion, TWNK, sex-linked dwarf chicken, liver

INTRODUCTION

Runting and stunting syndrome (RSS) in chicken generally occurs early in life and
leads to considerable economic losses through decreased body weight, particularly in
the commercial broiler industry (Kang et al., 2012). Previous studies have reported that
genetic and environmental factors are responsible for the arrested development (Rebel
et al., 2004; Zhang et al., 2015; Devaney et al., 2016). However, there are no effective
commercial vaccines available to control this disease, mainly due to the fact that the
etiology of RSS in chickens remains unknown. Our previous study has suggested that RSS
is associated with mitochondria dysfunction in sex-linked dwarf (SLD) chickens, and we
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postulated that the mitochondrial dysfunction in RSS chickens is
caused by nuclear gene mutations (Li et al., 2019).

Twinkle mitochondrial DNA helicase (TWNK) gene encodes
Twinkle, which is pivotal for the replication process of
mitochondrial DNA (mtDNA) and the maintenance of mtDNA
integrity (Spelbrink et al., 2001; Tyynismaa et al., 2004). Twinkle
is composed of a primase and helicase domain via a linker
region: the primase activity initiates mtDNA replication and
the helicase activity unwinds mtDNA for replication (Shutt
and Gray, 2006). Similar to human mtDNA, chicken mtDNA
encodes only 13 oxidative phosphorylation (OXPHOS) proteins,
two rRNAs, and 22 tRNAs (Boore, 1999). Since the synthesis
of mtDNA is essential for the subunits of OXPHOS proteins,
insufficient mtDNA synthesis leads to organ dysfunction to
trigger many syndromes in human (Spinazzola et al., 2009), such
as mtDNA depletion syndromes (MDS), which are autosomal
recessive disorders characterized by a reduction in mtDNA copy
number in specific tissues (El-Hattab et al., 2017). A previous
study has reported that an autosomal recessive mutation in
TWNK is linked to MDS in human (Sarzi et al., 2007). However,
mitochondrial diseases caused by nuclear gene mutations have
not been reported in poultry.

Based on the molecular diagnostics of mitochondrial diseases,
we selected four genes (POLG, TWNK, DGUOK, and MPV17)
related to hepatocerebral MDS as our candidate genes (Graham,
2012). We identified a recessive mutation c. 409G > A (p.
Ala137Thr) of TWNK gene and mtDNA depletion in RSS
chickens’ livers from strain N301. Then, we analyzed the
mutated Twinkle residues by multiple bioinformatics methods
to investigate the possible consequences of the TWNK mutation
in chicken. Furthermore, we overexpressed the wild-type TWNK
(wt) and the TWNK A137T in vitro to verify their effect
on mtDNA replication. Lastly, the association between TWNK
c. 409G > A and the chicken’s economic traits of strain
N301 was analyzed.

MATERIALS AND METHODS

Ethics Statement
All animal experiments in this study were performed according
to the protocols approved by the South China Agriculture
University Institutional Animal Care and Use Committee
(approval number: SCAU#0017). All animal procedures followed
the regulations and guidelines established by this committee and
minimized the suffering of animals.

Chickens
To explore the molecular mechanism of RSS, three normal SLD
chickens (II.4-6) in strain N301, at 7 weeks of age, were utilized
as a control group, which was characterized by a T354C mutation
in exon 5 of GHR as previously described (Ouyang et al., 2012),
and three RSS-affected SLD chickens (II.1-3) in strain N301,
at 7 weeks of age, were selected as an experimental group as
our previous study described (Li et al., 2019). Meanwhile, their
unaffected parents (I.1,2) were available for the study. All the
experimental chickens described above grew slowly without any

bacterial or viral infections and exhibited signs of RSS, including
low body weight, uneven growth rate, poor performance, and
reluctance to move. In addition, 339 normal SLD chickens
in strain N301, at 13 weeks of age, were utilized to study
the association between TWNK mutation and the chicken’s
economic traits.

TWNK Sequence
Total DNA was extracted from liver tissues with a DNA tissue kit
(Omega, United States) according to the manufacturer’s protocol.
The DNA integrity and the concentration were determined
using 1.5% agarose gel electrophoresis and a Nanodrop 2000c
spectrophotometer (Thermo, United States). The amplified
TWNK genomic was cloned by polymerase chain reaction (PCR)
and sequenced. The primers utilized in PCR are shown in Table 1
and synthesized by Sangon Biotech (Shanghai, China).

Quantitative Real-Time PCR
Total RNA was extracted from liver tissues and cells with RNAiso
reagent (Takara, Japan) according to the manufacturer’s protocol.
The RNA integrity and the concentration were determined
using 1.5% agarose gel electrophoresis and a Nanodrop 2000c
spectrophotometer (Thermo, United States), respectively. cDNA
was synthesized using PrimeScript RT reagent Kit (Takara, Japan)
for quantitative real-time PCR (qRT-PCR). The MonAmpTM

ChemoHS qPCR Mix (Monad, China) was utilized for qRT-
PCR in a Bio-Rad CFX96 Real-Time Detection instrument (Bio-
Rad, United States) according to the manufacturer’s protocol.
Relative gene expression was measured by qRT-PCR twice for
each reaction and nuclear gene β-actin was utilized as a control.
The primers utilized in the qRT-PCR are shown in Table 2 and
synthesized by Sangon Biotech (Shanghai, China).

Analysis of mtDNA Copy Number
Total nuclear DNA (nDNA) and mtDNA were extracted
from liver tissues and cells with a DNA tissue kit (Omega,
United States) according to the manufacturer’s protocol.
The DNA integrity and the concentration were determined
using 1.5% agarose gel electrophoresis and a Nanodrop
2000c spectrophotometer (Thermo, United States), respectively.
The MonAmpTM ChemoHS qPCR Mix (Monad, China)
was utilized for qRT-PCR in a Bio-Rad CFX96 Real-Time
Detection instrument (Bio-Rad, United States) according to the
manufacturer’s protocol. Relative mtDNA copy number was
measured by qRT-PCR, which was performed twice for each
reaction using specific primers for mtDNA tRNA-Leu gene and
alternate primers for mtDNA rRNA-16S gene; a nuclear single-
copy gene β2M was utilized as a control as shown in Table 2 and
synthesized by Sangon Biotech (Shanghai, China).

Sequence Alignment and Prediction of
Twinkle Structure
The evolutionary conservation of the chicken Twinkle protein
was determined by amino acid sequence alignment with ClustalX
(Larkin et al., 2007). The Twinkle sequence of different species
was obtained from the NCBI database. The ProtParam tool
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TABLE 1 | Primers for PCR analysis of TWNK genomic.

Gene Primer sequence (5′–3′) Size (bp) Temperature (◦C)

TWNK-exon 1 F-GGGAGGGAGAAGGGAGAGCAT 1,594 56

R-GAAATGAGTGCAGTGGCGACGGT

TWNK-intron 1,2 F-CCATCGTCTCCTTCCGACAG 1,021 58

R-GTTCCTACACCAGCCAGGAC

TWNK-exon 2,3 F-TCGCCACTGCACTCATTTCC 1,271 64

R-CAACTCATGCCGTGTCCCAC

TWNK-intron 3,4 F-TGTTCTCCTTCCGTGTGCTG 1,456 58

R-CCTCTCCCACTCCTCTCACA

TWNK-exon 4,5 F-GCCACATCACGCTGGTCATC 1,001 60

R-AAACAGGATGGGGCCAAAAG

TABLE 2 | Primers for qRT-PCR analysis of TWNK and mtDNA copy number.

Gene Primer sequence (5′–3′) Size (bp) Temperature (◦C)

TWNK F-TGACCTTCCATGGCCAACAG 168 56

R-AGGCTCCGACGATGAAATCC

β-actin F-GATATTGCTGCGCTCGTTG 178 56

R-TTCAGGGTCAGGATACCTCTTT

tRNA-Leu F-GCTCGGCAAATGCAAAAGG 50 56

R-AGGATTTGAACCTCTGGATAAAGGG

rRNA-16S F-TGCGTCAAAGCTCCCTCATT 128 56

R-ACGCCGTAGGAGGATAGGTT

β2M F-TCCTTCAACGACGACTGGAC 132 56

R-CCGTACCCCACTTGTAGACC

at Expasy was utilized to analyze the physiological and the
biochemical characters of wild-type and mutated Twinkle
residues1 (Appel et al., 1994). The Protscale tool at Expasy was
utilized to analyze the local hydrophobicity of wild-type and
mutated Twinkle residues see footnote 1 (Zhang et al., 2009).
The SOPMA was utilized to analyze the 2D structures of wild-
type and mutated Twinkle residues2 (Geourjon and Deleage,
1995). The structure of the primase fragment of bacteriophage T7
primase–helicase protein (PDB 1NUI) was utilized to predict the
3D structural roles of wild-type and mutated Twinkle residues,
which were modeled by PHYRE23 (Kelley and Sternberg, 2009).
The SWISS-MODEL was utilized to display the 3D structures of
wild-type and mutated Twinkle residues4 (Biasini et al., 2014).

Plasmid Constructs
The pcDNA3.1-TWNK-wt was generated by amplifying the
TWNK coding sequence from the RNA of normal SLD chicken’s
liver (II.6) by RT-PCR, which was subsequently cloned into the
pcDNA3.1 vector (Promega, United States) through pMD18-
T cloning vector (Takara, China) using the EcoRI and HindIII
restriction sites. Then, specific primers for TWNK-mut F/R
were utilized to generate the TWNK-A137T coding sequence
by amplifying pMD18T-TWNK-wt using PCR, and the template

1https://web.expasy.org/protparam/
2http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
3http://www.sbg.bio.ic.ac.uk/phyre2/html/page. cgi?id=index
4https://swissmodel.expasy.org/

was removed with DpnI enzyme (Invitrogen, United States)
according to the manufacturer’s protocol. Then, the TWNK-
A137T coding sequence was cloned into the pcDNA3.1 vector
(Promega, United States) through pMD18T-TWNK-A137T, also
using the EcoRI and HindIII restriction sites. All plasmid
constructs were confirmed by Sanger sequencing. The primers
utilized in vector construction are shown in Table 3 and
synthesized by Sangon Biotech (Shanghai, China).

Cell Culture
Chicken hepatoma (LMH) cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (Gibco, United States)
with 20% fetal bovine serum (Hyclone, United States) and
0.2% penicillin/streptomycin (Invitrogen, United States).
Chicken fibroblast (DF-1) cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (Gibco,
United States) with 10% fetal bovine serum (ExCell Bio,
China) and 0.2% penicillin/streptomycin (Invitrogen,
United States). All cells were cultured at 37◦C in 5%
CO2-humidified atmosphere.

Transfection
The cells were plated in a culture plate and incubated overnight
prior to the transfection experiment. The transfection was
performed with the Lipofectamine 3000 reagent (Invitrogen,
United States) following the manufacturer’s protocol, and
nucleic acids were diluted in OPTI-MEM Medium (Gibco,
United States). All cells were analyzed at 48 h after transfection.
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TABLE 3 | Primers for vector construction of pcDNA3.1-TWNK wt and pcDNA3.1-TWNK A137T.

Gene Primer sequence (5′–3′) Size (bp) Temperature (◦C)

pcDNA3.1-TWNK wt F-CCCAAGCTTATGGCGGCGGTG 2,010 56

R-CCGGAATTCTCAGGGCTTGCTGGA

TWNK mut F-GGCACCGCGGGGTCCCGACGCCCG GCCCTGACGAG 4,702 58

R-TCAGGGCCGGGCGTCGGGACCCCG CGGTGCCGCAG

FIGURE 1 | Identification of the recessive TWNK mutation. (A) The body weight of seven wt runting and stunting syndrome (RSS)-affected chickens and normal
chickens. (B) Sanger sequencing of TWNK in RSS-affected chickens and normal chickens, and the missense TWNK mutation c. 409G > A (p. Ala137Thr) is
showed in red. (C) The pedigree of the chickens in N301 strain; black symbols indicate RSS-affected chickens and open symbols indicate normal chickens. Data are
presented as mean ± SEM. **p < 0.01.

Western Blot Analysis
Tissue and cellular protein were lysed by radio-immune
precipitation assay buffer (Beyotime, China) with phenylmethane
sulfonyl fluoride protease inhibitor (Beyotime, China), and the
homogenate was centrifuged at 10,000 × g for 5 min at 4◦C.
The supernatant was collected and the protein concentration
was determined immediately using a bicinchoninic acid assay
protein quantification kit (Beyotime, China). The proteins were
separated in 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred onto a polyvinylidene difluoride, and
then probed with antibodies following standard procedures. The
antibodies and their dilutions were utilized for western blot as
follows: rabbit anti-Twinkle (bs-11775R; Bioss, China; 1:1,000),
mouse anti-β-actin (3700S; CST, United States; 1:1,000), goat
anti-rabbit IgG-HRP (YJ0189; Ylesa, China; 1:2,500), and goat
anti-mouse IgG-HRP (YJ0188; Ylesa, China; 1:2,500).

Statistical Analysis
All the experiments were performed at least three times. The
data are presented as means ± standard error of the mean
(SEM). The statistical analyses were performed using Student’s

t-test, and we considered p < 0.05 to be statistically significant
(∗p< 0.05, ∗∗p< 0.01, and ∗∗∗p< 0.001). In addition, an analysis
of the association between TWNK mutation and the chicken’s
economic traits was performed using the SPSS19.0 software
package (IBM Corporation, Armonk, NY, United States), and the
genetic effects were analyzed according to the following mixed
linear model:

Y = µ + Si + Hj + Gk + Fx + Eijkx

where Y represented the dependent variable, and µ, Si, Hj, Gk,
Fx, and Eijkx represented the population mean, fixed effect of sex,
fixed effect of hatch, genotype effect, family effect, and random
error, respectively.

RESULTS

Identification of the Recessive TWNK
Mutation in Strain N301
First, we analyzed the body weight of RSS-affected SLD chickens
(RSS chickens) and showed that the body weight of RSS chickens
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was significantly reduced by 27% compared with that of normal
SLD chickens (Figure 1A), indicating the arrested development
of the RSS chickens. Then, the TWNK genomic was analyzed
by Sanger sequencing. We identified a TWNK homozygous
missense variant NM_001031344.1: c. 409G > A in all RSS
chickens (II.1-3), causing the missense change NP_001026515.1:
p. Ala137Thr (Figure 1B). The normal SLD chickens were
heterozygous (II.4, 5) for TWNK c. 409G > A (p. Ala137Thr)
and homozygous (II.6) for wt alleles (Figure 1B). The appearance
of RSS was consistent with recessive inheritance in strain
N301 (Figure 1C).

Multiple Protein Sequence Alignment,
Western Blot Analysis of the Twinkle, and
Analysis of the Relative mtDNA Copy
Number
We first investigated the evolutionary conservation of the
chicken Twinkle protein by multiple sequence alignment and
demonstrated that Ala137 is a conserved amino acid residue

in poultry, but not existing in mammals (Figure 2A). We next
utilized western blot to assess the expression of Twinkle in RSS
chickens. Interestingly, we found that the expression of Twinkle
in RSS chickens was significantly reduced compared with normal
SLD chickens (Figure 2B), indicating that the TWNK missense
variant c. 409G > A (p. Ala137Thr) might interfere with the
expression of Twinkle. Considering that Twinkle is critical for
the replication process of mtDNA, we also measured the relative
mtDNA copy number by qRT-PCR. The results revealed that
the relative mtDNA copy number for the RSS chickens was 56%
lower than that for the normal SLD chickens as evaluated by the
change of tRNA-Leu and 52% lower as evaluated by the change of
rRNA-16S (Figure 2C).

Prediction of the Structural Roles of
Mutated Twinkle Residues
To further explore the possible consequences of the TWNK
mutation in chicken, we analyzed the mutated Twinkle residues
by multiple bioinformatics methods. Firstly, several physiological
and biochemical characters were altered in the mutated Twinkle

FIGURE 2 | Multiple protein sequence alignment, western blot analysis of the Twinkle, and analysis of the relative mtDNA copy number. (A) Multiple protein
sequence alignment of selected sequences from different species. The numbers above the alignment correspond to the amino acid position in the chicken protein
sequence and the mutated residues are shown in red. (B) Western blots of the Twinkle from runting and stunting syndrome (RSS)-affected chickens and normal
chickens using anti-Twinkle and anti-β-actin. (C) Relative mtDNA copy number in hepatocytes of RSS chickens and normal chickens as measured by the change in
tRNA-Leu and rRNA-16S normalized to β2M. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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residues (p. Ala137Thr) compared with the wt Twinkle residues
as revealed by ProtParam analysis, including reduced molecular
weight (Mw), instability index, aliphatic index, and GRAVY
score (Figure 3A). The local hydrophobicity at and near
the mutated amino acid Thr137 was reduced compared with
that of the wt Twinkle residues as shown by ProtScale
analysis, which was consistent with the result of GRAVY
score (Figure 3B).

Secondly, the 2D structures of wt and mutated Twinkle
residues (p. Ala137Thr) were modeled by SOPMA. The results
showed that the wt Twinkle residues contained 40.21% of alpha
helices, 15.7% of extended strands, 4.04% of beta turns, and
40.6% of random coils (Figure 3C). However, the content of

alpha helices near the mutated amino acid Thr137 was reduced
compared with that of the wt Twinkle residues (arrows).

Thirdly, the 3D structures of wt and mutated Twinkle
residues were modeled by PHYRE2 and displayed by SWISS-
MODEL. According to the crystal structure of the primase
fragment of bacteriophage T7 primase–helicase protein, Ala56
of the modeled template (gallus Ala137) forms an extended
peptide linker of Twinkle primase domain (Figure 3D),
which is essential for primer synthesis and connection of
the N-terminal zinc-binding domain (ZBD) and C-terminal
RNA polymerase domain (RPD) (Kato et al., 2003). The
mutated amino acid Thr137 might affect the interaction of the
extended peptide linker of Twinkle primase domain and further

FIGURE 3 | Prediction of the mutated Twinkle residues’ structural roles. (A) The physiological and the biochemical characters of mutated Twinkle (p. Ala137Thr) and
wt residues were analyzed by ProtParam tool at Expasy. (B) The local hydrophobicity of mutated Twinkle (p. Ala137Thr) and wt residues was analyzed by Protscale
tool at Expasy. (C) The 2D structures of mutated Twinkle (p. Ala137Thr) and wt residues were modeled by SOPMA. (D) The structure of the primase fragment of
bacteriophage T7 primase–helicase protein was utilized to predict the 3D structural roles of mutated Twinkle (p. Ala137Thr) and wt residues, which were modeled by
PHYRE2 and displayed by SWISS-MODEL. The mutated Twinkle residues (p. Ala137Thr) were predicted to affect the interaction of the extended peptide linker of
Twinkle primase domain.
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lead to insufficient mtDNA replication, thus causing mtDNA
depletion in chicken.

Overexpression of TWNK wt Increases
the mtDNA Copy Number in vitro
In order to verify the function of TWNK gene in chicken, we first
examined the tissue expression profiles of TWNK and found a
high expression in crureus and pectoralis (Figure 4A). Then, we
overexpressed the TWNK wt in vitro to investigate the role of
TWNK on mtDNA replication in chicken. Transfection efficiency
was detected by qRT-PCR (Figures 4B,E) and the expression of
Twinkle was detected by western blot in LMH and DF-1 cells

(Figures 4C,F). In LMH cells, we found that the mtDNA copy
number for the experimental group was 62% higher than that for
the control groups as evaluated by the change of tRNA-Leu and
74% higher as evaluated by the change of rRNA-16S (Figure 4D).
We also found the same results in DF-1 cells, indicating that the
overexpression of TWNK increases the mtDNA copy number in
chicken (Figure 4G).

Overexpression of TWNK A137T Causes
mtDNA Depletion in vitro
To further investigate the effect of the TWNK mutation on
mtDNA replication in chicken, we overexpressed the TWNK

FIGURE 4 | Overexpression of the TWNK increases the mtDNA copy number in vitro. (A) Relative TWNK mRNA expression in chicken tissues. Transfection
efficiencies were measured by qRT-PCR at 48 h after transfection with TWNK overexpression in chicken hepatoma (LMH) cells (B) and DF-1 cells (E), respectively.
The protein expression levels of Twinkle were measured by western blot at 48 h after transfection with TWNK overexpression in LMH cells (C) and DF-1 cells (F). The
relative mtDNA copy number was measured by qRT-PCR at 48 h after transfection with TWNK overexpression in LMH cells (D) and DF-1 cells (G), respectively. The
relative mtDNA copy number was represented by the change of tRNA-Leu and rRNA-16S normalized to β2M. Data are presented as mean ± SEM. *p < 0.05,
**p < 0.01.
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A137T in vitro. The transfection efficiencies were detected by
qRT-PCR in LMH and DF-1 cells (Figures 5A,D). Interestingly,
we found that the overexpression of the TWNK A137T did
not significantly alter the expression of Twinkle in vitro
(Figures 5B,E). Furthermore, we found that the mtDNA copy
number for the experimental group was 24% lower than that
for the control group as evaluated by the change of tRNA-Leu
and 33% lower as evaluated by the change of rRNA-16S in LMH
cells (Figure 5C). The same results were also observed in DF-1
cells, demonstrating that the overexpression of theTWNK A137T
causes mtDNA depletion in chicken (Figure 5F).

Association Analysis Between TWNK c.
409G > A and the Chicken’s Economic
Traits
Additionally, the association between TWNK c. 409G > A
and the chicken’s economic traits of strain N301 was analyzed
(Table 4). We found that the TWNK c. 409G > A showed
significant associations with body weight, daily gain, pectoralis
weight, crureus weight, and abdominal fat weight. For all traits,
the value of the AA genotype was the lowest among the
three genotypes. However, significance between GG and GA
genotypes did not exist.

DISCUSSION

In the past few years, most studies of chicken mitochondria
have only focused on the origins, history, and adaptation of
domestication (Zhou et al., 2014; Dyomin et al., 2017; Gao
et al., 2017; Lan et al., 2017; Zhang et al., 2017). However,

no studies have referred to the mitochondrial diseases caused
by nuclear gene mutations in poultry. Here we identified a
recessive mutation c. 409G > A (p. Ala137Thr) of TWNK in RSS
chickens in strain N301.

Human MDS are generally classified as myopathic,
encephalomyopathic, hepatocerebral, or neurogastrointestinal
(El-Hattab and Scaglia, 2013). The mutations in many genes are
associated with early onset hepatocerebral MDS, including POLG
(Naviaux and Nguyen, 2004), TWNK (Sarzi et al., 2007), TK2
(Zhang et al., 2010), DGUOK (Mandel et al., 2001), and MPV17
(Wong et al., 2007). The manifestations of hepatocerebral
MDS include arrested development, hypotonia, and failure
to thrive. The analyses of liver histology typically show fatty
degeneration and collapse of lobular architecture in patients.
Meanwhile, the enzymatic activities of OXPHOS complexes
and mtDNA copy number are reduced in the liver tissue. In
our previous study, abnormal mitochondrial morphology and
reduced enzymatic activity of OXPHOS (complexes I, II, III,
and IV) along with mitochondrial dysfunction were observed
in RSS chickens’ livers (Li et al., 2019), which are in agreement
with the manifestations of human MDS caused by TWNK
mutations (Hakonen et al., 2007; Sarzi et al., 2007; Vi et al., 2012;
Prasad et al., 2013). Furthermore, the reduction of the mtDNA
copy number to 60–65% of the controls is normally utilized
as a diagnosis of MDS (Nogueira et al., 2014). Our present
study also showed that the relative mtDNA copy number for
RSS chickens was 56 and 52% lower than that for the normal
chickens, as evaluated by the change in tRNA-Leu and rRNA-16S,
respectively. On the basis of the abovementioned results, it can be
suggested that RSS is a kind of MDS caused by TWNK mutation
in poultry.

FIGURE 5 | Overexpression of the TWNK A137T causes mtDNA depletion in vitro. The transfection efficiency was measured by qRT-PCR at 48 h after transfection
with TWNK A137T overexpression in chicken hepatoma (LMH) cells (A) and DF-1 cells (D), respectively. The protein expression levels of Twinkle were measured by
western blot at 48 h after transfection with TWNK A137T overexpression in LMH cells (B) and DF-1 cells (E), respectively. The relative mtDNA copy number was
measured by qRT-PCR at 48 h after transfection with TWNK A137T overexpression in LMH cells (C) and DF-1 cells (F). The relative mtDNA copy number was
represented by the change of tRNA-Leu and rRNA-16S normalized to β2M. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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TABLE 4 | Associated analysis between TWNK c. 409G > A and the chicken’s economic traits.

Traits GG GA AA p-value

Body weight 1,808.46 ± 39.05b 1,803.56 ± 19.59b 1,629.07 ± 26.28a 3.64E-7

Daily gain 29.45 ± 0.76b 28.671 ± 0.38b 25.61 ± 0.51a 2.13E-6

Pectoralis weight 101.50 ± 2.56b 103.01 ± 1.28b 92.07 ± 1.72a 2.53E-6

Crureus weight 213.61 ± 5.40b 210.40 ± 2.70b 188.98 ± 3.63a 3.85E-6

Abdominal fat weight 59.49 ± 3.68b 54.23 ± 1.84b 46.23 ± 2.47a 0.005

Within a line, the values that do not share a common superscript letter are significantly different.

It is difficult for us to understand and predict the functional
impact of Twinkle variants due to the absence of TWNK-related
studies in poultry. Twinkle primase domain is composed of ZBD
and RPD; the ZBD interacts with the DNA template during
primer synthesis and the RPD forms RNA polymerases (Kato
et al., 2003). However, the primase domain of metazoan Twinkle
lacks the critical residues for primase function and does not
have primase activity in vitro (Harman and Barth, 2018). It was
reported that several recessive mutations in Twinkle primase
domain can lead to MDS in human (Hakonen et al., 2007; Hartley
et al., 2012; Vi et al., 2012). These mutations in the Twinkle
primase domain may disturb the function of primase domain to
localize the helicase to its target, which is an essential process of
initiating mtDNA replication. In this study, altered physiological
and biochemical characters and 2D structure were also observed
in the mutated Twinkle residues (p. Ala137Thr) compared with
the wt Twinkle residues. Furthermore, we demonstrated that the
mutated amino acid Thr137 is located on the extended peptide
linker the of Twinkle primase domain. Above all, we postulated
that the mutated amino acid Thr137 might affect the interaction
of the extended peptide linker of the Twinkle primase domain
and further impact on the function of Twinkle in chicken.

Therefore, we next overexpressed the TWNK wt and
the TWNK A137T in vitro to verify their effect on
mtDNA replication. Previous studies have reported that
the overexpression of Twinkle increases the mtDNA copy
number to alleviate the condition of several mammalian
disorders, including genotoxic stress of cardiomyocytes caused
by reactive oxygen species, cardiac rupture after myocardial
infarction, and heart failure induced by volume overload
(Pohjoismaki et al., 2013; Ikeda et al., 2015; Inoue et al., 2016).
Our results are consistent with these findings which show
that the overexpression of TWNK increases the mtDNA copy
number in LMH and DF-1 cells. Also, there is evidence that
the overexpression of dominant disease variants of Twinkle in
cultured human or Schneider cells results in stalled mtDNA
replication or depletion of mtDNA (Wanrooij et al., 2007;
Yuichi and Kaguni, 2007; Goffart et al., 2009). Our results are
also in line with these demonstrations that the overexpression
of the TWNK A137T reduces the mtDNA copy number in
LMH and DF-1 cells, which emulate the disease state of RSS
in poultry. However, it is worth noting that the overexpression
of the TWNK A137T did not significantly alter the expression
of Twinkle in vitro. We argued that the mutated Twinkle
residues might be unstable, leading to less Twinkle available
for mtDNA replication, or the mutated amino acid Thr137
might inhibit the efficiency of the combination between its

downstream amino acid residues and anti-Twinkle (immunogen
range: 510-650/684).

Taken together, we corroborated that the recessive TWNK
c. 409G > A (p. Ala137Thr) mutation is associated with RSS
characterized by mtDNA depletion in SLD chicken.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by the South
China Agriculture University Institutional Animal Care and Use
Committee (approval number: SCAU#0017).

AUTHOR CONTRIBUTIONS

BH designed the study, wrote the manuscript, carried out the
experiments, and analyzed the data. MY and ZL participated in
data collection and interpretation and helped with performing
some of the experiments. HW, CZ, and DL helped with
performing some of the experiments. XJ helped in providing the
experimental animals. QN, DZ, QL, and MS helped by useful
discussion and revision of the manuscript. HL and XZ developed
the concepts, designed, and supervised the study, and wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by grants from the Guangdong
Provincial Promotion Project on Preservation and Utilization
of Local Breed of Livestock and Poultry, National Natural
Science Foundation of China (Grant No. 31401046), the
China Agriculture Research System (CARS-41-G03), and the
Guangdong Youth Talent Project.

ACKNOWLEDGMENTS

We thank the members of the breeding department of the
Guangdong WenShi group for providing breeding facilities and
experimental chickens during the course of this work.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 July 2020 | Volume 8 | Article 581

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00581 July 12, 2020 Time: 17:32 # 10

Hu et al. TWNK Gene Mutation Causes MDS

REFERENCES
Appel, R. D., Bairoch, A., and Hochstrasser, D. F. (1994). A new generation of

information retrieval tools for biologists: the example of the ExPASy WWW
server. Trends Biochem. Sci. 19, 258–260. doi: 10.1016/0968-0004(94)90153-
90158

Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., Studer, G., Schmidt, T., et al.
(2014). SWISS-MODEL: modelling protein tertiary and quaternary structure
using evolutionary information. Nucleic Acids Res. 42, W252–W258. doi: 10.
1093/nar/gku340

Boore, J. L. (1999). Animal mitochondrial genomes. Nucleic Acids Res. 27, 1767–
1780. doi: 10.1093/nar/27.8.1767

Devaney, R., Trudgett, J., Trudgett, A., Meharg, C., and Smyth, V. (2016). A
metagenomic comparison of endemic viruses from broiler chickens with
runting-stunting syndrome and from normal birds. Avian. Pathol. 45, 616–629.
doi: 10.1080/03079457.2016.1193123

Dyomin, A. G., Danilova, M. I., Mwacharo, J. M., Masharsky, A. E., Panteleev,
A. V., Druzhkova, A. S., et al. (2017). Mitochondrial DNA D-loop haplogroup
contributions to the genetic diversity of East European domestic chickens from
Russia. J. Anim. Breed. Genet. 134, 98–108. doi: 10.1111/jbg.12248

El-Hattab, A. W., Craigen, W. J., and Scaglia, F. (2017). Mitochondrial DNA
maintenance defects. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 1539–1555.
doi: 10.1016/j.bbadis.2017.02.017

El-Hattab, A. W., and Scaglia, F. (2013). Mitochondrial DNA depletion syndromes:
review and updates of genetic basis, manifestations, and therapeutic options.
Neurotherapeutics 10, 186–198. doi: 10.1007/s13311-013-0177-176

Gao, Y. S., Jia, X. X., Tang, X. J., Fan, Y. F., Lu, J. X., Huang, S. H., et al. (2017).
The genetic diversity of chicken breeds from Jiangxi, assessed with BCDO2
and the complete mitochondrial DNA D-loop region. PLoS One 12:e0173192.
doi: 10.1371/journal.pone.0173192

Geourjon, C., and Deleage, G. (1995). SOPMA: significant improvements in
protein secondary structure prediction by consensus prediction from multiple
alignments. Comput. Appl. Biosci. 11, 681–684. doi: 10.1042/cs077029Pc

Goffart, S., Cooper, H. M., Tyynismaa, H., Wanrooij, S., Suomalainen, A., and
Spelbrink, J. N. (2009). Twinkle mutations associated with autosomal dominant
progressive external ophthalmoplegia lead to impaired helicase function and
in vivo mtDNA replication stalling. Hum. Mol. Genet. 18, 328–340. doi: 10.
1093/hmg/ddn359

Graham, B. H. (2012). Diagnostic challenges of mitochondrial disorders:
complexities of two genomes. Methods Mol. Biol. 837, 35–46. doi: 10.1007/978-
1-61779-504-6_3

Hakonen, A. H., Isohanni, P., Paetau, A., Herva, R., Suomalainen, A.,
and Lonnqvist, T. (2007). Recessive Twinkle mutations in early onset
encephalopathy with mtDNA depletion. Brain 130, 3032–3040. doi: 10.1093/
brain/awm242

Harman, A., and Barth, C. (2018). The Dictyostelium discoideum homologue
of Twinkle, Twm1, is a mitochondrial DNA helicase, an active primase and
promotes mitochondrial DNA replication. BMCMol. Biol. 19:117. doi: 10.1186/
s12867-018-0114-117

Hartley, J. N., Booth, F. A., Del, B. M., and Mhanni, A. A. (2012). Novel autosomal
recessive c10orf2 mutations causing infantile-onset spinocerebellar ataxia. Case
Rep. Pediatr. 2012:303096. doi: 10.1155/2012/303096

Ikeda, M., Ide, T., Fujino, T., Arai, S., Saku, K., Kakino, T., et al. (2015).
Overexpression of TFAM or twinkle increases mtDNA copy number and
facilitates cardioprotection associated with limited mitochondrial oxidative
stress. PLoS One 10:e0119687. doi: 10.1371/journal.pone.0119687

Inoue, T., Ikeda, M., Ide, T., Fujino, T., Matsuo, Y., Arai, S., et al. (2016).
Twinkle overexpression prevents cardiac rupture after myocardial infarction
by alleviating impaired mitochondrial biogenesis. Am. J. Physiol. Heart Circ.
Physiol. 311, H509–H519. doi: 10.1152/ajpheart.00044.2016

Kang, K. I., El-Gazzar, M., Sellers, H. S., Dorea, F., Williams, S. M., Kim, T., et al.
(2012). Investigation into the aetiology of runting and stunting syndrome in
chickens. Avian. Pathol. 41, 41–50. doi: 10.1080/03079457.2011.632402

Kato, M., Ito, T., Wagner, G., Richardson, C. C., and Ellenberger, T. (2003).
Modular architecture of the bacteriophage T7 primase couples RNA primer
synthesis to DNA synthesis. Mol. Cell 11, 1349–1360. doi: 10.1016/s1097-
2765(03)00195-193

Kelley, L. A., and Sternberg, M. J. (2009). Protein structure prediction on the web:
a case study using the Phyre server. Nat. Protoc. 4, 363–371. doi: 10.1038/nprot.
2009.2

Lan, D., Hu, Y., Zhu, Q., and Liu, Y. (2017). Mitochondrial DNA study in domestic
chicken. Mitochondr. DNA Mapp. Seq. Anal. 28, 25–29. doi: 10.3109/19401736.
2015.1106526

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A.,
McWilliam, H., et al. (2007). Clustal W and clustal X version 2.0. Bioinformatics
23, 2947–2948. doi: 10.1093/bioinformatics/btm404

Li, H., Hu, B., Luo, Q., Hu, S., Luo, Y., Zhao, B., et al. (2019). Runting
and stunting syndrome is associated with mitochondrial dysfunction in
sex-linked dwarf chicken. Front. Genet. 10:1337. doi: 10.3389/fgene.2019.
01337

Mandel, H., Szargel, R., Labay, V., Elpeleg, O., Saada, A., Shalata, A., et al.
(2001). The deoxyguanosine kinase gene is mutated in individuals with depleted
hepatocerebral mitochondrial DNA. Nat. Genet. 29, 337–341. doi: 10.1038/
ng746

Naviaux, R. K., and Nguyen, K. V. (2004). POLG mutations associated with Alpers’
syndrome and mitochondrial DNA depletion. Ann. Neurol. 55, 706–712. doi:
10.1002/ana.20079

Nogueira, C., Almeida, L. S., Nesti, C., Pezzini, I., Videira, A., Vilarinho, L.,
et al. (2014). Syndromes associated with mitochondrial DNA depletion. Ital. J.
Pediatr. 40:34. doi: 10.1186/1824-7288-40-34

Ouyang, J. H., Xie, L., Nie, Q. H., Zeng, H., Peng, Z. J., Zhang, D. X., et al. (2012).
The effects of different sex-linked dwarf variations on chinese native chickens.
J. Integr. Agr. 11, 1500–1508. doi: 10.1016/s2095-3119(12)60150-6

Pohjoismaki, J. L., Williams, S. L., Boettger, T., Goffart, S., Kim, J., Suomalainen, A.,
et al. (2013). Overexpression of Twinkle-helicase protects cardiomyocytes from
genotoxic stress caused by reactive oxygen species. Proc. Natl. Acad. Sci. U.S.A.
110, 19408–19413. doi: 10.1073/pnas.1303046110

Prasad, C., Melancon, S. B., Rupar, C. A., Prasad, A. N., Nunez, L. D., Rosenblatt,
D. S., et al. (2013). Exome sequencing reveals a homozygous mutation in
TWINKLE as the cause of multisystemic failure including renal tubulopathy
in three siblings. Mol. Genet. Metab. 108, 190–194. doi: 10.1016/j.ymgme.2012.
12.007

Rebel, J. M., van Dam, J. T., Zekarias, B., Balk, F. R., Post, J., Flores, M. A.,
et al. (2004). Vitamin and trace mineral content in feed of breeders and their
progeny: effects of growth, feed conversion and severity of malabsorption
syndrome of broilers. Br. Poult. Sci. 45, 201–209. doi: 10.1080/000716604100017
15803

Sarzi, E., Goffart, S., Serre, V., Chretien, D., Slama, A., Munnich, A., et al. (2007).
Twinkle helicase (PEO1) gene mutation causes mitochondrial DNA depletion.
Ann. Neurol. 62, 579–587. doi: 10.1002/ana.21207

Shutt, T. E., and Gray, M. W. (2006). Twinkle, the mitochondrial replicative
DNA helicase, is widespread in the eukaryotic radiation and may also be the
mitochondrial DNA primase in most eukaryotes. J. Mol. Evol. 62, 588–599.
doi: 10.1007/s00239-005-0162-168

Spelbrink, J. N., Li, F. Y., Tiranti, V., Nikali, K., Yuan, Q. P., Tariq, M., et al. (2001).
Human mitochondrial DNA deletions associated with mutations in the gene
encoding Twinkle, a phage T7 gene 4-like protein localized in mitochondria.
Nat. Genet. 28, 223–231. doi: 10.1038/90058

Spinazzola, A., Invernizzi, F., Carrara, F., Lamantea, E., Donati, A., Dirocco, M.,
et al. (2009). Clinical and molecular features of mitochondrial DNA depletion
syndromes. J. Inherit. Metab. Dis. 32, 143–158. doi: 10.1007/s10545-008-
1038-z

Tyynismaa, H., Sembongi, H., Bokori-Brown, M., Granycome, C., Ashley, N.,
Poulton, J., et al. (2004). Twinkle helicase is essential for mtDNA maintenance
and regulates mtDNA copy number. Hum. Mol. Genet. 13, 3219–3227. doi:
10.1093/hmg/ddh342

Vi, G., Daniel, H., Vincent, B., Jason, J., and David, D. (2012). Next-generation
sequencing facilitates the diagnosis in a child with twinkle mutations causing
cholestatic liver failure. J. Pediatr. Gastroenterol. Nutr. 54, 291–294. doi: 10.
1097/mpg.0b013e318227e53c

Wanrooij, S., Goffart, S., Pohjoismaki, J. L., Yasukawa, T., and Spelbrink, J. N.
(2007). Expression of catalytic mutants of the mtDNA helicase Twinkle and
polymerase POLG causes distinct replication stalling phenotypes. Nucleic Acids
Res. 35, 3238–3251. doi: 10.1093/nar/gkm215

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2020 | Volume 8 | Article 581

https://doi.org/10.1016/0968-0004(94)90153-90158
https://doi.org/10.1016/0968-0004(94)90153-90158
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1093/nar/27.8.1767
https://doi.org/10.1080/03079457.2016.1193123
https://doi.org/10.1111/jbg.12248
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1007/s13311-013-0177-176
https://doi.org/10.1371/journal.pone.0173192
https://doi.org/10.1042/cs077029Pc
https://doi.org/10.1093/hmg/ddn359
https://doi.org/10.1093/hmg/ddn359
https://doi.org/10.1007/978-1-61779-504-6_3
https://doi.org/10.1007/978-1-61779-504-6_3
https://doi.org/10.1093/brain/awm242
https://doi.org/10.1093/brain/awm242
https://doi.org/10.1186/s12867-018-0114-117
https://doi.org/10.1186/s12867-018-0114-117
https://doi.org/10.1155/2012/303096
https://doi.org/10.1371/journal.pone.0119687
https://doi.org/10.1152/ajpheart.00044.2016
https://doi.org/10.1080/03079457.2011.632402
https://doi.org/10.1016/s1097-2765(03)00195-193
https://doi.org/10.1016/s1097-2765(03)00195-193
https://doi.org/10.1038/nprot.2009.2
https://doi.org/10.1038/nprot.2009.2
https://doi.org/10.3109/19401736.2015.1106526
https://doi.org/10.3109/19401736.2015.1106526
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.3389/fgene.2019.01337
https://doi.org/10.3389/fgene.2019.01337
https://doi.org/10.1038/ng746
https://doi.org/10.1038/ng746
https://doi.org/10.1002/ana.20079
https://doi.org/10.1002/ana.20079
https://doi.org/10.1186/1824-7288-40-34
https://doi.org/10.1016/s2095-3119(12)60150-6
https://doi.org/10.1073/pnas.1303046110
https://doi.org/10.1016/j.ymgme.2012.12.007
https://doi.org/10.1016/j.ymgme.2012.12.007
https://doi.org/10.1080/00071660410001715803
https://doi.org/10.1080/00071660410001715803
https://doi.org/10.1002/ana.21207
https://doi.org/10.1007/s00239-005-0162-168
https://doi.org/10.1038/90058
https://doi.org/10.1007/s10545-008-1038-z
https://doi.org/10.1007/s10545-008-1038-z
https://doi.org/10.1093/hmg/ddh342
https://doi.org/10.1093/hmg/ddh342
https://doi.org/10.1097/mpg.0b013e318227e53c
https://doi.org/10.1097/mpg.0b013e318227e53c
https://doi.org/10.1093/nar/gkm215
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00581 July 12, 2020 Time: 17:32 # 11

Hu et al. TWNK Gene Mutation Causes MDS

Wong, L. J., Brunetti-Pierri, N., Zhang, Q., Yazigi, N., Bove, K. E., Dahms,
B. B., et al. (2007). Mutations in the MPV17 gene are responsible for rapidly
progressive liver failure in infancy. Hepatology 46, 1218–1227. doi: 10.1002/hep.
21799

Yuichi, M., and Kaguni, L. S. (2007). Differential phenotypes of active site and
human autosomal dominant progressive external ophthalmoplegia mutations
in Drosophila mitochondrial DNA helicase expressed in Schneider cells. J. Biol.
Chem. 282:9436. doi: 10.1074/jbc.M610550200

Zhang, L., Li, Y., Xie, X., Xu, H., Xu, Z., Ma, J., et al. (2015). A systematic analysis
on mRNA and MicroRNA expression in runting and stunting chickens. PLoS
One 10:e0127342. doi: 10.1371/journal.pone.0127342

Zhang, L., Zhang, P., Li, Q., Gaur, U., Liu, Y., Zhu, Q., et al. (2017). Genetic evidence
from mitochondrial DNA corroborates the origin of tibetan chickens. PLoS One
12:e0172945. doi: 10.1371/journal.pone.0172945

Zhang, L. Y., Gong, B., Tong, J. P., Fan, D. S., Chiang, S. W., Lou, D., et al.
(2009). A novel gammaD-crystallin mutation causes mild changes in protein
properties but leads to congenital coralliform cataract. Mol. Vis. 15, 1521–1529.
doi: 10.1016/j.visres.2009.06.007

Zhang, S., Li, F. Y., Bass, H. N., Pursley, A., Schmitt, E. S., Brown, B. L., et al. (2010).
Application of oligonucleotide array CGH to the simultaneous detection of a

deletion in the nuclear TK2 gene and mtDNA depletion. Mol. Genet. Metab. 99,
53–57. doi: 10.1016/j.ymgme.2009.09.003

Zhou, T., Shen, X., Irwin, D. M., Shen, Y., and Zhang, Y. (2014). Mitogenomic
analyses propose positive selection in mitochondrial genes for high-altitude
adaptation in galliform birds. Mitochondrion 18, 70–75. doi: 10.1016/j.mito.
2014.07.012

Conflict of Interest: XJ was employed by the company Guangdong WenShi group.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Hu, Yang, Liao, Wei, Zhao, Li, Hu, Jiang, Shi, Luo, Zhang,
Nie, Zhang and Li. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 July 2020 | Volume 8 | Article 581

https://doi.org/10.1002/hep.21799
https://doi.org/10.1002/hep.21799
https://doi.org/10.1074/jbc.M610550200
https://doi.org/10.1371/journal.pone.0127342
https://doi.org/10.1371/journal.pone.0172945
https://doi.org/10.1016/j.visres.2009.06.007
https://doi.org/10.1016/j.ymgme.2009.09.003
https://doi.org/10.1016/j.mito.2014.07.012
https://doi.org/10.1016/j.mito.2014.07.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Mutation of TWNK Gene Is One of the Reasons of Runting and Stunting Syndrome Characterized by mtDNA Depletion in Sex-Linked Dwarf Chicken
	Introduction
	Materials and Methods
	Ethics Statement
	Chickens
	TWNK Sequence
	Quantitative Real-Time PCR
	Analysis of mtDNA Copy Number
	Sequence Alignment and Prediction of Twinkle Structure
	Plasmid Constructs
	Cell Culture
	Transfection
	Western Blot Analysis
	Statistical Analysis

	Results
	Identification of the Recessive TWNK Mutation in Strain N301
	Multiple Protein Sequence Alignment, Western Blot Analysis of the Twinkle, and Analysis of the Relative mtDNA Copy Number
	Prediction of the Structural Roles of Mutated Twinkle Residues
	Overexpression of TWNK wt Increases the mtDNA Copy Number in vitro
	Overexpression of TWNK A137T Causes mtDNA Depletion in vitro
	Association Analysis Between TWNK c. 409G > A and the Chicken's Economic Traits

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


