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abstract
The aim of this study was to determine the effect of different dietary levels and sources of methio-
nine (met) on the growth performance of turkeys, carcass and meat quality. a total of 816 hybrid 
converter turkeys in 6 groups and 8 replications were fed wheat-soybean meal-based diets supple-
mented with three sources of met: dl-isomer, l-isomer and dl-hydroxy analog (dlm, lm and 
mha, respectively). in four 4-week periods (from 1 to 16 weeks of age), the met content of turkey 
diets corresponded to the level recommended by nrc (1994) or was increased by approximately 
50% to match the intake recommended by some breeding companies. increased dietary met con-
tent resulted in a higher final body weight (BW) of turkeys (P=0.002) and a lower feed conversion 
ratio (FCR) (P=0.049), but had no effect on carcass dressing percentage and most parameters of 
carcass quality. The higher dietary met level contributed to a decrease in meat ph, a lower con-
tribution of redness and a smaller muscle fiber diameter (P=0.028, P=0.040 and P=0.004, respec-
tively). The higher dietary Met level had no influence on the redox status of meat, but it reduced 
the incidence of lymphoid cell infiltration between muscle fibers threefold (P=0.003). Throughout 
the experiment, no significant differences were noted in the growth performance parameters of 
turkeys, irrespective of met source. mha contributed to higher abdominal fat content, lower dry 
matter (dm) content and lower catalase (caT) activity in breast meat, compared with dlm and 
lm. increased dietary met content, approximately 50% higher than that recommended by nrc 
(1994), regardless of Met source, led to higher final BW of turkeys, but had no effect on carcass 
dressing percentage and most parameters of carcass quality.
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Similarly to broiler chickens, significant genetic progress has been observed over 
recent years also in turkeys with respect to both growth rate and feed efficiency. It is 
currently estimated that turkeys are marketed in about half the time and at about twice 
the body weight (BW) compared to 50 years ago (Havenstein et al., 2007). How-
ever, as shown by numerous studies, the selection of birds for greater BW or muscle 
development has also negative consequences such as histological and biochemical 
modifications of the muscle tissue by impairing some meat quality traits (Damaziak  
et al., 2016). Turkeys need adequate nutrition to realize their full growth potential 
and produce high-quality meat (Wu et al., 2011). Sulfur amino acids (SAA), in par-
ticular the essential amino acid (AA) methionine (Met), are important determinants 
of the biological value of protein in poultry diets. Typical wheat-soybean meal-based 
diets for growing turkeys, not supplemented with pure AA, contain only 0.3–0.4%  
of Met (Jankowski et al., 2014; Jankowski et al., 2016; Kubińska et al., 2016; 
Jankowski et al., 2017), i.e. much less than the value recommended by NRC (1994). 
For this reason, Met deficiency in feed raw materials has been compensated for 
by supplementing diets with feed-grade Met to meet the nutrient requirements of 
birds. 

NRC (1994) recommendations have not been updated for more than 20 years, 
and today they are much lower than those of commercial breeding companies (BUT, 
2012; Hybrid Turkeys, 2014). The findings of Lemme et al. (2005) suggest that the 
Met content of turkey diets should be higher than that recommended by NRC (1994). 
In other experiments (Jankowski et al., 2016; Kubińska et al., 2016), increased di-
etary Met levels, relative to NRC recommendations (1994), resulted in inconclu-
sive findings. For many decades, poultry diets have been supplemented with feed-
grade Met, mainly DL-methionine (DLM) (Willke, 2014). An alternative solution 
is to supplement poultry diets with DL-2-hydroxy-4-(methyl) butanoic acid (DL-
HMBA, MHA) or L-methionine (LM) as recently used in broiler chicken (Swennen 
et al., 2011; Shen et al., 2015) and turkey (Gonzales-Esquerra et al., 2007; Park 
et al., 2016) nutrition. LM is incorporated into body proteins, whereas DLM and 
MHA must be converted to LM in vivo. Shen et al. (2015) reported a better growth 
response of broiler chickens to LM. Another reason for using DLM substitutes is  
a beneficial influence of LM and MHA on the antioxidant status of birds, observed by 
some authors (Park et al., 2016; Swennen et al., 2011). Experiments involving broiler 
chickens have shown that dietary Met levels may affect carcass and meat quality 
(Drażbo et al., 2015). According to Wang et al. (2009), dietary Met content stabilizes 
meat color through inhibiting protein oxidation. On the other hand, Zhai et al. (2012) 
suggested that increased muscle protein deposition induced by Met supplementation 
could have been caused by sarcoplasm hypertrophy rather than myofibrillar hyper-
trophy. The available literature provides scant information on the quality of meat 
from turkeys fed diets with increased levels of different Met sources. The aim of this 
study was to determine the effect of different dietary levels and sources of Met on the 
growth performance, carcass and meat quality of turkeys.
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material and methods

animal ethics
The animal protocol used in this study was approved by the Local Ethics Com-

mittee (Olsztyn, Poland).

Table 1. Composition and nutrient concentrations in basal diets (g kg–1) 

Item
Feeding period (weeks) 

1–4 5–8 9–12 13–16
Ingredients

wheat 49.09 49.26 60.08 68.65
soybean meal 41.65 40.56 28.84 19.97
soybean oil 2.02 2.90 3.96 3.70
fish meal 3.00 - - -
rapeseed meal - 3.00 4.00 5.00
sodium sulfate 0.15 0.15 0.15 0.15
sodium chloride 0.11 0.15 0.14 0.12
limestone 1.41 1.46 0.87 0.76
monocalcium phosphate 1.61 1.52 0.97 0.77
L-Lysine HCl 0.38 0.41 0.39 0.32
L-Threonine 0.08 0.09 0.10 0.06
vitamin-mineral premix1 0.50 0.50 0.50 0.50

Calculated nutritional value (%)
metabolizable energy (kcal/kg) 2750 2850 3050 3125
crude protein 27.0 25.0 21.0 18.0
arginine 1.71 1.59 1.29 1.07
lysine 1.74 1.603 1.320 1.070
methionine 0.40 0.34 0.29 0.26
methionine + cysteine 0.84 0.76 0.66 0.60
threonine 1.05 0.98 0.83 0.67
Ca 1.20 1.10 0.75 0.65
P 0.81 0.74 0.60 0.55
available P 0.58          0.50 0.37 0.32
sodium 0.15 0.13 0.12 0.11

   10.5% of the premix provided per kg of diet: vitamin A (all trans-retinol acetate) – 15 000 IU, vitamin D3 
(cholecalciferol) – 5 000 IU, vitamin E (all-rac-α-tocopheryl acetate) – 100 mg, vitamin K3 – 4 mg, vitamin B1 –  
5 mg, vitamin B2 – 15 mg, vitamin B6 – 6 mg, niacin – 100 mg, biotin – 0.35 mg, pantothenic acid – 32 mg, nico-
tinic acid – 100 mg, folic acid – 4 mg, choline chloride – 700 mg, Mn – 100 mg, Zn – 80 mg, Fe – 60 mg, Cu –  
20 mg, I – 1.5 mg, Se – 0.3 mg, Ca – 1.07 g.

Birds, management and diets
The birds were kept in 2 × 2 m pens on litter in a building with a controlled en-

vironment. The temperature and lighting programs were consistent with the recom-
mendations of Hybrid Turkeys (2014). The birds had free access to feed and water. 
The study was conducted on 816 day-old female Hybrid Converter turkey poults 
obtained from the Grelavi commercial hatchery in Kętrzyn (Poland), divided into  
6 dietary treatments (with 8 replications per group and 17 birds per replication) dif-
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fering in Met sources and supplementation levels. The birds were fed isocaloric 
and isonitrogenous wheat-soybean meal-based pelleted diets (crumbles in weeks  
1–4 weeks) with a low or high content of DLM, LM (Evonic Industries, Germany) or 
MHA (calcium salt of 2-hydroxy-4-(methyl) butanoic acid, yield 84% DLM, Novus 
International, Inc.). The dietary Met content consistent with the recommendations of 
NRC (1994) was regarded as “low” (L), and the dietary Met content increased by ap-
proximately 50% to match the intake recommended by some breeding companies was 
regarded as “high” (H). The final concentrations of Met and MHA in the diets were 
verified analytically at the National Laboratory for Feedingstuffs in Lublin (Poland). 
Methionine content was analyzed by ultra-performance liquid chromatography with 
UV detection (UPLC-UV), and MHA content was determined by high-performance 
liquid chromatography with fluorescence detection (HPLC-FLD). The composition 
and calculated nutrient content of basal diets fed to turkeys in weeks 1–4, 5–8, 9–12 
and 13–16 are shown in Table 1. The amount of supplemental Met and the total Met 
content of experimental diets, determined analytically, are given in Table 2.

Table 2. Methionine (Met) content of experimental diets

Item
Feeding period (weeks)

1–4 5–8 9–12 13–16
Basal diet (%) 0.43 0.40 0.30 0.27
Expected content of Met in the diet1 (%)

lower (control) Met level2 0.55 0.45 0.36 0.32
higher (experimental) Met level3 0.77 0.67 0.56 0.50

Met content of the final diet4 (%)
DLML 0.58 0.46 0.37 0.34
LML 0.54 0.45 0.36 0.33
MHAL 0.55 0.44 0.33 0.31
DLMH 0.78 0.67 0.58 0.51
LMH 0.82 0.67 0.56 0.50
MHAH 0.79 0.64 0.52 0.49

Sources of methionine (Met): DL-isomer (DLM), L-isomer (LM), DL-hydroxy analog (MHA), dosage of 
Met: “low” (L), “high” (H).

1MHA values were adjusted using a conversion factor of 1.19.
2DLML, LML and MHAL treatments.
3DLMH, LMH and MHAH treatments.
4MHAL and MHAH values were adjusted.

growth trial and sample collection
Feed intake, BW and FCR were determined in weeks 1–4, 5–8, 9–12 and 13–16. 

Mortality rates were monitored throughout the experiment. At 112 days of age, after 
12 h of fasting, 8 birds in each treatment group (6x8=48) were weighed and slaugh-
tered. One bird representing the average body weight of each replication (+/–10%) 
was selected for slaughter. Carcasses were chilled at 4°C for approximately 18 hours, 
and dissected. The weights of the breast, thigh, drumstick, giblets and abdominal fat 
were calculated relative (%) to BW before slaughter. After 24 h of carcass chilling, 
the pH and color parameters of Pectoralis major subsamples were determined. The 
pH of breast muscle was measured 24 h post mortem directly in the left muscle of 
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each turkey (Testo GmbH 206-pH2 meter, Wien, Austria). Meat color parameters L*, 
a*, b* of each turkey were measured in the CIE LAB system (CIE, 1978), three times, 
by the reflectance method, with the HunterLab MiniScan XE Plus colorimeter (Hunter 
Associates Laboratory Inc., Reston, VA, USA), at different points over the muscle 
cross-section area, with standard illuminant D65 and 10° standard observer angle. Be-
fore each session, the device was standardized using black and white standard plates.

chemical and biochemical analyses of meat 
The proximate chemical composition of breast meat was determined. Breast 

muscles were chilled at 4°C, put through a laboratory mincer with a 2 mm mesh, 
and homogenized. Analytical samples of meat were collected to determine water, 
protein and fat content by standard methods (AOAC, 2005). The following redox 
status indicators were determined in breast meat homogenates: activities of superox-
ide dismutase (SOD) and glutathione peroxidase (GPx) – with the use of Ransel and 
Ransod diagnostic kits (Randox), vitamin C concentrations – according to Omaye et 
al. (1979), catalase (CAT) activity – according to Aebi (1984), concentrations of lipid 
hydroperoxidases (LOOH) – according to Sodergren et al. (1998), and concentra-
tions of malondialdehyde (MDA) – according to Salih et al. (1987). 

histopathological analysis
During necropsy, pectoral muscles of each turkey were fixed in 10% neutral-

ized formalin and embedded in paraffin blocks. Paraffin sections of the muscles  
(5 µm) were stained with hematoxylin and eosin (HE). Each section was imaged 
using the Panoramic MIDI scanner (3DHISTECH, Hungary). A microscopic evalu-
ation was conducted separately by two experienced pathologists. Photographs were 
taken and muscle fiber diameters were measured using Panoramic Viewer software 
(3DHISTECH, Hungary). A minimum of 100 fibers were counted in each muscle 
section in each group.

statistical analysis
Two-way ANOVA was performed (the effects of Met dosage and source were 

analyzed). The statistical analysis included the determination of the characteristics 
of the analyzed traits (arithmetic means and SEM) and the significance of differ-
ences in mean values between source groups by Duncan’s D test. The research hy-
pothesis was verified with regard to histopathological changes by a chi-squared test 
(significant at P≤0.05). Computations were performed using STATISTICA 10.0 soft-
ware (StatSoft Inc. 2011). 

results

The Met content of diets administered to turkeys in successive 4-week periods, 
determined analytically (Table 2), was similar when different Met sources were 
used (DLM, LM and MHA) and different when Met was added at two levels: corre-
sponding to that recommended by NRC (1994) and increased by approximately 50%  
(L and H, respectively). 
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growth performance
In two initial stages of rearing, until 8 weeks of age, daily feed intake (DFI)  

was higher in turkeys fed diets with the higher Met level (P<0.001), whereas in 
the later stages, DFI was not affected by dietary Met concentrations. The effect of  
Met source on DFI was noted only from 13 to 16 weeks of age (P=0.037; Table 
3). The higher Met level increased the BW of birds at all dates of weighing (4 and  
12 wk, P<0.001; 8 and 16 wk, P=0.002), and contributed to lower FCR values 
over the entire experimental period (1–16 wk, P=0.049). Met source had no effect  
on the BW of birds, whereas differences in FCR were noted only from 5 to 8 weeks 
of age, when FCR values were higher in groups fed DLM-supplemented diets,  
compared with LM-supplemented diets (P=0.050). Between 9 and 12 weeks of  
age, a D × S interaction was noted (P=0.032): the higher level of LM increased  
FCR. 

carcass yield and quality
Neither dietary Met level nor source affected carcass dressing percentage, which 

ranged from 81.4% in treatment DLMH to 81.9% in treatment LMH (Table 4). The 
higher dietary Met level decreased the percentage of drumstick muscles in the total 
BW of turkeys (P=0.034). A D × S interaction (P=0.012) was noted for thigh mus-
cles: the percentage of thigh muscles in the total BW of birds varied in groups fed 
DLM-supplemented diets. A similar trend was observed in drumstick muscles. Both 
the combined percentage of leg and breast muscles, and the percentage of breast 
muscle in the carcass were comparable in all dietary treatments. Dietary Met levels 
had no influence on carcass fat content. Turkeys fed diets with MHA had higher 
abdominal fat content, in comparison with birds fed diets with the remaining Met 
sources (P=0.017). The experimental factors had no effect on the relative weights 
of the gizzard and heart, whereas increased dietary Met content reduced the relative 
weight of the liver (P=0.003; Table 4), regardless of Met source. 

physicochemical properties of meat
Among the analyzed parameters of the chemical composition of breast muscles, 

only dry matter (DM) content was affected by Met levels and sources (Table 5). 
The meat of turkeys fed diets supplemented with LM had higher DM content than 
the meat of turkeys fed diets supplemented with MHA (P=0.018), but the higher 
dietary level of LM decreased DM content (D × S interaction, P=0.002). A decrease 
was noted in the redness of breast muscle (a*, P=0.040) and active acidity measured  
24 h post mortem (pH24h; P=0.028) with increasing dietary Met levels. Met levels 
and sources had no influence on the remaining components of meat color (L* and 
b*). Fiber diameter in the Pectoralis major muscle was smaller in turkeys fed diets 
with the higher dietary Met level (irrespective of Met source) than in birds receiv-
ing diets supplemented with Met at the level that matched NRC recommendations 
(1994; P=0.004). 
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a) muscle fiber fragmentation; focal muscle fiber necrosis and inflammatory cell infiltration. HE
b) muscle fiber fragmentation; focal muscle fiber necrosis 
c) muscle fiber fragmentation. HE
d) lymphoid cell infiltration between fibers. HE

Figure 1. Histopathological changes in the breast muscles of turkeys (HE – hematoxylin and eosin 
staining)

redox status and histopathological changes in breast muscles
Among the analyzed parameters of the redox status in turkey breast meat, the 

concentrations of vitamin C, lipid hydroperoxidases (LOOH) and MDA were similar 
in all dietary treatments regardless of Met levels and sources, whereas the activi-
ties of SOD and CAT varied (Table 6). Higher SOD activity was observed in tur-
keys fed diets with DLM (P=0.050), and a D × S interaction was noted in treatment 
DLMH (P=0.014). The higher dietary Met level decreased CAT activity (44.9 vs. 
50.9; P=0.017), and Met sources had the following effect on CAT activity: LM > 
DLM > MHA. Dietary supplementation with LM at the higher level decreased CAT 
activity (D × S interaction; P=0.025), whereas the levels of DLM and MHA had no 
effect on CAT activity. A histopathological analysis revealed numerous changes in 
the breast muscle, such as the loss of cross striation, fiber fragmentation, focal fiber 
necrosis and inflammatory cell infiltration, and lymphoid cell infiltration between fi-
bers. Those histopathological changes are illustrated in Figure 1, and their incidence 
is shown in Table 7. The incidence of lymphoid cell infiltration between fibers in the 
Pectoralis major muscle was three-fold higher in turkeys fed diets with lower Met 
content (P=0.013). Other histopathological changes, including the proliferation of 
arterial smooth muscle cells, adipose tissue accumulation with muscle fiber atrophy 
and artherosclerosis, were noted sporadically – in 5, 2 and 2 samples, respectively, 
of the 48 analyzed breast muscle samples (data not shown). 
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discussion

growth performance
Kubińska et al. (2015) demonstrated that diets without pure supplemental Met, 

whose Met content was lower than that recommended by NRC (1994), decreased 
the BWG of turkeys during the first 8 weeks, but exerted no significant effect on 
BWG when fed from 9 weeks of age (Jankowski et al., 2017). Recent experiments 
performed on turkeys (Kubińska et al., 2015, 2016; Jankowski et al., 2017) have 
demonstrated that high dietary Met content, increased by around 50% above the 
NRC-recommended level (1994), has no significant effect on growth performance 
parameters. In the cited studies, where the period of Met feeding was shorter  
(8 wk), increased dietary Met content did not increase the body weight gain (BWG) 
of turkeys. In the complete turkey production cycle, analyzed in this experiment, 
the higher dietary Met level increased the final BW of birds and decreased FCR,  
in comparison with the lower Met level that corresponded to NRC recommenda- 
tions (1994). In a study by Lemme et al. (2005), diets with graded Met levels,  
at 90%, 100% and 120% of BUT (2000) recommendations, led to a linear increase  
in the BWG of turkeys from 36 to 63 days of age. Unlike in previous studies (Gon- 
zales-Esquerra et al., 2007) investigating diets supplemented with DLM and  
MHA, in our experiment Met sources had no influence on the BW of turkeys or FCR 
values.

carcass yield and quality
The efficiency of poultry meat production is largely determined by the carcass 

and meat yields of birds (Murawska, 2013; Murawska et al., 2015). In the present 
experiment, carcass dressing percentage was comparable in all groups and similar to 
that reported in other studies (Jankowski et al., 2016). The higher dietary Met level 
did not increase the relative weight of breast muscle in turkey hens, which is con-
sistent with previous findings (Jankowski et al., 2016). Such an effect was observed 
in an experiment performed on broiler chickens (Zhai et al., 2012). Liu et al. (2010) 
demonstrated that adequate dietary Met levels are required to increase lean carcass 
content and reduce abdominal fat deposition in broilers. The results of this study and 
a similar experiment conducted by Jankowski et al. (2016) did not confirm the effect 
of dietary Met levels on the abdominal fat content of the carcass. Our findings show 
that turkey diets with Met content exceeding NRC (1994) recommendations by ap-
proximately 50% do not induce significant changes in carcass quality.

physicochemical properties of meat
In the present study, the breast muscles of turkeys fed diets with different Met 

levels were characterized by similar values of color lightness (L*) and yellowness 
(b*), whereas redness (a*) values were lower in the meat of birds receiving diets 
with higher Met content. According to Wang et al. (2009), increased dietary Met 
levels may contribute to meat color stabilization due to decreased protein oxida-
tion. Albrecht et al. (2017) demonstrated that Met supplementation had a significant 
influence on the quality parameters of chicken meat during storage. Dietary Met 
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levels, regardless of its source, affected the quality parameters of breast muscles 
in broilers. According to other authors (Jiao et al., 2010; Wu et al., 2011), a rapid 
increase in BW, also resulting from increased Met inclusion rates, leads to changes 
in meat color. Such a correlation was noted in our experiment and in a study by 
Jankowski et al. (2016) where increased dietary Met content caused a linear decrease 
in redness (a*) in turkey breast meat. Other authors (Damaziak et al., 2016; Yost 
et al., 2002) demonstrated that in turkeys, a fast growth rate may reduce glycogen 
levels in muscles, adversely affecting glycolysis and, consequently, meat pH. In an 
experiment by Jankowski et al. (2016), higher dietary Met content, close to BUT. 
(2012) recommendations, increased the pH24 of breast meat in comparison with birds  
fed diets with Met levels that matched NRC (1994) recommendations. In our study, 
the higher dietary Met level decreased pH24 values regardless of Met source. In the 
present experiment, fiber diameter in the Pectoralis major muscle was not influenced 
by Met source, and it was smaller in turkeys fed diets with higher Met content,  
which could affect meat pH. A correlation between fiber diameter and pH24 values 
in the Pectoralis major muscle was observed by Marcu et al. (2013) in broiler  
chickens. 

redox status and histopathological changes in breast muscles
Experiments involving broiler chickens (Chen et al., 2013; Shen et al., 2015) 

indicate that increased dietary Met levels improve the antioxidant protection of the 
body mainly by increasing glutathione concentrations in the liver. Experiments per-
formed on young turkeys (Kubińska et al., 2016) suggest that diets supplemented 
with Met at levels that matched or were slightly lower than BUT (2012) recommen-
dations exerted antioxidant effects, whereas diets with higher Met concentrations 
could have pro-oxidative effects. In the present study, increased dietary Met content 
did not induce changes in the main indicators of the redox status of turkey breast 
meat, such as the concentrations of MDA and LOOH. An increase in CAT activity, 
which is associated with advanced lipid peroxidation (Surai, 2016), was noted in tur-
keys fed diets with higher Met content. Differences in the activities of SOD (which 
was higher in turkeys fed DLM-supplemented diets) and CAT (LM > DLM > MHA) 
were not accompanied by differences in the concentrations of MDA and LOOH in 
meat. In the light of previous findings (Sosnicki and Wilson, 1991), the histopatho-
logical changes in the Pectoralis major muscle noted in our study, in particular the 
loss of cross striation, fiber fragmentation, focal fiber necrosis and inflammatory cell 
infiltration, are typical of turkeys selected for rapid growth. In a study by Velleman 
et al. (2003), turkeys selected for increased BW had hypercontracted muscle fibers 
at 16 weeks of age, and significant fragmentation of fiber bundles was observed 
throughout the Pectoralis major muscle at 20 weeks of age. The cited authors found 
that reduced capillary blood supply decreased pH and led to muscle damage. Apart 
from the incidence of lymphoid cell infiltration between the fibers of Pectoralis ma-
jor muscle, dietary Met levels and sources had no influence on the incidence or type 
of histopathological changes. In the present study, histopathological changes were 
noted in a relatively high number of birds, but their extent was limited.
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conclusions
Increased dietary Met content, approximately 50% higher than that recommend-

ed by NRC (1994), regardless of Met source, resulted in a higher final BW of birds, 
but it did not improve carcass or meat quality. The higher dietary Met level caused  
a deterioration in selected parameters of meat quality, including a decrease in pH24 
and a lower contribution of redness, it had no influence on the redox status of meat, 
and reduced muscle fiber diameter. Apart from a lower incidence of lymphoid cell in-
filtration between the fibers of Pectoralis major muscle, the higher dietary Met level 
had no influence on the incidence or type of histopathological changes. Throughout 
the experiment, no significant differences were noted in the growth performance 
parameters of turkeys, irrespective of Met source. MHA contributed to higher ab-
dominal fat content, lower dry matter content and lower CAT activity in breast meat, 
compared with DLM and LM.
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