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A B S T R A C T   

Improving the number of amino acids and unsaturated fatty acids in the diet is a good way to raise 
the quality of the meat. Currently, most research on the quality of broiler meat focuses on genetic 
traits; nevertheless, it is unclear how meat quality is regulated. This experiment was conducted to 
investigate the effects of different supplemental levels of walnut meal (WM) on growth perfor-
mance, amino acid and fatty acid composition, microbial composition, and meat quality of white 
feather broilers. 1 week old white feather broilers (n = 120; Body weight 83.76 ± 2.32 g), were 
randomly divided into 3 treatments and 4 replicates. Walnut meal of basic diet (CK), 5 %(WM-L) 
and 10 %(WM-H) were added to the diets of white feather broilers, respectively. The results 
showed that walnut meal could increase L* 24 h (24 h brightness) of breast muscle of white 
feathered broilers (p < 0.05). The amount of essential amino acids (e.g., isoleucine, methionine, 
leucine, tryptophan, and phenylalanine), umami amino taste acids (glutamic acid), and PUFA/ 
SFA (polyunsaturated fatty acid) (n-3PUFA and n-6 PUFA) in breast muscle increased as the dose 
was increased. Furthermore, walnut meal regulated amino acid flavour metabolism by increasing 
the relative abundance of Bacteroides, bifidobacterium, and enterococcus faecalis, according to 16S 
rRNA sequencing and functional prediction analysis. The correlation showed that amino acid and 
fatty acid composition was one of the key factors affecting pH value, meat color and tenderness of 
chicken. In conclusion, dietary addition of walnut meal can increase the content of essential 
amino acids and unsaturated fatty acids and the relative abundance of beneficial bacteria of 
broilers, which is of great significance for improving meat quality of white feather broilers.   
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1. Introduction 

Since the nutritional value of feed and market price will affect the production and sale of chicken meat, adjusting the nutritional 
composition is one of the effective means to improve the meat quality of white feather broilers [1]. The use of feed additives and the 
replacement of some conventional feed are conducive to reducing feed cost and improving meat quality [2,3]. intestinal digestion and 
absorption function and barrier function are very important for white feather broilers. Especially in the context of "banning feed 
resistance", the risk of economic losses due to intestinal diseases in the broiler industry is increasing [4]. General feed additives play an 
increasingly important role in promoting animal growth and development, reducing feed cost, and improving meat quality. Research 
conducted domestically on general feed additives for white feather broilers has mainly focused on plants and their extracts, as well as 
probiotics and their metabolites. Studies on plants and their extracts have focused on Chinese herbs, polysaccharides, and essential 
oils. Many of these studies aim to regulate the body’s immune and antioxidant functions. Meanwhile, studies on essential oils and 
probiotics for broilers have focused on their combined use with other feed additives to alleviate the effects of challenge models for 
pathogenic bacteria such as Clostridium perfringens, pathogenic Escherichia coli, and Salmonella, whereas feed rich in natural plant 
protein is not developed and applied [5]. 

Walnut, also known as Juglans regia, is a plant from the walnut family. It has been highly respected since ancient times due to its rich 
nutritional and medicinal value. Walnuts are not only nutritious but also play a vital role in maintaining the normal physiological 
function of the human body, promoting growth and development, and enhancing immunity [6]. The walnut industry emerged due to 
the excellent ecological benefits of walnuts, their rich nutrition and health functions, and the safety of grain and oil. In recent years, the 
industry has become a pillar in many places, with China ranking first in the world for walnut planting area and output. Yunnan 
province has the highest production, with a planting area of over 43 million mu [7]. Therefore, the in-depth exploitation of walnut and 
its by-products is crucial for the healthy and sustainable development of the walnut industry, both socially and economically [8]. 
Currently, the use of walnut resources in China is primarily limited to the extraction of walnut oil. The remaining walnut meal is often 
treated as waste and used as feed, fertilizer, or discarded, resulting in a significant waste of resources and environmental pollution. 
However, recent studies have shown that walnut meal contains up to 40 % protein and is easily digestible. Seventy percent of the 
protein content is gluten, while 18 % is globulin, 7 % is albumin, and the remaining percentage is composed of other alcohol-soluble 
proteins [9]. These proportions meet the requirements for a protein-rich diet, where animal proteins should account for half of the total 
protein intake. The 18 different amino acids in walnut meal are complete, among which the content of arginine, glutamic acid, and 
aspartic acid is higher [10]. Walnut meal can be used as a high-quality source of feed, effectively solving the protein-feed shortage in 
China, and improving feed safety and utilization rates. Additionally, it can serve as a theoretical basis for studying the regulation 
mechanism of walnut meal on meat quality and breeding white feathered broilers in line with dietary health and nutrition 
requirements. 

As people’s living standards improve, the demand for high-quality chicken has increased. Currently, there is a significant gap in 

Table 1 
Nutrient level composition of basic diet.  

Ingredients (%) Iitial period (1–21 days of age) Fttening period (2–42 days of age) 

Corn 58.50 60.10 
Limestone 1.60 1.35 
Soybean oil 3.04 4.50 
Soyabean meal 28.00 30.00 
Fermented soybean meal 5.00 – 
Salt 0.22 0.26 
Threonine 0.10 0.09 
Lysine – 0.10 
Methionine 0.14 0.15 
Calcium monohydrogen phosphate 1.40 1.45 
Premixa 2.00 2.00 
Total 100 100 

Nutrients 

Metabolizable energyb(/MJ⋅kg 1) 12.33 12.76 
Crude protein 21.04 18.97 
Crude fat 5.60 7.06 
Calcium 1.00 0.90 
Methionine 0.43 0.40 
Lysine 1.08 1.01 
Threonine 0.83 0.77 
Total phosphate 0.65 0.60 

Note. 
a Premix provides vitamin A 9 500 IU, vitamin D3 500 IU, vitamin E 20 IU, vitamin K 1.2 mg, vitamin B1 2.2 mg, vitamin B2 5.0 mg, vitamin B6 2.0 

mg, niacin 30 mg, pantothenic acid 12.0 mg, folic acid 0.8 mg, biotin 0.18 mg, iodine 0.35 mg, selenium 0.30 mg, manganese 100 mg, iron 80 mg, 
copper 8 mg, and zinc 75 mg. The premix contained no antibiotics or chemically synthesized antibacterial agents. The values presented are measured 
quantities in percentages. 

b The values for metabolizable energy were computed, while the levels of other nutrients were determined through measurement. 
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chicken quality in China. Feed costs make up 60 %–80 % of production costs. However, the rising demand for feed raw materials in 
China’s livestock industry and insufficient domestic supply have led to an increase in the price of feed raw materials such as corn and 
soybeans, resulting in higher breeding costs. Reducing feeding costs is a prerequisite for maintaining the development of animal 
husbandry. This study investigates the growth performance and meat quality of white feathered broilers in relation to different doses of 
walnut meal feed. The aim is to determine whether walnut meal feed can enhance the meat quality of broilers without negatively 
affecting their health status. Additionally, the study seeks to determine the optimal dose of walnut meal to provide a reference for its 
development and utilization in the broiler breeding industry. 

2. Materials and methods 

2.1. Mixed feed preparation 

Walnut meal comes from Yunnan Zijiang Food Co., LTD. It is the residue left after walnut oil extraction, which is ground and 
screened (60 mesh). White feather broilers from Shandong Dacheng Collective Hunan Shuncheng Industrial Co., Ltd. were fed walnut 
meal powder at a rate of 5 % or 10 % of their basic diet shown in Table 1. 

2.2. Design of experiments and collection of samples 

Sixty white feather broilers with initial body weight (IBW) = 83.76 ± 2.32 g were randomly divided into 3 groups with 3 replicates 
per group and 10 broilers per replicate. The experiment was randomly divided into three treatment groups: blank control group (CK: 
basal diet), WM-L(5 % walnut meal) and WM-H (10 % walnut meal). Broilers were placed in stainless steel cages, naturally ventilated, 
free to eat and drink, indoor relative humidity was maintained at 50 %, the temperature was maintained at 32–34 ◦C (1–7 days), and 
gradually decreased to 23 ◦C at a rate of 3 ◦C per week until the end of the experiment. 

After 42 days of the experiment, five white feather broilers were randomly selected from each group, and their final weight was 
recorded after a 12-h fast. The jugular vein was used for bleeding after the shock. The left pectoral muscle of the broilers was used to 
measure food quality (pH value, color difference, shear force, etc.) and nutrient composition (crude fat and crude protein), while the 
right pectoral muscle was used to measure fatty acid and amino acid composition. The contents of the cecum were collected, frozen, 
and stored at − 80 ◦C for further analysis. 

2.3. Growth index 

The body weight, test days and feed intake of white feather broilers on 42 days were recorded. Average body weight (BW), average 
daily gain (ADG= (final weight - initial weight)/test days), average daily feed intake (ADFI = total feed intake/test days), feed to gain 
ratio (F/G = total substance consumption/total weight gain) were calculated [11]. 

2.4. Meat quality analyses 

Take a sample of the left pectoral muscle for color, Indicators such as pH value, drip loss, cooking loss, shear force, fat and protein 
are processed according to the procedure of Li et al. [12]. 

2.4.1. pH and meat color 
The pH values of the pectoral muscles were measured using a carcass pH-star (MATTHAUS, Germany), and the pectoral muscle’s 

brightness (L*), redness (a*), and yellowness (b*) values were measured using a chromometer (CR-410, Minolta, Japan) at 45 min and 
24 h after slaughter. Each meat sample was measured three times. 

2.4.2. Drip loss 
Measure the weight of the chest muscles of equal size (W1). Suspend the meat in the centre of a plastic cup and leave it to hang for 

24 h at 4 ◦C. After 24 h, wipe the surface of the meat and weigh it (W2), and the calculation formula is as follows: 

Drip loss(%)= (W1 − W2) /W2 × 100%  

2.4.3. Cooking loss 
Weigh the meat sample W3 of the same size, put it in a cooking bag, cook it in a water bath for 15 min, cool it to room temperature, 

remove the water on the surface of the meat, weigh W4, the calculation formula is as follows: and calculate the formula as follows: 

Cooking loss(%)= (W3 − W4) /W3 × 100%  

2.4.4. Shear force 
After the cooking loss was measured, the chest muscle was vertically placed on the C-LM3 digital muscle cutter and cut into 3 meat 

samples of the same size and thickness, and the values were recorded. 
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2.4.5. Crude protein and fat 
(1) The determination of crude protein was carried out using the Kjelhardt nitrogen determination method as outlined in 

GB5009.5–2016, which is a national standard for food safety. (2) The determination of crude fat was carried out using the Soxhlet 
extraction method as outlined in GB5009.6–2016, which is also a national standard for food safety [13]. 

2.5. Determination of the composition of amino acids and fatty acids 

Amino acid analysis: A sample of appropriate quantity is taken from the sample container and transferred to a 2 mL centrifuge tube. 
The tube is then filled with 600 μL of a 10 % acetic acid methanol solution in water (1:1, v/v). A glass bead is added, and the tube is 
vortexed for 2 min. The sample is then centrifuged at 12,000 rpm for 5 min at 4 ◦C. The supernatant is transferred to a new tube and 
diluted with 980 μL of the same solution. The sample is then diluted with water (1:1, v/v) solution and 100 μL of the diluted sample is 
added to 100 μL of the 10 ppb Trp-d3 internal standard. The mixture is then filtered through a 0.22 μm membrane filter and the filtrate 
is transferred to a test tube for analysis. The test is conducted using 21 amino acid standards (Shanghai Huagong Chemical Reagent Co., 
Ltd., China) as the reference material [14,15]. 

The determination of fatty acids was conducted by the following procedure: A quantity of the sample was taken and placed in a 2 
mL centrifuge tube, to which 1 mL of chloroform: methanol (2:1) solution was added. This was then mixed with 100 mg of glass beads, 
and the mixture was subjected to two rounds of grinding. The resulting suspension was then subjected to ultrasonication at room 
temperature for 30 min at 12,000 rpm. After this, the mixture was centrifuged at 4 ◦C for 5 min at 1500 rpm. The supernatant was then 
transferred to a 15 mL centrifuge tube, and 2 mL of 1 % sulfuric acid in methanol solution was added. The samples were mixed and 
incubated at 80 ◦C in a water bath for 30 min. Following this, the samples were cooled, and 1 mL of hexane was added for extraction. 
The samples were then mixed and allowed to settle for 5 min. This was followed by the addition of 5 mL of water (4 ◦C) for further 
purification. The samples were then centrifuged at 3500 rpm for 10 min at 4 ◦C. A 700 μL aliquot of the supernatant was transferred to 
a 2 mL centrifuge tube, and 100 mg of sodium sulfate was added. The sodium sulfate powder was removed from the solution by 
evaporation, and the resulting solution was mixed and centrifuged at 12,000 rpm for 5 min. A 200 μL aliquot of the supernatant was 
transferred to a 2 mL centrifuge tube and mixed with 200 μL of hexane. The mixture was then centrifuged at 12,000 rpm for 5 min. A 
300 μL aliquot of the supernatant was transferred to a 2 mL centrifuge tube and mixed with 15 μL of 500 ppm hydroxysuccinic acid. 
The internal standard, methyl acetate, was mixed and 200 μL of the supernatant was added to the test tube for analysis. Gas chro-
matography (GC) was performed using a Trace 1300 gas chromatograph (Thermo Fisher Scientific, USA) with a mass spectrometer 
(MS) detector (TSQ 9000, Thermo Fisher Scientific, USA). The analytical conditions were based on the recommendations of L.R. 
Hoving and colleagues [16,17]. 

2.6. Composition of microorganisms in the cecum 

The test sample of − 80 ◦C was sent to BioDeep BioInformation Technology (Suzhou, China) for further analysis. The FastDNA®Spin 
Kit for Soil was used to extract total DNA (Omega, USA) and to detect the purity and concentration of NanoDrop2000 DNA (Thermo 
Scientific, NC2000). Specific primers (338F and 806R) were used to amplify the V3–V4 region of 16S rRNA gen and using QIIME2 
version 2019.4 to Alpha diversity analysis of data, including Chao 1, Shannon, Simpson and Good ’s coverage analysis, etc., The raw 
data was uploaded to the NCBI website with the join number SRA: SRR26909438 to SRR2690945. 

2.7. Statistical analyses 

The experimental data were preliminarily sorted by Excel and statistically analyzed by SPSS23.0 software and GraphPad Prism 9 
software. The data were represented by mean ± standard error (X±SEM). Correlation analysis was performed using the cloud platform 
of BioDeep Metabolism Detection Company for analysis and mapping. P > 0.05 meant no significant difference, and P < 0.05 meant 
significant difference. 

Table 2 
Effects of different doses of walnut meal on performance of broilers.  

Itema Treatmentsb p-value 

CK WM-L WM-H 

Initial BW, g 82.79 ± 3.61 82.01 ± 3.21 85.50 ± 3.52 0.761 
Final BW, g 1386.41 ± 63.72a 1116.68 ± 44.97b 1329.66 ± 23.68a 0.011 
ADFI, g 853.45 673.19 780.87 – 
ADG, g 36.21 ± 1.73a 28.74 ± 1.26 b 34.56 ± 1.58a 0.012 
F/G ratio 23.78 ± 1.10 23.59 ± 0.95 22.78 ± 1.01 0.768 

The values in the table are expressed as a mean ± standard error. a-bMeans with different letters within a row differ significantly (p < 0.05). 
a BW: body weight; ADFI: average daily feed intake; ADG: average daily gain; F/G: feed/gain ratio. 
b CK = base diet (SBM); WM-L = SBM+5 % walnut meal; WM-H=SBM+10 % walnut meal. 
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3. Results 

3.1. Effects of different doses of walnut meal on performance of broilers 

Growth performance is one of the most important performance indexes. As shown in Table 2, The level of walnut meal supple-
mentation increased, the final weight (p = 0.011) and daily gain (p = 0.012) of white feathered broilers tended to increase. These 
results indicate that the addition of walnut meal did not have a negative effect on the growth and development of white feather 
broilers. 

3.2. Effects of different doses of walnut meal on meat quality of broilers 

As can be seen from Table 3, compared with the control group, walnut meal increased L* 24 h of breast muscle of broilers at 42 days 
of age (p < 0.05), but there were no significant differences in shear force, dripping loss, cooking loss, pH24 h, breast muscle fat and 
protein (p > 0.05). 

3.3. Effects of different doses of walnut meal on amino acid composition of broilers 

Compared with the control group, the contents of essential amino acids (isoleucine, methionine, leucine, tryptophan, phenylala-
nine, arginine, methionine) were increased by addition of walnut meal (p < 0.05), while the contents of arginine, homocysteine, 
glutamine, EAA, FAA and TAA were decreased (Table 4). 

3.4. Effects of different doses of walnut meal on fatty acid composition of broilers 

In the breast muscle of the white feather broilers, a total of 47 fatty acids were detected. Out of these, 31 fatty acids (such as C18:0, 
C18:1n-9c, and C20:4n-6) did not show any significant difference in their contents when compared to the control group. However, the 
contents of the remaining 16 fatty acids showed significant differences (p < 0.05). The broiler treatment groups had C16:0, C18:0, 
C18:1n-9c, and C18:2n-6 as the main fatty acids, which accounted for 80.09 %, 79.32 %, and 78.1 % of the total fatty acids, 
respectively. Compared to the control group, the breast muscle of the broilers showed a significant increase (p < 0.05) in the contents 
of PUFA, n-3 PUFA, n-6 PUFA, and PUFA/SFA, including essential fatty acids α-linolenic acid (C18:3n-3) and linoleic acid (C18:2n-6) 
in humans (p < 0.05) (Table 5). 

3.5. Metabolomics analysis of cecum in broilers 

3.5.1. Analysis of intestinal microbial diversity 
The study aimed to analyze the effects of varying proportions of walnut meal on the intestinal microbial composition of broilers. To 

achieve this, the cecal microflora was analyzed using 16SrRNA sequencing. A total of 16,648 OTUs were generated across all samples, 
with 894 OTUs present in all three groups. The control group had 6607 unique OTUs, while the WM-L and WM-H groups had 3318 and 
4311 unique OTUs, respectively (Fig. 1a). To comprehensively evaluate the alpha diversity of microbial communities, Chao and 
Observed species indices were used to characterize the richness, Shanno and Simpso indices to characterize the diversity, and Pielou’s 
evennes index to characterize the evenness. Good’s coverag index representation coverage (The alpha Diversity index can be calcu-
lated at: http://scikitbio.org/docs/latest/generated/skbio.diversity.alpha.html#module-skbio.diversity.alpha), compared with the 

Table 3 
Effects of different doses of walnut meal on meat quality of broilers.  

Itema Treatmentsb p-value 

CK WM-L WM-H 

Drip loss, % 8.22 ± 0.11 7.03 ± 0.4 6.49 ± 0.13 0.886 
Cooking loss, % 24.05 ± 0.72 26.41 ± 1.9 25.4 ± 2.25 0.644 
Shear force, N 2.95 ± 0.45 3.99 ± 0.73 3.25 ± 0.4 0.412 
pH 45 min 6.31 ± 0.04 6.33 ± 0.15 6.07 ± 0.13 0.220 
pH 24 h 6.44 ± 0.10 6.16 ± 0.09 6.28 ± 0.06 0.077 
L* 45 min 43.36 ± 0.87 46.62 ± 1.24 46.56 ± 1.29 0.072 
a* 45 min 5.33 ± 0.72 5.42 ± 0.68 4.14 ± 0.61 0.362 
b* 45 min 12.38 ± 0.84 13.58 ± 0.57 11.75 ± 0.84 0.248 
L*24 h 45.61 ± 0.79b 50.01 ± 0.63a 51.15 ± 1.05a <0.001 
a*24 h 7.66 ± 0.95 5.89 ± 0.69 7.45 ± 0.74 0.253 
b*24 h 13.46 ± 0.56 15.62 ± 0.52 15.00 ± 0.82 0.053 
Protein g/100 g 21.5 ± 0.774 22.88 ± 0.3308 22.84 ± 0.8553 0.312 
Fat g/100 g 1.98 ± 0.14 1.66 ± 0.24 1.9 ± 0.2 0.511 

The values in the table are expressed as a mean ± standard error. a-bMeans with different letters within a row differ significantly (p < 0.05). 
a L*: luminance; a*: redness; b*: yellowness. 
b CK = base diet (SBM); WM-L = SBM+5 % walnut meal; WM-H=SBM+10 % walnut meal. 
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control group, the indexes of Chao, observed species, Shannon, Simpson, and Pielou’s evenness were down-regulated in the experi-
mental groups, whereas those of good’s coverage were up-regulated (p < 0.05) (Fig. 1b). The results showed that walnut meal 
treatment decreased the species richness and diversity of the cecal microflora of the broilers and increased the species coverage of 
microflora. Principal coordinate and NMDS analysis of cecal microflora diversity data of broilers in each group showed that the 
samples of the control group and the experimental group could be distinguished, indicating that the microbial community composition 
was different between the groups (Fig. 1d–e). 

3.5.2. Microbial composition analysis of cecum 
At the phylum classification level, compared with the control group, the contents of Actinomyces and Bacteroidetes were signif-

icantly increased, that of Firmicutes significantly decreased (p < 0.05) (Fig. 2a), and there was no significant difference in the relative 
abundance of proteobacteria (p > 0.05) (Fig. 2c–f). At the genus classification level(Fig. 2b), compared with the control group, the 
abundances of Bacteroides, Coecalis, Bifidobacteria, and Koala were significantly increased in all treatment groups (p < 0.05) (Fig. 2g–j). 

3.5.3. Screening of marker species 
Combining effect size measurement (LEfSe) with linear discrimination analysis (LDA), we analyzed the cecal microbiota of broilers, 

thirteen orders and 29 families were identified by LDA score, a total of 28 genera were selected as dominant bacteria, most of the 
specific taxa were derived from WM-H, suggesting that walnut meal treatment had a strong effect on the gut microbiome of the broilers 
(Fig. 3a). The main bacteria in the CK group were Firmicutes and Clostridia bacteria (LDA>4), those of the WM-L group were Pro-
teobacteria and Bacillus (LDA>4), and those of the MM-H group were Coriobacteria and Phascolarctobacteria (LDA>4) (Fig. 3b). 

3.5.4. Correlation network analysis of dominant species 
In the control group, Firmicutes and Bacteroides were positively correlated with each other and Proteus in the microbiome. 

However, the regulatory trend of this network was more obvious in the walnut meal treatment group (Fig. 4a). In addition, more 
complex microbial interaction patterns were found among Firmicutes and Bacteroides, proving the existence of more core nodes (e.g., 
unidentified_Lachnospiraceae, Phascolarctobacterium, and Butyricicoccus). The unidentified_Christensenellaceae and Lactobacillus in the 
control group were mainly negatively correlated, and after hydrolysis processing mainly negative correlation flora is unclassifie-
d_Rikenellaceae and unclassified_Coriobacteriaceae. Gate-level network analysis also revealed a more complex symbiosis within the 
cecal microbiome in the walnut meal treated group compared to the control group, as demonstrated by a larger number of edges in the 
WM network than in the control group (Fig. 4b). 

Table 4 
Effects of different doses of walnut meal on amino acid composition of broilers (%).  

Itema Treatmentsb p-value 

CK WM-L WM-H 

Gly 6.73 ± 0.18a 4.62 ± 0.12b 4.44 ± 0.11b <0.001 
Ala 8.06 ± 0.07b 9.08 ± 0.09a 7.91 ± 0.1b <0.001 
GABA 0.03 ± 0b 0.04 ± 0b 0.05 ± 0a <0.001 
Ser 8.47 ± 0.05a 7.93 ± 0.07b 8.48 ± 0.08a <0.001 
Pro 2.08 ± 0.02a 1.94 ± 0.03b 1.79 ± 0.02c <0.001 
Val 3.4 ± 0.03a 3.38 ± 0.02a 2.99 ± 0.07b <0.001 
Thr 3.82 ± 0.08a 2.08 ± 0.12b 2.44 ± 0.17b <0.001 
Iso 2.92 ± 0.03a 2.98 ± 0.05a 2.79 ± 0.04b 0.017 
Leuc 5.19 ± 0.08b 5.56 ± 0.05a 5.27 ± 0.13b 0.037 
Asn 2.95 ± 0.03c 3.58 ± 0.07b 3.8 ± 0.07a <0.001 
Asp 3.5 ± 0.08 3.34 ± 0.13 3.37 ± 0.12 0.576 
Hcy 0.23 ± 0.01a 0.1 ± 0b 0.1 ± 0b <0.001 
Gln 7.86 ± 0.06a 6.5 ± 0.14b 6.4 ± 0.04b <0.001 
Lys 6.24 ± 0.1a 4.93 ± 0.03c 5.58 ± 0.05b <0.001 
Glu 7.79 ± 0.09 8.17 ± 0.12 7.92 ± 0.1 0.068 
Met 2.07 ± 0.04b 2.44 ± 0.02a 2.34 ± 0.05a <0.001 
His 17.73 ± 0.19c 20.18 ± 0.3b 21.47 ± 0.48a <0.001 
Phe 2.57 ± 0.04c 2.99 ± 0.04a 2.84 ± 0.05b <0.001 
Arg 2.86 ± 0.03c 4.15 ± 0.07b 4.4 ± 0.11a <0.001 
Tyr 4.48 ± 0.04b 4.94 ± 0.07a 4.56 ± 0.09b 0.001 
Try 0.92 ± 0.01c 1.08 ± 0.01a 1.01 ± 0b <0.001 
EAA 27.13 ± 0.13a 25.42 ± 0.16b 25.27 ± 0.39b <0.001 
FAA 39.96 ± 0.22a 38.97 ± 0.34b 37.67 ± 0.16c <0.001 
TAA 2261.27 ± 34.45a 1689.28 ± 57.19b 1518.32 ± 33.2c <0.001 

EAA = Sum of (Lys, Thr, Phe, Met, Val, Trp, Leu, Ile). 
FAA=Sum of (Leu, Ile, Arg, Gln, Val, Hcy, Gly, Glu, Trp, Met). 
The values in the table are expressed as a mean ± standard error. a-cMeans with different letters within a row differ significantly (p < 0.05). 

a TAA: total amino acids; FAA: flavor amino acids; EAA: essential amino acids. 
b CK = base diet (SBM); WM-L = SBM+5 % walnut meal; WM-H =SBM+10 % walnut meal. 

X. Jiang et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e34903

7

3.5.5. Effect of walnut meal on prediction of intestinal microbial function in broilers 
The metagenomic sequences were analyzed by PICRUSt to obtain the predictive KEGG pathway. The results show that the 

metabolic regulation of host gene enrichment is mainly involved in carbohydrate metabolism, amino acid metabolism, cofactor, and 
vitamin metabolism, terpenoid and polyketide acid metabolism, lipid metabolism, energy metabolism, glycan biosynthesis, and 
nucleotide metabolism (Fig. 5a). In addition, compared to control, 22 pathways (e.g., transport and catabolism, isogenic biodegra-
dation and metabolism, cofactor and vitamin metabolism, lipid generation, glycan biosynthesis and metabolism, energy metabolism, 
and carbohydrate metabolism) were up-regulated in the WM-L group, and 13 pathways (e.g., cell movement, signal transduction, 
membrane transport, and polyketoic acid metabolism) were down-regulated. WM-H up-regulates 6 pathways (e.g., cell motility, 
transcription translation and replication, biodegradation, and metabolism of allobiotin) and down-regulated 20 pathways (e.g., glycan 
biosynthesis and metabolism, energy metabolism, carbohydrate metabolism), there is less regulation of human neurodegenerative 
diseases, infectious diseases, cardiovascular diseases and immune diseases (Fig. 5b). 

3.6. Correlation analysis of meat quality 

Mantel and chord-graph correlation were employed to analyze the correlation between the intestinal microbiome level and the 
amino acid and fatty acid composition of the breast muscle in broilers. The aim was to explore the mechanism of improving meat 
quality with walnut meal. The results indicate that there is a correlation between the changes in pH 45 min, L* 45 min, a* 45 min, and 
Drip loss (Fig. 6a) and the amino acid composition, while the changes in pH 45 min, L* 45 min, a* 45 min, and a*24 h (Fig. 6b) are 
correlated with the fatty acid composition. In the analysis of amino acid correlation, 12 genera showed significant negative correlation 
with the amino acid composition of pectoral muscle. These included Lactobacillus, Bifidobacterium, Clostridium, Faecalis and Dorea. On 
the other hand, 18 genera showed significant positive correlation with the amino acid composition of pectoral muscle (Fig. 6c–d). 

4. Discussion 

Corn, wheat and soybean meal (SBM) are used as nutrients in the main animal feeds, however, there is a need to explore and 
evaluate alternative feeds to cope with variable costs and the availability of these conventional feeds [18]. Studies have shown that 
150 g/kg Macadamia nut cake does not affect its growth performance and can be used as a potential alternative feed to partially replace 
corn and SBM [19]. In this study, the addition of walnut meal to the diet improved the growth performance (final BW and ADG) of 

Table 5 
Effects of different doses of walnut meal on fatty acid composition of broilers (%).  

Itema Treatmentsb p-value 

CK WM-L WM-H 

C10:0 0.02 ± 0.00a 0.01 ± 0.00b 0.01 ± 0.00c <0.01 
C14:1 0.54 ± 0.16c 1.73 ± 0.71b 3.03 ± 0.57a <0.01 
C16:0 30.13 ± 0.72a 29.44 ± 1.05a 28.17 ± 0.73b 0.01 
C16:1t 0.25 ± 0.05a 0.23 ± 0.04a 0.17 ± 0.01b <0.01 
C16:1 2.90 ± 0.38a 2.25 ± 0.49b 1.92 ± 0.16b <0.01 
C18:0 18.06 ± 1.39 18.25 ± 1.68 17.23 ± 1.03 0.492 
C18:1n9t 0.18 ± 0.00b 0.27 ± 0.06a 0.30 ± 0.02a <0.01 
C18:1n12 0.40 ± 0.07a 0.31 ± 0.04b 0.28 ± 0.02b <0.01 
C18:1n9c 20.90 ± 1.78 18.87 ± 3.07 18.53 ± 1.28 0.218 
C18:1n7 2.53 ± 0.06a 1.85 ± 0.05b 1.86 ± 0.09b <0.01 
C18:2n6 11.00 ± 0.70c 12.76 ± 0.70b 14.17 ± 0.67a <0.01 
C18:3n3 0.31 ± 0.03c 0.38 ± 0.07b 0.49 ± 0.04a <0.01 
C20:2 0.38 ± 0.03ab 0.34 ± 0.04a 0.40 ± 0.03b 0.025 
C20:3n6 0.87 ± 0.07a 0.73 ± 0.12b 0.72 ± 0.05b <0.01 
C20:4n6 3.67 ± 0.28 4.10 ± 0.72 4.16 ± 0.27 0.236 
C20:5n3 0.24 ± 0.02a 0.17 ± 0.03b 0.17 ± 0.01b <0.01 
C22:0 0.04 ± 0.01a 0.03 ± 0.00ab 0.03 ± 0.00b 0.042 
C22:5n6 0.25 ± 0.02 0.27 ± 0.05 0.26 ± 0.01 0.656 
C24:0 0.02 ± 0.01a 0.01 ± 0.00b 0.01 ± 0.00b <0.01 
C24:1 0.22 ± 0.03b 0.39 ± 0.14a 0.49 ± 0.03a <0.01 
Total Fas 4192.74 ± 312.30 4009.15 ± 640.45 4240.88 ± 182.25 0.670 
SFA 49.82 ± 2.07 49.25 ± 2.67 46.90 ± 1.76 0.127 
MUFA 31.36 ± 1.84 29.83 ± 3.14 30.50 ± 1.37 0.576 
PUFA 18.83 ± 0.42c 20.92 ± 0.54b 22.60 ± 0.66a <0.01 
PUFA/SFA 0.37 ± 0.10c 0.42 ± 0.06b 0.48 ± 0.14a <0.01 
n-3 PUFA 1.57 ± 0.13b 1.60 ± 0.14b 1.79 ± 0.07a 0.027 
n-6 PUFA 15.96 ± 0.51c 18.04 ± 0.23b 19.47 ± 0.60a <0.01 
n-6/n-3 10.20 ± 0.99 11.31 ± 0.92 10.88 ± 0.39 0.138 

The values in the table are expressed as a mean ± standard error. a-cMeans with different letters within a row differ significantly (p < 0.05). 
a PUFA: polyunsaturated fatty acids; MUFA: monounsaturated fatty acids; SFA: saturated fatty acids. 
b CK = base diet (SBM); WM-L = SBM+5 % walnut meal; WM-H=SBM+10 % walnut meal. 
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white feathered broilers compared with the control group. This may be because walnut meal is rich in protein or amino acids, which 
improves the lipid metabolism or intestinal flora of broilers, thereby improving the growth performance of broilers. 

Meat quality is an important economic factor that directly influences consumers’ preference for chicken meat. Various charac-
teristics of meat quality are associated with different meat processing methods [20]. For instance, meat that is tender is suitable for 
grilling, while chewy meat is better for braising. Studies have shown that the addition of 10 % walnut meal affects the quality of meat, 

Fig. 1. Analysis of intestinal microbial diversity (n = 5). 
(a) Venn diagram; (b) α-diversity: Chao, Observed species, Shannon, Simpson, and Pielou’s evenness and good’s coverage indices; (c-e) beta di-
versity. *p < 0.05,**p < 0.01,***p < 0.001 compared with the CK group. 
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including tenderness, pH, meat color and medium and long chain fatty acid content [21].It was observed that the addition of walnut 
meal had no significant effects on the breast muscle redness (a* at 45 min), yellowness (b* at 45 min), dripping loss, cooking loss, shear 
force, pH at 24 h, or fat content of the broilers. With the increase of walnut meal dosage, the L* at 1 h and the protein contents of the 
breast muscle of the broilers were increased. The color of meat depends on the amount of myoglobin in the muscle, and the reason meat 
turns dark red with increased exposure under any feeding pattern is because oxygenated myoglobin (bright red) is oxidized to 
methemoglobin (brown) [22]. 

Amino acid content in muscle is an important index to evaluate the nutritional value of protein and one of the main chemical 
indexes affecting the flavor quality of chicken. There are many kinds of amino acids in chicken, which correspond to different tastes for 
humans and have important effects on meat quality. Amino acids have been found to directly activate the taste pathway ion channels 
that control umami and sweetness in human type II receptor cells [23]. Compared with the control group, the content of amami amino 
acid (one of the main components affecting meat taste) in WM-H group was significantly increased. From sensory evaluations of 
synthetic solutions based on meat components, it has been suggested that Glu contributes to umami and broth flavor [24]. Compared 
with the control group, the contents of essential amino acids (isoleucine, methionine, leucine, tryptophan, phenylalanine, arginine, 
methionine) were increased by addition of walnut meal, while the contents of arginine, homocysteine, glutamine, EAA, FAA and TAA 
were decreased.Essential amino acids such as isoleucine, methionine, leucine, tryptophan, and phenylalanine were increased in a 
dose-dependent manner in comparison with the control group. Compared with the control group, the addition of walnut meal 
increased the contents of essential amino acids (isoleucine, methionine, leucine, tryptophan, phenylalanine, arginine, methionine) and 
decreased the contents of arginine, homocysteine, glutamine, EAA, FAA and TAA, possibly because walnut meal has the potential to 
regulate amino acid transformation and synthesis. Studies have reported that 150 mg/kg GML can significantly increase the contents of 
lysine, aspartic acid, glutamic acid, tyrosine, umami amino acid and total amino acid in pectoral muscle [25]. In addition, amino acids 
are not only the carriers of protein construction, but also participate in the intracellular signaling pathways of protein anabolism and 
promote protein synthesis. From the perspective of functional amino acids, it was found that leucine, tryptophan, and methionine was 
dose dependent. The selected combination of functional amino acids polyphenols can completely restore the performance of chickens 
affected by coccidiosis and improve the digestibility of AA [26]. These results suggest that walnut meal may have similar effects. 

The content and proportion of fatty acids are important criteria related to the health-promoting properties of meat [27]. Poultry 
meat is a good source of polyunsaturated fatty acids, especially n-3 polyunsaturated fatty acids, including eicosapentaenoic acid 
C20:5n-3 and docosahexaenoic acid C22:6n-3, which have positive effects on brain and cardiovascular-system function [28]. Other 
important criteria include, for example, the ratio of the n-6/n-3 ratio of fatty acids to AI and TI, with lower AI and TI values positively 
associated with a lower risk of severe coronary artery abnormalities [29]. In this study, walnut meal treatment increased the content of 
PUFAs, n-3 PUFAs, and n-6 PUFAs in the breast muscle of the broilers. It may be because walnut meal contains some components that 
make the conversion between saturated and unsaturated fatty acids occur, thus increasing the content of unsaturated fatty acids. 
Further identification of active components is needed. n-3 PUFA has been shown to be effective in treating bronchial asthma, 
neuropsychiatric disorders, and cognitive brain function in children; it can also prevent future cardiovascular disease in adults [30], 
Fatty acid composition, especially n-3 PUFA, is regulated by changes in dietary lipid intake and absorption levels [31]. In this study, 
the fatty acid composition of white feather broilers fed with walnut meal is more beneficial to human health. In addition to n-3 
polyunsaturated fatty acids, other fatty acids, including essential fatty acids alpha-linolenic acid (C18:3n3) and linoleic acid 
(C18:2n6), also have health benefits in preventing brain, retinal, and cardiovascular diseases. The four double bonds of arachidonic 
acid (ARA) tend to lead to oxygenation, which leads to many metabolites that are important for the normal function of the immune 
system, promoting allergy and inflammation; resolving inflammation; mood; and appetite [32]. Consistent with the results of this 
study. 

Complex microecosystems exist in the digestive tract of animals, which participate in the basic process of digestion and absorption, 
and have the functions of preventing pathogen colonization, improving the intestinal environment, and protecting the intestinal health 
of the host [33]. Chicken intestinal microorganisms are rich in species and play an important role in improving growth performance 
and maintaining physical health [34]. More and more studies have shown that the development of intestinal microbes is a dynamic 
process, with some differences in microbial diversity and community composition among different parts [35]. The chicken intestine 
can be divided into different intestinal segments, such as duodenum, jejunum, ileum, cecum, and colorectal [36]. The cecum is the 
most diverse part of the chicken gastrointestinal tract. Studies have shown that Bacteroides, Firmicutes, Proteus, and Actinomyces are 
the main bacteria in chicken intestinal microbiota [37], which is consistent with the results of our experiment. However, there are 
some differences in the relative abundance of the main dominant bacterial phyla, which may be caused by differences in chicken breed 
and feeding diet [38]. It was found that Firmicutes, Bacteroides, and Actinomyces accounted for 97.42 %, 98.25 %, and 98.29 % of the 
cecum microbe composition of the white feather broilers, respectively. Firmicutes produce short-chain fatty acids, which are absorbed 
directly into the host intestinal wall as an energy source and are positively associated with weight gain and immune function in birds 
and mammals [39]. The probiotic effect of Bacteroides has attracted the attention of many scholars. Bacteroides can improve the 
utilization of polysaccharides by the host [40], improve the immunity of the host [41], and maintain the balance of intestinal flora 

Fig. 2. Microbial composition analysis of cecum (n = 5). 
(a) phylum level analysis. (b) Generic microbial composition; each bar represents the average relative abundance of each bacterial taxon within a 
group. (c-f) Relative abundances of Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria under different doses of walnut meal. (g-h) Relative 
abundances of Bacteroides, Coecalis, Bifidobacteria, and Koala under different doses of walnut meal in the genus class. The data were analyzed using 
one-way analysis of variance. Statistical significance was determined at the following levels: *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 3. LEfSe analysis and LDA score screening markers (n = 5). 
(a) The branching diagram shows the significantly different microbial species between the two groups (p, c, o, f, g from the inside out), with green 
and orange nodes on the phylogenetic tree representing microbial species that played important roles in the control and treatment groups, 
respectively. (b) Species with significant differences (default is 2.0) where the LDA score is greater than the estimate, and the length of the histogram 
represents the LDA score. 
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[42]. Bifidobacteria can regulate intestinal microbiota and is an important intestinal probiotic [43]. Koala Bacillus, an obligate 
anaerobic and Gram-negative bacterium that produces short-chain fatty acids, including acetate and propanate, and may be related to 
the metabolic state and mood of the host, colonizes extensively in the human gastrointestinal tract [44]. The results of this study 
showed that the consumption of walnut meal rich in vegetable protein could increase the content of beneficial bacteria in the cecum of 
broilers. In addition, symbiotic network analysis (R ≥ 0.7 and p ≤ 0.05) showed that the number of nodes and correlation between 
bacteria in each group increased with the increase of walnut meal dose. The higher the network complexity, the richer the microbial 
diversity, which may represent the better the dynamic balance of intestinal microbiota [45]. Intestinal homeostasis inhibits the 
colonization of pathogens and is beneficial to nutrient absorption and physiological health [46]. 

Functional prediction results showed that the dietary contents of the WM groups were rich in Retinol_metabolism, Proteasome, 
Lipopolysaccharide_biosynthesis, PPAR_signaling_pathway, African_trypanosomiasis, and D− Arginine_and_D− ornithine_metabolism. 
The critical contribution of the proteasome to healthy cellular proteostasis has been increasingly recognized in recent years [47]. 
Peroxisome proliferator-activated receptors (PPARs) belong to the ligand-activated nuclear receptor family. They play a crucial role in 
regulating metabolism, and certain PPAR ligands have been suggested as potential treatments for various diseases, including metabolic 
syndrome, neurodegenerative diseases, diabetes, and cardiovascular disease [48]. The results show that different doses of walnut meal 
affect the synthesis of amino acids and fatty acids by regulating the changes of microbe composition and diversity in the cecum. 

Recent studies have convincingly shown that large numbers of amino-acid-fermenting bacteria reside in the gut [49]. It has been 
shown that the essential amino acid "lysine", produced by bacteria, is absorbed in the body, and integrated into whole host proteins 
[50]. In a study of a nitrogen-adequate diet in humans, gut-microbiome-derived lysine and threonine were shown to be essential for 
free lysine and threonine contents [51]. Various strains of Lactobacillus and Bifidobacteria have been found to produce 
gamma-aminobutyric acid, a neuroactive substance [52]. It is well known that imidazole propionate can be converted to 
histidine-derived metabolites by gut microbiota [53]. In addition, the gut microbiota can produce tryptophan due to the presence of 
tryptophan decarboxylase in the gut [54]. 

The study found that arginine, leucine, tryptophan, and methionine increased in a dose-dependent mannerl, suggesting the 
involvement of cecal microorganisms in amino acid synthesis and catabolism [55]. Based on the correlation analysis of amino acids 
and fatty acids between microorganisms and pectoral muscle, it was found that the amino acid synthesis and catabolic pathways of 
Ruminococcus, Coprococcus, Oscillospira, unclassified Clostridiales, and unidentified Christensenellaceae flora, such as the Arginine 
and D-ornithine metabolism pathways, play a regulatory role. The correlation between meat quality and amino acid composition was 
found to be linked to changes in pH 45 min, L* 45 min, a* 45 min, and drip loss. Similarly, the fatty acid composition was found to be 
correlated with changes in pH 45 min, L* 45 min, a* 45 min, and a*24 h. It is important to note that the composition of amino acids and 
fatty acids is a crucial factor that affects the quality of chicken food, particularly the pH, meat color, and tenderness of fresh meat. The 
pH of meat directly indicates the quality of its meat, affecting its color, water retention, tenderness, and taste, which can reflect the rate 
of muscle glycolysis after death [56]. In this study, walnut meal treatment tended to lower pH at 45 min and 24 h. Lactic acid secreted 

Fig. 4. Dominant species network analysis. 
(a) Modular map of dominant species network (average abundance top 50 ASV/OTU), with a correlation of R≥|0.7| or higher, the diagram uses red 
lines to indicate a positive correlation and green lines to indicate a negative correlation. (b) Seed network diagram of dominant species annotated 
horizontally, with red lines indicating a positive correlation, and green lines indicating a negative correlation. The colors are represented by 
modules. Gray is Module 1, orange is module 2, yellow is module 3, and green is module 4. 
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Fig. 5. KEGG functional pathway analysis (n = 5). 
(a) Analysis of the functional metabolic pathway in KEGG. (b) Differential analysis of KEGG metabolic pathway. 
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Fig. 6. Correlation analysis of meat quality (n = 5). 
(a) Correlation analysis of amino acid and meat quality. (b) Correlation between fatty acids and meat quality. (c) Correlation analysis of amino acids 
and fatty acids with intestinal flora of the top 30 genera (p < 0.05). (d) Analysis of the correlation between amino acids and the top 30 intestinal 
flora. In correlation analysis, red represents a positive correlation and blue or green represents a negative correlation. *p < 0.05, **p < 0.01, ***p 
< 0.001. 
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by muscle glycogen after death causes pH levels to drop. In addition, the decrease of pH value is conducive to the degradation of 
myofibrillar protein [57] Meat color is an important metric in the evaluation of sensory characteristics that affect consumer prefer-
ences. Changes in meat color depend on the amount and chemical composition of myoglobin. Both deoxymyoglobin and oxygenated 
myoglobin can be oxidized to high ferrimyoglobin, resulting in brown meat [58]。Lipid oxidation is closely related to meat color and 
produces free radicals that promote the accumulation of ferrimyoglobin, resulting in reduced color stability and accelerated meat 
discoloration [59]. This study showed that the composition and content of amino acids and fatty acids in pectoral muscle of broilers 
treated with walnut meal changed, which may be the cause of affecting meat color and pH, but the specific mechanism of the study 
needs further research. 

5. Conclusion 

This study demonstrates that the inclusion of walnut meal in the diet of broilers can enhance their nutritional characteristics. It can 
increase the protein content in the breast muscle of white feather broilers, promote the deposition of flavouring substances such as 
glutamic acid, leucine, isoleucine, tryptophan, and methionine in the muscle, and increase the body weight and average daily gain of 
white feather broilers. The study found that the contents of PUFA, n-3PUFA and n-6 PUFA in the breast muscle of white feathered 
broilers increased, and the PUFA/SFA composition ratio improved. This study also proved for the first time that walnut meal can 
effectively increase the content of Bacteroides, Bifidobacterium, Coriobacteriia and Phascolarctobacterium in cecum microorganisms. 
Involving Retinol_metabolism, Lipopolysaccharide_biosynthesis, PPAR_signaling_pathway, African_trypanosomiasis and Regulation of 
D− Arginine_and_D− ornithine_metabolism and other metabolic signaling pathways. The correlation between meat quality and walnut 
meal was investigated, and it was found that adding 10 % walnut meal to the diet of white feather broilers can improve the quality of 
their breast muscle. This improvement is achieved by altering the microbe composition of the cecum and regulating the metabolism of 
amino acids and fatty acids in the muscle. These findings provide valuable insights for the industrialization of white feather broilers. In 
conclusion, walnut meal has the potential to enhance the flavor and nutritional value of white feather broilers when used as a feed 
formula additive. 

Ethical statement 

All procedures are approved by the Life Science Ethics Committee of Yunnan Agricultural University, Ethics number:202209012. 

Data availability statement 

Data will be made available on request. 

Additional information 

No additional information is available for this paper. 

CRediT authorship contribution statement 

Xingjiao Jiang: Writing – original draft, Formal analysis, Data curation. Jiangrui Yang: Validation, Methodology, Data curation. 
Lihui Yu: Writing – review & editing. Zhengjiang Zhou: Writing – review & editing. Lijun Yu: Writing – review & editing. Yankai 
Luo: Supervision. Linxian Shan: Supervision. Ruijuan Yang: Conceptualization. Haizhen Wang: Validation, Software. Xiaocui Du: 
Validation, Software. Qichao Huang: Validation, Software. Cunchao Zhao: Writing – review & editing. Yan Liu: Validation, Soft-
ware. Jun Sheng: Funding acquisition, Conceptualization. Chongye Fang: Writing – review & editing, Supervision, Funding 
acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgements 

This work was supported by Yunnan Science and Technology Mission of Walnut industry in Fengqing(grant num-
bers:202204BI090012)and Yunnan International Joint Laboratory of Green Health Food(China & Thailand) (grant 
numbers:202203AP1). 

X. Jiang et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e34903

16

References 

[1] M. Zampiga, L. Laghi, F. Soglia, et al., Partial substitution of soybean meal with microalgae meal (arthrospira spp. - Spirulina) in grower and finisher diets for 
broiler chickens: implications on performance parameters, footpad dermatitis occurrence, breast meat quality traits, amino acid digestibility and plasma 
metabolomics profile, Poultry Sci. 103 (8) (2024) 103856, https://doi.org/10.1016/j.psj.2024.103856. 

[2] G.M. Galli, L.G. Griss, M.M. Boiago, et al., Effects of curcumin and yucca extract addition in feed of broilers on microorganism control (anticoccidial and 
antibacterial), health, performance and meat quality, Res. Vet. Sci. 1322020) 156-166, https://doi.org/10.1016/j.rvsc.2020.06.008. 

[3] A. Hassan, I. Youssef, N.S. Abdel-Atty, A. Abdel-Daim, Effect of thyme, ginger, and their nanoparticles on growth performance, carcass characteristics, meat 
quality and intestinal bacteriology of broiler chickens, BMC Vet. Res. 20 (1) (2024) 269, https://doi.org/10.1186/s12917-024-04101-z. 

[4] C. Yang, M.S. Diarra, J. Choi, et al., Effects of encapsulated cinnamaldehyde on growth performance, intestinal digestive and absorptive functions, meat quality 
and gut microbiota in broiler chickens, Transl. Anim. Sci. 5 (3) (2021) txab99, https://doi.org/10.1093/tas/txab099. 

[5] J. Lin, M. Comi, P. Vera, et al., Effects of saccharomyces cerevisiae hydrolysate on growth performance, immunity function, and intestinal health in broilers, 
Poultry Sci. 102 (1) (2023) 102237, https://doi.org/10.1016/j.psj.2022.102237. 

[6] M. Cofan, S. Rajaram, A. Sala-Vila, et al., Effects of 2-year walnut-supplemented diet on inflammatory biomarkers, J. Am. Coll. Cardiol. 76 (19) (2020) 
2282–2284, https://doi.org/10.1016/j.jacc.2020.07.071. 

[7] X. Zhou, X. Peng, H. Pei, et al., An overview of walnuts application as a plant-based, Front. Endocrinol. 132022) 1083707, https://doi.org/10.3389/fendo.2022. 
1083707. 

[8] L. Lin, T.P. Moran, B. Peng, et al., Walnut antigens can trigger autoantibody development in patients with pemphigus vulgaris through a "hit-and-run" 
mechanism, J. Allergy Clin. Immunol. 144 (3) (2019) 720–728, https://doi.org/10.1016/j.jaci.2019.04.020. 

[9] Y. Wang, B. Tan, C. Chen, X. Zhang, X. Sun, the phenolic profile of walnut meal protein isolates and interaction of phenolics with walnut protein, Food Res. Int. 
1702023) 113042, https://doi.org/10.1016/j.foodres.2023.113042. 

[10] V. Ferrari, G. Gil, H. Heinzen, R. Zoppolo, F. Ibanez, Influence of cultivar on nutritional composition and nutraceutical potential of pecan growing in uruguay, 
Front. Nutr. 92022) 868054, https://doi.org/10.3389/fnut.2022.868054. 

[11] X. Jiang, J. Yang, Z. Zhou, et al., Moringa oleifera leaf improves meat quality by modulating intestinal microbes in white feather broilers, Food Chem. X 202023) 
100938, https://doi.org/10.1016/j.fochx.2023.100938. 

[12] Z. Li, J. Zhang, T. Wang, J. Zhang, L. Zhang, T. Wang, Effects of capsaicin on growth performance, meat quality, digestive enzyme activities, intestinal 
morphology, and organ indexes of broilers, Front. Vet. Sci. 92022) 841231, https://doi.org/10.3389/fvets.2022.841231. 

[13] D. Maestri, D. Barrionuevo, R. Bodoira, A. Zafra, J. Jimenez-Lopez, J.D. Alche, Nutritional profile and nutraceutical components of olive (olea europaea l.) 
Seeds, J. Food Sci. Technol.-Mysore 56 (9) (2019) 4359–4370, https://doi.org/10.1007/s13197-019-03904-5. 

[14] R. Fuertig, A. Ceci, S.M. Camus, E. Bezard, A.H. Luippold, B. Hengerer, Lc-ms/ms-based quantification of kynurenine metabolites, tryptophan, monoamines and 
neopterin in plasma, cerebrospinal fluid and brain, Bioanalysis 8 (18) (2016) 1903–1917, https://doi.org/10.4155/bio-2016-0111. 

[15] B. Ma, X. Li, J. Li, et al., Quantitative analysis of tenuifolin concentrations in rat plasma and tissue using lcms/ms: application to pharmacokinetic and tissue 
distribution study, J. Pharm. Biomed. Anal. 88 (0731–7085) (2014) 191–200, https://doi.org/10.1016/j.jpba.2013.07.012. 

[16] L.R. Hoving, M. Heijink, V. van Harmelen, K.W. van Dijk, M. Giera, Gc-ms analysis of medium- and long-chain fatty acids in blood samples, Methods Mol. Biol. 
17302018) 257-265, https://doi.org/10.1007/978-1-4939-7592-1_18. 

[17] M. Beccaria, F.A. Franchina, M. Nasir, T. Mellors, J.E. Hill, G. Purcaro, Investigation of mycobacteria fatty acid profile using different ionization energies in gc- 
ms, Anal. Bioanal. Chem. 410 (30) (2018) 7987–7996, https://doi.org/10.1007/s00216-018-1421-z. 

[18] C.M. Alfaia, M.M. Costa, P.A. Lopes, J.M. Pestana, J. Prates, Use of grape by-products to enhance meat quality and nutritional value in monogastrics, Foods 11 
(18) (2022), https://doi.org/10.3390/foods11182754. 

[19] S. Yadav, R. Jha, Macadamia nut cake as an alternative feedstuff for broilers: effect on growth performance, Anim. Feed Sci. Technol. 275 (0377–8401) (2021) 
114873, https://doi.org/10.1016/j.anifeedsci.2021.114873. 

[20] B. Wang, C. Shen, Y. Cai, D. Liu, S. Gai, The purchase willingness of consumers for red meat in china, Meat Sci‥ 1922022) 108908, https://doi.org/10.1016/j. 
meatsci.2022.108908. 

[21] H. Kobayashi, K. Nakashima, A. Ishida, A. Ashihara, M. Katsumata, Effects of low protein diet and low protein diet supplemented with synthetic essential amino 
acids on meat quality of broiler chickens, Anim. Sci. J. 84 (6) (2013) 489–495, https://doi.org/10.1111/asj.12021. 

[22] A.E. Bekhit, C. Faustman, Metmyoglobin reducing activity, Meat Sci. 71 (3) (2005) 407–439, https://doi.org/10.1016/j.meatsci.2005.04.032. 
[23] X. Zhang, D.A. Ostrov, H. Tian, Taste receptors function as nutrient sensors in pancreatic islets: a potential therapeutic target for diabetes, Endocr., Metab. 

Immune Disord.: Drug Targets 23 (9) (2023) 1137–1150, https://doi.org/10.2174/1871530323666221229115230. 
[24] G. Watanabe, H. Kobayashi, M. Shibata, M. Kubota, M. Kadowaki, S. Fujimura, Reduction of dietary lysine increases free glutamate content in chicken meat and 

improves its taste, Anim. Sci. J. 88 (2) (2017) 300–305, https://doi.org/10.1111/asj.12577. 
[25] X. Feng, F. Kong, X. Yan, et al., Research note: effects of glycerol monolaurate supplementation on egg production, biochemical indices, and gut microbiota of 

broiler breeders at the late stage of production, Poultry Sci. 100 (9) (2021) 101386, https://doi.org/10.1016/j.psj.2021.101386. 
[26] R. Barekatain, T. Chalvon-Demersay, C. Mclaughlan, W. Lambert, Intestinal barrier function and performance of broiler chickens fed additional arginine, 

combination of arginine and glutamine or an amino acid-based solution, Animals 11 (8) (2021), https://doi.org/10.3390/ani11082416. 
[27] M. Cullere, G. Tasoniero, V. Giaccone, G. Acuti, A. Marangon, Z.A. Dalle, Black soldier fly as dietary protein source for broiler quails: meat proximate 

composition, fatty acid and amino acid profile, oxidative status and sensory traits, Animal 12 (3) (2018) 640–647, https://doi.org/10.1017/ 
S1751731117001860. 

[28] J. Biesek, J. Kuzniacka, M. Banaszak, G. Maiorano, M. Grabowicz, M. Adamski, The effect of various protein sources in goose diets on meat quality, fatty acid 
composition, and cholesterol and collagen content in breast muscles, Poultry Sci. 99 (11) (2020) 6278–6286, https://doi.org/10.1016/j.psj.2020.08.074. 

[29] M.A. Cartoni, E. Silletti, S. Mattioli, et al., Fatty acid profile, oxidative status, and content of volatile organic compounds in raw and cooked meat of different 
chicken strains, Poultry Sci. 100 (2) (2021) 1273–1282, https://doi.org/10.1016/j.psj.2020.10.030. 

[30] C.N. Kuratko, E.C. Barrett, E.B. Nelson, N.J. Salem, The relationship of docosahexaenoic acid (dha) with learning and behavior in healthy children: a review, 
Nutrients 5 (7) (2013) 2777–2810, https://doi.org/10.3390/nu5072777. 

[31] M. Poorghasemi, A. Seidavi, A.A. Qotbi, V. Laudadio, V. Tufarelli, Influence of dietary fat source on growth performance responses and carcass traits of broiler 
chicks, Asian Australas, J. Anim. Sci. 26 (5) (2013) 705–710, https://doi.org/10.5713/ajas.2012.12633. 

[32] V.S. Hanna, E. Hafez, Synopsis of arachidonic acid metabolism: a review, J. Adv. Res. 112018) 23-32, https://doi.org/10.1016/j.jare.2018.03.005. 
[33] P. Howe, B. Meyer, S. Record, K. Baghurst, Dietary intake of long-chain omega-3 polyunsaturated fatty acids: contribution of meat sources, Nutrition 22 (1) 

(2006) 47–53, https://doi.org/10.1016/j.nut.2005.05.009. 
[34] J.T. Brisbin, J. Gong, S. Sharif, Interactions between commensal bacteria and the gut-associated immune system of the chicken, Anim. Health Res. Rev. 9 (1) 

(2008) 101–110, https://doi.org/10.1017/S146625230800145X. 
[35] K.M. Feye, M. Baxter, G. Tellez-Isaias, M.H. Kogut, S.C. Ricke, Influential factors on the composition of the conventionally raised broiler gastrointestinal 

microbiomes, Poultry Sci. 99 (2) (2020) 653–659, https://doi.org/10.1016/j.psj.2019.12.013. 
[36] C. Yan, J. Xiao, Z. Li, et al., Exogenous fecal microbial transplantation alters fearfulness, intestinal morphology, and gut microbiota in broilers, Front. Vet. Sci. 

82021) 706987,https://doi.org/10.3389/fvets.2021.706987. 
[37] J. Wang, L.T. Nesengani, Y. Gong, Y. Yang, W. Lu, 16s rrna gene sequencing reveals effects of photoperiod on cecal microbiota of broiler roosters, PeerJ 62018) 

e4390, https://doi.org/10.7717/peerj.4390. 
[38] R. Barekatain, P.V. Chrystal, T. Nowland, et al., Negative consequences of reduced protein diets supplemented with synthetic amino acids for performance, 

intestinal barrier function, and caecal microbiota composition of broiler chickens, Anim. Nutr. 132023) 216-228, https://doi.org/10.1016/j.aninu.2023.01.011. 

X. Jiang et al.                                                                                                                                                                                                           

https://doi.org/10.1016/j.psj.2024.103856
https://doi.org/10.1016/j.rvsc.2020.06.008
https://doi.org/10.1186/s12917-024-04101-z
https://doi.org/10.1093/tas/txab099
https://doi.org/10.1016/j.psj.2022.102237
https://doi.org/10.1016/j.jacc.2020.07.071
https://doi.org/10.3389/fendo.2022.1083707
https://doi.org/10.3389/fendo.2022.1083707
https://doi.org/10.1016/j.jaci.2019.04.020
https://doi.org/10.1016/j.foodres.2023.113042
https://doi.org/10.3389/fnut.2022.868054
https://doi.org/10.1016/j.fochx.2023.100938
https://doi.org/10.3389/fvets.2022.841231
https://doi.org/10.1007/s13197-019-03904-5
https://doi.org/10.4155/bio-2016-0111
https://doi.org/10.1016/j.jpba.2013.07.012
https://doi.org/10.1007/978-1-4939-7592-1_18
https://doi.org/10.1007/s00216-018-1421-z
https://doi.org/10.3390/foods11182754
https://doi.org/10.1016/j.anifeedsci.2021.114873
https://doi.org/10.1016/j.meatsci.2022.108908
https://doi.org/10.1016/j.meatsci.2022.108908
https://doi.org/10.1111/asj.12021
https://doi.org/10.1016/j.meatsci.2005.04.032
https://doi.org/10.2174/1871530323666221229115230
https://doi.org/10.1111/asj.12577
https://doi.org/10.1016/j.psj.2021.101386
https://doi.org/10.3390/ani11082416
https://doi.org/10.1017/S1751731117001860
https://doi.org/10.1017/S1751731117001860
https://doi.org/10.1016/j.psj.2020.08.074
https://doi.org/10.1016/j.psj.2020.10.030
https://doi.org/10.3390/nu5072777
https://doi.org/10.5713/ajas.2012.12633
https://doi.org/10.1016/j.jare.2018.03.005
https://doi.org/10.1016/j.nut.2005.05.009
https://doi.org/10.1017/S146625230800145X
https://doi.org/10.1016/j.psj.2019.12.013
https://doi.org/10.3389/fvets.2021.706987
https://doi.org/10.7717/peerj.4390
https://doi.org/10.1016/j.aninu.2023.01.011


Heliyon 10 (2024) e34903

17

[39] J. Lee, J. D’Aigle, L. Atadja, et al., Gut microbiota-derived short-chain fatty acids promote poststroke recovery in aged mice, Circ. Res. 127 (4) (2020) 453–465, 
https://doi.org/10.1161/CIRCRESAHA.119.316448. 

[40] F. Backhed, H. Ding, T. Wang, et al., The gut microbiota as an environmental factor that regulates fat storage, Proc. Natl. Acad. Sci. U. S. A. 101 (44) (2004) 
15718–15723, https://doi.org/10.1073/pnas.0407076101. 

[41] T.S. Stappenbeck, L.V. Hooper, J.I. Gordon, Developmental regulation of intestinal angiogenesis by indigenous microbes via paneth cells, Proc. Natl. Acad. Sci. 
U. S. A. 99 (24) (2002) 15451–15455, https://doi.org/10.1073/pnas.202604299. 

[42] L.V. Hooper, M.H. Wong, A. Thelin, L. Hansson, P.G. Falk, J.I. Gordon, Molecular analysis of commensal host-microbial relationships in the intestine, Science 
291 (5505) (2001) 881–884, https://doi.org/10.1126/science.291.5505.881. 

[43] J.A. Patterson, J.I. Orban, A.L. Sutton, G.N. Richards, Selective enrichment of bifidobacteria in the intestinal tract of broilers by thermally produced kestoses and 
effect on broiler performance, Poultry Sci. 76 (3) (1997) 497–500, https://doi.org/10.1093/ps/76.3.497. 

[44] H. Zafar, M.J. Saier, Gut bacteroides species in health and disease, Gut Microb. 13 (1) (2021) 1–20, https://doi.org/10.1080/19490976.2020.1848158. 
[45] J. Lu, U. Idris, B. Harmon, C. Hofacre, J.J. Maurer, M.D. Lee, Diversity and succession of the intestinal bacterial community of the maturing broiler chicken, 

Appl. Environ. Microbiol. 69 (11) (2003) 6816–6824, https://doi.org/10.1128/AEM.69.11.6816-6824.2003. 
[46] N. Zmora, J. Suez, E. Elinav, You are what you eat: diet, health and the gut microbiota, Nat. Rev. Gastroenterol. Hepatol. 16 (1) (2019) 35–56, https://doi.org/ 

10.1038/s41575-018-0061-2. 
[47] J.Y. Shin, S. Muniyappan, N.N. Tran, H. Park, S.B. Lee, B.H. Lee, Deubiquitination reactions on the proteasome for proteasome versatility, Int. J. Mol. Sci. 21 

(15) (2020), https://doi.org/10.3390/ijms21155312. 
[48] B. Staels, L. Butruille, S. Francque, Treating nash by targeting peroxisome proliferator-activated receptors, J. Hepatol. 79 (5) (2023) 1302–1316, https://doi. 

org/10.1016/j.jhep.2023.07.004. 
[49] W. Wang, S. Jiang, C. Xu, et al., Interactions between gut microbiota and parkinson’s disease: the role of microbiota-derived amino acid metabolism, Front. 

Aging Neurosci. 142022) 976316, https://doi.org/10.3389/fnagi.2022.976316. 
[50] C.C. Metges, K.J. Petzke, U. Hennig, Gas chromatography/combustion/isotope ratio mass spectrometric comparison of n-acetyl- and n-pivaloyl amino acid 

esters to measure 15n isotopic abundances in physiological samples: a pilot study on amino acid synthesis in the upper gastro-intestinal tract of minipigs, J. Mass 
Spectrom. 31 (4) (1996) 367–376, https://doi.org/10.1002/(SICI)1096-9888(199604)31:4<367:AID-JMS310>3.0.CO;2-V. 

[51] C.C. Metges, A.E. El-Khoury, L. Henneman, et al., Availability of intestinal microbial lysine for whole body lysine homeostasis in human subjects, Am. J. Physiol. 
277 (4) (1999) E597–E607, https://doi.org/10.1152/ajpendo.1999.277.4.E597. 

[52] E. Barrett, R.P. Ross, P.W. O’Toole, G.F. Fitzgerald, C. Stanton, Gamma-aminobutyric acid production by culturable bacteria from the human intestine, J. Appl. 
Microbiol. 113 (2) (2012) 411–417, https://doi.org/10.1111/j.1365-2672.2012.05344.x. 

[53] A. Koh, A. Molinaro, M. Stahlman, et al., Microbially produced imidazole propionate impairs insulin signaling through mtorc1, Cell 175 (4) (2018) 947–961, 
https://doi.org/10.1016/j.cell.2018.09.055. 

[54] S.P. van Kessel, A.K. Frye, A.O. El-Gendy, et al., Gut bacterial tyrosine decarboxylases restrict levels of levodopa in the treatment of Parkinson’s disease, Nat. 
Commun. 10 (1) (2019) 310, https://doi.org/10.1038/s41467-019-08294-y. 

[55] Y. Tian, R. Zhang, G. Li, et al., Microbial fermented feed affects flavor amino acids and yolk trimethylamine of duck eggs via cecal microbiota-yolk metabolites 
crosstalk, Food Chem. 4302024) 137008, https://doi.org/10.1016/j.foodchem.2023.137008. 

[56] Z. Lei, K. Zhang, C. Li, et al., Dietary supplementation with essential-oils-cobalt for improving growth performance, meat quality and skin cell capacity of goats, 
Sci. Rep. 8 (1) (2018) 11634, https://doi.org/10.1038/s41598-018-29897-3. 

[57] P. He, Y. Lei, K. Zhang, et al., Dietary oregano essential oil supplementation alters meat quality, oxidative stability, and fatty acid profiles of beef cattle, Meat 
Sci‥ 2052023) 109317, https://doi.org/10.1016/j.meatsci.2023.109317. 

[58] E.N. Ponnampalam, T. Plozza, M.G. Kerr, et al., Interaction of diet and long ageing period on lipid oxidation and colour stability of lamb meat, Meat Sci‥ 
1292017) 43-49, https://doi.org/10.1016/j.meatsci.2017.02.008. 

[59] M.N. Nair, S.P. Suman, S. Li, P. Joseph, C.M. Beach, Lipid oxidation-induced oxidation in emu and ostrich myoglobins, Meat Sci. 96 (2 Pt A) (2014) 984–993, 
https://doi.org/10.1016/j.meatsci.2013.08.029. 

X. Jiang et al.                                                                                                                                                                                                           

https://doi.org/10.1161/CIRCRESAHA.119.316448
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1073/pnas.202604299
https://doi.org/10.1126/science.291.5505.881
https://doi.org/10.1093/ps/76.3.497
https://doi.org/10.1080/19490976.2020.1848158
https://doi.org/10.1128/AEM.69.11.6816-6824.2003
https://doi.org/10.1038/s41575-018-0061-2
https://doi.org/10.1038/s41575-018-0061-2
https://doi.org/10.3390/ijms21155312
https://doi.org/10.1016/j.jhep.2023.07.004
https://doi.org/10.1016/j.jhep.2023.07.004
https://doi.org/10.3389/fnagi.2022.976316
https://doi.org/10.1002/(SICI)1096-9888(199604)31:4<367:AID-JMS310>3.0.CO;2-V
https://doi.org/10.1152/ajpendo.1999.277.4.E597
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1016/j.cell.2018.09.055
https://doi.org/10.1038/s41467-019-08294-y
https://doi.org/10.1016/j.foodchem.2023.137008
https://doi.org/10.1038/s41598-018-29897-3
https://doi.org/10.1016/j.meatsci.2023.109317
https://doi.org/10.1016/j.meatsci.2017.02.008
https://doi.org/10.1016/j.meatsci.2013.08.029

	Walnut meal improves meat quality by modulating intestinal microbes in white feather broilers
	1 Introduction
	2 Materials and methods
	2.1 Mixed feed preparation
	2.2 Design of experiments and collection of samples
	2.3 Growth index
	2.4 Meat quality analyses
	2.4.1 pH and meat color
	2.4.2 Drip loss
	2.4.3 Cooking loss
	2.4.4 Shear force
	2.4.5 Crude protein and fat

	2.5 Determination of the composition of amino acids and fatty acids
	2.6 Composition of microorganisms in the cecum
	2.7 Statistical analyses

	3 Results
	3.1 Effects of different doses of walnut meal on performance of broilers
	3.2 Effects of different doses of walnut meal on meat quality of broilers
	3.3 Effects of different doses of walnut meal on amino acid composition of broilers
	3.4 Effects of different doses of walnut meal on fatty acid composition of broilers
	3.5 Metabolomics analysis of cecum in broilers
	3.5.1 Analysis of intestinal microbial diversity
	3.5.2 Microbial composition analysis of cecum
	3.5.3 Screening of marker species
	3.5.4 Correlation network analysis of dominant species
	3.5.5 Effect of walnut meal on prediction of intestinal microbial function in broilers

	3.6 Correlation analysis of meat quality

	4 Discussion
	5 Conclusion
	Ethical statement
	Data availability statement

	Additional information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


