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the distinct spatiotemporal 
distribution and effect of feed 
restriction on mtDnA copy number 
in broilers
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Yanqun Huang* & Wen chen

Mitochondrial DNA (mtDNA) copy number reflects the abundance of mitochondria in cells and is 
dependent on the energy requirements of tissues. We hypothesized that the mtDNA copy number 
in poultry may change with age and tissue, and feed restriction may affect the growth and health of 
poultry by changing mtDNA content in a tissue-specific pattern. TaqMan real-time PCR was used to 
quantify mtDNA copy number using three different segments of the mitochondrial genome (D-loop, 
ATP6, and ND6) relative to the nuclear single-copy preproglucagon gene (GCG). The effect of sex, 
age, and dietary restriction (quantitative, energy, and protein restriction) on mtDnA copy number 
variation in the tissues of broilers was investigated. We found that mtDNA copy number varied among 
tissues (P < 0.01) and presented a distinct change in spatiotemporal pattern. After hatching, the 
number of mtDNA copies significantly decreased with age in the liver and increased in muscle tissues, 
including heart, pectoralis, and leg muscles. Newborn broilers (unfed) and embryos (E 11 and E 17) had 
similar mtDNA contents in muscle tissues. Among 42 d broilers, females had a higher mtDNA copy 
number than males in the tissues examined. Feed restriction (8–21 d) significantly reduced the body 
weight but did not significantly change the mtDNA copy number of 21 d broilers. After three weeks 
of compensatory growth (22–42 d), only the body weight of broilers with a quantitatively restricted 
diet remained significantly lower than that of broilers in the control group (P < 0.05), while any type of 
early feed restriction significantly reduced the mtDNA copy number in muscle tissues of 42 d broilers. 
In summary, the mtDNA copy number of broilers was regulated in a tissue- and age-specific manner. A 
similar pattern of spatiotemporal change in response to early feed restriction was found in the mtDNA 
content of muscle tissues, including cardiac and skeletal muscle, whereas liver mtDNA content changed 
differently with age and dietary restriction. It seems that early restrictions in feed could effectively 
lower the mtDNA content in muscle cells to reduce the tissue overload in broilers at 42 d to some 
degree.

Mitochondria are the only organelles in animal cells that possess their own independent genetic material, mito-
chondrial DNA (mtDNA), which is the control center of the life and death of a cell. In addition to energy produc-
tion, mtDNA also plays an important role in metabolism, apoptosis, and intracellular signaling1–3. Mitochondria 
have a specialized genetic system that is responsible for the transcription and replication of mtDNA4. In contrast 
to the fixed (diploid) copy number of the nuclear genome, many copies of mtDNA exist within each cell, and 
these levels can fluctuate5. MtDNA copy number in mammals varies with age6–8, tissue7,9, and gender10,11. In 
human myocardial cells, there are approximately 6000 copies of mtDNA9, which is much higher than that the 
mtDNA copy number of skeletal muscle cells. Adipose tissue is the energy storage organ of the body, and its 
mtDNA copy number is maintained at a low number12. MtDNA copy number is a measure of mitochondrial 
function and reflects oxidant-induced cell damage13. The relative mtDNA copy number is approximately 3.7-fold 
higher in patients with non-alcoholic fatty liver disease than in healthy subjects14. Defective mtDNA replication 
can accelerate aging and reduce the lifespan of mice15. MtDNA copy number has been associated with various 
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health issues. Deviations from the physiological number of mtDNA copies are expected to be deleterious and may 
contribute to aging11 and some inherited diseases, such as breast cancer16 and heart disease17,18, in humans. The 
mtDNA quantity in broilers was found to be correlated with the ascites phenotype in a tissue-specific manner19,20. 
Mitochondrial DNA content decreased significantly at the transformation phase in the spleen of a susceptible line 
but not in the line resistant to Marek’s Disease21. Heat stress reduced the mtDNA content in the liver of broilers, 
and feeding curcumin could prevent the decrease in mtDNA copy number to some degree22. Additionally, hepatic 
mtDNA copy number was not changed by dietary pyrroloquinoline quinone disodium in broilers23.

Caloric restriction delays the rate of aging in many species, such as yeast, worms, flies, and mice24,25. It was 
observed that caloric restriction could improve mitochondrial function in young nonobese adults by increas-
ing the mtDNA content of skeletal muscle in association with a decrease in whole body oxygen consumption 
and DNA damage25. Feed restriction techniques, which are widely used in broiler production, can promote the 
balanced development of broilers in the early stages and reduce the incidence of leg disease and sudden death 
syndrome26. The weight loss caused by feeding restriction can be compensated by growth in the later stages27. The 
mechanism responsible for this is poorly understood.

Mitochondrial DNA copy number is a fundamental cellular bioenergetic phenotype. Based on the hypotheses 
that the mtDNA copy number in poultry may change with age and tissue, and feed restriction may affect poultry 
growth and health by changing the mtDNA content in a tissue-specific pattern, we investigated the shifts in the 
pattern of mtDNA copy number in tissues and the effects of different sexes, ages and feed restrictions on its vari-
ation by TaqMan fluorescence quantitative PCR technique (qPCR).

The ratio of mtDNA to nuclear DNA (mt/nucDNA) reflects the content of mitochondria (or mtDNA copy 
number) per cell in tissues. To improve accuracy, three genes located in different regions of the mtDNA genome 
were selected as marker genes28. The mean mtDNA copy number of each sample was measured based on the mt/
nucDNA ratio of three mtDNA fragments: the D-loop, ATP synthase F0 subunit 6 (ATP6) and NADH dehydro-
genase subunit VI (ND6). The preproglucagon (GCG), a nuclear gene that is highly conserved among species and 
present as a single copy in animals, was used as the single-copy reference gene29.

Results
Variation in mtDNA copy number in different tissues. TaqMan qPCR was used to quantitatively ana-
lyze the variation in mtDNA copy number in 12 different tissues of 21 d male broilers with mitochondrial D-loop, 
ND6, and ATP6 genes. First, we observed the pattern of change in tissues on the mt/nucDNA ratio of each indi-
vidual mtDNA gene (D-loop/ATP6/ND6) (Supplementary Fig. S1, Table S1). The ratio of mt/nucDNA was the 
highest in most tissues for the D-loop gene and was the lowest in nearly all detected tissues for ATP6; however, 
the presented fluctuation patterns in tissues were similar for the three mtDNA genes, with the highest mtDNA 
content in the brain and the lowest mtDNA content in the blood (Supplementary Fig. S1). In addition, except in 
blood and liver tissues, there was no significant difference among the mt/nucDNA ratios of the three mtDNA 
genes in other tissues (Table S1). Therefore, the mean copy number based on three mtDNA genes was used for 
subsequent analysis. The results showed that there was a significant difference in the mean mtDNA copy number 
among the 12 different tissues of 21 d male broilers (P < 0.01, Fig. 1). The highest mtDNA copy number was found 
in brain cells (approximately 8040 copies/cell), followed by heart (approximately 4982 copies/cell), leg muscle, 
liver, pectoralis, testis, and other tissues, while blood had the smallest mtDNA copy number (less than ten copies). 
The number of mtDNA copies in the brain was higher than that in other tissues (P < 0.01), and the number of 
mtDNA copies in the heart was significantly higher than that in the liver and pectoralis (P < 0.05, Fig. 1).

The mtDNA copy number in broilers at different developmental and growth stages. Based 
on the data from four tissues (heart, liver, pectoralis, and leg muscle) from broilers of different ages (E 11–60 
d), two-way ANOVA was performed to analyze the effect of tissue and age on the mean mtDNA copy number. 
This analysis showed that the main effect of tissue (P = 7.94 × 10−10) and age (P = 1.20 × 10−14) on mtDNA copy 
number was significant, and their interaction on mtDNA copy number was also significant (P = 2.00 × 10−8). 

Figure 1. Variation in mtDNA copy number in various tissues of 21 d broilers. mt/nucDNA = mtDNA relative 
to nuclear DNA (GCG) copy number. Different letters indicate P < 0.05, and the same or no letter indicates 
P > 0.05. n = 3.
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Therefore, we analyzed the effect of tissue and age on mtDNA copy number separately by one-way ANOVA 
(Figs. 2 and 3).

Overall, there was a similar change in the pattern of mean mtDNA copy number in the heart, pectoralis, and 
leg muscles with the development and growth of broilers, which maintained a low level at embryonic age (E 11 
and E 17) and in newborn chicks (1 d), and then increased significantly with an increase in the age of chicks 
posthatching (Fig. 2A,C,D). The mtDNA copy number was significantly higher in broilers in the pectoralis at 
42 d (Fig. 2C) and leg muscle at 21 d, 42 d, and 60 d (Fig. 2D), than that during the incubation period and at 1 
d. However, the opposite trend occurred in the change in mtDNA copy number in the liver, which maintained a 
relatively high level before hatching and in newborn chicks and then significantly decreased with age (P < 0.05, 
Fig. 2B). The mtDNA copy number at 42 d and 60 d was significantly lower than that at E11 and 1 d in liver tis-
sue (P < 0.05, Fig. 2B). In addition, there was no significant difference in mtDNA copy number between avian 
embryos (E 11 and E 17) and newborn chicks (1 d) in the heart, pectoralis and leg muscles (Fig. 2A,C,D), whereas 
the mtDNA copy number in the liver was significantly lower at E17 than in newly hatched chicks (Fig. 2B).

The mtDNA copy number presented clearly differential fluctuation patterns among tissues in different devel-
opment and growth stages. At the embryonic stage (E11 and E17) and in newborn chicks, the mtDNA copy 
number follows the order: liver > heart > leg muscle > pectoralis; the mtDNA content in liver was significantly 
higher than that in other tissues; and the mtDNA content in heart was significantly higher than that in pecto-
ralis (P < 0.01, Fig. 3A–C). After hatching, the mtDNA copy number was the highest in the heart of broilers 
from 21–60 d (P < 0.05, Fig. 3D–F) and was the lowest in the pectoralis at 21 d (Fig. 3D) and in the liver at 42 d 
(Fig. 3E) and 60 d (Fig. 3F). At 21 d, the mtDNA content in the heart was significantly higher than that in other 
tissues, and the mtDNA content in leg muscle was significantly higher than that in the pectoralis (Fig. 3D). At 42 
d, the mtDNA content in the heart was significantly higher than that in the liver and leg muscle, and there was 
no significant difference among the leg muscle, pectoralis and liver (Fig. 3E). At 60 d, the mtDNA content in the 
heart and leg muscle was significantly higher than that in the liver, and no significant difference was observed 
among muscle tissues, including leg muscle, pectoralis, and heart (Fig. 3F).

Effects of sex on mtDNA copy number in broilers. Based on the data from four tissues (heart, liver, 
pectoralis, and leg muscle) of 42 d female and male broilers (control group), two-way ANOVA was used to analyze 
the effect of tissue and sex. The interaction of tissue and sex was not significant (P = 0.111) on the mtDNA copy 
number of broilers at 42 d, whereas the main effect of sex (P = 0.002) and tissue (P = 1.65×10−7) was significant 

Figure 2. Change in mtDNA copy number with age in different tissues from broilers. (A) Heart; (B) liver; 
(C) pectoralis; (D) leg muscle. mt/nucDNA= mtDNA relative to nuclear DNA (GCG) copy number. Different 
letters indicate P < 0.05, and the same or no letter indicates P > 0.05. n = 3.
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(Fig. 4). Overall, the mean number of mtDNA copies in female broilers was higher than that in male broilers 
(Fig. 4) and was approximately two times that in male broilers in the liver (P < 0.01).

Effects of feed restriction on the growth and mtDNA copy number of 21 d broilers. After two 
weeks of restricted feeding (from 7–21 d), the body weight of 21 d broilers was significantly reduced. In addition, 
there were significant differences in body weight among the three feed restriction groups at 21 d, with protein 
restriction (PR) > energy restriction (ER) > quantitative restriction (QR). The growth of broilers in the QR group 
was seriously retarded: the body weight of the QR group was only 57.5% of that of the control group, and the liver 
weight, heart weight, pectoralis weight, and leg muscle weight of the QR group were significantly lower than those 

Figure 3. Variation in mtDNA copy number among tissues from broilers of different ages. (A) E11; (B) E17; 
(C) 1 d; (D) 21 d; (E) 42 d; (F) 60 d. mt/nucDNA = mtDNA relative to nuclear DNA (GCG) copy number. 
Different letters indicate significant differences (P < 0.05), and the same or no letter indicates P > 0.05. n = 3.

Figure 4. MtDNA copy number of male and female broilers. mt/nucDNA= mtDNA relative to nuclear DNA 
(GCG) copy number. The P values for sex and tissue determined by two-way ANOVA are presented in the 
figure. Comparisons between sexes in certain tissues were based on one-way ANOVA. **Indicates P ≤ 0.01, and 
no * indicates P > 0.01. Abbreviations: F, female; M, male. n = 3.
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of other groups (P < 0.05). In addition, the weights of the liver and pectoralis in the ER group were significantly 
lower than those in the control group (Table 1).

Further analysis by one-way ANOVA revealed that feed restriction (P > 0.05) for two weeks did not signifi-
cantly change the mtDNA content of 21 d broilers in four different tissues, including the heart, liver, pectoralis, 
and leg muscles (Fig. 5). There was no significant difference in mtDNA copy number among the four groups in 
any detected tissue (Fig. 5). The copy number of the three restriction groups in heart and leg muscle tissues was 
slightly lower than that in the control group (P > 0.05).

Effects of feed restriction on the growth and mtDNA copy number of 42 d broilers. After resum-
ing a conventional diet ad libitum at 22 d, there was a strong compensation in the growth of broilers in the three 
feed restriction groups (Table 1). At 42 d, the body weight of the ER group and PR group reached 94.12% and 
92.93% of that of the control group, respectively, and only the body weight of the QR group was significantly lower 
than that of the control group (P < 0.05). There was no significant difference among the body weights of the three 
restricted-feeding groups (P > 0.05). In addition, the weights of the heart, liver, pectoralis, and leg muscles were 
not significantly different among the four groups (Table 1). In the QR group, the pectoralis weight was 86.5% of 
that of the control group, and the leg muscle weight was 92.9% of that of the control group.

Early feed restriction (8–21 d) significantly reduced the mtDNA copy number in the heart (P = 0.018, Fig. 6A), 
pectoralis (P = 0.006, Fig. 6C), and leg muscle (P = 0.026, Fig. 6D) of 42 d broilers. The interaction of the feed 
restriction method and tissue on mtDNA copy number was not significant (P = 0.472) at 42 d. The mtDNA con-
tent of the control group was significantly higher than that of the QR, ER and PR groups in heart, pectoralis and 
leg muscle (P < 0.05). In addition, the mtDNA copy number of the QR group was significantly lower than that of 
the PR group in the pectoralis (Fig. 6C) and that of the PR and ER groups in leg muscles (Fig. 6D). However, no 
differences were observed in the heart among the three restriction groups (Fig. 6A) and in the liver among the 
four groups (Fig. 6B).

Discussion
Mitochondrial biogenesis is stimulated in response to increased energy demand and is hallmarked by a character-
istic increase in cellular mtDNA level30. According to the energy demand and oxygen consumption of cells31, the 
mtDNA copy number varies among tissues and changes with growth and development.

Al-Zahrani et al. observed an increase in mtDNA copy number with age (from 3 weeks to 20 weeks) in the 
breast muscle of male broilers from both ascites-resistant lines and the unselected population but not in the 
ascites-susceptible line20. Our research indicated that the mtDNA copy number in broilers was regulated in a 
tissue-related manner with age. We observed a similar temporal shift in mtDNA copy number in the muscle 
tissues of birds, including the heart, pectoralis and leg muscle. However, changes in mtDNA copy number in the 
liver presented an opposite trend to that in muscle tissues with age, which resulted in a distinct spatial fluctuation 
in the pattern of mtDNA copy number in tissues during the embryonic development stage and after hatching. In 
addition, we also observed that mtDNA content declined in muscle tissues, including the heart, pectoralis and leg 
muscle tissues, of 42 d broilers but not in the liver after early dietary restriction.

The increase in mtDNA copy number in muscle tissues with age after hatching aligns with the requirement 
of cellular energy metabolism during the development and growth stages of broilers. After birth, broilers rapidly 
grow (especially their skeletal muscles), and their hearts and skeletal muscles are required to provide additional 
energy by increasing mtDNA content and mitochondrial biogenesis.

The liver is the main site of fat metabolism in poultry, and some studies have shown that 90% of the energy 
needed for the development of chicken embryos comes from lipids in the yolk32. Only a small amount of glucose 
is used for lipogenesis (fatty acid synthesis) in the liver of avian embryos; this can increase to a substantial plateau 
level within 8 d after hatching due to feeding33,34. Glycogen concentrations in the liver of birds increased threefold 
from E11 to a maximum at day 1835. After hatching, the number of mtDNA copies decreased gradually in the liver 

Age Groupa Body weightb Heart weightc Liver weightc
Pectoralis 
weightc

Leg muscle 
weightc

21 d

Control 824.13 ± 11.55a 5.37 ± 0.21ab 20.93 ± 0.63b 147.23 ± 4.40a 102.28 ± 3.84a

QR 474.13 ± 6.80d 2.81 ± 0.05c 11.49 ± 0.45d 65.31 ± 2.21c 57.80 ± 1.74b

ER 730.50 ± 685c 4.69 ± 0.24ab 16.56 ± 0.88c 131.85 ± 4.18b 92.37 ± 3.04a

PR 789.13 ± 7.16b 7.20 ± 1.30a 25.03 ± 2.19a 138.10 ± 4.91ab 100.07 ± 4.15a

42 d

Control 2519.25 ± 67.27a 9.54 ± 0.67 49.51 ± 3.70 525.60 ± 2.86 384.45 ± 14.62

QR 2318.50 ± 69.38b 9.75 ± 0.63 44.30 ± 2.59 455.37 ± 16.00 357.22 ± 13.43

ER 2371.75 ± 53.29ab 8.99 ± 0.88 42.94 ± 2.02 492.85 ± 29.07 356.35 ± 15.41

PR 2341.12 ± 56.45ab 10.24 ± 0.48 49.00 ± 1.82 502.62 ± 25.59 362.90 ± 13.57

Table 1. Effects of feed restriction on the body weight and tissue weight of broilers (unit: g). Note: a-ddifferent 
lowercase letters in different groups of the same age indicate P < 0.05. aIn 8–21 d, the control group was fed a 
conventional diet ad libitum, the QR group was fed a conventional diet between 8:00–13:00, the ER group was 
fed a 15% energy-restricted diet, and the PR group was fed a 15% protein-limited diet. At 22–42 d, the four 
groups of broilers were transferred to the same conventional diet ad libitum. bBody weight refers to the average 
live weight of each group of broilers (n = 20). cTissue weight refers to the tissue weight of the slaughtered 
broilers (n = 3).
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with an increase in age. This may be because the energy needed by the body after hatching comes not only from 
lipid metabolism but also from glucose and protein metabolism.

Several attempts have been made to clarify the relationship between mtDNA copy number and age in mam-
mals, but there is currently much uncertainty6,7,36–39. It was reported that there was a dramatic increase in the 
mtDNA copy number of the human heart one year after birth37. Wachsmuth et al. found that human male skeletal 
muscle showed an age-related (3–96 years) decrease in mtDNA copy number, while there was an age-related 
increase in mtDNA copy number in the liver7. Miller et al. did not find a significant change in mtDNA copy num-
ber with age in skeletal muscle and myocardium9. Frahm et al. did not observe a significant change in mtDNA 
copy number in skeletal muscle, heart, and other tissues in humans from two months to 93 years of age38. In 
addition, it was observed that mtDNA copy number increased significantly in pig liver from birth to 180 d and 
significantly decreased from 180 d to 7 years39. The mtDNA content in mice increased gradually with age in the 
heart, lung, kidney, spleen, and skeletal muscle, whereas the amount of mtDNA in the liver increased steadily 
until 5 months of age6.

The difference in the mtDNA copy number among tissues reflects the intensity of normal energy metabolism 
in different tissues in the organism6. The number of mitochondria and the mtDNA copy number in different types 
of cells depends on their energy requirements and is related to the metabolic activity of the cells in the tissue40. 
As in humans7, mice6, and pigs39, the mtDNA content of broilers shifts dramatically in different tissues, with a 
high number of copies in the brain, heart, and skeletal muscles and a low number of copies in peripheral blood. In 
accordance with our results (Fig. 1), Reverter et al. reported that the relative mtDNA content in tissues was heart 
> leg muscle > breast muscle > fat in broilers at 48 d41. In the present study, we confirmed that the sex-specific 

Figure 5. Effects of feed restriction on the mtDNA copy number of 21 d broilers in different tissues. (A) Heart; 
(B) liver; (C) pectoralis; (D) leg muscle. P group = 0.229; mt/nucDNA= mtDNA relative to nuclear DNA (GCG) 
copy number. P group × tissue = 0.453. The control group was fed a conventional diet ad libitum, the QR group was 
fed a conventional diet between 8:00–13:00 from 8–21 d, the ER group was fed a 15% energy-restricted diet ad 
libitum from 8–21 d, and the PR group was fed a 15% protein-limited diet ad libitum from 8–21 d. n = 3.
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regulation of mtDNA levels occurs in poultry, as it does in humans11 and mice10. Al-Zahrani et al. found that tis-
sue and sex differences in mtDNA content varied between different lines with ascites resistance/susceptibility20. 
Female broilers had a higher mtDNA copy number than males in the ascites-resistant line, while male broilers 
had a higher copy number than females in the ascites-susceptible line20. Previous experiments found that female 
rats were less prone to mtDNA injury by reactive oxygen species38.

The genetic selection for a high muscle to bone ratio and the high calorie content of a ration result in tissue 
overload in broilers, which causes significant mortality from cardiovascular disease such as sudden death syn-
drome and ascites42. In addition, rapid growth can induce severe lameness, bone defects, and deformity in broil-
ers42. Ascites appears to be mainly caused by the high metabolic oxygen requirement of rapid growth combined 
with the insufficient capacity of the pulmonary capillaries43–45. Early feed restriction could reduce the incidence 
of ascites and the mortality of broilers46,47. It was found that male birds of a ascites-susceptible line had a signif-
icantly higher mtDNA copy number in the breast muscle than male birds of the resistant line at both 3 weeks 
and 22 weeks19,20. We observed that early feed restriction (by any method) could effectively reduce the mtDNA 
copy number in the muscle tissues, including heart, pectoralis, and leg muscles, of 42 d broilers (but not 21 d 
broilers), which indicates that feed restriction reduces the mtDNA copy number in the muscle tissues of broil-
ers in a time-dependent manner. It seems that feed restriction may improve the health of fast-growing broilers 
(including a reduction in the incidence of ascites and mortality) through reducing the mtDNA copy number to 
lower the overload of muscle tissues such as skeletal tissue and heart to some degree. The liver tissue of broilers 
does not seem to be sensitive to early feed restriction. It was reported that the maternal protein diet decreased 
hepatic mtDNA copy number in male newborn piglets by affecting the epigenetic regulation of hepatic mtDNA 

Figure 6. Effects of feed restriction on the mtDNA copy number of 42 d broilers in different tissues. (A) Heart; 
(B) liver; (C) pectoralis; (D) leg muscle. mt/nucDNA= mtDNA relative to nuclear DNA (GCG) copy number. 
P group = 0.002; P group × tissue = 0.472. Different letters indicate P < 0.05, and the same or no letter indicates 
P > 0.05. The control group was fed a conventional diet ad libitum, the QR group was fed a conventional diet 
between 8:00–13:00 from 8–21 d, the ER group was fed a 15% energy-restricted diet ad libitum from 8–21 d, 
and the PR group was fed a 15% protein limited diet ad libitum from 8–21 d. n = 3.
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transcription48. Caloric restriction in a 6-month intervention increased mtDNA content in the skeletal muscle 
of young nonobese adults25. The opposite effect of caloric restriction on mtDNA copy number in skeletal muscle 
between humans and broilers may be related to the difference in the population (nonobese or obese phenotypes).

Dietary changes have a pronounced effect on the tissue metabolic strategy and mitochondrial phenotypes49–52. 
In response to changes in energy demand and supply, the organism regulates mitochondrial metabolic status to 
coordinate ATP production49,50. It has been shown that caloric restriction reduces the generation of free radicals 
by mitochondria in parallel to a reduction in mitochondrial proton leaks51,52.

conclusion
The mtDNA copy number of broilers dramatically fluctuated among tissues and was regulated in an age- and 
tissue-specific manner. The mtDNA copy number in female broilers was higher than that in male broilers. 
Newborn broilers and E 11 and E 17 embryos had a similar level of mtDNA content in the muscle tissues assessed. 
The number of mtDNA copies significantly increased with age after hatching in the muscle tissues, including 
the heart, pectoralis, and leg muscle tissues. Different approaches to early feed restriction effectively lowered the 
mtDNA content in muscle tissues of 42 d broilers. In contrast to muscle tissues, the liver presented an opposite 
temporal pattern, with the mtDNA copy number declining after hatching, and the mtDNA copy number in the 
liver was not sensitive to early feed restriction in 42 d broilers.

Materials and Methods
Animals. A total of 120 newborn (1 d) avian broilers were cage-raised. Feed (with conventional diet) and 
water were available ad libitum with 23 h illumination. The room temperature was maintained at 33 °C from 
0–3 d, 30 °C from 4–7 d, 27 °C from 8–21 d, and 24 °C from 22–42 d. Bird management was consistent with the 
recommendations of the AA Broiler Management Guide53. At the age of 7 d, 80 broilers with similar weights were 
selected from the population and cage-raised separately and randomly divided into four experimental groups 
(n = 20/group, male: female = 1:1): control group, QR group, ER group and PR group. From 8–21 d, the con-
trol group was fed a conventional diet ad libitum, the QR group was only provided a conventional diet between 
8:00–13:00, the ER group was fed a diet with 15% energy limitation (energy-restricted diet) ad libitum, and the 
PR group was fed a 15% protein-limited diet (protein-restricted diet) ad libitum. From 22–42 d, the four groups 
of broilers were transferred to the same conventional diet ad libitum. The composition and nutrient levels of the 
experimental diets are presented in Supplementary Table S2. The diet was prepared according to the nutritional 
requirements of broilers recommended by NY/T 33-(2004) in China. At 21 d and 42 d, the broilers of each group 
were weighed.

Sample collection. Broilers (close to the average weight of the same sex) were selected and sacrificed at 1 d 
(newborn chicks, no feeding, n = 3, male broilers), 21 d (n = 3 for each group of male control and QR, ER, and 
PR broilers), 42 d (n = 3 for each group of female and male control broilers; n = 3 for each group of male QR, ER, 
and PR broilers) and 60 d (n = 3 for male control broilers). The following tissues were collected: brain, liver, heart, 
spleen, kidney, abdominal fat, thymus, bursa of Fabricius, testis, pectoralis, leg muscle, and blood. Broilers were 
fasted for 12 h before slaughter. In addition, heart, liver, pectoralis, and leg muscles were collected from broiler 
embryos at embryonic ages 11 (E 11, n = 3) and 17 (E 17, n = 3). The collected tissue samples were washed with 
normal saline, snap-frozen with liquid nitrogen and stored at −80 °C until DNA extraction. All procedures were 
approved by the Animal Care and Use Committee of Henan Agricultural University (Zhengzhou, China).

DNA extraction. Total DNA was extracted using an animal tissue DNA extraction kit (LifeFeng, Shanghai, 
China). The concentration and purity of DNA were determined by 1% agarose gel electrophoresis and a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). DNA was diluted to 100 ng/μL 
and deposited at −20 °C for use.

Primer design and standard preparation for TaqMan qPCR. The ratio of mtDNA to nuclear DNA 
reflects the content of mitochondria per cell in tissues. To reduce the error, the mtDNA copy number of each 
sample was measured based on the mean copy number of three mtDNA fragments relative to a single-copy 
nuclear gene. The primers and probes for the three mtDNA genes, namely, D-loop, ATP6, and ND6 (accession 
no: X52392.1), and nuclear gene GCG (accession no: DQ185929.1) were optimized and are presented in Table 2. 
In the primer design for the mtDNA genes, potential interferences, such as nuclear pseudogenes and reported 
high frequency fragments of insertion/deletion, were avoided through online NCBI BLAST (https://www.ncbi.
nlm.nih.gov/blast), and finally, the primers and probes were synthesized by Bioengineering (Shanghai) Co., Ltd. 
(HAP purification).

The mitochondrial genes and nuclear genes were amplified with the corresponding primers, and the PCR 
products were recovered and purified by a Tiangen gel recovery kit (Tiangen, Beijing, China) and subcloned into 
a pMD18-T vector (Takara, Dalian, China). The positive plasmids verified by PCR were extracted by a column 
plasmid extraction kit (Takara, Dalian, China) and confirmed by sequencing. The plasmid concentration was 
measured by a spectrophotometer, and the plasmid copy number was calculated as follows: plasmid concentra-
tion (ng/μL) = OD260 value × 50 mL × dilution final volume (mL) × 1000/diluted original solution volume (μL), 
and plasmid copy number (copy/μL) = plasmid concentration (ng/μL) × 6.02 × 1014/(DNA length × 660)54.

The templates for the qPCR standard curve were obtained by continuously diluting plasmids containing the 
target PCR product to 103–1010 copies/μL.

Quantitation of mitochondrial and nuclear genes. The double standard curve method was used to 
quantify the mtDNA and nuclear genes by Bio-Rad CFX96 (Bio-Rad Laboratories, Hercules, CA, USA). The 
standard curve was created by analyzing serial dilutions of plasmid DNA. The qPCR reaction was conducted 
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in a total volume of 10 μL, which included 5.0 μL 2 × GoldStar TaqMan Mixture, 0.7 μL probe, 0.5 μL upstream 
primer, 0.5 μL downstream primer, 0.5 μL DNA templates (approximately 50 ng), and 2.8 μL deionized water, and 
under the following conditions: initial denaturation at 95 °C for 5 min; 40 cycles of 95 °C for 10 s, 60 °C for 30 s, 
and 72 °C for 30 s; and 72 °C for 1 min. PCR assays were performed in triplicate for each sample.

Statistical analysis. First, mtDNA copy number was measured based on the qPCR data of each mtDNA 
gene. Considering that nuclear genes are diploid, mtDNA copy number (measured by certain mtDNA gene) = 
2 × the copy number of D-loop (or ATP6 or ND6)/GCG copy number. The mean mtDNA copy number of three 
mtDNA genes was used to conduct the related statistical analysis. Data were analyzed by SPSS 24.0, and the results 
are expressed as the mean ± standard error. Two-way ANOVA was used to analyze the association between tissue 
and age, sex and feed restriction on mtDNA copy number. If the interaction was significant, the data were ana-
lyzed again by one-way ANOVA. Significant differences in the data were identified by Duncan’s multiple range 
tests. The level of statistical significance was set as P < 0.05.

Ethics approval and consent to participate. All animal procedures were conducted in accordance 
with the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use 
Committee of Henan Agricultural University.

Data availability
All the data presented in the manuscript are available to readers.

Received: 20 September 2019; Accepted: 5 February 2020;
Published: xx xx xxxx

References
 1. Wallace, D. C. A mitochondrial paradigm of metabolic and degenerative diseases, aging, and cancer: a dawn for evolutionary 

medicine. Annu. Rev. Genet. 39, 359–407 (2005).
 2. Finkel, T. & Holbrook, N. J. Oxidants, oxidative stress and the biology of ageing. Nat. 408, 239–247 (2000).
 3. Ryan, M. T. & Hoogenraad, N. J. Mitochondrial-Nuclear Communications. Annu. Rev. Biochem. 76, 701 (2007).
 4. Fernández‐Silva, P., Enriquez, J. A. & Montoya, J. Replication and Transcription of Mammalian Mitochondrial DNA. Exp. Physiol. 

88, 41–56 (2010).
 5. Reznik, E. et al. Mitochondrial DNA copy number variation across human cancers. elife 5, e10769 (2016).
 6. Masuyama, M., Iida, R., Takatsuka, H., Yasuda, T. & Matsuki, T. Quantitative change in mitochondrial DNA content in various 

mouse tissues during aging. Biochim. Biophys. Acta 1723, 302–308 (2005).
 7. Wachsmuth, M., Hubner, A., Li, M., Madea, B. & Stoneking, M. Age-Related and Heteroplasmy-Related Variation in Human 

mtDNA Copy Number. PLoS Genet. 12, e1005939 (2016).
 8. Knez, J. et al. Correlates of Peripheral Blood Mitochondrial DNA Content in a General Population. Am. J. Epidemiol. 183, 138–146 

(2016).
 9. Miller, F. J., Rosenfeldt, F. L., Zhang, C., Linnane, A. W. & Nagley, P. Precise determination of mitochondrial DNA copy number in 

human skeletal and cardiac muscle by a PCR-based assay lack of change of copy number with age. Nucleic Acids Res. 31, e61 (2003).
 10. Guevara, R., Gianotti, M., Roca, P. & Oliver, J. Age and Sex-Related Changes in Rat Brain Mitochondrial Function. Cell. Physiol. 

Biochem. 27, 201–206 (2011).
 11. Daria, S. et al. From Normal to Obesity and Back: The Associations between Mitochondrial DNA Copy Number, Gender, and Body 

Mass Index. Cell 8, 430 (2019).
 12. Cinti, S. The role of brown adipose tissue in human obesity. Nutr. Metab. Cardiovasc. Dis. 16, 569–574 (2006).
 13. Al-Kafaji, G., Aljadaan, A., Kamal, A. & Bakhiet, M. Peripheral blood mitochondrial DNA copy number as a novel potential 

biomarker for diabetic nephropathy in type 2 diabetes patients. Exp. Ther. Med. 16, 1483–1492 (2018).
 14. Kamfar, S. et al. Liver Mitochondrial DNA Copy Number and Deletion Levels May Contribute to Nonalcoholic Fatty Liver Disease 

Susceptibility. Hepat. Mon. 16, e40774 (2016).
 15. Aleksandra, T. et al. Premature ageing in mice expressing defective mitochondrial DNA polymerase. Nat. 429, 417–423 (2004).
 16. Xia, P. et al. Decreased mitochondrial DNA content in blood samples of patients with stage I breast cancer. BMC Cancer 9, 454–454 

(2009).
 17. Shuying, C. et al. Association between leukocyte mitochondrial DNA content and risk of coronary heart disease: A case-control 

study. Atherosclerosis 237, 220–226 (2014).
 18. Hu, L., Yao, X. & Shen, Y. Altered mitochondrial DNA copy number contributes to human cancer risk: evidence from an updated 

meta-analysis. Sci. Rep. 6, 35859 (2016).

Gene 
Name Primer and Probe Sequence (5′ to 3′)

Amplicon 
Size (bp)

Annealing 
Temperature 
(°C)

D-loop
F: 5′ACCCCTGCCTGTAATGTACTTC3′
R: 5′CACGGACTAAAGAGGGGAAGAT3′
Probe: 5′TTCTTTCCCCCTACACCCCTCGCCCT3′

183 60

ATP6
F: 5′ATTCTCAAGCCCCTGCCTAC3′
R: 5′TCAGAGTTGGATGGTGGAGAGG3′
Probe: 5′CCTCCCATCACTCCTTCTTCCAGCCCTC3′

124 60

ND6
F: 5′TAACAACAAACCTCACCCAGCC3′
R: 5′GTGTGTCTTTTGCTCGGTTGGA3′
Probe: 5′AGCCACCAAAAACAACCCAACCCCAC3′

95 60

GCG
F: 5′GTGGAGGGCTGATAAAACACAAT3′
R: 5′TCCAACTCCTTGACCTCTATCC3′
Probe: 5′TTCAGCCCTCAGCATTCAGTCCCATT3′

205 60

Table 2. The primers and probes used for qPCR.

https://doi.org/10.1038/s41598-020-60123-1


1 0Scientific RepoRtS |         (2020) 10:3240  | https://doi.org/10.1038/s41598-020-60123-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 19. Emami., N. K., Golian., A., Mesgaran., M. D., Anthony., N. B. & Rhoads., D. D. Mitochondrial biogenesis and PGC-1alpha gene 
expression in male broilers from ascites-susceptible and -resistant lines. J. Anim. Physiol. Anim. Nutr. 102, e482–e485 (2018).

 20. Al-Zahrani, K., Licknack, T., Watson, D. L., Anthony, N. B. & Rhoads, D. D. Further investigation of mitochondrial biogenesis and 
gene expression of key regulators in ascites- susceptible and ascites- resistant broiler research lines. PLoS One 14, e0205480 (2019).

 21. Chu, Q. et al. Marek’s Disease Virus Infection Induced Mitochondria Changes in Chickens. Int. J. Mol. Sci. 20, 3150 (2019).
 22. Zhang, J. et al. Curcumin attenuates hepatic mitochondrial dysfunction through the maintenance of thiol pool, inhibition of mtDNA 

damage, and stimulation of the mitochondrial thioredoxin system in heat-stressed broilers. J. Anim. Sci. 96, 867–879 (2018).
 23. Wang, J. et al. Effects of dietary pyrroloquinoline quinone disodium on growth, carcass characteristics, redox status, and 

mitochondria metabolism in broilers. Poult. Sci. 94, 215–225 (2015).
 24. Heilbronn, L. K. & Eric, R. Calorie restriction and aging: review of the literature and implications for studies in humans. Am. J. Clin. 

Nutr. 78, 361–369 (2003).
 25. Civitarese, A. E. et al. Calorie Restriction Increases Muscle Mitochondrial Biogenesis in Healthy Humans. PLoS Med. 4, e76 (2007).
 26. Pan, J. Q., Tan, X., Li, J. C., Sun, W. D. & Wang, X. L. Effects of early feed restriction and cold temperature on lipid peroxidation, 

pulmonary vascular remodelling and ascites morbidity in broilers under normal and cold temperature. Br. Poult. Sci. 46, 374–381 
(2005).

 27. Govaerts, T. et al. Early and temporary quantitative food restriction of broiler chickens. 2. Eff. allometric growth growth hormone 
secretion. Br. Poult. Sci. 41, 355–362 (2000).

 28. Venegas, V. & Halberg, M. C. Measurement of Mitochondrial DNA Copy Number. In Mitochondrial Disorders: Biochemical and 
Molecular Analysis. Vol. 837 Methods and Protocols. (ed. Ph D. Lee-Jun C. Wong) Ch. 22, 327–335 (Humana Press, 2012).

 29. Ballester, M., Castelló, A., Ibáñez, E., Sánchez, A. & Folch, J. M. Real-time quantitative PCR-based system for determining transgene 
copy number in transgenic animals. Biotechniques 37, 610–613 (2004).

 30. Giordano, C. et al. Efficient mitochondrial biogenesis drives incomplete penetrance in Leber’s hereditary optic neuropathy. Brain 
137, 335–353 (2014).

 31. Lee, H.-C. & Wei, Y.-H. Mitochondrial biogenesis and mitochondrial DNA maintenance of mammalian cells under oxidative stress. 
Int. J. Biochem. Cell Biol. 37, 822–834 (2005).

 32. Noble, R. C. & Cocchi, M. Lipid metabolism and the neonatal chicken. Prog. Lipid Res. 29, 107–140 (1990).
 33. Goodridge, A. G. The effect of starvation and starvation followed by feeding on enzyme activity and the metabolism of [U-14C] 

glucose in liver from growing chicks. Biochem. J. 108, 667–673 (1968).
 34. Goodridge, A. G. Conversion of [U-14C] glucose into carbon dioxide, glycogen, cholesterol and fatty acids in liver slices from 

embryonic and growing chicks. Biochem. J. 108, 655–661 (1968).
 35. Hamer, M. J. & Dickson, A. J. Developmental changes in hepatic fructose 2,6-bisphosphate content and phosphofructokinase-1 

activity in the transition of chicks from embryonic to neonatal nutritional environment. Biochem. J. 245, 35–39 (1987).
 36. Miller, M. L. Precise determination of mitochondrial DNA copy number in human skeletal and cardiac muscle by a PCR-based 

assay: lack of change of copy number with age. Nucleic Acids Res. 31, e61 (2003).
 37. PohjoismaKi, J. L. O. et al. Developmental and pathological changes in the human cardiac muscle mitochondrial DNA organization, 

replication and copy number. PLoS One 5, e10426 (2010).
 38. Frahm, T. et al. Lack of age-related increase of mitochondrial DNA amount in brain, skeletal muscle and human heart. Mech. Ageing 

Dev. 126, 1192–1200 (2005).
 39. Xie, Y. M. et al. Quantitative changes in mitochondrial DNA copy number in various tissues of pigs during growth. Genet. Mol. Res. 

14, 1662–1670 (2015).
 40. Chan, D. C. Mitochondria: Dynamic Organelles in Disease, Aging, and Development. Cell 125, 1241–1252 (2006).
 41. Reverter, A. et al. Chicken muscle mitochondrial content appears co-ordinately regulated and is associated with performance 

phenotypes. Biol. Open. 6, 50–58 (2017).
 42. Julian, R. J. Rapid growth problems: ascites and skeletal deformities in broilers. Poult. Sci. 77, 1773–1780 (1998).
 43. Peacock, A. J., Pickett, C., Morris, K. & Reeves, J. T. The relationship between rapid growth and pulmonary hemodynamics in the 

fast-growing broiler chicken. Am. Rev. Respir. Dis. 139, 1524–1530 (1989).
 44. Wideman, R. Cardio-Pulmonary Hemodynamics and Ascites in Broiler Chickens. Avian Biol. Res. 11, 21–43 (2000).
 45. Wideman, R., Rhoads, D., Erf, G. & Anthony, N. Pulmonary arterial hypertension (ascites syndrome) in broilers: A review. Poult. 

Sci. 92, 64–83 (2013).
 46. Özkan, S., Plavnik, I. & Yahav, S. Effects of Early Feed Restriction on Performance and Ascites Development in Broiler Chickens 

Subsequently Raised at Low Ambient Temperature. J. Appl. Poult. Res. 47, 219–246 (2006).
 47. Pan, J. Q., Tan, X., Li, J. C., Sun, W. D. & Wang, X. L. Effects of early feed restriction and cold temperature on lipid peroxidation, 

pulmonary vascular remodelling and ascites morbidity in broilers under normal and cold temperature. Br. Poult. Sci. 46, 374–381 
(2005).

 48. Jia, Y. et al. Maternal low-protein diet affects epigenetic regulation of hepatic mitochondrial DNA transcription in a sex-specific 
manner in newborn piglets associated with GR binding to its promoter. PLoS One 8, e63855 (2013).

 49. Chen, Y. et al. The influence of dietary lipid composition on liver mitochondria from mice following 1 month of calorie restriction. 
Biosci. Rep. 33, 83–95 (2012).

 50. Liao, K., Yan, J., Mai, K. & Ai, Q. Dietary lipid concentration affects liver mitochondrial DNA copy number, gene expression and 
DNA methylation in large yellow croaker (Larimichthys crocea). Comp. Biochem. Physiol. B Biochem Mol. Biol. 193, 25–32 (2016).

 51. Bevilacqua, L., Ramsey, J. J., Hagopian, K., Weindruch, R. & Harper, M. E. Effects of short- and medium-term calorie restriction on 
muscle mitochondrial proton leak and reactive oxygen species production. Am. J. Physiol. Endocrinol. Metab. 286, E852–861 (2004).

 52. Gredilla, R., Barja, G. & López-Torres, M. Effect of Short-Term Caloric Restriction on H2O2 Production and Oxidative DNA 
Damage in Rat Liver Mitochondria and Location of the Free Radical Source. J. Bioenerg. Biomembr. 33, 279–287 (2001).

 53. Aviagen. Arbor Acres Broiler Management Guide. 31–40 (Huntsville, AL Aviagen Inc, 2009).
 54. Lee, C., Kim, J., Shin, S. G. & Hwang, S. Absolute and relative QPCR quantification of plasmid copy number in Escherichia coli. J. 

Biotechnol. 123, 273–280 (2006).

Acknowledgements
This study was supported by the National Natural Science Foundation of China (31272434) and the National 
Infrastructure of Domestic Animal Resources.

Author contributions
X.L.Z. and T.W. designed this study. J.F.J., H.J.W., X.H.Z., P.F.D. and Y.Z. helped collect samples. X.L.Z. performed 
all experiments, analyzed the data and wrote the manuscript. Y.Q.H. and W.C. offered assistance in the 
experimental design and in the revision of the manuscript. All authors read and approved the final manuscript.

competing interests
The authors declare no competing interests.

https://doi.org/10.1038/s41598-020-60123-1


1 1Scientific RepoRtS |         (2020) 10:3240  | https://doi.org/10.1038/s41598-020-60123-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-60123-1.
Correspondence and requests for materials should be addressed to Y.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-60123-1
https://doi.org/10.1038/s41598-020-60123-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The distinct spatiotemporal distribution and effect of feed restriction on mtDNA copy number in broilers

	Results

	Variation in mtDNA copy number in different tissues. 
	The mtDNA copy number in broilers at different developmental and growth stages. 
	Effects of sex on mtDNA copy number in broilers. 
	Effects of feed restriction on the growth and mtDNA copy number of 21 d broilers. 
	Effects of feed restriction on the growth and mtDNA copy number of 42 d broilers. 

	Discussion

	Conclusion

	Materials and Methods

	Animals. 
	Sample collection. 
	DNA extraction. 
	Primer design and standard preparation for TaqMan qPCR. 
	Quantitation of mitochondrial and nuclear genes. 
	Statistical analysis. 
	Ethics approval and consent to participate. 

	Acknowledgements

	Figure 1 Variation in mtDNA copy number in various tissues of 21 d broilers.
	Figure 2 Change in mtDNA copy number with age in different tissues from broilers.
	Figure 3 Variation in mtDNA copy number among tissues from broilers of different ages.
	Figure 4 MtDNA copy number of male and female broilers.
	Figure 5 Effects of feed restriction on the mtDNA copy number of 21 d broilers in different tissues.
	Figure 6 Effects of feed restriction on the mtDNA copy number of 42 d broilers in different tissues.
	Table 1 Effects of feed restriction on the body weight and tissue weight of broilers (unit: g).
	Table 2 The primers and probes used for qPCR.




