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Chinese indigenous chickens have a long history of natural and artificial selection and are popular for their excellent meat quality and unique flavor. This study investigated six meat quality-related traits in Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens. Two-dimensional gas chromatography-time-of-flight mass spectrometry was used to detect unique flavors in 24 breast muscle samples from the same phenotyped chickens. Overall, 685, 618, 502, and 487 volatile organic compounds were identified in Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens, respectively. The flavor components were separated into eight categories, including hydrocarbons and aldehydes. Multivariate analyses of the identified flavor components revealed some outstanding features of these breeds. For example, the hydrocarbons (22.09%) and aldehydes (14.76%) were higher in Ningdu yellow chickens and the highest content of N, N-dimethyl-methylamine was in Ningdu yellow, Baier yellow, and Shengze 901 chickens, indicating the maximum attribution to the overall flavor (ROAV = 439.57, 289.21, and 422.80). Furthermore, we found that 27 flavor compounds differed significantly among the four Chinese breeds, including 20 (e.g., 1-octen-3-ol), two (e.g., 2-methyl-naphthalene), four (e.g., 2,6-lutidine), and one (benzophenone) flavor components were showed significant enrichment in Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens, respectively. The flavor components enriched in each breed were key biomarkers distinguishing breeds and most were significantly correlated with meat quality trait phenotypes. These results provide novel insights into indigenous Chinese chicken meat flavors.
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1. Introduction

Chicken is an important poultry species in the meat industry and is distributed worldwide. The main meat quality traits include meat color, drip loss, and pH, which have been improved over the past 20 years with the adaptation of novel genomic techniques. Moreover, meat flavor is a crucial factor for consumers when evaluating and accepting meat (1). All these traits are complex and are affected by multiple factors, such as breed. An increasing number of studies have found that the flavor of most indigenous chicken breeds is associated with excellent meat quality and a high nutritional value (1, 2). Therefore, it is important to understand the scientific basis of the unique flavors of different chicken breeds, especially indigenous breeds, to improve chicken meat quality and to satisfy consumer requirements.

Flavors are more effective than taste and texture at distinguishing important quality characteristics of meat products. The meat flavor is primarily determined by volatile organic compounds (VOCs), which are mainly produced by the Maillard reaction and lipid oxidation between lipids and water-soluble organic compounds (3, 4). Flavor compound analysis techniques include two-dimensional gas chromatography-time-of-flight mass spectrometry (GC × GC-TOF-MS), gas chromatography-ion mobility spectrometry (GC-IMS), gas chromatography–olfactometry-mass spectrometry (GC-O-MS), and gas chromatography–mass spectrometry (GC–MS). Yang et al. identified 89 flavor components in samples from six commercial smoked chicken products in China using GC–MS (5). Benzothiazole, 2-Pyrrolidinone, 2-Acetylthiazole, and disulfide dipropyl have been identified in Dezhou braised chickens using GC × GC/HR-TOFMS (6). Zhou et al. investigated flavor changes in Fuliji roast chicken during processing and storage times based on GC-IMS and identified 47 VOCs across seven sampling stages (2). Furthermore, Kamatou et al. identified more VOCs, especially fatty acid methyl esters, in palm and palmist oils than in GC × GC-TOF-MS and GC–MS, (7). Li et al. investigated VOCs in six Chinese dry-cured hams and found that GC × GC-TOF-MS detected more than five times more VOCs than GC-IMS (8). Therefore, a comprehensive flavor component study using GC × GC-TOF-MS is required to better understand unique flavor formation in indigenous Chinese chicken meat.

Ningdu yellow, Baier yellow, and Kangle chickens are representative Chinese indigenous breeds of yellow-feathered broilers. These breeds were developed through natural and artificial selection processes and are known for their distinct and unique flavors. As a representative cultivated variety of white-feathered broiler breeds, Shengze 901 chickens have faster growth rates and lower breeding costs. White-and yellow-feathered broilers are the dominant breeds in the Chinese chicken production industry. In this study, to investigate the unique flavor formation in Chinese broiler breeds, GC × GC-TOF-MS was performed on breast muscle harvested from Chinese Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens. The main and unique flavor compounds of four Chinese breeds were identified and comparisons between the white-and yellow-feathered broilers were performed by multivariate analyses, including Venn diagram, relative odor activity value (ROAV), and FlavorDB analyses. Furthermore, comparative analysis and correlation analysis were used to fully understand the flavor differences among four Chinese breeds and the relationship with meat quality traits. Our results help identify unique flavors and provide a theoretical reference for improving chicken quality in the future.



2. Materials and methods


2.1. Ethics statement

All procedures involving animals followed the guidelines for the care and use of experimental animals as approved by the State Council of the People’s Republic of China. This study was approved by the ethics committee of Nanchang Normal University (No. NCNU2021-006).



2.2. Phenotype measurement and sample collection

Overall, 24 chickens were included in this study. Six each of Ningdu yellow, Baier yellow, and Kangle chickens were acquired from Jiangxi Nanshi Science and Technology Co., Ltd. (Nanchang, China), and six Shengze 901 chickens were acquired from the Jiangxi Academy of Agricultural Sciences (Nanchang, China). Under a standardized management and feeding regimen, all experimental chickens were fed the same diet (Supplementary Table S1) and were given free access to water. Ningdu yellow, Baier yellow, and Kangle chickens were slaughtered at the age of 150 days, while Shengze 901 chickens were slaughtered at the age of 42 days. After 12 h of overnight fasting, all 24 chickens were electrically stunned and then killed by exsanguination. The breast muscle tissues were placed into sterile and frozen cryopreservation tubes, dipped into liquid nitrogen, and then stored in an −80°C ultra-freezer. Furthermore, six meat quality traits were measured, including pH, L* for lightness (ColorM_L), a* for redness (ColorM_a), b* for yellowness (ColorM_b), moisture content, and intramuscular fat (IMF). The methods used to measure pH, ColorM_L, ColorM_a, and ColorM_b were described in our previous study (9). Each sample was measured thrice by the same researcher. The routine oven drying method was used to measure moisture content in duplicate (10). The Soxhlet extraction method was used to determine the IMF content in duplicate (11). Briefly, the packaged sample was placed into a Soxhlet extractor and 60–100 mL of anhydrous ether was added. The sample was heated in a 60–75°C water bath, the cooling tap was turned on, and the ether reflux rate was maintained at about 10 times per hour for 6–8 h. Finally, the weight difference before and after sample extraction was calculated. The average of each trait measurement was used for subsequent analyses.



2.3. GC × GC-TOF-MS analysis parameter

All 24 breast muscle samples were used for GC × GC-TOF-MS analysis. First, 2 g breast muscle was transferred into a 15 mL centrifuge tube which was placed into a foam box. Next, the appropriate liquid nitrogen to freeze for 5 min was added. The lyophilized sample was broken up in the crusher for 3 min, and then transferred into a 20 mL headspace vial with the addition of 10 μL of the internal standard solution, and then incubated for 10 min at 80°C. The solid phase microextraction (SPME) fiber was placed in a chamber at 270°C for 10 min before the sample was extracted and the SPME was transferred to an incubator at 80°C for 40 min. The SPME fiber was then desorbed at 250°C for 5 min in the GC injector after which it was put in the chamber at 270°C for 10 min. The GC × GC analysis was performed using a LECO Pegasus® 4D instrument (LECO, St. Joseph, MI, United States) consisting of an Agilent 8890A GC (Agilent Technologies, Palo Alto, CA, United States) system equipped with a split/splitless injector, and dual stage cryogenic modulator (LECO) coupled with TOF MS detector (LECO). The DB-Heavy Wax (30 m × 250 μm I.D., 0.5 μm) (Agilent, United States) and Rxi-5Sil MS (2.0 m × 150 μm I.D., 0.15 μm) (Restek, United States) were used as the first-dimension column (1D) and second-dimension column (2D), respectively. High-purity helium (>99.999%) was used as the carrier gas at a constant flow rate of 1.0 mL/min. The temperature program of the oven was as follows: first, the oven temperature was held at 50°C for 4 min; secondly, the oven temperature was raised to 150°C at a rate of 3°C /min and held for 1 min; third, the oven temperature was raised to 200°C at a rate of 10°C /min and held for 0 min; finally, the oven temperature was increased to 220°C at a rate of 5°C /min and held for 10 min. The temperature of the modulator was always 15°C higher than that in the second column. The modulator was operated with a 6.0 s modulation period. The GC injector temperature was at 250°C. The flavoring substances were prepared using LECO Pegasus BT 4D. The temperatures of TOF MS ion source and transfer line were set to 250°C and the acquisition frequency was 200 spectra/s. In addition, the mass spectrometer was operated in the EI mode at 70 eV using a range of m/z 35–550 and a detector voltage of 1984 V. The GC × GC-TOF-MS analysis was performed as described by Song et al. (12).



2.4. Statistical analysis

Orthonormal partial least squares discriminant analysis (OPLS-DA), partial least squares discriminant analysis (PLS-DA), and principal component analysis (PCA) were performed to evaluate chicken breast samples and isolate the volatile organic compounds responsible for the differences among the four Chinese breeds (13). To determine the variations in abundance among four Chinese broiler breeds, a linear discriminant analysis (LDA) and effect size (LEfSe) analysis was performed. The analysis was performed with a significance level of α = 0.01, and an LDA score threshold of at least 2.50 (14). A random forest analysis was used to determine the flavor compounds that could be used to distinguish the breeds of Chinese chickens. The optimal number of flavor compounds was determined via 10-fold cross-validation using the random forest cross-validation function in the random forest package (15). To assess the relationship between differential flavor compounds and meat quality traits, spearman’s correlation analysis was used.




3. Results and discussion


3.1. Summary statistics and comparative analysis for meat quality traits

In this study, four Chinese chicken breeds were included (Supplementary Figure S1). Ningdu yellow chicken has the appearance characteristics of “three yellow” and “five red,” as well as the quality characteristics of “tender meat, delicious taste, and rich nutrition.” Baier yellow chicken derives its appearance from the criteria of “three yellows and one white,” with yellow feathers, yellow beak, yellow feet, and white ears. The main characteristics of Kangle chicken are yellow beak, feet, and fur, with a golden body color. Shengze 901 chicken is characterized by a faster growth rate, higher survival rate, higher egg production rate, and lower breeding cost. We phenotyped six each of Ningdu yellow, six Baier yellow, six Kangle, and six Shengze 901 chickens across six meat quality traits. The summarized statistics for the six meat quality traits are presented in Table 1. According to the coefficients of variation, we found that the ColorM_a and IMF showed great variation (>20%) in all breeds, with the coefficients of variation of ColorM_a ranging from 30.05 to 89.39%. In contrast, the coefficients of variation for pH and moisture content were relatively small (<2%) for all breeds. The coefficients of variation obtained here were similar to those reported in our previous large-scale study on Ningdu yellow chickens (9), which may be due to the fact that the causative genes and mutations were controlled ColorM_a and IMF in Ningdu yellow chickens.



TABLE 1 Summary statistics of meat quality traits from four Chinese breeds.
[image: Table1]

Next, we compared the differences in Chinese chicken meat quality traits among four different breeds. ColorM_a, ColorM_b, and moisture content did not differ significantly between each of the four breeds. Baier yellow chickens had the highest average pH (5.83), whereas Ningdu yellow chickens had the lowest pH (5.63). The pH was lower (p < 0.05) in Ningdu yellow and Kangle chickens than that in Baier yellow chickens. In contrast to pH, the ColorM_L value was higher (p < 0.05) in Ningdu yellow and Kangle chickens than that in Baier yellow chickens. Furthermore, Ningdu yellow chickens had the highest average IMF (1.92) which was significantly higher (p < 0.05) than that in the Kangle, Baier yellow, and Shengze 901 chickens. These results indicate that there are many differences in meat quality traits among Chinese chicken breeds. Furthermore, the breed is one of the most crucial factors influencing meat quality traits (16).



3.2. Three-dimensional plots of chicken meat from four Chinese breeds by GC × GC-TOF-MS

The principles and applications of GC × GC-TOF-MS have been addressed in previous studies (8, 12, 17). In this study, GC × GC-TOF-MS was performed to obtain information on volatile organic compounds in chicken meat samples to identify differences in flavor substances among different chicken breeds. The results were visualized in the form of 3D chromatograms (Figure 1). Differences between volatile organic compounds in meat samples from different chicken breeds were observed due to the differences in natural or artificial selection in different breeds, resulting in differences in the flavor compounds of chicken meat.

[image: Figure 1]

FIGURE 1
 Three-dimensional (3D) plots of chicken meat from four Chinese breeds by GC × GC-TOF-MS. (A) Ningdu yellow chicken, (B) Baier yellow chicken, (C) Kangle chicken, (D) Shengze 901 chicken. The vertical and horizontal coordinates represent the one- and two-dimensional retention time, respectively. The color and peak height indicate the ion response intensity. Deeper red colors indicate higher response intensity.




3.3. The characteristic analysis of flavor compounds obtained by GC × GC-TOF-MS

Based on the GC × GC-TOF-MS retention time and signal intensity, qualitative and quantitative analyses of the volatile organic compounds in chicken meat were performed for the four different breeds. In total, 791 flavor compounds were identified in all 24 chicken meat samples, including 685 from Ningdu yellow, 618 from Baier yellow, 502 from Kangle, and 487 from Shengze 901 chickens (Figure 2A). The PCA (Supplementary Figure S2) and OPLS-DA (Figure 2B) were used to analyze the differences in flavor compounds of breast muscle from the four Chinese chicken breeds. Because PCA and OPLS-DA can highlight interrelationships between different samples and simplify data, they are usually utilized as multivariate statistical tools for sample variation analyses (18, 19). In this study, the total contribution rate of the first and second components was 62.8% in OPLS-DA analysis, including the contribution rate of PC1 (11.2%) and PC2 (51.6%). The results indicated that the total contribution rates of PC1 and PC2 represented the main characteristics of the breast muscle samples from the four Chinese broiler breeds. This result was the same as for other species. For example, Ruan et al. found that the total contribution rate of the first and second components was 69.9% and that there was a significant difference in the aroma of fragrant rice between inorganic and organic cultivations (20). In the present study, the OPLS-DA results also showed that the volatile components exhibited an obvious shift among the four Chinese broiler breeds. Venn diagrams were used to identify the flavor compounds of the four breeds. The results showed that 32, 11, 17, and 8 flavor compounds were specifically identified in the Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens, respectively (Figure 2C). In particular, compared to Shengze 901 chickens, 48 flavor compounds, such as 5-methyl-2-heptene, N-methyltaurine, and 3-methyl-undecane, were identified in only three indigenous Chinese broiler breeds (Ningdu yellow, Baier yellow, and Kangle chickens). The results also indicated that there are many differences in flavor between the white-and yellow-feathered broilers.

[image: Figure 2]

FIGURE 2
 The characteristic analysis of volatile compounds in chicken meat from four Chinese breeds. (A) The number of volatile components identified in four Chinese chicken breeds. (B) OPLS-DA plot in samples from four Chinese chicken breeds. (C) Venn diagrams showed specifically volatile components of the four Chinese chicken breeds. (D) The relative values of different metabolite categories. BE, Baier yellow chicken; KL, Kangle chicken; ND, Ningdu yellow chicken; SZ, Shengze 901 chicken.


Finally, all the flavor compounds were separated into eight categories: ketones, hydrocarbons, heterocyclic compounds, aldehydes, esters, alcohols, carboxylic acids, and others (Supplementary Figure S3). The relative values of different metabolite categories are shown in Figure 2D. Alcohols were the main volatile flavor compounds in the four Chinese breeds of chicken breast muscle. Alcohols are mainly produced by the degradation of linoleic acid in muscles by lipoxygenases and peroxidases, which contribute to the formation of an ideal flavor and aroma in meat and meat products (2, 21–23). Alcohols (48.64%) were higher in Baier yellow chickens than in other breeds. Furthermore, hydrocarbons (22.09%) and aldehydes (14.76%) were higher in Ningdu yellow chickens, esters (12.10%) were higher in Kangle chickens, and carboxylic acids (1.92%), heterocyclic compounds (5.18%), and ketones (3.29%) were higher in Shengze 901 chickens. The oxidation of aldehydes produces acids, and the reaction of acids with alcohols produces ethyl propionate, butyl butyrate, and other esters. Esters are usually synthesized by esterification reactions between acids resulting from the degradation of proteins, fats, and alcohols, or by transesterification (alcoholysis) of fatty acids in triglycerides and ethanol (21).

The contribution of flavor compounds to the overall flavor was evaluated by measuring the proportion of key flavor compounds among the total flavor compounds of chicken breast muscle and their corresponding sensory thresholds (24). The key odor compounds are defined as flavor compounds with ROAV ≥1, and the larger the ROAV, the greater the contribution of the substance to the flavor (25). The ROAV results are presented in Supplementary Figure S4A; Supplementary Table S2. ROAV values of 20, 17, 12, and 18 were ≥ 1 in Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens, respectively. The high content of N, N-dimethyl-methylamine in Ningdu yellow, Baier yellow, and Shengze 901 chickens indicated the maximum contribution to the overall flavor (ROAV = 439.57, 289.21, and 422.80). The ROAV of 2,3-butanedione was highest in Kangle chickens. The ROAV of dimethyl sulfide was higher in Shengze 901 chickens than in three indigenous Chinese broiler breeds (Ningdu yellow, Baier yellow, and Kangle chickens). Furthermore, we used FlavorDB (26) to analyze and compare the sensory flavors of the substance (Supplementary Figure S4B). Compared with other breeds, the Ningdu yellow chickens had higher citrus, Baier yellow chickens had a higher fatty aroma, Kangle chickens had a higher fresh scent, and Shengze 901 chickens had higher green and fruity characteristics. The sweet, bitter, waxy, and floral flavors of the chicken meat were similar among the four Chinese broiler breeds.



3.4. The potential biomarkers of flavor compounds in chicken breast muscle from four Chinese breeds

We systematically evaluated the shifts in flavor compounds in chicken breast muscle between any two of the four Chinese breeds. PLS-DA confirmed that the flavor compounds exhibited an obvious shift between any two of the four Chinese broiler breeds (Figure 3). Among the flavor compounds with statistical significance (p < 0.05, and VIP > 1), we identified 74, 67, and 98 flavor compounds showing distinct enrichment patterns between any one of the three indigenous Chinese breeds and Shengze 901 chickens (Supplementary Figure S5). For example, 73 compounds were increased in Ningdu yellow chickens and one compound was decreased as compared to Shengze 901 chickens (Figure 4A). A total of 66 compounds were increased in Baier yellow chickens and one compound was decreased compared to Shengze 901 chickens (Figure 4B). In comparison to Shengze 901 chickens, 98 flavor compounds were increased in Kangle chickens and none were decreased (Figure 4C). Furthermore, the number of flavor compounds was lower in any of the two breeds in the three indigenous Chinese breeds than in any one of the three indigenous Chinese breeds and Shengze 901 chickens (Supplementary Figure S5). Such as, nine compounds were increased in Ningdu yellow chickens and two compounds were decreased as compared to Baier yellow chickens (Figure 4D). These results indicate that different chicken breeds have unique meat flavor compositions, especially in indigenous Chinese breeds.
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FIGURE 3
 PLS-DA showed that the volatile compounds exhibited an obvious shift between any two of the four Chinese broiler breeds. (A) Ningdu yellow and Baier yellow chickens, (B) Ningdu yellow and Kangle chickens, (C) Ningdu yellow and Shengze 901 chickens, (D) Baier yellow and Kangle chickens, (E) Baier yellow and Shengze 901 chickens, (F) Kangle and Shengze 901 chickens. BE, Baier yellow chicken; KL, Kangle chicken; ND, Ningdu yellow chicken; SZ, Shengze 901 chicken.


[image: Figure 4]

FIGURE 4
 Volatile compounds showed distinct enrichment patterns among four Chinese chicken breeds. (A) Ningdu yellow and Shengze 901 chickens, (B) Baier yellow and Shengze 901 chickens, (C) Kangle and Shengze 901 chickens, (D) Ningdu yellow and Baier yellow chickens. The red dots represent upregulated differential volatile compounds, blue dots represent downregulated differential volatile compounds, and gray dots represent detected but not significantly different volatile compounds.


We further compared the flavor composition of chicken meat among the four breeds to identify the flavor compounds associated with each breed. In total, 56 flavor compounds, including 34 flavor compounds that were significantly enriched in Ningdu yellow chickens, five flavor compounds that were significantly enriched in Baier yellow chickens, six flavor compounds that were significantly enriched in Kangle chickens, and 11 flavor compounds that were significantly enriched in Shengze 901 chickens, were identified to be significantly different among the four Chinese broiler breeds using LEfSe analysis (Figure 5; Supplementary Table S3). The flavor compounds enriched in Ningdu yellow chickens mainly belonged to the alcohols (eight compounds: 1-octen-3-ol, (Z)-2-octen-1-ol, 1-pentanol, 1-octanol, 1-hexanol, 1-heptanol, 4-ethylcyclohexanol, and 1-penten-3-ol), hydrocarbons (eight compounds: tetradecane, nonadecane, hexadecane, 2-methyl-octadecane, heptadecane, 2-methyl-eicosane, tridecane, and 3,8-dimethyl-undecane), and aldehydes (six compounds: hexanal, 2,4-decadienal, heptanal, tridecanal, (E, E)-2,4-nonadienal, and propanal). In Shengze 901 chickens, three esters (octadecanoic acid ethyl ester, (E)-9-octadecenoic acid ethyl ester, and 1,1-diethoxy-ethane) and two benzenoids (benzene and benzophenone) were enriched. We then performed a random forest analysis to identify unique flavor biomarkers that could discriminate between the chicken breeds (Supplementary Table S4). A total of 27 flavor compounds differed significantly among the four Chinese chicken breeds as found in the LEfSe analysis (Supplementary Table S5). Specifically, 20 flavor compounds showed significant enrichment in Ningdu yellow chickens, while Baier yellow chickens had two significantly enriched flavor compounds (2-methyl-naphthalene and hexadecanoic acid, methyl ester). Kangle chickens exhibited significant enrichment in four flavor compounds (2,6-lutidine, 3-methyl-tridecane, ethyl 9-hexadecenoate, and pentadecanoic acid, ethyl ester). Additionally, Shengze 901 chickens showed significant enrichment in one flavor compound (benzophenone) (Supplementary Table S5). The flavor compounds enriched in Ningdu yellow chickens were mainly alcohols (six compounds: 1-octen-3-ol, (Z)-2-octen-1-ol, 1-pentanol, 1-octanol, 1-heptanol, and 4-ethylcyclohexanol) and aldehydes (four compounds: (E, E)-2,4-nonadienal, heptanal, tridecanal, and 2,4-decadienal). Jin et al. found that 1-octen-3-ol was the main flavor compound in indigenous high-quality Chinese chickens (27). This result was similar to that of our study where 1-octen-3-ol was significantly enriched in Ningdu yellow chickens. The 1-octen-3-ol, a secondary alcohol with a mushroom-like odor, is considered an important source of the characteristic flavor (28–30). The change in 1-octen-3-ol content is usually used to reflect the degree of racification in meat products (31). Moreover, benzophenone, the only flavor compound significantly enriched in Shengze 901 chickens, is a promising fatty acid synthase inhibitor (32).
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FIGURE 5
 Differential volatile compounds among the four Chinese broiler breeds using LEfSe analysis. BE, Baier yellow chicken; KL, Kangle chicken; ND, Ningdu yellow chicken; SZ, Shengze 901 chicken.




3.5. Correlations between differentially flavor compounds and phenotypes

Spearman’s correlation analysis was used to determine the relationship between the 27 flavor compounds and six phenotypes of meat quality traits. The results indicated that the two flavor compounds (2-methyl-naphthalene and hexadecanoic acid, methyl ester) enriched in Baier yellow chickens were not significantly correlated with any of the phenotypes studied (Figure 6). Most flavor compounds enriched in Ningdu yellow chickens were significantly correlated with the five phenotypes (except ColorM_b). Moreover, ColorM_L significantly (p < 0.001) correlated with 5-ethyldihydro-2(3H)-furanone, hexadecane, and butylated hydroxytoluene. ColorM_a significantly (p < 0.001) correlated with 1-octanol. However, ColorM_b significantly (p < 0.05) correlated with only benzophenone. Li et al. (8) found that 5-ethyldihydro-2(3H)-furanone, a sugar degradation product formed by Maillard-type reactions, was enriched in Nuodeng ham and may contribute to the meaty and sweet flavors of cured hams (33). Hexadecane was found to be a prominent marker for distinguishing between fresh and frozen–thawed chicken thigh meat (34), and between stainless-steel pot chicken soup and the other two types of chicken soup (35). Furthermore, except for ColorM_b, 2,4-decadienal and tridecane were significantly correlated with the other five phenotypes (p < 0.05). The most prevalent aldehyde 2,4-decadienal identified in chicken flavor is known to be the primary oxidation product of linoleic acid and is considered a more important odorant for chicken flavor than hexanal because of its much lower odor threshold (36).

[image: Figure 6]

FIGURE 6
 Heat maps showing the relationships between differential volatile compounds and phenotypes of meat quality traits. The X-axis represents the volatile compounds. The Y-axis indicates the phenotypes of meat quality traits. * p < 0.05, ** p < 0.01, and *** p < 0.001.





4. Conclusion

To our knowledge, this is the first study to use GC × GC-TOF-MS to detect the composition and diversity of flavor compounds in chicken meat from four Chinese breeds. A total of 685, 618, 502, and 487 flavor compounds were identified in the Ningdu yellow, Baier yellow, Kangle, and Shengze 901 chickens, respectively. The flavor compounds were separated into eight categories: ketones, hydrocarbons, heterocyclic compounds, aldehydes, esters, alcohols, carboxylic acids, and others. The results also revealed some prominent characteristics of the flavor compounds in Chinese broiler breeds. For example, the hydrocarbons (22.09%) and aldehydes (14.76%) were higher in Ningdu yellow chickens, and alcohols (48.64%) were higher in Baier yellow chickens. The high content of N, N-dimethyl-methylamine in Ningdu yellow, Baier yellow, and Shengze 901 chickens showed the maximum contribution to the overall flavor (ROAV = 439.57, 289.21, and 422.80, respectively). Moreover, 27 flavor compounds that were used as biomarkers for chicken breeds differed significantly among the four Chinese chicken breeds, and most were significantly correlated with meat quality traits. These novel findings provide insights into the unique flavor of chicken meat in indigenous Chinese breeds and are likely to serve as a theoretical reference for the future breeding of desirable chickens.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by the Ethics Committee of Nanchang Normal University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

XX: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Project administration, Supervision, Writing – original draft, Writing – review & editing. JM: Methodology, Writing – review & editing. QH: Methodology, Writing – review & editing. XC: Software, Writing – review & editing. ZW: Software, Writing – review & editing. LL: Formal analysis, Writing – review & editing. JigX: Formal analysis, Writing – review & editing. JinX: Resources, Writing – review & editing. YR: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (32060740), the Key Research and Development Program of Jiangxi Province (20212BBF63028 and 20212BBF61011), and the Science and Technology Research Project of Education Department of Jiangxi Province (GJJ191132).



Acknowledgments

All authors would like to thank other colleagues for their help during the research process.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1279141/full#supplementary-material



References

 1. Yao,W, Cai,Y, Liu,D, Chen,Y, Li,J, Zhang,M , et al. Analysis of flavor formation during production of Dezhou braised chicken using headspace-gas chromatography-ion mobility spec-trometry (HS-GC-IMS). Food Chem. (2022) 370:130989. doi: 10.1016/j.foodchem.2021.130989 

 2. Zhou,H, Cui,W, Gao,Y, Li,P, Pu,X, Wang,Y , et al. Analysis of the volatile compounds in Fuliji roast chicken during processing and storage based on GC-IMS. Curr Res Food Sci. (2022) 5:1484–93. doi: 10.1016/j.crfs.2022.09.005 

 3. Mariutti,LR, and Bragagnolo,N. Influence of salt on lipid oxidation in meat and seafood products: a review. Food Res Int. (2017) 94:90–100. doi: 10.1016/j.foodres.2017.02.003 

 4. Khan,MI, Jo,C, and Tariq,MR. Meat flavor precursors and factors influencing flavor precursors--a systematic review. Meat Sci. (2015) 110:278–84. doi: 10.1016/j.meatsci.2015.08.002

 5. Yang,C, Zhao,Z, Zou,Y, Ma,S, and Liu,D. Comparative analysis of flavor differences of six Chinese commercial smoked chicken. CyTA – J Food. (2021) 19:163–73. doi: 10.1080/19476337.2021.1874538

 6. Duan,Y, Zheng,F, Chen,H, Huang,M, Xie,J, Chen,F , et al. Analysis of volatiles in Dezhou braised chicken by comprehensive two-dimensional gas chromatography/high resolution-time of flight mass spectrometry. LWT – Food Sci Technol. (2015) 60:1235–42. doi: 10.1016/j.lwt.2014.09.006

 7. Kamatou,G, and Viljoen,AM. Comparison of fatty acid methyl esters of palm and palmist oils determined by GC×GC-ToF-MS and GC-MS/FID. S Afr J Bot. (2017) 112:483–8. doi: 10.1016/j.sajb.2017.06.032

 8. Li,W, Chen,YP, Blank,I, Li,F, Li,C, and Liu,Y. GC × GC-ToF-MS and GC-IMS based volatile profile characterization of the Chinese dry-cured hams from different regions. Food Res Int. (2021) 142:110222. doi: 10.1016/j.foodres.2021.110222 

 9. Xiong,X, Liu,X, Zhu,X, Tan,Y, Wang,Z, Xu,J , et al. A mutation in PHKG1 causes high drip loss and low meat quality in Chinese Ningdu yellow chickens. Poult Sci. (2022) 101:101556. doi: 10.1016/j.psj.2021.101556 

 10. Huang,Y, Zhou,L, Zhang,J, Liu,X, Zhang,Y, Cai,L , et al. A large-scale comparison of meat quality and intramuscular fatty acid composition among three Chinese indigenous pig breeds. Meat Sci. (2020) 168:108182. doi: 10.1016/j.meatsci.2020.108182 

 11. Hoorwitz,N, Chialo,P, Reynolds,H, and Helrich,K. Official methods of analysis association of official analytical chemists. J Pharm Sci. (2012) 60:916.

 12. Song,X, Jing,S, Zhu,L, Ma,C, Song,T, Wu,J , et al. Untargeted and targeted metabolomics strategy for the classification of strong aroma-type baijiu (liquor) according to geographical origin using comprehensive two-dimensional gas chromatography-time-of-flight mass spectrometry. Food Chem. (2020) 314:126098. doi: 10.1016/j.foodchem.2019.126098 

 13. Kelly,RS, McGeachie,MJ, Lee-Sarwar,KA, Kachroo,P, Chu,SH, Virkud,YV , et al. Partial least squares discriminant analysis and Bayesian networks for metabolomic prediction of childhood asthma. Metabolites. (2018) 8:68. doi: 10.3390/metabo8040068 

 14. Segata,N, Izard,J, Waldron,L, Gevers,D, Miropolsky,L, Garrett,WS , et al. Metagenomic biomarker discovery and explanation. Genome Biol. (2011) 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 15. He,M, Gao,J, Wu,J, Zhou,Y, Fu,H, Ke,S , et al. Host gender and androgen levels regulate gut bacterial taxa in pigs leading to sex-biased serum metabolite profiles. Front Microbiol. (2019) 10:1359. doi: 10.3389/fmicb.2019.01359 

 16. Chen,W, Zeng,Y, Cui,J, Chen,Q, Du,J, Yang,L , et al. Effects of phospholipid hydroperoxide glutathione peroxidase mRNA expression on meat quality of M. longissimus dorsi in pigs. Eur Food Res Technol. (2010) 232:433–40. doi: 10.1007/s00217-010-1407-3

 17. Wang,X, Xu,R, Tong,X, Zeng,J, Chen,M, Lin,Z , et al. Characterization of different meat flavor compounds in Guangdong small-ear spotted and Yorkshire pork using two-dimensional gas chromatography–time-of-flight mass spectrometry and multi-omics. LWT – Food Sci Technol. (2022) 169:114010. doi: 10.1016/j.lwt.2022.114010

 18. Pantoja-Benavides,AD, Garces-Varon,G, and Restrepo-Diaz,H. Foliar growth regulator sprays induced tolerance to combined heat stress by enhancing physiological and biochemical responses in Rice. Front Plant Sci. (2021) 12:702892. doi: 10.3389/fpls.2021.702892 

 19. Wang,K, Wang,X, Zhang,L, Chen,A, Yang,S, and Xu,Z. Identification of novel biomarkers in chilled and frozen chicken using metabolomics profiling and its application. Food Chem. (2022) 393:133334. doi: 10.1016/j.foodchem.2022.133334 

 20. Ruan,S, Luo,H, Wu,F, He,L, Lai,R, and Tang,X. Organic cultivation induced regulation in yield formation, grain quality attributes, and volatile organic compounds of fragrant rice. Food Chem. (2023) 405:134845. doi: 10.1016/j.foodchem.2022.134845 

 21. Huang,Q, Dong,K, Wang,Q, Huang,X, Wang,G, An,F , et al. Changes in volatile flavor of yak meat during oxidation based on multi-omics. Food Chem. (2022) 371:131103. doi: 10.1016/j.foodchem.2021.131103 

 22. Martinez-Onandi,N, Rivas-Canedo,A, Avila,M, Garde,S, Nunez,M, and Picon,A. Influence of physicochemical characteristics and high pressure processing on the volatile fraction of Iberian dry-cured ham. Meat Sci. (2017) 131:40–7. doi: 10.1016/j.meatsci.2017.04.233 

 23. Perez-Santaescolastica,C, Carballo,J, Fulladosa,E, Garcia-Perez,JV, Benedito,J, and Lorenzo,JM. Effect of proteolysis index level on instrumental adhesiveness, free amino acids content and volatile compounds profile of dry-cured ham. Food Res Int. (2018) 107:559–66. doi: 10.1016/j.foodres.2018.03.001

 24. Zhu,Y, Chen,J, Chen,X, Chen,D, and Deng,S. Use of relative odor activity value (ROAV) to link aroma profiles to volatile compounds: application to fresh and dried eel (Muraenesox cinereus). Int J Food Prop. (2020) 23:2257–70. doi: 10.1080/10942912.2020.1856133

 25. Wang,M, Zhang,J, Chen,J, Jing,B, Zhang,L, and Yu,X. Characterization of differences in flavor in virgin rapeseed oils by using gas chromatography–mass spectrometry, electronic nose, and sensory analysis. Eur J Lipid Sci Technol. (2020) 122:1900205. doi: 10.1002/ejlt.201900205

 26. Garg,N, Sethupathy,A, Tuwani,R, Nk,R, Dokania,S, Iyer,A , et al. FlavorDB: a database of flavor molecules. Nucleic Acids Res. (2018) 46:D1210–6. doi: 10.1093/nar/gkx957 

 27. Jin,Y, Cui,H, Yuan,X, Liu,L, Liu,X, Wang,Y , et al. Identification of the main aroma compounds in Chinese local chicken high-quality meat. Food Chem. (2021) 359:129930. doi: 10.1016/j.foodchem.2021.129930 

 28. Chen,Y, Li,P, Liao,L, Qin,Y, Jiang,L, and Liu,Y. Characteristic fingerprints and volatile flavor compound variations in Liuyang Douchi during fermentation via HS-GC-IMS and HS-SPME-GC-MS. Food Chem. (2021) 361:130055. doi: 10.1016/j.foodchem.2021.130055 

 29. Qi,J, Liu,DY, Zhou,GH, and Xu,XL. Characteristic flavor of traditional soup made by stewing Chinese yellow-feather chickens. J Food Sci. (2017) 82:2031–40. doi: 10.1111/1750-3841.13801 

 30. García-González,DL, Tena,N, Aparicio-Ruiz,R, and Morales,MT. Relationship between sensory attributes and volatile compounds qualifying dry-cured hams. Meat Sci. (2008) 80:315–25. doi: 10.1016/j.meatsci.2007.12.015

 31. Zhang,Q, Ding,Y, Gu,S, Zhu,S, Zhou,X, and Ding,Y. Identification of changes in volatile compounds in dry-cured fish during storage using HS-GC-IMS. Food Res Int. (2020) 137:109339. doi: 10.1016/j.foodres.2020.109339

 32. Jiang,HZ, Quan,XF, Tian,WX, Hu,JM, Wang,PC, Huang,SZ , et al. Fatty acid synthase inhibitors of phenolic constituents isolated from Garcinia mangostana. Bioorg Med Chem Lett. (2010) 20:6045–7. doi: 10.1016/j.bmcl.2010.08.061 

 33. Benet,I, Guardia,MD, Ibanez,C, Sola,J, Arnau,J, and Roura,E. Low intramuscular fat (but high in PUFA) content in cooked cured pork ham decreased Maillard reaction volatiles and pleasing aroma attributes. Food Chem. (2016) 196:76–82. doi: 10.1016/j.foodchem.2015.09.026 

 34. Barido,FH, Kim,HJ, Shin,DJ, Kwon,JS, Kim,HJ, Kim,D , et al. Physicochemical characteristics and flavor-related compounds of fresh and frozen-thawed thigh meats from chickens. Foods. (2022) 11:3006. doi: 10.3390/foods11193006

 35. Lai,J, Wu,R, Wang,J, Wang,Y, Zhang,X, Zhou,L , et al. Effect of cooking modes on quality and flavor characteristic in Clitocybe squamulose chicken soup. Front Nutr. (2022) 9:1048352. doi: 10.3389/fnut.2022.1048352 

 36. Jayasena,DD, Ahn,DU, Nam,KC, and Jo,C. Flavour chemistry of chicken meat: a review. Asian-Australas J Anim Sci. (2013) 26:732–42. doi: 10.5713/ajas.2012.12619 



OPS/images/fnut-10-1279141-g005.jpg
NN KL BN \D ©® SZ

(E)-9-Octadecenoic acid ethyl ester

Benzene

Dimethyl sulfone

Hexanal

Tetradecane

\
|
!
I
I
1-Octen-3-ol |
I
Nonadecane |

2,6,10,14-tetramethyl-Heptadecane |

Hexadecane |

1-Pentanol |

2,4-Decadienal |

1-Octanol |

Heptanal |

2-methyl-Octadecane |

Naphthalene
Ethyl 9-hexadecenoate
Pentadecanoic acid, ethyl ester

Ethanol
Acetoin

tethnsziidioe [

LDA SCORE (log 10)





OPS/images/fnut-10-1279141-g006.jpg
Color Key

ColorM L

IMF

o

= = [ .|r—ﬁ‘—|rJ-\r—‘—\__r‘-|’

06

Correlation Cofficient

06 02 02

Moisture content

ColorM_a

auoudydozuag

12152 4G PIOE JAOULIIPENIH
QueIdeN-IAgIo-C

19159 [AT19 ‘Pioe d10UIPRIIAG
SAOUIPERN6 KT
ompINT9'T
oueaapuL-HApI-E
TewrpaIdaH-+'T-(3°3)
uvsod-JIT
SUR2PRAIH- IR T 01'9T
suwapexap

Touayg-juad-p
QUINOIXOIPAH PIIRIAINE
auouem-(HE)Z-OIPAYIPIATI-S
TeUSIPRUON-t'ZT('T)
Toueidap 1

sueaspuL

TewRpEAAHT
SmpuAg-ihwad-g

Teuridafy

10-1-091902(2)

ToweR0-1

fouwiuag-

ToweopuL
oW
pAuaprezIAg 1Ay
T0-6-091901





OPS/images/fnut-10-1279141-g003.jpg
e b

w wconen
2

reusaim






OPS/images/fnut-10-1279141-g004.jpg
og10(pvalue)

log10(Pvatue)

B
(sl B e Ferns] (P, S iy ® (Jonanc s, iy st
°
5 e®e o

Reguiton wen ® o

cu
Tog

w 2

oos 8

et u

o

(Undecapol 2130 FigSnone, 5 etisinyars]

log10(Pvalue)

Reguiation
“up
* Down





OPS/images/fnut-10-1279141-t001.jpg
Ningdu yellow chickens Kangle chickens Baier yellow chickens  Shengze 901 chickens

Traits Mean SIDE Cve Mean SD. CV  Mean SD. Ccv Mean SD. CV

(%) (%) (%) (%)
pH 563 003 0.60 569 0.04 069 583 0.07 116 578" 010 167
ColorM_L' 5362 1437 816 5226 372 703 45.66% 298 653 45.58° 180 394
ColorM_a 1.50° 113 7517 2310 069 3005 295 264 8939 363 191 5262
ColorM_b' 892 167 1872 952 122 1280 9 178 1902 10.69° 164 1530
Moisture content 072 001 150 073 001 083 073 001 129 074 001 131
IMF' 192 099 5157 102 02 | 2775 073 016 2170 058 015 2650

 Least-square means with different superscripts in the same row differ significantly (p<0.05).
‘Standard deviation.

‘Coefficient of variation.

ColorM_L, L* for lightness; ColorM_a, a* for redness; ColorM_b, b* for yellowness; IM, intramuscular fat.
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