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Abstract

Handling massive proteomics datasets poses challenges due to assessing dataset quality and dealing with multiple dimen-
sions of the dataset when establishing putative peptide markers. Therefore, this study aims to confirm putative porcine
peptide markers for precision halal proteomics through chemometrics-assisted MRM-based proteomics. Chemometric
data mining was employed to access the dispersion characteristics and normality of 509 commercial processed meat
samples (beef, chicken, fish, and pork). All the samples displayed normal distributions and showed significant differences
in the median. By employing chemometric principal component analysis, two significant dimensions were identified to
select the putative porcine peptide markers. Out of 1204 identified peptides, two putative porcine peptide markers were
critically selected: P25 and P68, derived from myosin-1. MRM acquisition was developed to verify the P25 and P68 for
precision halal proteomics. Notably, only the MRM chromatogram of P68 showed a modified peptide peak. Nonethe-
less, the process of confirming putative porcine peptide markers from massive proteomics datasets is robust and reliable
through chemometrics-assisted MRM-based proteomics for halal authentication in the context of meat speciation. It is
recommended utilizing P25 as the peptide marker due to its purity and unmatched sequence with bovine, chicken, and
fish based on the UniProtKB search.
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Introduction

Meatballs, meatloaf, minced meat, frikadelle, frankfurter,
salami, sausage, corned meat, canned meat, half-cooked
meat, smoked meat, floss meat, and various other com-
mercial meat products have become an integral part of our
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local markets. These products undergo intensive process-
ing methods, including thermal and non-thermal process-
ing, along with the addition of food additives [1]. However,
ensuring the absence of pork in these products is crucial
for the halal industry. The halal industry holds significant
potential, sharing commonalities with kosher practices [2—
6]. Recently, even non-Muslim consumers prefer halal food
due to its perceived product integrity, brand trustworthiness,
and low risk of foodborne zoonotic diseases [7].

The realm of halal meat speciation faces a major chal-
lenge with conventional DNA-based methods for pork iden-
tification in commercial processed meat products. Harsh
industrial processing negatively affects DNA stability,
rendering DNA-based methods less reliable for detecting
pork [8]. This study explores an alternative protein-based
approach, focusing on peptide identification through liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
[9-13].

The LC-MS/MS is a powerful analytical tool, allowing
precise identification and characterization of proteins and
peptides in complex samples. However, most of the peptide
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markers were only established from a single database search
engine of the LC-MS/MS technique [14], which might be
prone to false positives. In our previous study [15], we
analysed 135 raw LC-MS/MS data files from 15 types of
commercial processed pork-based food products and dis-
covered the prevalence of myofibrillar proteins, particularly
myosin isoforms identified from four comparable database
search engines. In contrast to previous studies that primar-
ily focussed on raw or in-house cooked samples [16-21],
this study analyses massive proteomic datasets from com-
mercial processed meat products including beef, chicken,
fish, and pork. However, analysing such datasets requires
advanced chemometrics for data mining, extracting chemi-
cally relevant information [22].

Therefore, the objective of this study is to establish and
verify putative porcine peptide markers for precision halal
proteomics in the context of meat speciation. To achieve
this, this study undertakes a meticulous analysis of addi-
tional samples, including beef (n=14), chicken (n=14), and
fish (n=14). To handle the massive proteomics datasets, this
study explains the chemometrics of the data mining pro-
cess, using boxplots and Q—Q plots to ensure data quality
and reliability. Subsequently, this study employs principal
components analysis to select robust peptide markers. The
resulting data is processed through multiple reaction moni-
toring (MRM) of LC-MS/MS acquisition to verify the pres-
ence of peptide markers for precision halal proteomics.

These findings have significant implications for the
halal industry, providing insight into handling massive pro-
teomics datasets and selecting precise peptide markers for
precision halal proteomics. The innovative application of
chemometric-assisted MRM-based proteomics represents
a valuable resource for researchers exploring halal pro-
teomics for meat speciation. Ultimately, this study enhances
halal food authentication methodologies, strengthening con-
sumer confidence, and meeting the stringent demands of the
halal market.

Materials and methods
Materials

LC-MS grade formic acid and acetonitrile were purchased
from Fisher Chemical, Fair Lawn, NJ, USA. Ultra-pure
water with a conductivity of <18 MQ c¢m was freshly pre-
pared using an ultrapure water system (Arium®611VF, Sar-
torius Stedim, Goettingen, Germany). Mass spectrometry
grade Trypsin Gold was obtained from Promega, Madison,
WI, USA. The samples consist of commercial processed
meat products including pork (n=15), beef (n=14), chicken
(n=14), and fish (n=14) randomly purchased on the same
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day from local markets in the Serdang city area, Selangor,
Malaysia. Details of samples are provided in Supplementary
1. All samples were stored at —20 °C until further analysis.

Sample preparation and digestion

All samples were cleaned by washing with ethanol/water
(70:30% v/v) three times to remove potential salt and other
soluble low molecular weight compounds, followed by
three times rinsing with ultra-pure water. Subsequently,
approximately 20-30 g of samples were transferred into
50-mL Falcon tubes for lyophilisation (1 L benchtop freeze
dry system, FreeZone LabConco, Kansas City, MO, USA).
Next, each sample was individually ground using a ProMix
Handblender (HR2533/01, Philips, China) to produce a fine
dry powder. The fine dry powder of each sample was then
pooled accordingly to its sample type (pork, beef, chicken,
and fish) for randomization. Adulterated samples were pre-
pared according to previous study [23], by mixing the pooled
pork sample (0.5%, 1%, and 5%, w/w) with the pooled beef,
chicken, and fish samples, respectively. Next, 10 mg of each
sample was rehydrated in 100 pL of ultra-pure water. Each
sample was reduced and alkylated by adding 0.5 mM of
dithiothreitol (DTT) and 0.5 mM of iodoacetamide (IAA)
in a 1:20 ratio (v/v) at 37 °C for 6 h. Subsequently, each
sample was digested by adding 1 g/L Trypsin Gold in 50
mM acetic acid in a 1:25 ratio (v/v), in accordance with the
manufacturer’s instructions as outlined in the certificate of
analysis (Promega Trypsin Gold, Mass Spectrometry Grade,
Part No. V528A, Revised 10/7). The digestion was carried
out at 37 °C for a duration of 4 h. Tryptic peptides were col-
lected by transferring the supernatant into a new, clean 1.5
mL Eppendorf tube after centrifugation for 15 min at 12,000
rcfand 5 °C. All samples were prepared in triplicate.

LC-MS/MS and scheduled MRM acquisition

Chromatographic separation and tandem mass spectrometry
detection were conducted using high-performance liquid
chromatography (Agilent 1200 Series), which included an
autosampler (G1367D), a binary pump (G1312B), and a col-
umn oven (G1316A). This setup was coupled with the AB
SCIEX 4000 QTrap mass spectrometer (Singapore). The
initial concentration of mobile phase A began at 97% and
gradually decreased to 71.6% over 22 min. Subsequently,
the concentration of mobile phase A was set to 0% and main-
tained until 28 min. Finally, at 29 min, the concentration of
mobile phase A was restored to its initial level of 97% and
held steady until 35 min. The Turbo Spray ionization source
for electrospray ionization was set at 400 °C, with a nebu-
lizer voltage of 5200 V at 40 psi. The pressures for source
gases | and 2 were set at 40 psi and 30 psi, respectively,
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while the curtain gas pressure was maintained at 30 psi. The
declustering potential was set to 50 V, and the scan rate was
1000 Da/s. Mass spectrometry (MS) and targeted MS/MS
analyses were performed using enhanced mass spectrome-
try (EMS) with a scan range of 500-2800 m/z and enhanced
product ion analysis with a scan range of 100-1800 m/z,
respectively, in positive mode. Instrument control and
data acquisition were conducted using Analyst® 1.5 Soft-
ware (AB Sciex). For scheduled MRM scan mode, MRM
parameters were established and optimized using Skyline
22.2.0.312 software (64-bit, MacCoss Lab, Department
of Genome Sciences, University of Washington). Optimi-
zation of collision energy (CE) and declustering potential
(DP) was performed through stepwise adjustment to maxi-
mize signal intensity for each transition. Transitions were
selected based on previous spectral library [15] and manual
evaluation to ensure both sensitivity and specificity. Key
parameters, including precursor and product ion m/z val-
ues (transitions), optimized CE and DP, retention times, and
dwell time, are reported in Table 1. Peptide markers were
detected by monitoring the five most intense transitions per
peptide to enhance reliability. Each sample was injected in
triplicate, with an injection volume of 10 pL per run.

Database searching

Database searching was conducted according to a previ-
ous study [15] with some modifications. All LC-MS/MS
chromatographic raw data were converted into centroided
files (mzML) using the ProteoWizard MSConvertGUI (64-
bit, Version: 3.0.1908-43e675997) with the peak picking
filter type and vendor algorithm (MS level=1-2) param-
eters. The centroided files were then subjected to Comet
sequential database search engine (Version 2018.01 rev.4),
through the Petunia Trans-Proteomic Pipeline (TPP, version
5.2.0). An in-house target-decoy database was constructed
from reference proteomes of pig (Sus scrofa), bovine (Bos

Table 1T MRM transition parameters for the detection of marker peptides

taurus), chicken (Gallus gallus), and Zebrafish (Danio
rerio), downloaded from UniProtKB with proteome iden-
tifiers UP000314985, UP000009136, UP000000539, and
UP000000437, respectively. For the Comet parameters, the
precursor mass tolerance was 0.5 Da; the fragment mass
tolerance was 0.7 Da; trypsin digestion was considered
as semi-digestion; the maximum missed cleavage was set
to one, and the variable modifications included carbami-
domethylation of cysteine, oxidation of methionine, and
reduction of asparagine and glutamines residues.

Data mining and chemometrics

The results of database searching were utilized for data
mining and subsequent chemometric analysis, specifically
by constructing a principal component analysis (PCA), as
described previously with some modifications [23-25].
A data matrix X was generated for PCA with Pareto scal-
ing (which reduces the influence of large variance features
while preserving data structure), where the peak list of pep-
tide-spectrum matches served as a variable (K), and each
commercial processed pooled sample, including replicates,
was treated as an observation (N) to identify the potential
peptide markers. For data mining and chemometrics, the
RStudio Team (Version 1.4.1717): Integrated Development
Environment for R, 2015, was employed.

Results and discussions
Data analytics for massive proteomic dataset

The high-throughput nature of LC-MS/MS, particularly
when applied to replicated samples, generates a substan-
tial amount of complex data, including thousands of pep-
tide-spectrum matches (PSMs) per sample. In this study,
LC-MS/MS acquisition was performed on a total of 509

Variable number and peptide Protein (Uni- Precursor ion Product ion (m/z) Retention time Declustering Col-
sequence ProtKB ID) (m/z) (min) potential (V) lision
energy
™
P25 (DLEEATLQHEATAATLR) Myosin-1 934.971*" 1311.7015" 16.2 110 54
(Q9TVel) 1097.5698"
969.5112"
832.4523"
703.4097°
P68 (QLDEKDTLVSQLSR) Myosin-1 816.434"" 1018.5527" 15.0 90 48
(Q9TVe1) 903.5258"
802.4781"
689.3941"
590.3257°

m/z=mass to charge ratio
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processed samples, representing replicated analyses across
four types of meat and yield a total of 36,504 PSM. For
pork, a total of 135 samples were obtained from 15 types
of samples, each analysed in triplicate for both biological
and technical replicates (n=15x3x3). Beef yielded 127
total samples from 14 types of samples, including one addi-
tional run performed unintentionally on a single sample
(n=14%x3x3+1). Chicken yielded 123 total samples due to
three failed runs (n=14 x 3 x 3 —3), while fish resulted in 124
total samples due to two failed runs (n=14 %3 x3—-2). Bio-
logical replicates refer to independently processed samples,
capturing variability among different sources, while techni-
cal replicates represent repeated LC-MS/MS injections of
each biological replicate to ensure analytical precision and
reproducibility. To ensure robust interpretation of this data,
statistical treatments were employed to assess the quality of
the dataset, such as evaluating data distribution and normal-
ity across replicated samples [26]. These analyses provided
critical insights into the reliability and reproducibility of the
acquired spectra and enabled the identification of consistent
and meaningful peptide signals. Rather than relying solely
on a simple selection of peptide markers, this data-driven
approach ensured that selected pork-specific markers were
supported by statistical evidence, strengthening the validity
and applicability of the method for routine halal authentica-
tion and food integrity analysis.

Subsequently, the dataset was subjected to data mining
using a boxplot to examine its dispersion characteristics,
such as range, quartiles, interquartile range, variance, and
outliers. Figure 1 presents the boxplot comparison of the
commercial processed samples based on the number of
PSMs. Data points that differ by 1.5 times the interquar-
tile range from the first or third quartiles (Q, and Q) are
considered outliers [27]. In comparison to the fish samples,
which had a single data point that was varied both Q,=60
and Q;=78, the commercial processed samples of beef
had 18 data points that were above the Q;=48 (Fig. 1).
The presence of a high number of outliers in the commer-
cial processed samples of beef may indicate false-positive
data points resulting from the Comet search engine during
our previous target-decoy strategy [15]. The non-normal
distribution of the population may also be attributed to the
complexity of the sample matrix after pooling [28]. A com-
puter simulation showed that regardless of the sample size,
approximately 30% of samples drawn from a normally dis-
tributed population will contain one or more outliers [28].

Additionally, the shape of the boxplot provided informa-
tion about the spread of the massive proteomic data points
for each commercial processed sample. The variance among
the commercial processed samples was found to be distinct
(p-value=2.2 x 10~ ') according to Bartlett’s Test for homo-
geneity of variance [29]. Instead of conducting a one-way
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analysis of variance, the notches of each boxplot were used
to determine significant differences in the median (Q,) [27].
In this study, the medians for the commercial processed
samples of beef (Q,=34), chicken (Q,=54), fish (Q,=69),
and pork (Q,=118) were significantly different at a 95%
confidence level, as none of the notches overlapped (Fig. 1).
The median represents the value where 50% of the massive
proteomic data points fall. Furthermore, all the massive pro-
teomic data points were within the upper and lower whisker
ends, except for the commercial processed samples of beef
and fish (the outliers). This indicates that each boxplot cov-
ers most of the massive proteomic data points and suggests
that the boxplots exhibit a normal distribution (non-skewed
shape) [27].

To confirm the normality of the massive proteomic data
points, a normality test was conducted using a Q—Q plot to
analyse the distribution [30]. Figure 2 displays the Q—Q plot
for each commercial processed sample along with its regres-
sion line. Adequate representation of the data points by the
regression line increases the likelihood of the data being
normally distributed [31]. The regression (r?) values for the
commercial processed samples of pork, beef, chicken, and
fish were 0.988, 0.862, 0.979, and 0.983, respectively. Over-
all, the massive proteomic data points appeared to be nor-
mally distributed. Some Q—Q plots also revealed heavy- or
light-tailed data points. The low regression value (r>=0.862)
and the presence of heavy-tailed data points in the commer-
cial processed samples of beef can be attributed to the 18
outliers, as illustrated in Fig. 2 [31]. This result aligns with
the findings from the boxplot analysis in Fig. 1. The Q-Q
plots for the other samples indicated light-tailed behaviour,
suggesting the absence of extreme data points [31].

Selection of putative porcine myosin isoforms-
based peptide markers

The massive proteomic dataset consisted of sample descrip-
tion, PSM, mass-to-charge ratio (m/z) value, retention time,
protein accession number, and protein mass. This massive
dataset was subsequently subjected to Principal Component
Analysis (PCA) as the initial clustering method. Gener-
ally, the data matrix for PCA consisted of 36 observations
(4 types of grouping commercial processed pooled sam-
ples x 3 biological replicates x 3 technical replicates) and
1204 variables (identified peptides). The establishment of
the 1204 identified peptides was explained clearly in our
previous study [15]. The PCA was employed to assess the
systematic variation present in the large data matrix con-
taining a high number of dimensions. Figure 3a shows a
scree plot for the first to tenth dimensions of PCA with a
percentage of explained variance for each dimension. For
100% of explained variance, the PCA model required 35
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Fig. 1 Boxplot comparison of samples against the number of peptide-spectrum match (PSM). The bold line inside the boxplot is a median (Q,),
*notch represents a 95% confidence interval of Q,, and dots above the upper whisker or below the lower whisker indicate outliers

dimensions. By applying dimension reduction, PCA effec-
tively decreased the dimensionality of the highly correlated
dataset while retaining crucial information [32]. However, in
this study, only the first (13.2%) and second (8.7%) dimen-
sions were retained, explaining a total variance of 21.9%.
In a previous study that examined potential porcine peptide
markers in 45 raw meat samples (beef, chicken, and pork),
the PCA model accounted for 59.6% of the explained vari-
ance [23]. The difference in explained variance percentages
between the two studies can be attributed to the complexity
of the commercial processed pooled samples’ matrix and the

addition of commercial processed pooled fish samples in the
PCA data matrix.

Since there were only 2 out of 35 significant dimensions
in the PCA model, only variables (identified peptides) that
surpassed the contribution’s reference line were considered
crucial for those dimensions. Figure 3b presents a bar chart
illustrating the contribution of the variables to the first and
second dimensions of PCA, with a threshold for the con-
tribution’s reference line. Out of the 1204 identified pep-
tides, only 283 were deemed crucial for the first and second
dimensions of the PCA model after sorting the contributions
in descending order (Fig. 3b). However, to select highly
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Fig.2 Q-Q plot for commercial processed samples of pork, beef, chicken, and fish. Dots in each Q—Q plot represent data points. The straight line
in each Q—Q plot indicates a regression line

Contribution of variables to the dimension 1 and dimension 2

(a) ®) 100

Variable number 45

New threshold = 0.50

Percentage of explained variances

Variable number 283

Default threshold = 0.08

000

Variables (identified peptides)

Fig. 3 Scree plot for the first to tenth dimensions of Principal Compo-
nent Analysis (PCA) (a). The percentage value explains the variance
for each dimension. The total dimension for the PCA model is 35 for
100% of explained variance. Bar chart for the contribution of vari-
ables (identified peptide) to the first and second dimensions of Prin-

cipal Component Analysis (PCA) (b). A dashed line is a threshold of
the reference line to determine the important variables contributing
to the dimension. The total variables are 1204 in descending order of
contribution
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significant contributions of potential peptide markers, a ref-
erence line threshold of 50% was used instead of the default
8%. Consequently, only 45 identified peptides met the refer-
ence line threshold. Unfortunately, these 45 identified pep-
tides were not specific to the commercial processed sample
of pooled pork but were present across all commercial pro-
cessed pooled samples.

To facilitate the selection of potential peptide markers for
non-halal pork, the score and loading plots of PCA were
utilized for the 45 identified peptides. Figure 4a displays
the score plot, which describes the clustering of commer-
cial processed pooled samples based on their similarity.
Each commercial processed pooled sample is represented
by an ellipse, encompassing 95% of the data points associ-
ated with that sample. The ellipse helps visualize the dis-
tribution of the commercial processed pooled samples and
reveals their distinctive characteristics, correlations, and
differences [33]. In this study, all the commercial processed
pooled samples showed significant differences and pos-
sessed unique characteristics based on the ellipse regions.
While all the commercial processed pooled samples exhib-
ited a negative correlation relative to the first dimension of
PCA, the commercial processed pooled samples of beef and
fish displayed a positive correlation.

Furthermore, Fig. 4b illustrates the loading plot, indicat-
ing the contribution of each identified peptide to the first and
second dimensions of PCA. The dark-coloured identified
peptides had higher contributions compared to the light-
coloured ones. Since the score and loading plots are corre-
lated, the selection of porcine peptide markers for precision
halal proteomics is feasible. Specifically, the selection of
porcine peptide markers focused on the dark data points in
the upper left quadrant of the loading plot. Therefore, the
specific porcine peptide markers identified were variable
numbers P25 and P68 with contributions of 88 and 63%,
respectively.

Characteristics of putative porcine peptide markers

Considering the variable numbers P25 and P68 as putative
porcine peptide markers, an optimized multiple reaction
monitoring (MRM) of LC-MS/MS acquisition was devel-
oped before these peptide markers can be used for halal
authentication in terms of meat speciation. Table 1 presents
the characteristics and MRM transition parameters used to
detect these peptide markers for halal authentication. Our
Comet database search, based on a previous study [15], con-
firmed that all the putative porcine peptide markers belong to
myosin (Table 1). Peptides P25 and P68 have the sequences
DLEEATLQHEATAATLR and QLDEKDTLVSQLSR,
respectively, and they originate from myosin-1 proteins.
These peptides were frequently detected in a porcine study

by LC-MS [9-13]. The peptides derived from myofibrillar
protein, specifically myosin, account for nearly 55-60%
of the total protein content in meat [34]. However, another
study that employed MRM to authenticate meat species and
cuts in single-cut meat products did not report the presence
of these two putative porcine peptide markers [35], suggest-
ing that these peptides may be alternative for the authen-
tication. During the MRM of LC-MS/MS acquisition, P68
showed inadequate retention on the stationary phase, tak-
ing approximately 15 min, whereas P25’s retention was
16.2 min.

For identification purposes, each peptide marker has a
unique precursor ion and specific product ions. In this study,
five product ions were established for each precursor ion
for precision halal proteomics (Table 1). For precision halal
proteomics using P25 as a peptide marker, this study applied
a declustering potential of 110 volts and collision energy of
54 volts. This allows the detection of P25’s precursor ion
at 934.971 m/z, with products ions representing the amino
acids TLQHEATAATLR (1311.7015 m/z), QHEATAATLR
(1097.5698 m/z), HEATAATLR (969.5112 m/z), EATA-
ATLR (832.4523 m/z), and ATAATLR (703.4097 m/z),
respectively, as identified through the Comet database
search. Likewise, for P68, this study used the declustering
potential of 90 volts and the collision energy of 48 volts to
detect its precursor ion at 816.434 m/z. The product ions
corresponding to the amino acids DTLVSQLSR (1018.5527
m/z), TLVSQLSR (903.5258 m/z), LVSQLSR (802.4781
m/z), VSQLSR (689.3944 m/z), and SQLSR (590.3257 m/z)
were identified through the Comet database search. These
MRM parameters for precision halal proteomics align with
The European Commission, 2017 [36], which requires a
minimum of two m/z ions for MRM acquisition.

While the developed MRM of LC-MS/MS acquisition
is reliable for precision halal proteomics, a modified pep-
tide peak was observed in the MRM chromatogram for
P68. Figure 5 displays the MRM of LC-MS/MS acquisi-
tion chromatograms of P25 and P68. The modified peptide
in P68 may be attributed to three potential modifications
in its peptide sequence (QLDEKDTLVSQLSR): acetyla-
tion of threonine (at T7), deamination of glutamine (at Q1),
and pyroglutamate of glutamine (at any position). These
modified peptides were supported by a previous study that
characterizes the Maillard reaction in meat under different
cooking treatments, revealing advanced glycation end prod-
ucts, protein crosslinks, or post-translational modifications
[13]. In that study, the same peptide sequence of P68 was
reported from the myosin of pork with the three modifica-
tions, while no peptide sequence of P25 was reported. The
MRM chromatogram of P25 displayed no modified peptide.
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{ Fig. 4 Principal component analysis (PCA) for commercial processed
samples of pooled beef, chicken, fish, and pork. The upper side is a
score plot (a), and the lower side is a loading plot (b)

Conclusion

This study contributes to the emerging field of halal pro-
teomics, which focuses on the targeted application of pro-
teomic tools for ensuring halal authentication and integrity.
This comprehensive analysis of chemometrics-assisted
MRM-based proteomics allowed for the successful estab-
lishment and confirmation of putative porcine peptide
markers from 509 commercial processed samples of beef,
chicken, fish, and pork, enabling precision halal proteomics
in the context of meat speciation. Chemometric data mining
techniques, such as boxplots and Q—Q plots, were considered
crucial in the initial stage for researchers to investigate the
quality of massive proteomic datasets in terms of dispersion
characteristics and normality. Subsequently, the chemomet-
ric principal component analysis managed to minimize the
multiple dimensions of massive proteomics datasets, allow-
ing the selection of putative porcine peptide markers across
36 groups of commercial processed pooled samples and
1204 identified peptides. Only two specific porcine peptide
markers, P25 and P68 originating from myosin-1 proteins
were critically selected for the precision halal proteomics.
An optimized MRM of LC-MS/MS acquisition confirmed
the reliability of P25 and P68 peptide markers. However,
a modified peptide peak was observed in the MRM chro-
matogram of P68, possibly due to post-translational modi-
fications. Instead, this study strongly recommends using
the P25 peptide marker, as it did not show modified peptide
and did not match sequences from bovine, fish, and chicken
during the UniProtKB search. This study provides a valu-
able insight into analysing massive proteomic datasets and
their application in ensuring the integrity and authenticity of
halal meat products in the context of meat speciation. Fur-
ther investigations are required to uncover the factors caus-
ing the modified peptide of P68 and validate P25 to fully
harness the potential of these putative porcine peptide mark-
ers for practical applications in the food industry. Although
this study focused on commercial processed meat products,
future work should expand validation to a broader range of
meat-based matrices to enhance general applicability.
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