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ABSTRACT

This study proposed a molecular framework to ensure compliance with Islamic dietary
laws, aligning with the rapidly expanding global halal market projected to reach USD 3
trillion by 2027. The approach integrated mitochondrial 12S ribosomal RNA sequencing
with bioinformatics tools using Next-Generation Sequencing (NGS) and Third-Generation
Sequencing (TGS) technologies to facilitate accurate species identification, DNA
barcoding, and meet origin authentication. The 12S ribosomal RNA gene provides high
precision for species verification due to its conserved yet variable sequence regions. A
bioinformatics pipeline incorporating Mothur and QIIME2 was developed to analyse
sequencing outputs and validate species Operational Taxonomic Units (OTUs). This
pipeline enhanced traceability and ensured compliance with halal regulatory standards. By
detecting even trace residues of non-halal substances, the method strengthens food safety,
prevents cross-contamination, and increases consumer trust. The significance of these
molecular techniques is in ensuring the safety of food and preventing spoilage. By
detecting residues of non-halal substances, this approach addressed significant concerns
related to cross-contamination and labelling inaccuracies, enhancing transparency and
strengthening consumer trust. Analysing halal certification practices as per industry
traditions and international regulatory bodies, as well as the thought-provoking shift to align
high-end technologies and foreign experts requires careful harmonisation. This study also
focused on factors contributing to that harmonisation. To assess the possible future of halal
verification, this review presented a prospective, amalgamating modern science with
religious justice to achieve a functional balance and preserve the reliability of halal-
validated products. These innovations enable higher levels of precision, transparency, and
sustainability, which foster consumer trust and reinvigorate the global marketplace.
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Introduction

The Malaysian Investment Development Authority
(MIDA, 2022) cited a projection that the global halal
market will expand from USD 2 trillion in 2021 to USD 3
trillion (approximately RM 13.3 trillion) by 2027, based on
a report by Business Wire. This remarkable growth is
fuelled by the rising global Muslim population, which
accounts for about 24% of the world’s population, or
approximately 1.9 billion people as of 2022. Halal food
products encompass several major categories, including
meat, poultry, processed seafood, dairy products, cereals
and grains, oils and fats, confectionery, and processed
fruits and vegetables. The largest demand originates from
Asia, followed by the Middle East, Africa, Europe, North
America, and Latin America (Shaharuddin et al., 2025).
With over 300 global food and beverage companies based
in Asia, Malaysia has emerged as a leading hub for halal
manufacturing and certification, earning widespread
international trust and acceptance for its halal-compliant
products (MIDA, 2022; Neequaye et al., 2017).

Malaysia’s halal ecosystem is spearheaded by the
Jabatan Agama Islam Malaysia (JAKIM) and the Halal
Development Corporation Berhad (HDC), which are
responsible for regulatory oversight, certification, and
policy development. These agencies align their operations
with the Halal Industry Masterplan 2030 to strengthen the
nation’s infrastructure and human capital in halal
management (Nasir et al., 2021). However, despite
Malaysia’s leadership in halal certification, one of the key
challenges in maintaining halal authenticity lies in the
integration of state-of-the-art technologies for verification
and traceability (Hassan et al., 2020).

In this context, the convergence of molecular sequencing
and halal verification offers a timely and transformative
opportunity. The duality between traditional certification
systems and cutting-edge genomic technologies creates
both potential and paradoxes that require critical
exploration (Garinet et al., 2018). As consumer awareness
increases and global supply chains become more complex,
ensuring transparency and reliability in halal authentication
is no longer feasible through manual inspection and
document-based verification alone. Traditional techniques,
though valuable, are often time-consuming and inadequate
in detecting cross-contamination or fraud in the modern
food industry (Amer, 2024).

The emergence of bioinformatics has revolutionised
biological data analysis, offering high-throughput, data-
centric ~ methods  for  authenticity  verification.
Bioinformatics provides computational pipelines capable
of analysing large volumes of sequencing data, thereby
enabling species identification, DNA barcoding, and halal
status determination with unparalleled accuracy (Zou et al.,
2023). Studies such as Shen et al. (2022) have
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demonstrated that bioinformatics-based halal integrity
systems improve traceability, enhance food safety, and
ensure data-driven decision-making across the supply
chain. Applications include mitochondrial 12S ribosomal
RNA (rRNA) sequencing for species identification, DNA-
based quantification of halal components, and detection of
non-halal residues in processed food.

Therefore, the purpose of this study was to develop and
propose a comprehensive molecular and computational
framework for halal authentication using mitochondrial
12S rRNA sequencing integrated with bioinformatics
analysis pipelines such as Mothur and QIIME2. This
approach aims to establish a scientifically robust, traceable,
and high-throughput system capable of verifying species
origin, preventing cross-contamination, and supporting
regulatory compliance within the halal supply chain. By
aligning genomic science with Islamic dietary law, this
study seeks to bridge the gap between modern molecular
technologies and traditional halal certification practices,
ensuring transparency, sustainability, and consumer
confidence in the global halal marketplace.

Ultimately, this study contributes to the future of halal
verification by harmonising technological innovation with
religious and industrial integrity, thereby positioning
bioinformatics as a cornerstone of sustainable halal
authentication and global trade assurance (Chen et al.,
2023).

Mitochondria and the mitochondrial 12S rRNA gene

Mitochondria are double-membraned organelles often
referred to as the powerhouses of the cell due to their
critical role in energy production through oxidative
phosphorylation. They possess their own genetic material,
known as mitochondrial DNA (mtDNA), which is circular
and distinct from the nuclear genome (Monzel et al., 2023).
mtDNA encodes 13 essential proteins involved in the
electron transport chain, along with 22 transfer RNAs
(tRNAs) and two rRNAs, namely the 12S and 16S rRNA
genes, which are vital for mitochondrial protein synthesis
(Figure 1). The unique characteristics of mtDNA, including
maternal inheritance, high copy number, lack of
recombination, and relatively rapid mutation rate, make it a
powerful molecular marker for evolutionary, taxonomic,
and forensic studies (Ferreira and Rodriguez, 2024).

Structurally, the mitochondrion comprises an outer
membrane that encloses the organelle and an inner
membrane folded into cristae, which increases the surface
area for ATP synthesis. The space between these
membranes is called the intermembrane space, while the
innermost compartment, the matrix, contains the
mitochondrial genome, ribosomes, and enzymes essential
for the citric acid cycle (Absmeier et al., 2023). This semi-
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autonomous nature allows mitochondria to regulate their
own protein synthesis and maintain genetic continuity

across generations.
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Figure 1: Overview of domestic animal species and mitochondrial DNA structure. Silhouettes depict representative livestock (goat, cattle, horse,
sheep, dog, pig, and rat). The lower panels illustrate (left) the mitochondrion and its internal structure, (center) the circular mitochondrial genome
(~16.5 kb) showing 12S and 16S rRNA regions, and (right) the secondary structure of 12S rRNA with protein-binding sites.

mDNA=Mitochondrial DNA; rRNA=Ribosomal RNA

Researchers seldom utilize the mitochondrial 12S rRNA
gene as a primary marker in molecular studies (Luo et al.,
2011). In fact, the normal method of halal validation is
based on DNA or protein fragments extracted from specific
tissues, such as in the case of meat or food form itself, to
ensure they meet Islamic dietary requirements (Ng et al.,
2021). The 12S rRNA gene is widely used as a molecular
marker for a variety of applications, such as DNA
barcoding, phylogenetics, and species identification (Chan
et al., 2022). Although DNA-based methods have simple
yet useful applications in food authentication and
traceability, including halal authentication, they often have
limitations in specifically addressing the genetic markers of
the species being studied or targeting the presence of
forbidden phytochemicals (Muflihah et al., 2023).

With techniques like Polymerase Chain Reaction (PCR),
DNA tracking, and real-time PCR, various genetic markers

in halal products can be analysed, and authentication for
halal status can be granted. These methods have been
utilised effectively in determining the source of meat
products by assessing some types of mtDNA (Murugaiah et
al., 2009). Factors such as the researcher’s aims, and the
type of food product being analysed impact on halal
authentication technologies and markers (Lubis et al.,
2016). Researchers and regulatory authorities typically
adopt a combination of scientific approaches and
traditional approaches in halal certification methods (Ng et
al., 2021).

The 12S rRNA gene, derived from mtDNA, has been
identified as an effective target for halal authentication, as
shown in Table 1. The specificity of the mitochondrial
genome favours species identification, due to maternal
inheritance and a higher number of cellular copies than the
nuclear DNA (Cahyadi et al., 2020).
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Table 1: Several justifications highlighting the effectiveness of the 12S rRNA gene from mitochondrial DNA in the context of halal verification

Justifications Details References
The 12S rRNA gene was examined using Next Generation Sequencing (NGS) technologies, enabling
. . . . .o . . . g Lo . . (Zhang et al.,
Species Identification precise determination of the animal species from which the meat originates. This is crucial for ensuring
. . 2020)
that the meat is sourced from animals that are halal.
The 12S rRNA gene was used as a DNA barcode for Halal authentication. A reference library of (Cahyadi et
DNA Barcoding verified 12S rRNA sequences was created from recognised halal species to enable the comparison and al %/020)
confirmation of sample tests. ”
Examine variations in the 12S rRNA gene sequence to differentiate between species that are closely (Chan et al
Sequence Variability related. This can be particularly important in cases where different species might have similar 2022) ”
morphological characteristics.
Quantitative Analysis Quantitative PCR (qPCR) or other methods were used to quantify the amount of mitochondrial DNA, (Rohman et
y specifically the 12S rRNA gene, in each sample collected. This quantitative approach can provide al., 2022)
insights into the composition of meat mixtures. °
Authentication of Meat The authentlglty of the declared meat origin was conﬁrmefi by comparing th'e obtame_d 128 rRNA (Cahyadi et
.. sequences with reference sequences of known halal animals. This aids in detecting potential
Origin . - al., 2020)
adulteration or labelling errors.
The high-throughput capabilities of Next Generation Sequencing (NGS) and Third Generation
High-Throughput Sequencing (TGS) were leveraged to process large numbers of samples simultaneously. This is (Liu et al.,
Screening particularly useful for screening meat products in industrial settings or at different points along the 2021)
supply chain.
- . The 12S rRNA gene was used to validate halal authentication against established regulatory standards
Validation with - . . L (Noor et al.,
and guidelines. Collaboration with relevant regulatory bodies is necessary to ensure acceptance and
Regulatory Standards o, 2023)
recognition of the method.
L . The analysis of the 12S rRNA gene was integrated into existing halal certification processes to enhance
Integration into Existing N . . . . o . (Van et al.,
;i . the accuracy and reliability of halal verification. This ensures alignment with industry practices and
Certification Processes 2012)
standards.
8?1:?-;;(1)11223; I; with The 12S rRNA gene obtained was cross validated with other molecular markers or methods commonly (Galal-
Markers used in halal certification to strengthen the overall authenticity testing approach. Khallaf, 2021)

rRNA=Ribosomal RNA

Molecular characterisation of halal authenticity has
focused on representative profiles of the meat fraction,
with a relative upper trifling ratio found through the latter
target (the mitochondrial 12S rRNA gene). However, the
mitochondrial target of interest has also been the subject of
investigation in other studies. The availability of this
molecular strategy for sensitive halal authentication in the
food industries will be beneficial for researchers and
stakeholders who wish to apply it across different thermal
processing techniques (Kaveh et al., 2023; Rahman et al.,
2023). In addition, the mitochondrial 12S rRNA gene
serves as a unique molecular marker utilised in sequencing
technologies, providing a high-throughput quantitative tool
for species identification (Woo et al, 2023), DNA
barcoding (Liicking et al., 2020), and meat authentication
studies concerning halal certification and compliance with
Islamic dietary laws (Aziz et al.,, 2023). This progress
paves the way for a practical and science-based route to
authenticating the genuineness and integrity of halal
products within the food supply system (Jaswir et al.,
2016).

Revolutionising halal verification with Next Generation
Sequencing (NGS) and Third Generation Sequencing
(TGS) technologies

In recent years, the emergence of high-throughput
sequencing platforms such as and TGS has revolutionised
the field of genomics. These technologies have enabled the

CCBY 4.0

rapid, large-scale acquisition of genetic data, thereby
transforming research in areas such as biodiversity,
medicine, agriculture, and food authentication. Companies
including Illumina, Pacific Biosciences (PacBio), and
Oxford Nanopore Technologies (ONT) have played a
pivotal role in advancing these platforms, providing
comprehensive tools for genome analysis and molecular
characterisation across a wide range of species (Liu et al.,
2023).

NGS represents a major advancement over conventional
Sanger sequencing due to its ability to generate millions of
short reads simultaneously, reducing both time and cost.
This high-throughput capacity allows for extensive genetic
profiling, species identification, and DNA barcoding at an
unprecedented resolution. In the context of halal
authentication, NGS facilitates the detection of trace DNA
sequences from mixed or processed food products, which
traditional methods might fail to identify. This makes NGS
particularly valuable in verifying the presence or absence
of non-halal components, ensuring the accuracy and
reliability of halal certification (Aini et al., 2023).

The application of NGS in halal verification offers
several advantages. First, it enables species-level
identification through targeted sequencing of mitochondrial
genes such as 12S rRNA, which are conserved across
species but exhibit sufficient variability for precise
differentiation. Second, it provides a digital, traceable
record of genetic data, thereby increasing transparency and
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accountability throughout the halal supply chain. Third,
when coupled with advanced bioinformatics tools like
Mothur and QIIME2, NGS data can be processed,
classified, and validated against comprehensive genetic
databases to confirm species origin and authenticity with
high confidence.

Beyond its technical merits, NGS plays an essential role
in strengthening the integrity of halal verification systems
by integrating scientific objectivity with religious
compliance. By detecting even minute levels of DNA
contamination, NGS  safeguards  against  cross-
contamination during food processing and enhances
consumer trust in certified halal products. Moreover, as the
halal market continues to expand globally, NGS provides
the scalability and efficiency required to support industrial-
scale testing and regulatory enforcement.

In addition to NGS, TGS technologies such as PacBio’s
Single Molecule Real-Time (SMRT) sequencing and
Oxford Nanopore’s nanopore-based platforms further
extend analytical capabilities by producing long-read
sequences that enable comprehensive genome assembly
and structural variant detection. The integration of NGS
and TGS technologies offers a hybrid approach, combining
the accuracy of short reads with the continuity of long
reads to achieve superior precision in species identification
and genomic interpretation (Aini et al., 2023). Therefore,
the adoption of NGS and TGS technologies in halal

verification represents a paradigm shift from conventional
biochemical testing towards a molecular, data-driven
framework. This scientific evolution not only enhances the
credibility and traceability of halal authentication but also
aligns Malaysia’s halal certification system with global
standards of food safety and technological innovation.

It is important to note that the field of sequencing
technologies is constantly evolving, and new advancements
may have emerged since the author’s recent update. Also,
when selecting a sequencing platform, the specific needs
and resources pertinent to the halal industry should be
carefully considered.

PacBio sequencing

PacBio, which stands for Pacific Biosciences
sequencing, is a TGS method recognised for its long-read
capabilities (Rhoads and Au, 2015). This technology has
both advantages and disadvantages aspects (Table 2) that
are worth considering across various industries, including
those related to halal products. The PacBio sequencing
platform offers benefits such as high accuracy, extended
read lengths, and the ability to characterise complex
genomic regions. However, it is essential to consider the
associated costs, limitations in throughput, and sample
prerequisites in relation to the specific needs and available
resources of the halal industry.

Table 2: Advantages and Disadvantages of PacBio sequencing platform

Advantages
and Disadvantage

Details

References

Accuracy in Genome
Sequencing

PacBio sequencing provides high accuracy in genome sequencing, which is crucial for
identifying and verifying the genetic makeup of organisms relevant to the halal industry.

(Rhoads and Au, 2015)

Long Read Lengths

PacBio sequencing produces long reads, enabling the sequencing of entire genes or even
entire genomes without the need for assembly from short reads. This is beneficial for
accurately identifying and characterising specific genes or regions of interest.

(Hook and Timp, 2023)

Detection of Genetic
Variations

The long-read lengths facilitate the detection of genetic variations, such as Single Nucleotide
Polymorphisms (SNPs) and structural variations. This is important in ensuring the
authenticity and genetic integrity of halal products.

(Bannor et al., 2023;
Sajali et al., 2020)

Characterisation of
Complex Genomic
Regions

PacBio sequencing is well-suited for characterising complex genomic regions, including
repetitive elements and structural variations, which can be challenging for other sequencing
technologies. This is valuable for a comprehensive understanding of genetic traits in halal-
relevant organisms.

(Rhoads and Au, 2015)

PacBio sequencing is more expensive compared to other sequencing technologies. This can

Cost be a limiting factor, especially for large-scale genomic studies in the halal industry. (Teng et al,, 2017)
While PacBio sequencing provides long reads, its throughput can be lower compared to (Amarasinghe et al
Throughput other sequencing platforms. This limitation may impact the speed at which large-scale 2020) ?
genomic data can be generated.
Although PacBio sequencing has made progress in accuracy, it may still show a greater (Ochler et al., 2023
Error Rate incidence of errors when compared with some short-read sequencing technologies. This can - :

be a concern when precise genetic information is crucial for halal certification.

Sedlazeck et al., 2018)

Sample Requirements

PacBio sequencing may have specific sample conditions, and the challenge of sourcing
high-quality DNA from certain types of samples may restrict its applicability in the halal
industry.

(De Coster et al., 2021;
Haynes et al., 2019)

ONT sequencing

The concept of “MinlON sequencing” likely refers to
sequencing performed using the MinlON sequencer from
ONT. ONT offers a portable DNA and RNA sequencing

247 Journal website: http:/jfqhc.ssu.ac.ir

platform that utilises nanopore technology for real-time
analysis. There are several advantages and disadvantages
of ONT sequencing, as shown in Table 3.
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Table 3: Advantages and disadvantages of ONT sequencing platform

Advantages and
Disadvantages

Details

References

Real-Time Sequencing

The ONT sequencing provides real-time data, allowing for rapid analysis and decision-
making. This can be beneficial in the halal industry for quick verification of the genetic
makeup of organisms or products.

(Tyler et al., 2018)

Portability

The ONT sequencer is portable and relatively small, making it suitable for field
applications. This can be advantageous in situations where on-site sequencing is
needed, such as in remote areas or at production facilities in the halal industry.

(Wasswa et al., 2022)

Long Read Lengths

Similar to PacBio sequencing, ONT sequencing also offers long read lengths. This is
advantageous for accurately characterising genes and genomic regions relevant to the
halal industry without the need for assembly.

(Udaondo et al., 2021)

Ease of Use

The ONT sequencer is known for its user-friendly interface and simplified workflow.
This can be advantageous in settings where technical expertise may be limited, such as
in small-scale halal production facilities.

(King et et al., 2020;
Wasswa et al., 2022)

Cost-Effective for Small-Scale
Projects

The ONT sequencer has relatively low upfront costs compared to some other
sequencing technologies. This makes it potentially cost-effective for small-scale
projects or applications in the halal industry with limited budgets.

(Chang et al., 2020;
Wasswa et al., 2022)

Error Rates

Nanopore sequencing technologies, including ONT, have historically had higher error
rates compared to some other sequencing platforms. While error rates have improved
over time, accuracy may still be a concern, especially for applications requiring precise
genetic information.

(Sun et al., 2022)

Throughput

While ONT sequencing is suitable for small-scale projects, it may have limitations in
terms of throughput for large-scale genomic studies. High-throughput sequencing
technologies may be more appropriate for large-scale applications in the halal industry.

(Haynes et al., 2019;
Wasswa et al., 2022)

Sample Contamination

Nanopore sequencing is sensitive to sample quality, and contamination can affect the
accuracy of results. Ensuring high-quality DNA is essential for reliable sequencing,
which may be a consideration in the halal industry where sample quality can vary.

(Haynes et al., 2019;
Noakes et al., 2019)

Data Storage and Analysis

The real-time nature of ONT sequencing generates large amounts of data, and handling
and analysing this data may require advanced computational resources. This can be a
consideration for facilities with limited bioinformatics capabilities in the halal industry.

(Cao et al., 2015; Lu et
al., 2016)

ONT=0xford Nanopore Technologies

[llumina sequencing

Illumina sequencing represents a leading technology in
NGS that has established itself as a standard in genomics
research. Table 4 outlines some potential advantages and
disadvantages of applying Illumina sequencing within the
halal industry.

Given its high accuracy, particularly when combined
with other applications, along with its high throughput and
versatility, Illumina sequencing holds undeniable promise
for many applications in the halal sector, particularly those
that require fast and reliable analysis (Meyer and Kircher,
2010). Still, the limited read lengths, size of the instrument,
and associated costs must all be weighed according to the
specific requirements of genomic assays.

The ultimate decision is and should be application-based,
with sequencing technology selected based on the unmet
needs and the unique requirements of the halal industry.
Considering that PacBio sequencing is capable of
generating long reads, it is particularly useful for

CCBY 4.0

characterising complex genomic regions and variations
(Karst et al., 2021) making it a valuable tool for complete
genomic characterisation. Conversely, if the application
involves real-time data analytics or requires mobility, ONT
sequencing is a more compact and portable option.
However, it is important to note that this approach has a
lower output and a higher error rate. With its combination
of accuracy, throughput, and cost, Illumina sequencing has
become particularly beneficial, enabling a wide array of
high-throughput applications and providing researchers
with a wide versatility of applications to serve their needs.
Given the variety of options available, the prevailing view
among researchers is that a hybrid approach, using multiple
sequencing technologies can leverage the strengths of each
platform for a more holistic analysis (Jovic et al., 2022).
Nevertheless, the sequence data itself, along with financial
and logistical planning for specific projects, will ultimately
determine the best sequencing method to accommodate the
specific needs of halal authenticity testing.
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Table 4: Advantages and disadvantages of Illumina sequencing platform

Afivantages and Details References
Disadvantages
Illumina sequencing is known for its high accuracy, which is crucial for obtaining reliable (Haynes et al., 2019;
High Accuracy genetic information. This accuracy is important in halal industry applications, such as the Muflihah et al., 2023)
identification and verification of specific genetic traits in organisms.
The Illumina platforms typically offer high throughput, allowing for the simultaneous
High Throughput sequencing of multiple samples. This is advantageous for large-scale genomic studies in the (Reuter et al., 2015)

halal industry, where the analysis of a significant number of samples may be required.

Cost-Effective for High-
Throughput Applications

Illumina sequencing is often considered cost-effective for high-throughput projects. The
cost per base pair is relatively low, making it suitable for projects in the halal industry that
require extensive genomic coverage.

(Satam et al., 2023)

Wide Range of Applications

Illumina sequencing platforms are versatile and can be used for various applications,
including whole-genome sequencing, RNA sequencing, and targeted sequencing. This
flexibility allows researchers in the halal industry to choose the most suitable approach for
their specific needs.

(Haynes et al., 2019)

Established Protocols and
Workflows

Illumina sequencing has been widely adopted in the scientific community, and there are
well-established protocols and workflows. This can simplify the sequencing process and
make it more accessible, even in settings with limited expertise in genomics.

(Satam et al., 2023)

Short Read Lengths

One limitation of Illumina sequencing is the relatively short read lengths compared to some
other sequencing technologies. This may pose challenges when trying to sequence through
repetitive or complex genomic regions in the halal industry.

(Bianconi et al., 2023)

Instrument Size

Some Illumina sequencers may be larger and less portable compared to certain portable
sequencing technologies. If on-site or field sequencing is required in the halal industry, the
size and portability of the sequencer could be a consideration.

(Guptaand Verma, 2019;
Slatko et al., 2018)

Error Rate in Homopolymeric

Regions

Illumina sequencing can have difficulties accurately sequencing homopolymeric regions
(repeated sequences of the same nucleotide). This may be a concern in applications where
these regions are relevant, such as in the analysis of certain genes in the halal industry.

(Moorthie et al., 2011)

Complex Library Preparation

The library preparation for Illumina sequencing can be more complex compared to some
other sequencing platforms. This may add an extra step and potentially increase the chances
of errors or contamination in the halal industry workflow.

(Yang et al., 2014)

Instrument Costs

While Illumina sequencing can be cost-effective for high-throughput applications, the
upfront costs of purchasing the sequencing instruments can be relatively high. This may be
a consideration for facilities with limited budgets in the halal industry.

(Dunham and Friesen,
2013)

Design of specialised primers intended for the
identification of the 12S rRNA gene

The PCR technique is typically carried out to selectively
amplify the 12S rRNA genes from the extracted DNA.

Several primers can be proposed for use in a multiplex
setup of the mitochondrial 12S rRNA gene, as shown in
Table 5. Within these primers, there exists a universal
sequence that targets the Region of Interest (ROI).

Table 5: Polymerase chain reaction species forward and reverse (5’ to 3”) products

Base pair

Animals Sequences (bp) References
Goat F 5’-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3’ 157 Mat Al 1999
oa R 5’-CTCGACAAATGTGAGTTACAGAGGGA-3’ atsunaga et al., 1999)
F 5-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3® 7 (Matsunaga et al,, 1999)
Chicken R 5’-AAGATACAGATGAAGAAGAATGAGGCG-3’ gactal,
cxe F 5-TTCTTCGGACACCCCGAAG-3’ 596 (Boyrusbianto ot al,, 2023)
R 5’-CTAGGCCCAGGAAATGTT-3’ Y &
F 5-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3’
Cattle R 5’-CTAGAAAAGTGTAAGACCCGTAATATAAG-3’ 274 (Matsunaga et al., 1999)
sh F 5’-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3’ 31 (Matsunaga ot ., 1999)
eep R 5’-CTATGAATGCTGTGGCTATTGTCGCA-3’ atsunaga et al.,
Horse F 5-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3® 439 (Matsunaga ot al, 1999)
R 5’-CTCAGATTCACTCGACGAGGGTAGTA-3’ gactal,
F 5-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3" 603 (Matsunaga et al.,1999;
Rat R 5’-GAATGGGATTTTGTCTGCGTTGGAGTTT-3’ Nuraini et al., 2012)
a F 5’-ACCGCGGTCATACGATTAAC-3’ 41 (Cahyadi ot al, 2020)
R 5-TCTGGGAAAAGAAAATGTAGCC-3’ Y &
F 5-ACCGCGGTCATACGATTAAC-3’ .
Bovine R 5’-AGTGCGTCGGCTATTGTAGG-3’ 155 (Cahyadi et al., 2020)
F 5-TTCTTCGGACACCCCGAAG-3’ .
R 5°-CGGTTGGAATAGCAATAA-3’ 263 (Boyrusbianto et al., 2023)
F 5-ACCGCGGTCATACGATTAAC-3’
Dog R 5’-TCCTCTGGCGAATTATTTTGTTG-3’ 244 (Cahyadi et al., 2020)
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Animals Sequences Ba(s:;pp;alr References
F 5’-ACCGCGGTCATACGATTAAC-3’ .
R 5’-GAATTGGCAAGGGTTGGTAA-3’ 357 (Cahyadiet al., 2020)
F 5>-TTCTTCGGACACCCCGAAG-3’ .
. R 5-TGGTGAGCCCATACGATA-3’ 168 (Boyrusbianto et al., 2023)
g F 5’-GACCTCCCAGCTCCATCAAACATCTCATCTTGATGAAA-3’ 398 (Matsunaga et al., 1999)
R 5’-CTGATAGTAGATTTGTGATGACCGTA-3’ unag ”
F 5’-AACCCTATGTACGTCGTGCAT-3’ 531 (Monteil-Sosa et al., 2000;
R 5’-ACCATTGACTGAATAGCACCT-3’ Sahilah et al 2011)
Primers F 5’- AAACTGGGATTAGATACCCCACTA -3° 456 (Pandey et al., 2007;
universal R 5’-GAGGGTGACGGGCGGTGTGT-3’ Sahilah et al., 2011)

Table 5 summarises the forward and reverse primer
sequences used for PCR-based species identification,
specifically targeting various animal species relevant to
halal authentication. The table lists the primers, expected
PCR product sizes (in base pairs, bp), and corresponding
references, demonstrating the diversity of genetic markers
used across different studies.

The table includes primers for multiple commonly
consumed animals such as goat, chicken, cattle, sheep,
horse, rat, dog, and pig. These species are frequently tested
in halal verification to ensure the absence of non-halal
ingredients or cross-contamination in food products. In
addition, universal primers are included, which target
conserved regions of the mitochondrial 12S rRNA gene
and can amplify DNA across multiple vertebrate species.

Each primer set is associated with an expected amplicon
size, which ranges from 155 bp (bovine) to 603 bp (rat),
depending on the species and the genetic region targeted.
Shorter amplicons are often preferred for processed food
products, where DNA may be partially degraded. Longer
amplicons may provide higher specificity in differentiating
closely related species. For instance, the chicken primers
produce amplicons of 227 bp and 596 bp, allowing
flexibility depending on the sample type and quality.

The type of sample analysed using these primers can
include raw meat, processed food, mixed meat products, or
highly processed ingredients, all of which are relevant in
halal authentication. The number of samples tested in each
study may vary, but PCR amplification with these primers
provides a rapid, sensitive, and species-specific method for
detecting halal or non-halal components. For example,
primers designed for pig DNA (non-halal) are critical for
identifying contamination in food products labelled as
halal.

References in Table 5 highlight the original sources
where these primers were developed or validated, such as
Matsunaga et al. (1999), Cahyadi et al. (2020), and
Boyrusbianto et al. (2023). These studies demonstrated the
reliability and reproducibility of these primers for
molecular authentication. By integrating these primers into
a PCR or sequencing workflow, halal verification can be
performed accurately and efficiently, enabling both
regulatory compliance and consumer confidence.

CCBY 4.0

Overall, Table 5 illustrates the comprehensive set of
primers available for PCR-based species identification,
supporting the use of mtDNA markers such as 12S rRNA
for halal authentication across a wide range of food
products.

Optimising PCR amplification for high-quality
sequencing across Illumina, PacBio, and ONT
platforms

PCR amplification is a major process to enhance
sequencing outputs for platforms such as Illumina, PacBio,
and ONT. This step measures that the target ROI, like the
12S rRNA gene from genomic DNA (gDNA) input, is
present in the proper quantity and quality, as both are
essential for fetching high and reliable sequencing results
(Kayama et al., 2021). Specific primers can be used to
improve the selective amplification of target sequence,
concentrating sequencing activity in the ROI and achieving
high coverage, even for low-abundance regions (Ye et al.,
2012).

The first steps of such a workflow typically involve the
use of DNA extraction kits and protocols that protect DNA
integrity (Dubois et al., 2022). From here, high-quality
gDNA is used as an input for PCR amplification (Schloss
et al,, 2011). Next, primers are designed for the target
ROI. For example, in the case of the 12S rRNA gene,
primers are strategically chosen to bind conserved
sequences flanking the target region, thereby clinching
specificity (Woo et al., 2023). On the Illumina platform,
primers are designed to amplify shorter DNA fragments
(ranging from 250 to 300 bp) to ensure compatibility with
the minimum read length required for Paired End (PE)
sequencing (Kozich et al., 2013). On the other hand, large
amplicon sequencing technologies (hundreds to a few
kilobases), such as PacBio and ONT use primers designed
to amplify the large amplicons, taking advantage of their
long-read capabilities (Liu et al., 2020).

The cycle of denaturation, annealing, and extension is
then repeated to achieve exponential amplification of the
target genetic sequence (Nichols and Quince, 2016). The
number of cycles is optimised based on the starting gDNA
quantity and the desired amplicon length. Then, the
amplified PCR products are purified to remove
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unincorporated  primers, nucleotides, and  other
contaminants that might adversely affect sequencing. With
long-read technologies, size selection is also applicable to
ensure that the amplicons are of optimal size for
sequencing. Depending on the platform, the next step of
library preparation differs. For Illumina sequencing, the
putative amplicons are ligated with platform-specific
adapters, which ultimately form a sequencing library to be
sequenced via PE or single-end (SE) strategies (Callahan et
al., 2016). In a different approach, the PacBio and ONT
libraries apply the ligation of adapters onto the amplified
amplicons to prime them for long-read sequencing. Long-
read platforms excel at resolving challenging areas, such as
repeat elements and whole-gene analysis, including the
12S rRNA.

Once the sequencing libraries are ready, data generation
begins. The second approach employed by Illumina is
high-throughput, short-read sequencing, which delivers
highly accurate data but often needs overlapping PE reads
to cover the entire area of interest (Callahan et al., 2016).
PacBio and ONT, on the other hand, use long-read
sequencing methods that allow them to capture entire
regions in a single pass, leading to easier assembly and
more accurate mapping of challenging genomic regions.
While gDNA serves the same fundamental role across all
sequencing platforms, differences exist in the specific
amplification and sequencing processes used (Woltynska
et al., 2023). PCR amplification enriches the signal of the
desired sequence to achieve sufficient flow-cell coverage
necessary for quality sequencing. Optimising workflows
for respective platforms maximises sequencing potential,
particularly in regions such as the 12S rRNA gene
(Cahyadi et al., 2020). This includes Illumina short-read
sequencing technology, which provides high throughput
over small DNA fragments (Callahan et al., 2016).
Meanwhile, long-read sequencing through PacBio and
ONT offers better identification of structural variants and
improved resolution of complex genomic segments (Ahsan
et al., 2023).

To summarise, PCR amplification is an enabling step in
sequencing workflows, enabling technologies, such as
Illumina, PacBio, and ONT for a variety of applications.
Non-Long Terminal Repeat (non-LTR) retrotransposons
could certainly interfere with PCR amplification and reduce
sequencing yields, though PCR remains essential for
enriching target regions as well as ensuring a reliable
sequence of interest. By implementing a bespoke
amplification process, sequencing platforms have expanded
their applications in species identification, phylogenetics,
and mitochondrial genome studies (Schloss et al., 2011).

Short-read  versus long-read  sequencing: a
comprehensive approach to 12S rRNA analysis for
bioinformatics

251 Journal website: http:/jfqhc.ssu.ac.ir

It is widely known that Illumina sequencing technology
boasts high throughput and outstanding accuracy, thus
making it an optimal platform for producing short reads to
cover target sequences, even when they do not exceed 500
bp (Kozich et al, 2013). Two-read analysis on
mitochondrial 12S rRNA using Illumina’s PE sequencing
format for 250 PE or 300 PE reads has been performed
(Prakrongrak et al, 2023). However, the short-read
property of Illumina sequencing makes it difficult to
merge overlaps from PE reads simply, hence it typically
needs to be preceded by tools like FLASH, PEAR, or
BBMerge. These tools perform synchronisation and
merging of the complementary reads to reconstruct the
sequence of the entire target in question while ensuring that
everything is covered correctly with minimal or no gaps or
assembly variants. Such methods improve downstream
bioinformatics analyses by providing better sequence
resolution, even in moderately complex regions
(Borodinov et al., 2022).

Illumina's short-read sequencing excels in its accuracy,
with Phred quality scores (Q-scores) commonly above Q30
along most of the read length (indicating an error rate of
approximately <1%) (Jani et al., 2023; Thomas and Hahn,
2019). The PE strategy provides complementary reads at
the two ends of the target DNA fragment, enabling error
correction during PE base-calling and mitigating
uncertainties. Additionally, the high sequencing depth of
the platform guarantees significant read redundancy, which
aids in detecting low-frequency variants and enables
accurate allele identification. The confidence gained from
such an analysis is largely due to the strength of the signal
generated by the target gene, such as 12S rRNA, making it
particularly sound for targeted sequencing applications
(Woo et al., 2023). While read length has an inherent limit
due to the chemistry of Illumina’s sequencing method,
Illumina provides a great compromise of accuracy,
throughput, and low-end cost that together positions its
technology as highly suitable for use in 12S rRNA
sequencing workflows (Woo et al., 2023).

Due to the acquisition of whole gene-spanning reads in a
single sequence, long-read sequencing technologies like
PacBio and ONT have significant advantages for
analysing 12S rRNA genes (Cahyadi et al., 2020). Because
of this extensive coverage, time-consuming assembly steps
like merging overlapping reads, a necessity in Illumina
workflows, are off the table. In particular, long-read
sequencing is well suited for resolving structural variants
or guanine-cytosine-rich (GC-rich) or repetitive regions of
the 12S rRNA gene, as many short-read platforms often
struggle to achieve adequate mapping in these regions
(Wenger et al., 2019). In addition, long read sequencing
can mitigate the biases in library preparation steps (for
example, shearing and PCR amplification) that are
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commonly encountered in Illumina workflows (Bohmann
et al., 2022). Historically, long-read technologies like ONT
exhibit greater base-calling errors when compared to
Illumina (Ma et al., 2019; Wick et al., 2023) though
emerging technologies such as PacBio HiFi sequencing
have brought this gap to a narrow. The long reads provided
by PacBio HiFi now match the high-quality Phred scores
of Illumina’s short reads, in addition to greater read length
and accuracy.

The benefits of long-read sequencing in 12S rRNA
sequencing are unequivocal for applications that require
full-gene resolution (Zhou et al., 2023), such as species
identification, genealogical analysis, or mitochondrial
heteroplasmy detection. Long-read technologies afford full
coverage of the target region and therefore contribute to the
reduction of ambiguity and increase confidence in
downstream analyses. Although short-read platforms are a
cost-effective solution for high-throughput and targeted
applications, long-read sequencing is indispensable for
acquiring nuanced and complete sequence information for
the 12S rRNA gene.

Both short- and long-read sequencing technologies have
unique advantages for 12S rRNA sequencing. Illumina is
the best option with respect to accuracy, cost efficiency,
and high throughput capability, making it the best option
for monogenic assays and identifying single variant genes.
On the flip side, long-read technologies such as PacBio and
ONT are needed for complete analyses requiring full-gene
resolution and structural information and thus represent an
evolution of  meta-analysis  capabilities  within
bioinformatics data analysis.

@'\ ﬂﬂﬂ

Q>

g — -
Sample Bioinft_arm_atics
Collection verlfliatlon
!

o0

H 00
Database
PCR amplfcation matching

Species ident-
ification

Next-Generation

@X@—l

Compliance with halal standards

Figure 2: The streamlined workflow for molecular halal verification
through mitochondrial 12S ribosomal RNA sequencing and
bioinformatics analysis

NGS=Next Generation Sequencing; PCR=Polymerase Chain
Reaction; TGS=Third Generation Sequencing

Figure 2 illustrates the streamlined workflow for
molecular halal verification through mitochondrial 12S
rRNA sequencing and bioinformatics analysis. The process
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begins with sample collection followed by PCR
amplification of the 12S rRNA gene. The amplified DNA is
then subjected to either NGS or TGS platforms to obtain
high-resolution sequence data. The resulting sequences are
processed through bioinformatics verification, where reads
are matched against reference databases to achieve species
identification. This molecular approach ensures accurate
and reliable compliance with halal standards, enhancing
transparency and traceability = within the halal
authentication process.

Streamlined sequencing for precision and reliability:
advancing mitochondrial 12S rRNA analysis in
industrial halal authentication

Next, because Illumina sequencing generates hundreds
of short reads, the PE reads must be merged and undergo
quality checks before being used in most downstream
analytical tools, such as QIIME2 or Mothur (Meyer and
Kircher, 2010). Thus, there is a step where overlapping
read pairs are merged using special algorithms, followed
by a quality-filtering step that removes low-quality bases
and reads with performing errors. These operations provide
a clean and reliable data source for the analyses that follow.

On the other hand, long-read sequencing systems, such
as PacBio and ONT, directly sequence the amplified target
region and generate long, continuous reads that cover the
entire ROI (Wenger et al., 2019). Since these single reads
span the entire targeted sequence, quality checking in
long-read sequencing requires little verification. This
streamlined pipeline reduces data preparation concerns,
speeding up analytical operations and minimises the need
for additional sequence processing.

The analysis of mitochondrial 12S rRNA sequencing
consists of multiple interrelated steps and is facilitated by
modern computational tools to ensure the reliability and
reproducibility of results within a commercial halal
authenticity testing pipeline (Yang et al., 2014). First, the
pre-processing of data: Illumina sequenced data are
trimmed and filtered to remove low-quality reads and
adapter sequences. Bioinformatics pipelines typically apply
tools such as Trimmomatic or Cutadapt at this point to
clean the data and retain only high-quality reads for
downstream analysis (Chen et al., 2018).

However, PacBio and ONT follow a similar systematic
workflow, enabled by their long-read sequencing
technologies. The ability to sequence the whole target
region in one read, without the need for a read assembly,
enhances the accuracy of variant detection (Uliano-Silva et
al. 2023). Usually, after the quality check of Illumina,
PacBio, and ONT platform data, the next step is to run
software for downstream analysis such as QIIME2 or
Mothur (Herndndez and Guzman, 2023). These tools help
in taxonomic classification, sequence alignment, and
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variant detection. These are specific to Illumina's
workflows and may range from different merging and
quality-filtering of PE reads so as to get higher-quality
short reads for further processing (Bolger et al., 2014). In
contrast, both PacBio and ONT are capable of sequencing
the entire 12S rRNA gene in a single read, which simplifies
the pipeline and reduces the complexity of data
interpretation (Roy et al., 2022). These platforms excel at
resolving complex or repetitive regions, which can be quite
challenging for short-read technologies.

All three technologies (Illumina, PacBio, ONT) have
their own set of strengths. The continuous long fragments
produced by PacBio and ONT improve the specificity and
efficiency of 12S rRNA mitochondrial sequencing even
though Illumina generates highly accurate short reads (EI-
Nabi et al., 2021). This means that the convergence of
these technologies is especially well suited for the large-
scale application of halal authenticity testing as it provides
a comprehensive olive branch to large-scale sequencing
capabilities.

Then reports are produced, making it very clear what the
actual findings are, including what species have been
detected, at what level of confidence, and where the halal
profile appears to differ from the expected halal profile.
They consist of Operational Taxonomic Units (OTUs)
associated with each sample alongside descriptive data

such as phylogenetic trees and relevant metadata
(Venkatas and Adeleke, 2019). This increases the
transparency and potential impact for stakeholders to
utilise in making data-driven decisions from the analysis.

One of the first sequence data selected in a
bioinformatics pipeline using the interspecies variability
and intraspecies conservativeness of the 12S rRNA gene, a
widely used mitochondrial marker provided strong
resolution for distinguishing between species (Woo et al.,
2023). This high-throughput approach, combining
advanced sequencing technologies in a connected
computational framework, offers assurances of precision
and reproducibility.

Many pipelines are available to help run through the
stages of the analysis. This has been carried out for quality
control (Aksamentov et al., 2021), sequence alignment
(Katoh et al., 2017), taxonomic classification (Menzel et
al., 2016), Operational Taxonomic Unit (out) assignment
(Wang et al., 2011) and final reporting (Taber, 2017). All
pipelines were purpose-built to interface compatibly with
the sequencing platform utilised (Wang et al., 2023) to
enable data processing from initial sequencing reads to
actionable  results (Pillay et al, 2022). Other
bioinformatics tools are also summarised in Table 6, which
have been used for halal authentication analysis.

Table 6: Bioinformatics tools for metagenomics analysis in halal authentication

Tools Details References
CLAssifier based on Reduced A fast and accurate classifier for metagenomics sequences using k-mer reduction for (Ounit et al.,
K-mers (CLARK) taxonomic identification. 2015)

An ultrafast, accurate metagenomics classifier that uses exact k-mer matches for taxonomic (Wood et al.,
Kraken 2 .

assignment. 2019)
Metagenomic Phylogenetic Profiles microbial community composition using marker genes, providing taxonomic (Segata et al.,
Analysis (MetaPhlAn) resolution. 2012)
Bioinformatics for Microbial BioMaS pipeline for taxonomic profiling of microbiomes in clinical and environmental (Fosso et al.,
Sequences (BioMaS) studies. 2015)
All-Food-Seq (AFS) A pipeline for_ detecting and typing pathogens in food samples, supporting food-borne (Ripp et al.,

pathogen surveillance. 2014)

A resource provided by the European Molecular Biology Laboratory's European (Mitchell et al
MGnify dBioinformatics Institute (EMBL-EBI) for assembly, annotation, and analysis of metagenomics 2020) ”

atasets.

Bioinformatics is a highly flexible and adaptable
domain, depending on the sequencing of the minutest
details from the input sequence all the way to the platform
used for sequencing. Platform selection will heavily shape
the analysis workflow, as the analytical demands are
disparate for short-read platforms such as Illumina versus
long-read options like PacBio or ONT (Callahan et al.,
2016). But no matter which vessel is chosen, or the method
of presentation, careful attention must be given to the
quality and quantity of the output readings. Having high-
quality data and coverage is essential for accurate analysis
because low-quality reads and sequencing depth can lead
to incomplete or untrustworthy results (Shirazi et al,
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2021). Hence, careful implementations of quality assurance
and optimisation of bioinformatics processes are essential
for providing credible and reproducible results.

Food and safety in halal context

The introduction of innovative molecular approaches for
halal authentication highlights their importance in ensuring
food safety. This approach provides a holistic method to
make sure that halal foods are wholesome and safe, at the
expense of religious dogma and firm science. At the same
time, the contents of food products should be validated to
determine whether they are authentic and whether they
originate from the claimed sources (Daniel et al. 2022).
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The present study emphasises mitochondrial 12S rRNA
sequencing (El-Nabi et al., 2021) as an approach that
strikes at the heart of safety concerns associated with both
intentional or unintentional contamination of halal foods
with haram components.

Visual or manual inspection methodologies are
incapable of guaranteeing food safety, and as such,
molecular methodologies are crucially necessary in food
processing. The risk of cross-contamination or false
labelling is eradicated, by detecting even the slightest trace
of a non-halal ingredient. For consumers, this is even more
significant, especially those with dietary restrictions or
allergies, which make it critical to avoid harmful
substances (Hidayat et al., 2023). Food is manufactured
and spread around the world, and this globalised nature
creates huge risks of contaminants and safety breaches.
Ensuring that ingredients, manufacturing processes, and
handling conform to both safety standards and religious
beliefs is particularly challenging in the realm of halal
food safety. With the combinations of NGS and
bioinformatics methods, a complete identification of
contamination of the whole supply chain is presented (Fu
etal., 2012).

The techniques described here are not only used to
ascertain the truth of a species but also to characterise
microbiological contaminants, which guarantee the good of
food products from horrible infections (Delahoy et al.,
2023). This dual molecular technology protects against
foodborne infections, which are a serious global public
health concern, while also complying with halal
certification (Krisna and Yusuf, 2023). Hence, cleanliness
and hygiene are key elements of halal food safety, built on
the foundation of Tayyib, which emphasises purity and
wholesomeness (Aksin and Aini, 2023).

Best practices to ensure halal traceability

This review represents significant progress in the halal
supply chain, utilising technology, accountability, and
transparency. Indeed, traceability systems are essential for
maintaining food safety, enabling stakeholders to trace
ingredients from farm to fork and guarantee that all
relevant parties in the supply chain comply with regulation
(Bosona and Gebresenbet, 2023). Technology provides an
additional level of transparency that makes it possible to
detect and respond quickly to contamination events and
safety violations.

This then results in the integration of recent scientific
findings with accepted religious guidelines and makes
meaningful contributions toward the discussion within the
halal paradigm. Their suggested approaches pave the way
for ethical and technological inclusion in the halal space
while successfully addressing the intricacies of modern
supply chains (Cobbe et al., 2023). Fighting these battles
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will require innovation and embracing creative solutions in
doing so is critical. This will serve as a cornerstone for
preserving the integrity of halal-certified products, as it
guarantees their safety and reliability as global
consumption continues to rise (Oktavia et al., 2019).

Future perspectives and applications of halal products

The above-mentioned approach demonstrates how full
utilisation of integrated state-of-the-art technologies such
as multi-omics approaches is essential to enhance
compliance, quality assurance, and transparency standards
in the halal industry (Pang et al., 2022). This vision serves
as a reflection of the growing worldwide focus on halal
products, while also highlighting the need for technology
to meet consumer demands and industry standards (Ezeaku
etal., 2021).

It is a compelling technical approach in that it links
leading-edge scientific innovations to practical solutions.
For instance, the advent of portable sequencing devices as
well as in-field, automated data analysis tools provides a
compelling pathway for efficiency gains and lower barriers
to authentication validation to stakeholders (Hayes et al.,
2021). In addition, the request for common sequencing
technologies and  standardised analysis  pipelines
demonstrates a deeper understanding of the challenges to
harmonisation of methods and maintaining comparability
across many disparate regions and laboratories (Algan,
2023).

A particularly compelling link exists between halal
authenticity and food safety. Based on the technicalities of
12S rRNA sequencing, which resonate with the general
theme of well-being in a consumer era, the success rests on
the identification of commonalities around hygiene to
prevent contamination and assurance of computation
quality (Kumari et al., 2019). The complementarity of both
aspects signifies the need for a joint application of halal
compliance and food safety, strengthening the underlying
rationale of using modern technologies for these aims.

The ensuing discussion should include the practical
implementation of these metagenomic and DNA
approaches in halal testing pipelines (Cantalapiedra et al.
2021). Similarly, accounting for complicating factors, such
as the cost and plausibility of incorporating technologies
like portable sequencing devices would provide a clearer
picture (Hayes et al. 2021). Another way to improve
reliability would be by directly correlating ethics with
issues arising from data privacy in consumer platforms
technology (Gallardo et al., 2023; Sanjaya and Arabella,
2023).

Moreover, including practical examples and/or case
studies from other industries with similar traceability needs
(e.g., kosher certification and broader food safety needs)
would further help readers understand the practicability of
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the proposals (Nicolae et al., 2017). Addressing specific
omissions in existing halal certification across regions
may also provide a strong justification for the proposed
standardisation efforts (Yakin, 2021). Lastly, capturing the
interest of readers by focusing on the sustainability aspect
of these technologies for instance, their economic and
environmental advantages, such as the reduction of waste
or the optimisation of resources utilised in halal
production, would further strengthen the discussion (Allam
et al., 2022; Jiang, 2023). One of its significant strengths is
its consumer-driven, privacy-preserving solutions (e.g.,
platforms that allow consumers to directly access the
result of the authenticity test) (Muralidharan et al., 2023).
By emphasising transparency, these solutions contribute to
enhancing consumer trust, an important component in the
global halal space (Talib and Zulfakar, 2023). However,
some thoughts on how these platforms could be created,
implemented, and maintained (especially in low-resource
settings), would provide a practical dimension to this claim
(Mathew, 2023).

Conclusion

The industrial-scale DNA sequencing technologies
discussed in this article support halal authentication,
thereby enabling stakeholders and consumers to achieve
greater transparency, compliance, and trust. To address
concerns regarding authenticity and traceability issues in
halal, this study utilised modern sequencing techniques as a
credible means for validating halal product integrity. It also
serves to reinforce the moral aspects within the supply
chain as well as to encourage the growth and long-term
viability of the halal industry. Consequently, the industry is
increasingly adopting advanced methods such as DNA
sequencing to provide consumers with verified and up-to-
date verification of a product's halal status. This is
important in combating fraud, mislabelling, and
contamination, thereby supporting the religious and
cultural preferences of consumers.

In addition, the global acceleration of commerce and
communication has strengthened the need for halal
standardisation of halal regulations on an international
scale. Industrial-scale sequencing technology supports this
by offering companies a simple solution to cross-navigate
the heterogeneous regulatory landscape in the jurisdictions
through platforms designed to standardise and unify the
halal certification process. The broader long-term benefits
of this approach certainly outweigh its cost. However, the
technical sophistication does come with its own costs.
Nevertheless, the technology complements consumer trust,
reinforces brand equity, and aligns with the moral and
religious beliefs of consumers, thus nurturing the
sustainable growth of the halal industry. Moreover,
sequencing technology provides transparency that caters to
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the increasing demand for information and ethical practices
in today’s food system.
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