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ABSTRACT Manganese (Mn) is a trace element pre-
sent in all tissues and is essential for animal growth and
health; it also has an antioxidant capacity in tissues. The
effect of Mn on meat quality and the mechanism of fat
deposition of the breast muscle is still unclear. Therefore,
the present study aimed to investigate the effect of Mn
supplementation on the growth performance, meat
quality, the activity and transcription of antioxidant
enzymes, and fatty acid profile in the breast muscle, and
the Mn deposition in tissues of Pekin ducks. A total of
896 one-day-old Pekin ducks were allocated into 7
groups, with 8 replicates, each replicate containing 16
ducks. The treatment diets consisted of basal diet sup-
plemented with manganese sulfate at levels 30, 60, 90,
120, 150, 240 mg/kg (as Mn). Results showed that ducks
fed diets supplemented with Mn had no effect on the
growth performance but decrease in the feed-to-gain ra-
tio of day 1–14 (P , 0.01). Dietary Mn increased
significantly the a* (redness) value of the duck breast
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meat at 24 h and intramuscular fat (P , 0.05), and
decreased drip loss and shear force of the breast meat
(P, 0.05). Manganese supplement significantly reduced
the malondialdehyde content (P , 0.05), and signifi-
cantly increased the mRNA expressions of manganese
superoxide dismutase, thioredoxin 2, peroxiredoxin 3,
and catalase (P , 0.05). About the fatty acid profile,
dietary Mn increased (P , 0.05) the proportions of the
C20 family.Manganese accumulation in the heart, breast
muscle, and tibia was increased with Mn supplementa-
tion (P, 0.05), andMn content of the heart conforms to
the quadratic curve. Besides, Mn supplementation
notably increased mRNA expression in genes involved in
lipogenesis and deposition and decreased in genes asso-
ciated with lipolytic in the breast muscle. These findings
reveal that dietary Mn could improve meat quality and
enhance antioxidant activity and intramuscular fat,
which via regulated gene expression involved in lipo-
genesis and lipolytic.
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2021 Poultry Science 100:101064
https://doi.org/10.1016/j.psj.2021.101064
INTRODUCTION

Manganese (Mn) is a trace element present in all tis-
sues and is essential for animal growth and health
(Vásquez-Procopio et al., 2020). Manganese ions serve
as cofactors to 3 mitochondrial enzymes: manganese
superoxide dismutase (MnSOD), arginase, and
glutamine synthase, and to glycosyltransferases
residing in the Golgi apparatus; those enzymes are
involved in several functions including lipid and carbo-
hydrate metabolism, and several enzymes’ activation
(Lindberg and Ernster, 1954; Baly et al., 1990). Be-
sides, Mn is also required for brain physiology and
biology via its role as a cofactor in numerous enzy-
matic processes, but excess or insufficient Mn associ-
ated with neurological disease (Horning et al., 2015).
For laying hens, dietary Mn supplementation could
improve eggshell quality in the long term by elevating
expression of follicle-stimulating hormone and
gonadotropin-releasing hormone-I genes (Xie et al.,
2014). Manganese had no effect on growth perfor-
mance of pigs and broilers (Sawyer et al., 2007;
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Mwangi et al., 2019); nevertheless, high levels of Mn
had negative effects on performance of pigs and
broilers (Gajula et al., 2006). But no study has been
conducted to investigate the influence of Mn supple-
mentation on the performance of ducks.

Another character of Mn is redox activity which plays
a key role in cellular adaptation to oxidative stress
(Aguirre and Culotta, 2012); this is largely due to being
as a cofactor of MnSOD, which protects mitochondria
from oxidative damage (Borgstahl et al., 1992; Reddi
et al., 2009). In a study on broilers, dietary Mn upregu-
lated muscle MnSOD gene expression pretranslationally
and increased MnSOD activity, then decreased the
malondialdehyde content in the leg muscle (Lu et al.,
2007). In addition, Mn supplementation increased cata-
lase (CAT) activity in the liver, glutathione peroxidase
in plasma, and total antioxidative capacity (TAOC) in
muscle of pigs (Schwarz et al., 2017). Rats were intraper-
itoneally injected with MnCl2; results have shown the
decreased level of lipid peroxidation in the liver, spleen,
and adrenal glands (Chen et al., 2000). Regrettably, no
study was forced on the effect of Mn supplementation
on the antioxidant capacity of meat in Pekin ducks.

In 2018, China’s poultry consumption was 1.928
million tons, making it the world’s largest poultry con-
sumer, and ducks provide about 40% of those (data
form National waterfowl industry technology research
and Development Center). Thus, the quality of breast
muscles has become a more important tissue that deter-
mines the commercial value of duck. Many kinds of nu-
trients could improve breast muscle quality of birds,
such as energy, protein, fatty acids, or feed additives;
of course, breeding management and genetics play a crit-
ically greater role (Mir et al., 2017). In our previous
study about zinc, we found proper zinc can improve
carcass quality and breast muscle quality of ducks
(Wen et al., 2019). Both zinc and Mn have antioxidant
properties in animal tissues; consequently, Mn may
improve the meat quality of poultry and pig by
improving antioxidant capacity (Apple et al., 2004; Lu
et al., 2007; Sawyer et al., 2007). Previous studies have
commonly reported that the fatty acid composition is
the key factor in the nutritional and healthy value of
breast meat (Ahmed et al., 2015; Schiavone et al.,
2019). To the best of our knowledge, there was no liter-
ature on the effects of Mn on breast muscle quality and
fatty acid profile of Pekin ducks.

Aswe know,meat quality is largely influenced by intra-
muscular fat (IMF) content, which affects sensory prop-
erties and nutritional values of meats such as tenderness
and flavor (Ruiz et al., 2001). In poultry, the fatty acid in
the body came from dietary Mn less than 10%; thus, the
liver plays a key role in providing lipids destined to be
used by all tissues, including the liver itself (O’Hea and
Leveille, 1969). For the lipid deposition, about 80–85%
of the fatty acids that accumulated in the adipose tissue
are derived from plasma lipids (Hermier, 1997), then
the rest fatty acids that were synthesized by the liver
were stored or used as energy by other tissues, such as
the heart andmuscle. In a study of TG content of chicken
pectoralis muscle, compare with lower TG content
chicken, higher expression of absorbed fat, de novo syn-
thesis of fatty acids (lipogenesis) and lower expression
fat metabolism of fatty acids were observed in higher
TG content chicken. (Liu et al., 2019). As described by
Saze et al. (2009), de novo lipogenesis and intracellular
transport of long-chain fatty acid in the breast muscle
were higher in Pekin ducks, which has higher IMF con-
tent thanMuscovy ducks. Therefore, the effect of dietary
Mn on IMF and underlying mechanism on Pekin ducks
need to be explored.
As mentioned above, the aim of this study was to

investigate the effect of dietary Mn supplementation
on the meat quality, antioxidant status, fatty acid
composition in breast muscle of ducks, and the underly-
ing mechanism of IMF content changes. The Mn deposi-
tion in tissues is also investigated.
MATERIALS AND METHODS

Animals and Diets

The experimental procedures for animal trials were
conducted in accordance with the Chinese guidelines
for animal welfare and approved by the Animal Health
and Care Committee of Sichuan Agricultural University
(SICAU 2009-0135).
A total of 896 1-day-old male Pekin ducks were ob-

tained from commercial hatchery. The ducks were
randomly allocated into 7 groups with 8 replicates,
each replicate containing 16 ducks. The ducks were
reared in cages (2.0 ! 1.0 m) in a temperature-
controlled room and maintained on a 24 h constant light
schedule and allowed ad libitum free access to feed and
water; the temperature control process was in accor-
dance with the feeding manual. The basal diet was
formulated based on the NRC (1994) and meets or ex-
ceeds the requirement of meat ducks (Table 1). The
treatment diets consisted of basal diet supplement with
manganese sulfate (Shu Xing, Chengdu, China) at levels
0, 30, 60, 90, 120, 150, 240 mg/kg (asMn), and diets were
in the pellet form. The measured values of Mn contained
in diets are displayed in Table 1.

Sample Collection and Carcass Traits
Evaluation

At the end of the feeding trial, birds were starved over-
night (8:00 pm–8:00 am) before sampling. Birds were
slaughtered by cervical dislocation, then underwent ca-
rotid bloodletting immediately. The heart and tibia
were removed and store at220�C for the Mn determina-
tion. The left breast muscle (pectoralis major) was
collected and stored at 280�C and used to measure the
antioxidant capacity and isolate total RNA. The intact
right breast muscle (pectoralis major) was removed
and store at 4�C for future meat quality analysis, after
measuring the meat color and pH value for 45 min.



Table 1. Ingredients and nutrient composition of base diets (as-fed basis).

Ingredient Starter Grower

Calculated nutrition levels

Starter Grower

(%) (Day 1–14) (Day 15–35) (Day 1–14) (Day 15–35)

Corn 59.06 68.5 ME (Kcal/kg) 2,900 2,950
Wheat 5 3.02 Crude protein (%) 20.01 17.52
Soybean meal 28.2 24.3 Ca (%) 0.9 0.85
Rapeseed meal 0 0.6 Available P (%) 0.42 0.4
Limestone 0.93 0.90 Digestible lysine (%) 0.98 0.82
CaHPO4 (2H2O) 1.84 1.72 Digestible methionine (%) 0.47 0.37
NaCl 0.34 0.33 Digestible Met 1 Cys (%) 0.75 0.64
Choline chloride 0.15 0.15 Digestible threonine (%) 0.65 0.56
Premix 1 0.23 0.23 Digestible tryptophan (%) 0.28 0.19
DL-methionine 0.22 0.12 Analyzed level
L-lysine$HCl 0.20 0.10 Manganese content (mg/kg) 27.27 32.38
L-tryptophan 0.08 0.02
L-threonine 0.06 0.01
Total 100.00 100.00

1Supplied per kilogram diet: vitamin A, 9,000 IU; vitamin D3, 2,000 IU; vitamin E, 10 IU; vitamin B1, 2 mg; vitamin
B2, 4.8 mg; pantothenic acid, 20 mg; vitamin B12, 0.02 mg; folic acid, 1 mg; niacin 50 mg; Cu (CuSO4$5H2O), 8 mg; Fe
(FeSO4$7H2O), 60 mg; Zn (ZnSO4$7H2O), 60 mg; Se (NaSeO3), 0.3 mg; I (KI), 0.4 mg.
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Meat Quality Analysis

The meat color and pH values of the breast muscle
were measured at 45 min and 24 h after the birds were
slaughtered. For the meat color, the values of lightness
(L*), redness (a*), and yellowness (b*) of each breast
muscle were determined by a portable chroma meter
(CR-300, Minolta, Japan) at 3 different points that
was calibrated with a white tile as per the manufac-
turer’s manual. Measurements of pH values of the breast
muscle were detected at 1 cm depth by using a pH meter
(pH-STAR, SFK-Technology, Denmark) at 3 different
points that was previously calibrated with standard
buffer solutions. The drip loss was measured by the
method previously described (Otto et al., 2006). Briefly,
the left breast muscle was cut into 1 cm cubes (about 5 g)
and weighed, then reweighed after 24 h. For determina-
tion of shear force of the breast muscle, the muscles were
heated in 75�C water until the core temperature reached
75�C, after which they were removed at 24 h and then
cooled to 4�C. The shear force of the samples was
measured 5 times using a TA.XT2 Texture Analyzer
(Stable Micro Systems, Reading, UK). The fresh tissue
was lyophilized in a vacuum dryer (DOU-1100; Eyela,
Japan Tokyo Chemistry). The determination of IMF
of dry samples was carrying out on a dry basis by using
the Soxhlet extraction system (Foss Soxtec Avanti 2055;
Foss, Hoganas, Sweden) in accordance with the methods
of AOAC (AOAC 1990).
Analysis of the Fatty Acid Composition

Determination of the fatty acid profile in the breast
muscle was analyzed by GC-2010 plus gas chromato-
graph (Shimadzu, Japan) equipped with AOC-20i auto-
injector (Shimadzu, Japan) and a chromatographic
column SP2560 for fatty acid methyl esters (100 m
0.25 mm id 0.2 mm) as described by Xu et al. (2019).
Briefly, about 100 mg dry sample was used to extract
lipid as described before (Folch et al., 1957). The
extracted lipid was hydrolyzed, methylated, and
dissolved in n-hexane and saturated NaCl mix solution
for further analysis. By comparing the retention times
of the peaks with the standards (Sigma), the fatty acids
could be identified; the fatty acid profile is shown as the
percentage of total fatty acid.
Antioxidant Enzyme Activity and Lipid
Peroxidation Assays

For enzymatic analysis, the breast muscle samples
(about 0.5 g) were homogenized in 4.5 mL of ice-cold
physiological saline and centrifuged at 4,000 rpm for
10 min; the supernatant was collected for enzyme activ-
ities analysis. The content of malonaldehyde (MDA) and
protein capacity, anti-superoxide anion and anti-
hydroxy radical, the activity of MnSOD and TAOC
were analyzed by commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) as per the
manufacturer’s instructions using Multiskan Spectrum
(Thermo Fisher Scientific Inc., Madison, WI). The re-
sults were normalized by total protein, and shown as U
mg21 protein or nmol mg21 protein.
Manganese Content Analysis

Manganese contents in the diets and tissues were
determined by A ContrAA-700 high-resolution contin-
uum source atomic absorption spectrometer (Analytik
Jena, Germany) equipped with flame (HR-CS FAAS).
Samples were prepared and analyzed as per the method
described by Bai et al. (2014). Briefly, tibias were defat-
ted at petroleum ether for 48 h, then ashed in a muffle
furnace at 550�C for 14 h. Diets were ashed in muffle
furnace at 550�C for 24 h. Approximately, 0.5 g ashes
of tibia and diet, heart and breast muscle, and 0.5 mL
serum were digested by nitric acid as described by
Wang et al. (2012). A bovine liver standard powder (Na-
tional Institute of Standards and Technology, Beijing,
China) was included in analyses to verify the determina-
tion accuracy.
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Quantitative Real-Time PCR

The total RNA was extracted from the breast muscle
using the RNAiso Plus reagent (TaKaRa, Dalian,
China) as per the manufacturer’s instructions. The
RNA concentration was quantified using a spectropho-
tometer (NanoDrop ONE, Thermo Fisher Scientific
Inc., Madison,WI). About 1 mg RNAwas reversing tran-
scribed for cDNA using a PrimeScript RT reagent kit
with gDNA eraser (TaKaRa) as per the manufacturer
s instructions. Real-time quantitative PCRwas conduct-
ed using the primers listed in Table 2 that were designed
with Primer Premier 5.0 Software (Premier Biosoft In-
ternational, Palo Alto, CA). The housekeeping gene b-
actin and GAPDH served as a control to normalize the
mRNA expression level. Relative quantities of mRNA
were calculated using the 22DDCt method (Livak and
Schmittgen 2001).
Statistical Analyses

Data were subjected to one-way ANOVA, linear, and
quadratic using the JMP program version 13.0 (SAS,
SAS Institute, Cary, NC), after testing the normality
and homogeneity of variances with the Levene test. Sig-
nificant differences between the groups were determined
by the Tukey’s multiple range test after the ANOVA
was significant. The level of significance was set at
P , 0.05. All values were presented as mean 6 SEM.
Table 2. Information of primers for RT-PCR.

Gene name Accession no Primer sequen

MnSOD XM_027454289.1 Forward: GCTGGCAA
Reverse: TTGCAAAG

Trx2 NM_001031410.1 Forward: ATGATCAC
Reverse: GAGCAGGA

Prdx3 XM_027460711.1 Forward: AGCAACAG
Reverse: TAGCTTCA

CAT XM_027458335.1 Forward: GCCACATG
Reverse: TGGTTGAG

HO-1 XM_005015345.4 Forward: AAGGGCTG
Reverse: GCCTCCTC

ACC XM_027472449.1 Forward: TAAGATGC
Reverse: TTAAATGC

ME KF185113.1 Forward: GACCCTCA
Reverse: CGAGAAAG

DGAT2 XM_005024101.4 Forward: ACAGTGAA
Reverse: GCTGTATT

PPARg NM_001310398.1 Forward: GCCCAAGT
Reverse: AACAGCTG

FATP1 XM_005018222.4 Forward: TCGTGGGG
Reverse: GTGACTCA

LPL FJ185781.1 Forward: AGTACGCT
Reverse: AGCAATCA

Cpt-1a XM_027457808.1 Forward: ATCAACTG
Reverse: CAACGATG

PPARa NM_001310383.1 Forward: CCCTTTCA
Reverse: CCTGAGGC

b-actin NM_001310421.1 Forward: CCAGCCAT
Reverse: GTGTTGGC

GAPDH XM_027449739.1 Forward: GGTTGTCT
Reverse: TCCTTGGA

Abbreviations: ACC, acetyl-CoA carboxylase; CAT, catalase
ylglycerol acyltransferase 2; FATP 1, fatty acid transport protein 1
enzyme; MnSOD, manganese superoxide dismutase; PPARa,
peroxisome proliferator–activated receptor gamma; Prdx, peroxir
GraphPad Prism 7.0 (GraphPad Software Inc., San
Diego, CA) was adopted to draw the figures.
RESULTS

Growth Performance

As presented in Table 3, dietary Mn supplementation
had no effect on the BW, ADFI, and ADG (P . 0.05).
However, dietary Mn decreases the feed-to-gain ratio
of day 1–14 (P , 0.01) and no influence on that of
35 d (P . 0.05). Interestingly, the BW and ADFI of
day 1–35 were all fit to a quadratic curve.
Meat Quality

The meat quality of the Pekin ducks fed with diets
containing different levels of Mn is summarized in
Table 4. Dietary Mn significantly increased the a*
(redness) value of the duck breast meat at 24 h
(P , 0.05), and has the increased trend at 45 min
(P5 0.090). However, Mn supplementation has no effect
on the b* (yellowness) and L* (lightness) values
(P . 0.05). Besides, as the Mn level increased, the drip
loss and shear force of breast meat decreased
(P , 0.05), and were all fit to linear and quadratic
curves. However, IMF of the breast muscle increased
with dietary Mn increase.
ces (50 to 30) Tm (�C) Product size (bp)

AAGGTGATGTTACA 60 179
GAACCAAAGTCACG
ACAGACCTTGCGAT 60 154
AGGAAGGGTTACAA
ATTACACGTCACCT 60 194
CTGGCATCCACAAT
GTGACTACCCTC 60 117
TTTGGTGCCTTA
GCTTTCTTCACC 60 124
CAAGACTCGTTT
ACCTCTACCTGGGA 60 189
CACCTCCAGCTCAT
CCTCAACAAGGG 60 228
CAAGGTGGCAAT
AGAAGCTGGCGTAG 60 144
CCCTGCTACGGTC
TTGAGTTCGCTG 60 201
TGACGACTCTGG
CAGATAAATCAACA 60 242
ACATCCCTTCCACT
GATGCCCTTACG 60 191
GACGCAGAGCTT
TTCCGCTCTGCT 60 113
TGCTTGCTGTCT
CCAGCATCCAGT 60 121
TTTATCCCCACAA
CTTTCTTGGGTA 60 105
GTACAGGTCCTT
CCTGCGACTTCA 60 165
TGCCATGTGGAC

; Cpt1a, carnitine palmitoyl transferase 1a; DGAT2, diac-
; HO-1, heme oxygenase-1; LPL, lipoprotein lipase; ME, malic
peroxisome proliferator–activated receptor alpha; PPARg,
edoxin; Trx2, thioredoxin 2.



Table 3. Effects of dietary gradient level manganese on the growth performance of ducks at 35 d of age.

Items

Dietary manganese level (mg/kg)

SEM

P-value

0 30 60 90 120 150 240 ANOVA Linear Quadratic

BW, g
Day 1 50.47 50.56 50.55 50.63 50.58 50.56 50.52 0.068 0.805 0.824 0.331
Day 14 686.5 681.9 686.3 679.9 688.1 691.5 670.5 5.16 0.151 0.158 0.078
Day 35 2,657.7 2,665.1 2,685.0 2,698.5 2,685.5 2,728.0 2,638.1 24.50 0.222 0.880 0.046

ADG, g
Day 1 to 14 45.88 45.09 45.41 44.95 45.54 45.78 45.882 0.402 0.120 0.069 0.110
Day 14 to 35 94.24 94.44 95.18 96.12 95.11 96.98 93.69 1.059 0.379 0.942 0.108
Day 1 to 35 74.49 74.70 75.27 75.65 75.28 76.50 73.93 0.700 0.224 0.880 0.046

ADFI, g
Day 1 to 14 63.70 62.70 63.23 63.43 63.55 62.07 62.15 0.630 0.386 0.095 0.234
Day 14 to 35 203.91 202.02 201.50 204.78 203.32 206.88 200.34 2.200 0.465 0.738 0.428
Day 1 to 35 147.68 146.29 146.19 148.24 147.41 148.96 145.06 1.439 0.562 0.589 0.371

F/G (g/g)
Day 1 to 14 1.39a,b 1.39a,b 1.39a,b 1.40a 1.39a 1.36b 1.40a 0.007 0.004 0.924 0.168
Day 14 to 35 2.17 2.14 2.12 2.13 2.14 2.13 2.14 0.018 0.701 0.525 0.387
Day 1 to 35 1.98 1.96 1.94 1.95 1.96 1.95 1.96 0.013 0.416 0.539 0.149

Data are given as means and standard error of mean. Values with different letters in the same row differ significantly (P , 0.05).
Abbreviation: F/G, feed-to-gain ratio.
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Antioxidant Enzyme Activity Assays

The data of dietary Mn effect on the antioxidant
enzyme activity of Pekin ducks are present in Table 5.
Dietary Mn supplementation resulted in an increase in
MnSOD and anti-superoxide anion activities but no sig-
nificant difference. Moreover, dietary Mn supplementa-
tion significantly reduced the MDA content
(P, 0.05), whereas at 240 mg in the Mn/kg group, there
was an abnormal increase. There is no significant differ-
ence about anti-hydroxy radical and TAOC.
Antioxidant Enzyme–Related Gene
Expression

We also measured the expression level of antioxidant
genes, as shown in Figure 1. The expression of SOD
was gradually upregulated as Mn supplementation
increased (P , 0.05). Besides, the expression of thiore-
doxin 2 (Trx2) and peroxiredoxin 3 (Prdx3) also
increased and resulted in a plateau with dietary Mn in-
crease (P , 0.05). Intriguingly, the CAT expression
increased by about 10-fold with dietary Mn increase.
Table 4. Effects of dietary gradient level manganese on the breas

Items

Dietary manganese level (mg/k

0 30 60 90 120

pH45 min 5.53 5.41 5.43 5.50 5.39
pH24 h 5.84 5.94 5.90 5.94 5.89
L*45 min 43.90 44.13 44.04 44.33 45.33
L*24 h 39.51 37.21 36.77 35.85 36.80
a*45 min 8.39 9.64 8.81 8.75 9.54
a*24 h 12.81b 13.13b 13.59a,b 14.27a,b 14.26a,b

b*45 min 3.50 3.69 3.41 3.62 4.93
b*24 h 5.54 5.02 4.88 4.79 5.22
Drip loss (%) 2.78a,b 2.84a 2.42a,b 2.00b 2.22b

Shear force (kg) 3.18a 2.81a,b 2.59a,b 2.78a,b 2.62a,b

IMF 2.93b 3.33a,b 3.47a,b 3.61a 3.39a,b

Data are given as means and standard error of mean. Means within a
L* 5 lightness, a* 5 redness, b* 5 yellowness.
Abbreviation: IMF, intramuscular fat (dry tissue basis).
Fatty Acid Profile of Breast Muscle

Fatty acid composition determined in the breast mus-
cle is shown in Table 6. Dietary Mn increased (P, 0.05)
the proportions of C20 family, such as C20:0, C20:1n9,
C20:2, C20:3n3, and also are fit to linear and quadratic
curves. Besides, there is a tendency to increase C15:0
(P 5 0.052), C17:0 (P 5 0.071), and C18:1n9t
(P 5 0.052), whereas, increase in trend of C17:0 was
also fit to quadratic curve and C15:0 was fit to linear
and quadratic curves. Dietary Mn supplementation did
not influence the saturated fatty acid (SFA), monoun-
saturated fatty acid, and polyunsaturated fatty acid
(PUFA) content (P . 0.05).
Tissues Manganese Concentration

The tibia, serum, heart, and breast muscle Mn con-
tents in response to the experimental diets are shown
in Figure 2. Ducks receiving higher level of Mn had
greater tibia and breast muscle Mn level. On the other
hand, serum Mn was not influenced by dietary Mn. At
same time, linear fitting analysis shows that the Mn
t meat quality of ducks at 35 d of age.

g)

SEM

P-value

150 240 ANOVA Linear Quadratic

5.34 5.53 0.078 0.459 0.928 0.331
5.82 5.88 0.052 0.584 0.638 0.891
44.80 44.80 1.338 0.986 0.489 0.723
36.95 37.07 0.955 0.317 0.371 0.108
9.13 8.04 0.345 0.090 0.160 0.045
14.75a 13.09b 0.348 0.035 0.798 0.002
3.82 3.33 0.506 0.261 0.969 0.303
5.83 4.76 0.503 0.426 0.757 0.793
2.21b 2.01b 0.292 0.035 0.047 0.077
2.43b 2.63a,b 0.157 0.036 0.022 0.004
3.34a,b 3.33a,b 0.131 0.036 0.281 0.021

row lacking a common superscript differ (P , 0.05).



Table 5. Effects of dietary gradient level manganese on antioxidant status of duck breast muscle.

Items

Dietary manganese level (mg/kg)

SEM

P-value

0 30 60 90 120 150 240 ANOVA Linear Quadratic

MnSOD 190.71 204.96 204.01 213.14 230.04 218.52 208.60 28.282 0.980 0.588 0.615
TAOC 0.62 0.68 0.78 0.73 0.64 0.53 0.59 0.163 0.952 0.539 0.782
MDA 1.47a 0.93a,b 0.88a,b 0.74b 0.64b 0.66b 1.46a,b 0.214 0.047 0.907 0.002
ASA 39.20 46.70 42.25 46.40 45.05 41.92 44.33 3.220 0.771 0.748 0.815
AHR 35.71 35.14 35.01 31.43 37.98 32.36 33.50 2.750 0.778 0.571 0.835

Data are given as means and standard error of mean. Means within a row lacking a common superscript differ (P , 0.05).
Abbreviations: AHR, anti-hydroxy radical (U/mg protein) activity; ASA, anti-superoxide anion (U/mg protein) activity; MDA,

malondialdehyde (nmol/mg protein); MnSOD, manganese superoxide dismutase (U/mg protein); TAOC, total antioxidant capacity
(U/mg protein).
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content of the tibia and breast muscle conforms to the
linear curve and the Mn content of the heart conforms
to the quadratic curve.
Effects of Dietary Manganese
Supplementation on Expression of Genes
Involved in Synthesis, Absorption, and
Oxidation in Breast Muscle

The relative expression of genes involved in fatty acid
de novo synthesis, transportation, and oxidation in the
breast muscle can be seen in Figure 3. As shown, dietary
Mn significantly increased (P , 0.05) the gene expres-
sions in fatty acid synthesis and transportation or ab-
sorption, including acetyl-CoA carboxylase, malic
enzyme, lipoprotein lipase, peroxisome proliferator–
activated receptor gamma (PPARg), and decreased
the expression of lipolysis gene such as carnitine palmi-
toyl transferase 1a (Cpt1a). At the same time, dietary
Mn had no influence on expression of diacylglycerol
Figure 1. Effects of dietarymanganese supplementation on the expression
sion of (A) manganese superoxide dismutase (MnSOD), (B) thioredoxin 2 (t
lase (CAT) in the breast muscle were measured by RT-PCR. Date represe
statistically significant (P ˂ 0.05) in different dietary manganese level.
acyltransferase 2, fatty acid transport protein 1
(FATP1), and peroxisome proliferator–activated recep-
tor alpha (PPARa).
DISCUSSION

As the development of poultry feeding and breeding
industry, the growth rate of poultry was faster than
that 3 decades ago, but the requirement of trace mineral
requirement is still not updated. The current NRC
(1994)-recommended Mn level for optimal performance
in ducks is 50 mg Mn/kg for 0–2 wk. It has been clearly
established that dietary nutrients that include trace
minerals of diets can affect their development and per-
formance in the feeding period. Rats showed the impair-
ment of reproduction and growth disorders (Orent and
Mccollum, 1931) when feeding free Mn diets. Growth
performance and incidence of leg abnormality were the
earliest and most popular criteria for the evaluation of
Mn requirement for broiler chicks. In this study, we
of antioxidant enzyme in the breast muscle of a duck. ThemRNA expres-
rx2), (C) peroxiredoxin (prdx), (D) heme oxygenase-1 (HO-1), (E) cata-
nt means with standard error of mean. Bars with different letters are



Table 6. Effects of dietary gradient level manganese on duck breast muscle fatty acid composition (%).

Items

Dietary manganese level (mg/kg)

SEM

P-value

0 30 60 90 120 150 240 ANOVA Linear Quadratic

C14:0 0.24 0.27 0.26 0.25 0.24 0.27 0.26 0.011 0.391 0.594 0.854
C14:1 0.17 0.08 0.24 0.20 0.29 0.16 0.28 0.096 0.722 0.258 0.530
C15:0 0.06 0.07 0.07 0.07 0.07 0.08 0.07 0.004 0.052 0.012 0.011
C15:1 0.25 0.24 0.20 0.21 0.25 0.22 0.24 0.013 0.141 0.757 0.362
C16:0 23.07 22.79 22.92 22.48 21.92 22.59 22.64 0.411 0.638 0.413 0.313
C16:1 0.85 0.81 0.95 1.03 0.71 0.84 0.78 0.084 0.367 0.388 0.539
C17:0 0.20 0.22 0.23 0.21 0.23 0.23 0.23 0.007 0.071 0.072 0.020
C17:1 0.78 0.65 0.87 0.73 0.82 0.83 0.67 0.097 0.864 0.664 0.588
C18:0 15.62 15.46 15.28 15.74 16.49 15.57 15.85 0.382 0.442 0.340 0.577
C18:1 n9t 0.23 0.24 0.27 0.23 0.23 0.24 0.25 0.007 0.052 0.573 0.852
C18:1 n9c 21.71 23.01 23.95 22.35 21.35 22.76 22.78 0.789 0.374 0.950 0.997
C18:2n6t 0.05 0.04 0.04 0.06 0.06 0.05 0.05 0.009 0.527 0.722 0.464
C18:2n6c 15.05 14.30 14.37 14.56 14.92 14.84 14.18 0.396 0.637 0.415 0.653
C18:3n6 0.08 0.09 0.09 0.09 0.08 0.08 0.08 0.005 0.154 0.494 0.527
C18:3n3 0.24 0.22 0.22 0.28 0.20 0.24 0.22 0.021 0.341 0.592 0.758
C20:0 0.144b 0.154a,b 0.151a,b 0.146b 0.186a 0.166a,b 0.162a,b 0.008 0.013 0.046 0.044
C20:1n9 0.494b 0.528a,b 0.546a,b 0.510a,b 0.538a,b 0.581a 0.569a,b 0.018 0.020 0.003 0.007
C20:2 0.646b 0.803a,b 0.775a,b 0.733a,b 0.863a 0.844a 0.858a 0.040 0.009 0.002 0.004
C20:3n3 0.044b 0.052a,b 0.050a,b 0.053a,b 0.063a 0.061a,b 0.057a,b 0.003 0.029 0.013 0.004
C20:3n6 1.64 1.76 1.54 1.60 1.71 1.68 1.73 0.088 0.651 0.479 0.643
C20:5n3 0.55 0.49 0.53 0.44 0.53 0.52 0.53 0.023 0.203 0.661 0.456
C22:0 1.54 1.61 1.73 1.52 1.68 1.57 1.58 0.087 0.671 0.770 0.772
C22:1n9 0.12 0.11 0.12 0.12 0.13 0.13 0.12 0.008 0.494 0.165 0.237
C22:6n3 0.76 0.68 0.71 0.74 0.79 0.71 0.72 0.050 0.905 0.875 0.969
C22:2 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.003 0.621 0.062 0.162
C23:0 15.34 15.17 13.94 15.45 15.59 14.61 14.84 0.652 0.730 0.795 0.965
C24:0 0.23 0.27 0.24 0.25 0.26 0.26 0.24 0.016 0.649 0.836 0.388
SFA 56.38 56.02 54.85 54.85 56.69 55.37 55.89 1.181 0.919 0.497 0.769
MUFA 24.22 25.49 26.77 26.54 24.06 25.48 25.66 0.934 0.501 0.827 0.836
PUFA 18.98 18.49 18.38 18.61 19.25 19.14 18.46 0.408 0.641 0.923 0.794

Data are given as means and standard error of mean. Means within a row lacking a common superscript differ (P , 0.05).
Saturated fatty acid (SFA) 5 C14:0 1 C15:0 1 C16:0 1 C17:0 1 C18:0 1 C20:0 1 C22:01 C23:0 1 C24:0. Monounsaturated fatty acid

(MUFA) 5 C14:1 1 C15:1 1 C16:1 1 C17:1 1 C18:1n9t 1 C18: 1 n9c 1 C20:1n9 1 C22:1n9 1 C24:1n9. Polyunsaturated fatty acid
(PUFA) 5 C18:2n6t 1 C18:2n6c 1 C18:3n6 1C18:3n3 1 C20:2 1 C20:3n3 1 C20:3n6 1 C20:5n3 1 C22:2 1 C22:6n3.
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did not find the leg abnormality caused by dietary Mn
level. Birds could reach the maximum weight gain
when fed casein-dextrose purified basal diet (containing
1.4 mg Mn/kg) supplemented with 14 mg Mn/kg
(Southern and Baker, 1983; Li et al., 2011a; Brooks
et al., 2012); however, there was no significant change
in the growth performance as fed corn-soybean meal
diet supplemented with inorganic or organic Mn (Stock
and Latshaw, 1981). In other study of broilers, Mwangi
et al. (2019) report that feeding marginally deficient
Mn diets to broiler chicks after hatch does affect BW
at 21 d old (Mwangi et al., 2019). Same as previous
studies, the data presented herein demonstrated that di-
etary Mn supplementation has no influence on the
growth performance; thus, we thought the abnormal
decrease in the feed-to-gain ratio of day 1–14 at
150 mg in Mn/kg group may prove to be a special case.
The quantifiable properties of meat are indispensable

for processors involved in the manufacture of value-
added meat products, such as water-holding capacity
(WHC), shear force, drip loss, cook loss, pH, shelf life, pro-
tein solubility, and fat-binding capacity (Mir et al., 2017).
In this study, we measured the physical and chemical
properties of the breast muscle, such as shear force, drip
loss, color, pH, and IMF, and the results showed that die-
tary Mn significantly increased the a* value and IMF and
decreased drip loss and shear force of the breast muscle.
Although pH value has a great effect on meat quality
that reflects the change of acidity in the process of muscle
tissue fermentation and speed of glycogen fermentation af-
ter slaughtering, the stable pH value is conducive to the
normalmaturationofmuscles (Watanabe et al., 1996).Af-
ter slaughter, rapid pH fall inmuscle results inmyofibrillar
protein denaturation in company with decreased protein
solubility, which leads to poor WHC and deteriorated
drip loss (Lesi�ow and Xiong, 2013). In this study, the
decreased drip loss in the breast muscle may be attributed
to a stable pH value (Witak, 2008). Color is the most
important trait for the meat appearance (Joo et al.,
2013), which is influenced by sex, genotype, and breed; be-
sides, it also related to pH value (Fletcher, 1999). We
found that Mn significantly increased the a* value, which
is consistent with the action of zinc as our laboratory work
(Wen et al., 2019).

Meat tenderness is a key factor determining con-
sumer acceptability of cooked meat (Joo et al.,
2013) and usually associated with the amount of
IMF content and structure of a muscle fiber (Cai
et al., 2018). Shear force is a reliable indicator
inversely representing meat tenderness. As in the
report of Chartrin et al. (2006), increasing IMF
levels in the breast muscle increased tenderness
with a correlation coefficient of 0.43. In our study,
Mn significantly increased IMF and decreased shear
force, which was similar to the studies performed
by Yang et al. (2011) on broiler chickens.



Figure 2. Effects of dietary manganese supplementation on manganese deposit in tissues of ducks. The manganese concentration of the tibia (A),
breast muscle (B), serum (C), and heart (D) were measured by atomic absorbance spectrophotometry. Data represent means with standard error of
mean. Bars with different letters are statistically significant (P , 0.05) in different dietary manganese level.
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As we know, the activities of antioxidant enzymes
were significantly lower in the pale, soft, and exudative
poultry meat (Carvalho et al., 2017). As reported by
Figure 3. Effects of dietary manganese supplementation on expression o
(ACC), (B) malic enzyme (ME), (C) diacylglycerol acyltransferase 2 (DGAT
(LPL), (E) fatty acid transport protein 1 (FATP 1), and lipolysis gene includ
peroxisome proliferator–activated receptor gamma (PPARg), (H) carnitine
error of mean. Bars with different letters are statistically significant (P , 0.
Jiang et al. (2007), the high WHC could alleviate lipid
oxidation. In this study, the increase in MnSOD activity
was not significant, as report by Lu et al. (2007), that the
f gene about fatty acid synthesis including (A) acetyl-CoA carboxylase
2), and transportation or absorption gene, such as (D) lipoprotein lipase
ing (F) peroxisome proliferator–activated receptor alpha (PPARa), (G)
palmitoyl transferase 1a (Cpt1a). Data represent means with standard
05) in different dietary manganese level.
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quadratic response curve of MnSOD activity in the leg
muscle with supplemental Mn levels. However, the activ-
ity of MnSOD and RNA increased with the increase in
Mn concentration in myocardium, and the heart
MnSOD mRNA concentration was a consistent index
for the estimation of the Mn requirement of broilers (Li
et al., 2011a). We also found that Mn significantly
reduced MDA levels, which is consistent with the study
on broiler chickens (Lu et al. 2006, 2007) and turkeys
(Ognik et al., 2018). This might be due to the change
of MnSOD activity in the mitochondria of muscle cells
because MnSOD plays an important role in retarding
lipid peroxidation of cellular membrane. However, there
is an increase in effect of MDA concentration with high
dietary Mn in the longissimus thoracis of pig (Schwarz
et al., 2017).
Manganese is closely related to the level of reactive ox-

ygen species (ROS) in the mitochondria (Zhang et al.,
2020); we also confirmed in this study that Mn reduced
lipid peroxidation induced by oxidative stress. Thus,
we further measured the expression levels of
antioxidant-related genes, including MnSOD, Trx 2,
and Prdx 3, which expressed in mitochondria, and
CAT synthesized from peroxisome. Thioredoxin 2 and
Prdx 3 as a member of the thioredoxin system in mito-
chondria is involved in controlling the mitochondrial
redox state (Li et al., 2014; Netto and Antunes, 2016),
such as scavenge ROS in protecting and maintaining
cellular homeostasis. In this study, Mn supplementation
significantly increased the transcription of MnSOD, Trx
2, Prdx 3, and CAT in the breast muscle of duck. As we
know, the ROS were scavenged by SOD and CAT and is
produced as water and oxygen (Azarabadi et al., 2017).
A study of broilers showed that dietary Mn increased
both MnSOD activity and transcription in the leg and
breast muscle (Lu et al., 2007). In general, we verified
that Mn improves the ability of oxidative stability in
this context.
As shown in the results of fatty acid profile of the

breast muscle, the SFA content in duck meat was higher
than that in broilers, which is about 35% (Zhao et al.,
2019). Compared with wild-living Mallard, Pekin duck
breast muscle contained more SFA and monounsatu-
rated fatty acids and less PUFA; age of birds and food
resources may be the reason for the difference
(Janiszewski et al., 2018). In addition, the saturation
of fatty acids determines the degree of fat firmness,
directly affecting the meat quality and nutritional value
(Forte et al., 2018), and PUFA considered as the nutri-
tion and healthy fatty acid. And surprisingly, our results
have shown that Mn increased the proportions of C20
family (P , 0.05), including eicosanoic acid (C20:0),
eicosaenoic acid (C20:1n9), eicosadienoic acid (20:2),
eicosatrienoic acid (C20:3n3), the metabolites of these
fatty acid play an important role in physiological acti-
vites such as lipid metabolism (Endo et al., 2009), and
the underlying mechanism need further study.
In previous studies, tissue mineral accumulation has

been used to determine body mineral utilization, stor-
age, and bioavailability; Mn concentrations in the liver,
bone, and pancreas are frequently measured because
they are by far the tissues richest in Mn (Luo et al.,
1991). In this study, we confirmed that dietary Mn
increased the Mn content of the tibia ash and breast
muscle in linearly, which in accord with reports of Li
et al. (2004) that also showed the bioavailability of
different Mn resources. Our study has shown that the
heart Mn conforms to the quadratic curve; this curve
also was reported by Li et al. (2011a). However, the
heart Mn displayed linear responses to dietary Mn
when broiler was at 22–42 d of age (Lu et al., 2016). Be-
sides, Mn source with different chelation strength could
have an effect on the heart Mn concentrations, and the
Mn with moderate chelation strength could be more
effective than others (Li et al., 2011b). Those results
suggested that the heart Mn concentration could be
sensitive to dietary Mn.

As described by O’Hea and Leveille (1969), the 90% of
fatty acids in body were synthesized by the liver, and
about 80–85% of the fatty acids that accumulated in
the adipose tissue are derived from plasma lipids
(Hermier, 1997). Thus, we measure the change in
mRNA expression of fatty acid de novo lipogenesis,
transportation, and fatty acid oxidation in the breast
muscle with dietary Mn supplementation, on account
of our results that showed increased IMF with dietary
Mn level. Acetyl-CoA carboxylase and malic enzyme
played important roles in fatty acid de novo lipogenesis
(Tian et al., 2019), those charge to biosynthesis of fatty
acids by catalyst acetyl-CoA to malonyl-CoA and pro-
vides NADPH and oxaloacetic acid in the pathway of
conversion of pyruvate to fatty acids, respectively.
Therefore, our results proved that Mn improved the de
novo lipogenesis in the breast muscle of ducks, combined
with the slightly increased expression of diacylglycerol
acyltransferase 2 (P 5 0.3289). Lipoprotein lipase is a
key enzyme of lipid metabolism and is synthesized
mainly in adipose tissue, skeletal muscles, and mammary
gland (Pascual et al., 2017), through catalyzes hydroly-
sis of TG and involved in the uptake of lipoprotein
remnant. As report by Mario et al. (2004), FATP-1
levels in soleus were double those in gastrocnemius mus-
cle, which has lower TG content than soleus. In this
study, the expression of lipoprotein lipase consistent
with dietary Mn level, companied with slightly increased
expression of FATP1 (P 5 0.1198), suggesting the fatty
acid transportation was activated by Mn. Peroxisome
proliferator–activated receptors and Cpt1a were associ-
ated with fatty acid oxidation in the mitochondria,
Cpt1a catalyzes the long-chain fatty acids to acyl-
carnitine and across the mitochondrial membranes,
and b-oxidation by mitochondria (Song et al., 2010).
At the same time, PPARg is essential for the deposition
and formation of fat (Rosen et al., 1999). Our results
demonstrate that Mn promotes fat deposition and in-
hibits fatty acid decomposition, which were evidenced
by an increase in PPARg expression and decrease in
Cpt1a expression. Collectively, these findings indicate
that dietary Mn is beneficial to the accumulation of fat
via regulating mRNA expression of fatty acid de novo
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lipogenesis, transportation, and fatty acid oxidation in
the breast muscle.

Taken together, this study indicated that dietary Mn
enhances the breast muscle quality through improving
the ability of oxidative stability, the proportions of the
C20 family, and accumulation of fat. Besides, the results
also suggested that the heart Mn concentration could be
sensitive to dietary Mn. The increased fatty acid de novo
lipogenesis, transportation, and decreased fatty acid
oxidation were involved in deposition of fat in the breast
muscle caused by dietary Mn. This work provides impor-
tant evidence concerning the effect of dietaryMn in meat
duck breast muscle quality, which closely related to com-
mercial value of duck.
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