Metabolomic approach to measuring quality of chilled chicken
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ABSTRACT The metabolites of stored, chilled
chicken meat were analyzed using liquid chromatograph-
mass spectrometry and metabolomics. The results
showed significant differences in the metabolites of

chicken meat stored at 4°C for 0 D and meat stored for
longer periods of 2 D, 4 D, 6 D, and 10 D, when analyzed
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INTRODUCTION

Metabolomics is the study of small metabolites that
weigh less than 1,500 Da (Bover-Cid et al., 2000). In
recent years, metabolomics has been widely used in
research on disease diagnosis (Janeckova et al., 2015),
plants (Schwahn et al., 2014), microbial metabolism
(Lechtenfeld et al., 2015), breeding (Stowinska et al.,
2018), and the environment (Kouremenos et al., 2014).
The development of metabolomics in food science is in
its early stage but has progressed rapidly to become
the technology of choice for solving problems in food
science.

Metabolomics has been employed to monitor real-
time, dynamic changes in metabolites in meat during
storage and during different processing conditions
(Castro-Puyana et al., 2017). This approach provides
an important theoretical basis to explain the mechanism
underlying changes in meat quality and to improve food
storage technology. Lana (Lana et al., 2015) used metab-
olomics and bioinformatics analysis to monitor changes
in beef quality stored at 1°C for 0, 1, 10, 17, and 44 D,
and they found that glutamic acid, serine, and arginine
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based on a variable of importance >2 and P < 0.05.
These changed metabolites included amino acids,
amines, nucleosides, nucleotides, carbohydrates, organic
acids, and other substances. The data from this study
provide a holistic understanding of food quality changes
in chicken meat during deterioration in storage.
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could be used as parameters or indicators of meat flavor.
Subbaraj (Subbaraj et al., 2016) employed hydrophilic
interaction liquid chromatography—mass spectrometry
metabolomics to study the color change stability of
meat at different maturation levels, storage times, and
storage and packaging methods.

Nuclear magnetic resonance technology plays an
important role in metabolomics. Wang (Wang et al.,
2016) used 600-MHz H-1 nuclear magnetic resonance
spectroscopy to analyze the quality of duck meat. Shu-
milina (Shumilina et al., 2016) applied the technology
to evaluate and quantify quality changes in stored
salmon byproducts. Warner (Warner et al., 2015) used
a combined, nontargeted, metabolomics technique that
included 1" and targeted 317 nuclear magnetic
resonance and liquid chromatography coupled with a
high-performance liquid chromatography (HPLC)
photodiode array and HPLC with tandem mass spec-
trometry to investigate changes in energy metabolism
in the long and lumbar muscles of lamb meat during
rapid cooling and other treatment conditions. Gas
chromatography—mass spectrometry has been used to
reveal flavor formation in ham (Shi et al., 2019). In addi-
tion, Muroya (Muroya et al., 2014) used capillary
electrophoresis—time of flight mass spectrometry to
determine key compounds associated with pork quality.

The metabolic and quality changes in chilled chicken
meat are highly complex processes. Current research
on this topic focuses on analyzing physiological and
biochemical indexes related to metabolism (e.g., total
volatile base nitrogen, pH). Thus far, few studies have
concentrated on the metabolomics of cold, fresh meat.
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Thus, the dynamic changes in metabolic components
and the mechanisms underlying chicken meat corruption
during storage remain unclear.

This study assessed chilled chicken meat obtained
from a local market. The chicken packaged by food
fresh-keeping bags was stored in a refrigerator (4°C)
and sampled at 5 storage time points (0, 2, 4, 6, and
10 D). The meat then was subjected to a nontargeted,
metabolomic study using liquid chromatography—mass
spectrometry. The key metabolites and metabolic path-
ways related to changes in meat quality were screened
and identified via data analysis. The biological signifi-
cance of these metabolites was systematically inter-
preted to explain metabolic changes caused by
microorganisms and endogenous proteases in chilled
chicken meat. This article thus provides a scientific basis
for better quality control and storage efficiency of meat
products.

MATERIALS AND METHODS

Materials

All meat used in this study came from 50-day-old,
broiler hens (Ross 308 white breed) from Qingyuan
Chicken Fam (Guangdong, China). Live chickens
were kept in the same conditions and fed the same
feed, then killed in a municipal abattoir, regardless of
weight (approximate average live weight of
2.5 = 0.3 kg). After slaughter, chickens were butchered
and transported within 30 min to Carrefour Supermar-
ket (Wan Guo Plaza, Haizhu District, Guangzhou,
China) via cold chain (4 £ 1°C) transportation. Pieces
of chicken breasts from the same batch were chosen
randomly, placed in an icebox, and transported to the
laboratory within 10 min. Once at the lab, all chicken
breast pieces were divided into 5 groups under sterile
conditions. Each group contained 10 replicates (biolog-
ical repeat samples) weighing 25 g each. Finally, each
sample was sealed in a plastic bag and stored at 4°C.
The entire process from slaughter to sample storage
took no longer than 1 h. The meat samples that were
analyzed the same day as the date of purchase were
labeled as 0 D (control group). The remaining samples
were divided into 4 experimental groups (2D, 4 D, 6 D,
and 10 D) based on storage time.

METHODS

Sample Preparation

The samples were treated as described by Dasenaki
et al. (Dasenaki et al., 2016), with minor modifications.
200 puL of water and 800 pL of methanol and acetonitrile
(1:1 v/v) were added to 100 mg of samples to disrupt and
extract the metabolites. After vortexing and ultrasound
sonicating twice for 30 min, the mixtures were stored at
—20°C for 1 h. After centrifugation at 14,000 X g for
15 min at 4°C, the supernatant was subjected to vacuum
evaporation. Before mass spectrometric measurement,
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samples were reconstituted in 100 pL of acetonitrile
and water (1:1 v/v). After vortexing and centrifuging,
all samples were stored for further analysis.

Liquid Chromatography—Tandem Mass
Spectrometry Conditions

The liquid chromatography—-tandem mass spectrom-
etry analysis was performed using an ultra-HPLC sys-
tem (Agilent 1290 Infinity LC, Agilent Technologies,
Santa Clara, CA) connected to a quadruple time-of-
flight mass spectrometer (Triple TOF 6600, AB SCIEX,
USA). Hydrophilic interaction liquid chromatography
separation was conducted using 2 columns: an ACQUIY
UPLC BEH Amide (2.1 mm X 100 mm, 1.7 pm) and
ACQUIY UPLC HSS T3 (2.1 mm X 100 mm, 1.8 pm)
column (Waters, USA). Each sample (2 pLi) was injected
at a flow rate of 300 pL/min.

Mobile phases consisted of buffer A (25 mM NH Ac
and 25 mM NH,OH in water) and B (acetonitrile). A
linear gradient of buffer B was 85% B for 1 min; 65%
B for 12 min; 40% B for 3 min; and finally, 85% B for
5 min. During analysis, samples were maintained in an
autosampler at 4°C.

Electrospray ionization (ESI) source conditions on the
triple time-of-flight were set as follows: Ion Source Gas 1
and Gas 2 at 60, curtain gas at 30, and source tempera-
ture of 600°C. The instrument was set to acquire over
the m/z range of 60-1,000 Da, with time-of-flight mass
spectrometry scan and m/z range of 25-1,000 Da for
the product ion scan. The accumulation time for the
time-of-flight mass spectrometry scan was set at
0.20 s/spectra and the product ion scan at 0.05 s/
spectra. The unit resolution was selected for precursor
ion selection, and the collision energy was fixed at
35 *£ 15 eV. The declustering potential was set as
+60 V in positive and negative modes.

For HSS T3 column, the mobile phase consisted of sol-
vent A (0.1% formic acid) and B (0.5 mM of ammonium
fluoride in water) in ESI + mode. In EST mode, the mo-
bile phase consisted of solvent A (0.1% formic acid—
acetonitrile) and solvent B (acetonitrile). The gradient
was set at 99:1 (A:B) for 1.5 min initially, changed line-
arly to 1:99 (A:B), and maintained for 3.5 min. The con-
ditions were returned to the starting conditions within
0.1 min and then kept for 20 min. Most conditions
were the same as previously described for mass spec-
trometry, unless Gasl was set at 40, Gas2 at 80, temper-
ature at 650°C, and IonSpray voltage floating at
+5000 V.

Data Quality Assessment

The stability of the analysis can reflect the reliability
of the result. To minimize errors and enhance data accu-
racy, in each experiment, every 5 samples were set as
quality control samples. Large overlaps in the sample
quality control spectra indicate good stability and there-
fore high reliability of the experimental data.
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Data Processing and Analysis

After the original data were converted into mzML
format using Proteo Wizard, a series of operations
including peak alignment, retention time correction,
and peak area extraction were conducted using XCMS
software. The ion peak of missing data (>50%) was
deleted from the XCMS data, and the Perato scaling
method was used for normalization (Want et al.,
2010). After that, multivariate and univariate statistical
analyses, including unsupervised principal component
analysis, supervised partial least squares discriminant
analysis (PLS-DA), fold-change, ¢ test (P < 0.05), and
one-way ANOVA at P < 0.01 (Benton et al., 2015),
were conducted using Metabo Analyst 3.0 software. A
boxplot was used to reflect significant differences be-
tween dynamic changes in metabolites. The metabolic
pathway was analyzed according to the Kyoto Encyclo-
pedia of Genes and Genomes database.

RESULTS AND DISCUSSION

Quality Control of Experiment

Figure 1 shows the ultra-HPLC Q-TOF mass spec-
trometry spectra of 11 quality control samples and their
overlaps, represented by different colors. In the spectra,
the horizontal coordinate represents the retention time,
and the vertical coordinate represents the response in-
tensity. Only the overlap of the hydrophilic interaction
liquid chromatography cation is shown. The overlapping
peaks suggest high stability of the detection system and
good reliability of the experimental data.

Principal Component Analysis of Chilled
Chicken Meat Tissue Samples

Figures 2 and 3 depict the principal component anal-
ysis results for the chilled chicken meat samples. Results
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were obtained based on the positive and negative ioniza-
tion mode data from the BEH Amide and HSS T3 col-
umns, respectively. Each dot represents a sample. Dots
with the same color are samples from the same group
(i.e., the same storage period), and the distance between
each dot represents the difference or similarity between
metabolites in the samples. As shown in Figure 2, the
data obtained by the BEH Amide column in both
ESI+ and ESI— modes of the 5 groups of samples were
clustered, with good separations into 5 groups based
on the number of storage days.

The principal component analysis shows that the
0-day group could be distinguished from the 2-day group
and that groups with longer storage had better differen-
tiation from the 0-day group. This result indicates that
the overall change tendency of metabolites kept
increasing with the increase in chilled storage time. In
addition, the longer the storage period, the larger the dis-
tance between each sample in the control group. Howev-
er, the data obtained by the HSS T3 column (Figure 3)
were relatively dispersed among samples in the same
group. Despite some overlaps in both the PC1 and
PC2 diagrams, the separation between the samples in
the positive ionization modes was obvious, whereas
that between samples in the negative ionization mode
was not. The overall distribution of dots in the PC1
chart was chronological, and the dots of the 4 experi-
mental groups were farther away from those of the con-
trol. These data indicate that the metabolites in chilled
chicken meat tend to change over time, which may be
caused by decomposition during storage.

Screening and Identifying Different
Metabolites

To identify differences between the metabolites in
each chilled chicken meat samples, PLS-DA models for
these samples were compared, respectively. Table 1 lists
the evaluation parameters (R? Q) obtained from the
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Figure 1. Positive-ionization-mode total ion current spectra of quality control samples and their hydrophilic interaction chromatography overlap.
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Figure 2. Principal component analysis of chilled chicken meat samples based on positive and negative ion modes of the hydrophilic interaction

chromatography column.

PLS-DA models after being verified by 10 interactional
cycles. When R? values were closer to 1 and Q* values
greater than 0.6, the models established by both BEH
Amide and HSS T3 column data were reliable, indicating
that the models have good predictive ability.
According to the PLS-DA models, a variable impor-
tance (VIP) variable >2 was used as a standard value
to screen differences between groups. Differences be-
tween 2 groups that satisfied both VIP > 2 and
P < 0.05 were considered significant. Finally, the
different metabolites were compared and identified using
a self-built database and the Human Metabolome Data-
base, as shown in the Supplementary Tables 1-4.
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Figure 4 shows a Venn diagram illustrating the distribu-
tion of different metabolites in samples stored for 0, 2, 4,
6, and 10 D.

Analysis of Different Metabolites in Chilled
Chicken Meat Samples at Different Storage
Periods

A total of 23,868 molecular features were extracted
from all samples (Table 2). The peak intensity of each
feature was obtained, and 175 metabolites were anno-
tated. Using principal component analysis, partial least
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Figure 3. Principal component analysis of chilled chicken meat samples based on the positive and negative ion modes of the HSS T3 column.
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Table 1. Evaluation parameters obtained from PLS-DA models.

HILIC HSS T3
Mode PC R? (cum) Q? (cum) PC R? (cum) Q? (cum)

ESI+ 4 0.99865 0.93448 5 0.99981 0.8924
ESI— 5 0.99992 0.94174 4 0.99557 0.65937

Abbreviations: ESI, electrospray ionization; HILIC, hydrophilic interaction liquid
chromatography; PLS-DA, partial least squares discriminant analysis.

R?: represents the model interpretation rate; Q% represents the prediction ability of
the model; The closer R? and Q? are to 1, the more stable and reliable the model is.
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squares discriminant analysis, and hierarchical clus-
tering analysis, 63 distinct differential metabolites were
identified, including amino acids, sugars, amines, nucle-
osides, nucleotides, and organic acids.

To verify whether significant differences in metabo-

lites occurred over storage time, a one-way ANOVA
was employed to observe differences in metabolite levels.
Additionally, a boxplot analysis was used to analyze
relative content changes during each of the 5 storage pe-
riods. The horizontal coordinate represents the storage
days, and the vertical coordinate represents the peak
strength of metabolites.
Amino Acids During refrigeration, microorganisms can
decompose proteins in chicken meat into various inter-
mediate products, such as small molecular peptides
and free amino acids (Wang et al., 2017). We found
that the contents of small-molecule peptides L-carnosine
and L-anserine differed significantly across storage pe-
riods (P < 0.01). These small peptides greatly influenced
the quality of the meat during cold storage.

Carnosine is a potential active oxygen scavenger with
antioxidant capacity, and it affects the stability of meat
color via inhibiting fat peroxidation and protein damage
(Xiao et al., 2018). With increasing storage time,
myoglobin in the tissue of chilled chicken meat gradually
converts to high iron-containing isoform, causing the
meat color to turn dark brown (Ramanathan et al.,
2011). Carnosine can also effectively inhibit fat oxida-
tion and formation of high-iron myoglobin, thus

Ovs4 Ovs6

Ovs10

Figure 4. Venn diagram showing distribution of metabolites in
different samples.

preserving meat color (D’Astous-Page et al., 2017,
Sundekilde et al., 2017). Peptides in goose muscle
peptide have similar abilities.

Figure 5 shows the box diagram representing the in-
terval distribution between 25 and 75%. The horizontal
line in the middle of the box represents the median. The
relative contents of carnosine increased as storage time
increased from 0 to 2 D and that it declined after 2 D,
which might associate with gradual color changes in
chilled chicken meat during storage. In addition, the con-
tent of anserine increased during the first 0 to 6 D but
declined thereafter, suggesting a relationship between
anserine and quality of chilled chicken meat.

Free amino acids are important components of
nonprotein nitrogen and an important flavor and flavor
precursor substance in chicken meat. Microbial and
endogenous enzymes degraded and decarboxylated free
amino acids to form bioamines or other secondary me-
tabolites (Bover-Cid et al., 2000; Martuscelli et al.,
2009). Many free amino acids are closely related to
meat flavor and can be used as indicators of quality
and freshness (Leggio et al., 2012). Free amino acids
detected in the study included L-tyrosine, L-arginine,
L-tryptophan, L-serine, D-proline, L-histidine, L-pyro-
glutamic acid, and ornithine. We found that as storage
time increased, the quality of the chilled chicken meat
gradually changed from fresh to sub-fresh to rotten.
Accordingly, some amino acids differed across different
storage periods (Figure 5). L-carnosine, L-tyrosine,
L-serine, and L-arginine decreased with increased stor-
age days. However, L-tryptophan and ornithine
increased between 0 and 2 D of storage and between
0 and 4 D of storage, respectively, after which they
both decreased. The actions of endogenous proteases
and microorganisms are associated with free amino
acid generation (Yang et al., 2016; Oh et al., 2019;
Wickramasinghe et al., 2019).

Bioamines Bioamines are bioactive, low—molecular
weight compounds found in many different food prod-
ucts, such as aquatic and meat products. A small

Table 2. Numbers of peaks.

Mode of ESI HILIC HSS T3
Positive 11,816 5,132
Negative 5,733 1,187

Abbreviations: ESI, electrospray ionization; HILIC, hydrophilic inter-
action liquid chromatography.
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Figure 5. Relative changes of amino acids in chilled chicken meat samples during chilled storage.
amount of bioamines are sufficient to maintain proper (Alvarez and Moreno-Arribas, 2014; Tofalo et al., 2016;

physiological function of organisms, but excessive  Papageorgiou et al., 2018). Bioamines are formed during
amounts can lead to adverse effects on human health  food storage when microbial enzymes decarboxylate food
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proteins or amino acids (Haldsz et al., 1994; Lorenzo
et al., 2017). Bioamines also are closely linked to
bacterial growth. Because bioamine content can
indirectly reflect changes in bacterial content, it can
also be used to measure food deterioration and shelf
life (Suzzi and Gardini, 2003; Lazaro et al., 2015). The
bicamines include histamine, cadaverine, tyramine,
putrescine, and tryptamine, and the precursors are
histidine, lysine, tyrosine, ornithine, and tryptophan
(Santos, 1996; Onal, 2007).

Among all bioamines, histamine poses the highest po-
tential threat to human health, followed by tyramine.
We found that tryptamine decreased at storage day
10, but the relative contents of histamine, tyramine,
and N-acetyl cadaverine increased as the storage days
increased (Figure 6). The contents of histamine, tyra-
mine, and N-acetyl cadaverine were low during the first
0 to 2 D of storage but increased rapidly on day 4.
Compared with the 0-day group, the fold-change
increased the most for histamine and tyramine at 10 D
of storage (87.15 and 122.67, respectively).

It has been reported that Pseudomonas, Proteus, and
Lactobacillus species in chilled meat have strong decar-
boxylation capacity decarboxylate for converting amino
acids into bioamines (Santos, 1996; Wen et al., 2018).
Aeromonas salmonicida 35, Pseudomonas fluorescens
H5, and Pseudomonas fragi H8 isolated from chilled
chicken meat can hydrolyze the protein in chilled
chicken meat, increase the total volatile base nitrogen,
and generate alcohols, aldehydes, ketones, and sulfur
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compounds during storage (Wang et al., 2017). Further
study is needed to determine whether other spoilage or-
ganisms, including Myroides, can decarboxylate amino
acids into bioamines in chilled chicken meat.

Nucleosides and Nucleotides Nucleosides and nucle-
otides have many physiological functions, including
directly participating in the metabolism of other sub-
stances through different biochemical processes.
Changes in amino acids and other compounds during
storage can affect the freshness and taste of meat (Ryu
et al., 2009). Nucleotides also contribute to freshness,
particularly adenosine-5"-triphosphate (ATP) (Dannert
and Pearson, 1967). During storage, ATP in meat can
be degraded by various enzymes into a series of related
products that deteriorate meat flavor and color (Li et al.,

2017).
Products associated with ATP include inosine 5'-
monophosphate (IMP) and its precursors ATP,

adenosine-5'-diphosphate (ADP), and adenosine mono-
phosphate (AMP), as well as the degradation products
inosine (H x R), hypoxanthine (Hx), adenosine,
xanthine (Xt), and adenine (Howgate, 2006). IMP is
the main flavor component in meat and fish; however,
it is unstable in muscles and could be further degraded
into H x R and Hx. Among the degradation products
of IMP, inosine and Hx have a bitter taste and play an
important role in flavor changes of meat during storage
(Hong et al., 2017; Li et al., 2017). Therefore, IMP has

become an important indicator to measure the
freshness of meat.
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Figure 6. Relative changes of bioamines in chilled chicken meat samples during chilled storage.
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We found that the relative contents of most nucleo-
tides were low (fold-change <1) and significantly
different among samples from different groups (different
days of storage; P < 0.001) as shown in Figure 7. As stor-
age days increased, the contents of cytidine 5-mono-
phosphate and guanosine-5-monophosphate gradually
declined, with the largest slope occurring between 2
and 4 D. By contrast, the relative contents of IMP and
H x R increased during the first 2 D of storage, indicating
good quality, but then dropped dramatically during days
4 to 6 of storage. This observation is consistent with pre-
viously reported data on sensory evaluation showing
that the quality of chilled chicken worsened during stor-
age (Ye et al., 2015). After slaughter, ATP in meat can
be degraded gradually into ADP, AMP, IMP, Hx R, and
Hx. Hypoxanthine continues to oxidize into Xt (Qiu
et al., 2015). In our study, the relative contents of Hx
and Xt gradually increased (Figure 7). The overall in-
crease of Xt was greater than that of Hx. This finding in-
dicates that degradation of IMP and oxidization of Hx to
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Xt gradually increased with increasing storage days and
that the umami taste and freshness of the chilled chicken
meat gradually decreased. IMP thus has become an
important index for measuring the umami taste of
meat (Lee et al., 2011; Masic and Yeomans, 2014).
According to the trends of IMP and other nucleotides
observed, the highest possible shelf life of chilled
chicken is 6 D. For best flavor, chilled chicken meat
should be consumed within 4 D.

Sugars and Organic Acids Organic acids detected in
this study were wurocanic, succinate, nicotinate,
5-amino pentanoic, R-3-hydroxy butyric, hydrox-
yisocaproic, y-aminobutyric, and DL-3-phenyllyl acids.
As shown in Figure 8, the contents of nicotinate,
succinate, urocanic acid, and hydroxyisocaproic acid
increased with increasing numbers of storage days.
Urocanic acid and hydroxyisocaproic acid decreased
during days 0 to 6, but then substantially increased at
day 10 (P < 0.01). Succinate and its derivatives

influence color stability and flavor of meat
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Figure 7. Relative changes of nucleosides and nucleotides in chilled chicken meat samples during chilled storage. Abbreviations: CMP, cytidine
5'-monophosphate; GMP, guanosine-5-monophosphate; IMP, inosine 5'-monophosphate.
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Figure 8. Relative changes of carbohydrates and organic acids in chilled chicken meat samples during chilled storage.

(Ramanathan et al., 2011). We found that although the
relative content of succinate on other storage days
declined, it remained higher than it did on day 0. The
content of UDP-N-acetylglucosamine gradually
decreased with increasing numbers of storage days
(Figure 8). Additionally, the relative content of D-glu-
conate peaks at days 0 to 2. This finding may be because
the sugar in the meat largely degraded during the first
2 D of storage and fully depleted after 4 D.

Analysis of Metabolic Pathway of
Metabolites Produced During Storage of
Chilled Chicken

To better reflect the relationship between metabo-
lite changes in chilled chicken during storage, the
biosynthetic pathways of involved metabolites were
drawn (Figure 9). We focused on the purine and

bioamine pathways, which relate to meat flavor and
safety, respectively. We found that the metabolism-
related products in the purine metabolic pathway
showed complex processes, rather than gradually
increasing or decreasing. However, the metabolomic
profiles in this study included a mixture of metabo-
lites from microorganisms and chicken, and it is diffi-
cult to separate chicken metabolites from
microorganism metabolites for pathway analysis.
The contents of IMP peaks after 10 D of storage
(Figure 9), which greatly affected the freshness of
chilled chicken. In the metabolic pathway for bio-
amines, the contents of histidine, tyrosine, and tryp-
tophan gradually decreased, whereas histamine,
tyramine, and tryptamine increased. Fraqueza
(Fraqueza et al., 2012) found that tyramine increases
significantly (P < 0.05) in turkey meat during storage
in modified atmosphere packaging. They point out
that bioamines maintain a close association with
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Figure 9.

Metabolic pathways of important metabolites in chilled chicken meat samples during chilled storage. Abbreviations: ADP, adenosine-5

Q4 0-diphosphate; AICAR, 5-aminoimidazole-4-carboxamide ribonucleoside; AMP, adenosine monophosphate; ATP, adenosine-50-triphosphate;
GDP, guanosine diphosphate; GMP, guanosine-5"-monophosphate; IMP, inosine 5’-monophosphate; PEP, pyruvate phosphate; PRPP, 5-phosphor-

ibosyl-1-pyrophosphate; XMP, xanthosine monophosphate.

Pseudomonas and FEnterobacteriaceae spp. Lysine,
tyrosine, and histidine are the main precursors of bio-
amines in sausage; thus, their contents increase
considerably during storage because of microbial-
mediated proteolysis (Rabie et al., 2014). According
to Wen (Wen et al., 2018), Pseudomonas is the domi-
nant bacteria in chilled chicken meat during initial
storage, followed by Shewanellaceae over time. Exper-
iments confirm that Pseudomonas produces histamine
in fish, whereas Shewanellaceae is the sole producer of
cadaverine (Liu et al., 2018).

CONCLUSION

We obtained 63 different metabolites from our
screening, using VIP>2 and P < 0.05 as criteria.
Most amino acids decreased over chilled storage time,
whereas amines such as histamine, tyramine, trypt-
amine, and N-acetylcadaverine increased. These
changes were large compared with those of the control.
In addition, we detected the nucleoside and nucleotide
precursor and degradation products of IMP and IMP.
Changes in IMP were consistent with changes in
meat quality. Other organic acids and sugars also
showed an upward or downward trend with increased
storage days that closely aligned with changes in
meat quality.
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