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Simple Summary: High meat quality is one of the demands made by consumers. Therefore, studies
have concluded that meat quality can be improved through some feed additives to broiler diets. Other
studies showed that broilers meat quality improved by adding some nutrients to the maternal diet, so
this study was conducted to evaluate the paternal effects of dietary 0.1% methionine on meat quality
and carcass traits of offspring. Our results suggested that paternal dietary supplementation with 0.1%
methionine enhances offspring carcass eviscerated yield, thigh muscles yield and reduces abdominal
fat, also meat shear force, drip loss, pH-value, and color. The expression of genes associated with
meat quality support these results.

Abstract: The effects that maternal dietary methionine have on progeny have been reported on
broilers. However, the paternal effects are not known, so the current study was conducted to explore
the influences of paternal dietary methionine (Met) have on progeny carcass traits, meat quality, and
related gene expressions. A total of 192 hens and 24 roosters from Ross parent stock at 36 weeks of
age were selected. From week 37 to 46, the roosters were allocated to two groups with three replicates
of 4 cocks each, (control, 0.28% Met), and methionine group (MET group, 0.28% Met + 0.1% coated
Met). The results revealed that, although the heavier live body weight in progeny at day 49 of control
group compared to MET group (p < 0.05), the relative eviscerated yield and relative thigh muscle
yield were higher in MET group (p < 0.05); but the relative abdominal fat was lower (p < 0.05). In
thigh and breast muscles, a positive response of pHjy, |, value, shear force (g) and drip loss (%) were
observed in MET group (p < 0.05). The lightness (L) and redness (a) were increased (p < 0.05) in
breast muscles of MET group, while only the redness (a*y; ,) and yellowness (b*41,) were increased
(p < 0.05) in thigh muscles of MET group. The gender has a significant (p < 0.05) effect on carcass
traits and muscle redness (a*), where these traits improved in males, and no interaction between
treatments and gender were observed for these results. The expression levels of PRKAG2 and PRDX4
supported the changes in muscle pH, with these up-regulated in thigh and breast muscles of MET
group, the PPPIR3A gene supported the changes in pH value being down-regulated (p < 0.01) in
these same muscles. The BCO1 gene expression was consistent with the changes in meat color and
was up-regulated (p < 0.01) in thigh muscles of MET group, consistent with the changes in b* color
values. Finally, it was concluded that the supplementation of 0.1% Met to rooster diets could improve
carcass characteristics and meat quality of progeny.
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1. Introduction

Continuous genetic selection, has resulted in fast growing broilers that reach market
weight by six weeks of age with high meat yield [1]. The selection has generated adverse
effects on the meat quality, by increasing fiber diameters and the ratio of glycolytic fibers [2].
The quality of meat is an intricate feature affected by environmental, genetic and nutri-
tional variables [3], so several studies have evaluated the influence of chickens nutrient
supplementation on meat quality [4-6].

For corn-based broiler diets, methionine (Met) is considered the first limiting specific
amino acid for synthesis of protein and the source of S-adenosylmethionine, the donor of
methyl group for DNA methylation [7-9]. A methyl group provided by S-adenosylmethionine
is required for the biosynthesis of epinephrine, choline, carnitine, and creatine, which are
essential for muscle development [10,11]. Methionine enhances growth performance and
feed efficiency of broilers [11,12]. Previous studies proved that many feed additives, in-
cluding vitamins [13], minerals [14], or the presence of toxins [15] in laying hen diets have
a trans-generational effect on progeny performance. There are reports identifying the influ-
ence of maternal nutrition of laying hens on meat quality, growth and disease resistance of
progeny [14,16,17]. Recently, some reports studied the effect of maternal dietary Met on
the chicken progeny [16], ducks [17], and Japanese quail [18].

There are studies indicating that the dietary Met improves productive performance [6]
and enhance carcass traits in chicken [19-21]. Meat quality of broilers, such as pH and meat
color were improved by dietary Met [22]. Coated Met has been used widely in ruminant
and aquatic nutrition because being protected it has a higher absorption rate [23,24]. The
maternal effects of dietary Met in poultry diets on performance, quality of meat and carcass
characteristics of progeny has been reported and it was shown that 0.1% coated Met was
an adequate inclusion rate [16].

Roosters have an essential role in the broiler breeding system, where they constitute
50% of the genetic make-up of progeny and the flock fertility [25]. Methionine is an essential
nutrient that promotes rooster semen production and improves semen quality [26,27]. Still,
there is a lack of knowledge about the transgenerational influence of nutrients to progeny
through parents. Therefore, we assume that paternal dietary Met supplementation will
have an influence on carcass traits and meat quality of the offspring. So, this study aimed
to explore the transgenerational influences of paternal dietary Met on meat quality and
carcass traits of progeny.

2. Materials and Methods
2.1. Animals and Experimental Diets

The use of animal in this research was approved by the Institute of Animal Sciences,
Chinese Academy of Agricultural Sciences (IAS-CAAS, Beijing, China). A total Ross
192 hens and 24 roosters at 36 weeks of age obtained from Hebei Feilong Poultry Co., Ltd.,
(Xingtai, China). The roosters were randomly split into two groups (control group and
methionine group) with three replicates of four roosters each. The control group was fed
a basal diet with 0.28% endogenous Met, whereas the MET group were fed a diet with
0.38% Met, formulated as shown in Table 1 by adding 0.1% coated Met to the basal diet.
The coated Met, containing 50% of an active substance was obtained from Hangzhou King
Technology Feed Co., Ltd. (Hangzhou, China). The 192 hens also split into two groups
with three replicates of 32 hens each; the two groups were fed a basal diet with 0.37% Met.
All diets have been formulated according to (NRC, 1994) poultry nutrient requirements.
Prenatal birds were raised on floor and, the feed and water were provided ad libitum for
10 weeks. The 32 hens and four roosters were housed in the same pen (Sexual ratio, 1:8)
with separation of male and female diet, and the progeny were generated through random
mating. After incubation and hatching, the progeny was raised in stair-step cages. The
progeny from two groups with three replicates each fed the same basal diet formulated
according to NRC (1994) to fulfill the nutrition requirement of Ross broilers. The feed and
water were provided ad libitum for 49 days.
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Table 1. Ingredient and calculated nutrient composition of experimental diet for parental birds 1

Item Control Group MET Group
Ingredient (%)
Corn 65.37 65.37
Wheat bran 15.00 15.00
Soybean meal, 44% CP 13.60 13.50
Soybean oil 2.00 2.00
Limestones 1.50 1.50
Dicalcium phosphate 1.23 1.23
Salt 0.30 0.30
Coated methionine 0.00 0.10
Premix 2 1.00 1.00
Total 100.00 100.00
Calculated composition
ME (Mcal/kg) 2.87 2.87
CP (%) 13.82 13.82
Ca (%) 0.94 0.94
TP (%) 0.61 0.61
Met (%) 0.28 0.38
Analyzed composition
CP (%) 13.85 13.89
Met (%) 0.29 0.40

1 Control group (0.28% Met), Methionine group (0.38% Met as 0.28% Met + 0.1% coated Met). 2 Provides per kg of
diet: 10,400 IU vit. A; 2500 IU vit. D3; 30 IU vit. E; 2 mg vit. K3; 2 mg vit. B1; 8.5 mg vit. B2; 4 mg vit. B6; 0.015 mg
vit. B12; 2 mg biotin; 3 mg folic acid; 35 mg niacin; 400 mg choline chloride; 40 mg calcium pantothenate; 8 mg
Cu; 65 mg Zn; 80 mg Fe; 1 mg I; 80 mg Mn; and 0.3 mg Se.

2.2. Samples Collection and Carcass Traits

At day 49, the progeny broilers (20 males and 23 females per replicate) were randomly
selected, weighed, and slaughtered by cutting the jugular vein after fasted for 12 h. The
eviscerated yield was measured as a live body weight percentage. The percentages of thigh
and breast muscle, and abdominal fat weight were measured as an eviscerated carcass
weight percentage. Samples of muscles (thigh and breast) were quickly snap-frozen in
liquid nitrogen, then stored at —80 °C for subsequent analysis.

2.3. Meat Quality Traits

The breast and thigh muscles were stored at 4 °C after stripping. The meat color of
thigh and breast muscles such as lightness (L), redness (a), and yellowness (b) (L*45 min,
L*24 1, @*45 min, @24 hs D*45 min, b*24 1) were assessed at 45 min and 24 h after slaughter using
a spectrophotometer (Konica Minolta CR 410) by the three-dimensional CIELAB color space
system [28], which creates a color space based on mathematic calculations involving three
independent variables: L*, a*, and b*, and permits quantitative color comparisons [29]. The
pH-value of thigh and breast muscles were analyzed using a pH meter (HI8424, HANNA
Instruments, Italy) with a thin penetrating tip inserted 0.5-1.0 cm below the surface of the
muscle [30]. To analyze the drip loss, the muscles were trimmed, blotted to remove the
surface water, and weighed. Samples were then placed in a plastic bag filled with air and
fastened under the temperature of 4 °C, they were then weighed following a period of 24 h.
Percentage of drip loss was calculated by 100 x (initial weight — final weight 24 h)/initial
weight [31]. The shear force of samples was measured based on the mechanical force (g)
required to shear the muscle fibers of a cooked meat sample [32] using Texture Analyzer
(TAXT Plus, Stable Micro System, Surrey, England). The samplesof 2cm x 1 cm X 1 cm
were cooked in a pre-heated water bath set at 80 °C. The cooking lasted 10 min after a
center temperature of the samples reached 75 £ 1 °C, then cooled to 4 °C. The equipment
was calibrated at 5 kg for weight, 10 mm return distance for height and the blade speed
was set at 10 mm/s.
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2.4. RNA Isolation and Real-Time Quantitative gRT-PCR

All procedures of isolation, quantification, and reverse transcription of total RNA from
muscles were conducted as reported earlier [33]. Briefly, the total RNA was extracted from
frozen muscles using RNA Isolation Kit (TTANGEN, Beijing, China). After treatment with
RNase-Free DNase I (New England Biolabs, Ipswich, MA, USA), total RNA was extracted
with phenol-chloroform and precipitated with ethanol. The quality and concentration of the
total RNA were determined with a NanoDrop 2000 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) and its integrity was further verified by agarose gel electrophoresis
with RNA integrity number (RIN > 6). Total RNA (2.5 ug) from each sample was used
to generate complementary DNA (cDNA) in a final volume of 20 pL according to the
manufacturer’s instructions (Promega, Wisconsin, USA). The cDNA was then diluted 1:10
with nuclease-free water (Ambion, Inc., Austin, TX, USA). The primers were designed
based on the Ensembl database’s chicken coding region, as displayed in Table 2. The RPL32
and HSP70 genes were used to normalize the results. The qRT-PCR was performed in
triplicate with the SYBR Premix Ex TaqTM reagent Kit (TAKARA, Kusatsu, Japan) using
the QuantStuio 7 Flex RealTime PCR System (Applied Biosystems, 133 Massachusetts,
America). The amplification protocol was as follows: 95 °C for 3 min, followed by 40 cycles
of 95 °C for 3 s and annealing temperature for 34 s, as mentioned previously [16]. The data
were calculated using the 2-LACT method [34].

Table 2. A list of the genes and primer sequences.

Accession Numbers Genes ! Primers Amplicon Size (bp)
XMOISBINGE  PRKAG2 i3 ACCTCAGCCTTCACTATCCTATCAACA Y 279
NM. 001006685.1 HSP70 F:5-TCTGCTCCTGTTGGATGTC-3 95

R:5’-TGGGAATGGTGGTGTTACG-3’

1 F: forward; R: reverse; PRDX4: peroxiredoxin 4; PPPIR3A: protein phosphatase 1 regulatory subunit 3A; PRKAG2: protein kinase
AMP-activated non-catalytic subunit gamma 2; BCO1: beta-carotene oxygenase 1; HSP70: heat shock 70 kDa protein 2; RPL32: ribosomal

protein L32.

2.5. Statistical Analysis

The present experiment was designed based on a completely randomized design.
The general linear model by two-way ANOVA, 2 x 2 and, T-test for (shear force (g), drip
loss (%) and gene expression data) were applied to analyze the data using SPSS 26 (IBM).
The model of two-way ANOVA included the main effects of treatments (control or MET),
the gender (male or female) and interactions between treatments and gender. The means
were compared by using Tukey’s range test to determine significant differences among
means, differences were considered significant at a value of p < 0.05. The lower cases (@/P)
represent significant differences within the main effects of treatments while upper cases
(A/B) represent significant differences within the main effects of gender.

3. Results
3.1. Effects of Paternal Methionine on Carcass Traits of Progeny

The results of progeny carcass traits are shown in Table 3. Although the heavier live
body weight at day 49 of control group compared to MET group (p < 0.05), the eviscerated
weight was not different between the two groups. The higher relative eviscerated yield
and relative thigh muscle % were observed in progeny from the MET group (p < 0.05 and



Animals 2021, 11, 325

50f11

Table 3. Effects of paternal dietary Met on carcass characteristics of progeny 1,23

p < 0.05, respectively). The relative abdominal fat was lower in MET group (p < 0.01) and
no differences in relative breast muscles % between the progeny. The carcass characteristics
were significantly increased (p < 0.01) in males, while no significant interaction between
treatments and gender was observed.

3

Treatments Gender SEM Significance
Items
Control MET Group Male Female Treatments Gender  Interaction
Live weight(g) 200252 19429 2009.84 187178 173 * * NS
Eviscerated 1631.0 1600.0 166314 151648 149 NS # NS
weight(g)

Eviscerated yield (%)  81.47° 82.332 82.79 A 81.018 022 * 4 NS
Breast muscle (%) 26.65 26.41 26.10 4 26.97B 0.14 NS ** NS
Thigh muscle (%) 29.09 b 29.99 2 29.74 A 29.03B  0.09 # #* NS

AF (%) 0.972 0.88b 0.83 B 1.024 0.02 4 # NS

1 Control group (0.28% Met), Methionine group (0.38% Met as 0.28% Met+0.1% coated Met). 2 The data are expressed as the mean and
pooled SEM of 3 replicates per group and n = 20 males and 23 females. The lower cases (*/?) represent significant differences within the
main effects of treatments while upper cases (*/B) represent significant differences within the main effects of gender. ® where * represents
p < 0.05, while ** is p < 0.01 and NS is non-significant.

3.2. Effects of Paternal Methionine on Meat Quality of Progeny

The results of breast and thigh muscles pH-value and color are presented in Tables 4 and 5,
respectively. The lightness (L*45 min and 24 h) and redness (a*45 min and 24 h) in breast
muscles of the MET group were higher (p < 0.05), while the redness (a*4 1) and yellowness
(b*y41,) in thigh muscles of MET group were higher (p < 0.05). A higher pHy,1, in breast
and thigh muscles was observed (p < 0.01) in the MET group, and no differences in other
indicators. Males displayed higher meat redness (a*) p < 0.01). The male’s thigh and breast
muscles drip loss (%) and shear force (g) as presented in Table 6 were improved (p < 0.01
and p < 0.05, respectively) in MET group. There were no diet x gender interaction for any
of the meat quality measures.

Table 4. Effects of paternal dietary Met on breast muscles quality of progeny 123
4 Treatments Gender SEM Significance
Items
Control MET Group Male Female Treatments Gender Interaction

L*45 min 4753 48.132 47.85 47.81 0.10 ** NS NS
a*45 min 1.82P 2132 2,094 1.87B 0.04 w w* NS
b*45 min 3.75 3.99 3.84 3.82 0.05 NS NS NS
pH45 min 6.45 6.43 6.43 6.45 0.01 NS NS NS

L*24h 54.43 P 55.392 55.03 54.81 0.14 * NS NS

a24h 219" 231 2484 2,028 0.06 * w NS

b*24 h 6.19 6.10 6.33 597 0.09 NS NS NS

pH24 h 5.81P 5994 5.87 5.84 0.01 ** NS NS

! Control group (0.28% Met), Methionine group (0.38% Met as 0.28% Met+0.1% coated Met). 2 The data are expressed as the mean and
pooled SEM of 3 replicates per group and n = 15 males or females. The lower cases (*/?) represent significant differences within the main
effects of treatments while upper cases (*/B) represent significant differences within the main effects of gender. > where * represents
p < 0.05, while ** is p < 0.01 and NS is non-significant. 4 a*: redness; L*: lightness; b*: yellowness; 45 min: 45 min after slaughter; 24 h: 24 h
after slaughter.
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Table 5. Effects of paternal dietary Met on thigh muscles quality of progeny 1,23

Item 4 Treatments Gender SEM Significance
Control MET Group Male Female Treatments Gender Interaction

L*45 min 52.14 52.19 52.28 52.05 0.18 NS NS NS
a*45 min 3.44 3.39 3.574 3.268 0.06 NS * NS
b*45 min 1.63 1.69 1.56 1.76 0.07 NS NS NS
pH45 min 6.45 6.44 6.45 6.44 0.01 NS NS NS

L*24h 54.36 54.73 54.53 54.55 0.17 NS NS NS

a*24h 3.22P 3512 3.45 3.28 0.05 * NS NS

b*24 h 2.75b 3322 3.01 3.06 0.07 ** NS NS

pH24 h 6.22° 6.40° 6.29 6.27 0.01 ** NS NS

1 Control group (0.28% Met), Methionine group (0.38% Met as 0.28% Met+0.1% coated Met). 2 The data are expressed as the mean and
pooled SEM of 3 replicates per group and n = 15 males or females. The lower cases (*/?) represent significant differences within the main
effects of treatments while upper cases (*/B) represent significant differences within the main effects of gender. > where * represents
p < 0.05, while ** is p < 0.01 and NS is non-significant. 4 a*: redness; L*: lightness; b*: yellowness; 45 min: 45 min after slaughter; 24 h: 24 h
after slaughter.

Table 6. Effects of paternal dietary Met on drip loss and shear force of male progeny 123

Items Control MET Group SEM Significance
Breast drip loss (%) 3.682 347° 0.12 *
Thigh drip loss (%) 3.642 271P 0.11 =
Breast shear force(g) 3028.12 25430b 56.0 **
Thigh shear force(g) 1616.5 2 1465.0 76.8 *

! Control group (0.28% Met), Methionine group (0.38% Met as 0.28% Met+0.1% coated Met). 2 The data are
expressed as the mean 4= SEM and n = 12. 3 where * represents p < 0.05, while ** is p < 0.01 and The lower cases
(a/b) represent significant differences.

3.3. Effects of Methionine on Gene Expression of Breast and Thigh Muscles of Male’s Progeny

To verify the effect of methionine level on progeny’s meat quality traits, we analyzed
the expression of four genes associated with meat quality. The relative gene expression of
breast and thigh muscles of male progeny are presented in Figures 1 and 2, respectively.
The expression level of PRKAG2 and PRDX4 genes positively related to pH-value were
up-regulated significantly (p < 0.01) in breast and thigh muscles of MET group. In contrast,
the expression of PPP1R3A pH-value negatively related gene down-regulated significantly
(p < 0.01), consistent with pH-value. The expression levels of BCO1 related to meat color,
was up-regulated in the MET group thigh muscle and, consistent with the b*-value.
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Figure 1. Breast muscle relative fold change (gene expression) of male progeny with paternal dietary Met. Control group
(0.28% Met), Methionine group (0.38% Met as 0.28% Met + 0.1% coated Met). The data are expressed as mean + SEM and
n = 12. Significance (*: p < 0.05; **: p < 0.01). BCO1, beta-carotene oxygenase 1; PRDX4, peroxiredoxin 4; PRKAG2, protein
kinase AMP-activated non-catalytic subunit gamma 2; PPP1R3A, protein phosphatase 1 regulatory subunit 3A.
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Figure 2. Thigh muscle relative fold change (gene expression) of male progeny with paternal dietary Met. Control group
(0.28% Met), Methionine group (0.38% Met as 0.28% Met + 0.1% coated Met). The data are expressed as mean + SEM and
n = 12. Significance (**: p < 0.01). BCO1, beta-carotene oxygenase 1; PRDX4, peroxiredoxin 4; PRKAG2, protein kinase
AMP-activated non-catalytic subunit gamma 2; PPP1R3A, protein phosphatase 1 regulatory subunit 3A.



Animals 2021, 11, 325

8of11

4. Discussion

Results from the current study demonstrate that paternal 0.1% Met dietary supple-
mentation, positively affects the relative eviscerated carcass yield and relative thigh muscle
yield in the progeny, while the live body weight was negatively affected. These findings are
in accordance with previous research [35-37], which confirmed that methionine level en-
hanced broilers carcass and thigh weight. Methionine has a vital role in protein metabolism
and muscle growth [38] having a role in muscle creatinine synthesis. Muscle development
may be more sensitive to coated Met inclusion because of its” higher absorption rate [39].
The reduction in relative abdominal fat observed in the Met group, is supported by previ-
ous studies where there is a significant drop in abdominal fat of broilers supplemented with
dietary Met [40-42]. This decrease is possibly attributed to increased carnitine synthesis in
liver and the abdominal fat hormonal sensitive lipase activity [42].

The results regarding meat quality indicated that the coated Met supplementation has
a significant positive effect. The pH value has a vital effect on meat quality, influencing
the attributes responsible for processing suitability, nutritional properties, and shelf life
of meat [43]. Met supplementation resulted in higher pHyyy, values, as reported in former
studies [44-46]. Tenderness has a significant impact on the meat’s consumer preference,
and the dietary Met decreased shear force. Similar findings were reported in former
studies [16,45]. Drip loss is considered a relevant indicator for determining the quality
of meat where excessive drip loss is not desired. Drip loss (%) decreased in MET group,
consistent with previous studies reported that increasing Met supplementation positively
impact drip loss in broiler meat [44,46,47]. Meat color is a characteristic of importance to
consumer acceptability. In general, dietary Met supplementation led to higher lightness
and redness values in breast muscles and redness in thigh muscles, with similar results
also observed in previous studies [16,46]. There is a fluctuation in the meat color values
between the thigh and breast muscles of different groups, all were in the normal range for
measures of good meat quality. The meat color is highly affected by conditions of slaughter,
diet, and genetic [3,48].

To verify the meat quality results, we determined the gene expression rates of four
genes associated with meat quality. The results revealed that the expression of PRDX4
and PRKAG?2 in the muscles of Met group were significantly up-regulated, while the
PPP1R3A was significantly down-regulated, all changes consistent with the meat pH-
values. The PRDX4 gene has an essential function in regulating the pH-value of chicken
breast muscles by catalyzing hydrogen peroxide reduction and positively correlated with
the pH-value [49,50]. PRKAG?2 affects glycogen metabolism in muscle by activating the
AMP signaling pathway, and is inversely related to muscle glycogen metabolism that, is
responsible for lower pH in muscles [51]. The glycogen storage decrease in the chickens
breast muscles tends to be associated with lower expression of PPP1R3A [52].

In our experiment, the BCO1 expression is up-regulated in thigh muscles of MET group
and is consistent with increased yellowness (b*), because BCO1 expression is consistent
with the cumulation of carotenoids affecting the meat yellow color by changing the yellow
pigments lutein and zeaxanthin content [53,54].

A better progeny performance is achieved when they come from roosters with higher
semen quality [55]. Epigenetics studies on male reproduction indicate that the effect of
nutritional and environmental influences on the health of progeny is not limited to fe-
males. Still, it is also shared by males, where epigenetic sperm signatures (cellular memory)
are passed on to oocytes and therefore, can influence the development of embryos and
progeny [56]. Epigenetic differences may occur during the “dietary transition” phase
when the animals subjected to an unbalanced nutritional diet may influence DNA methy-
lation. [57]. By contributing methyl groups to cytosine methylation, Met is essential to
epigenetic reactions [58]. The status of CpG methylation, hepatic lipid metabolism-related
gene expression, and growth performance could be altered by changing dietary methionine
levels [59]. The epigenetic marks are inheritable and capable of turning genes on or off in
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progeny. Despite this, there is still little understanding of transgenerational epigenetics in
animals [25].

5. Conclusions

In conclusion, paternal dietary supplementation with 0.1% methionine could improve
progeny carcass traits including increased eviscerated carcass and thigh muscle yields and
reducing abdominal fat content, also meat quality characteristics such as drip loss, shear
force, pH value, and color. Further research is required to explore the mechanism(s) of
transgenerational effects of paternal nutritional supplementation on progeny.
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