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An effective droplet digital PCR 
method for identifying and 
quantifying meat adulteration in 
raw and processed food of beef 
(Bos taurus) and lamb (Ovis aries)
Yuxuan He , Wei Yan , Liming Dong , Yue Ma , Congcong Li , 
Yanbo Xie , Na Liu , Zhenjuan Xing , Wei Xia , Likun Long * and 
Feiwu Li *

Institute of Agricultural Quality Standard and Testing Technology, Jilin Academy of Agricultural 
Sciences, Changchun, China

Meat adulteration caused by economic intentions has long been concerning 
food safety. Accurate quantification of meat products can distinguish between 
artificial adulteration and unintentional contamination during its processing or 
packaging. After determining the species-specific constant and the correlation 
between mass fraction and copy number of each species, we  developed an 
effective approach-based droplet digital PCR (ddPCR) platform that can identify 
target species with high detection sensitivity: 13 copies of beef, 6 copies of lamb, 
13 copies of pork, 13 copies of chicken, 6 copies of duck, and 6 copies of turkey. 
Using this method, a level as low as 1% of the adulterated ingredients blended 
in beef and lamb was accurately quantified. Following the addition of reference 
species, several quantitative equations were constructed for simultaneous 
analysis of different species in commercial processed products; even the animal 
components with a minimum content of 0.5% can be quantified to judge whether 
the label ingredients are fraudulent. This suggests the feasibility of the proposed 
strategy for the accurate identification and quantification of animal-derived 
adulteration according to the processing degree and food commodity.
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1. Introduction

Owing to people’s preference for taste and nutrition regarding meat intake, the economic 
value of meat products has been of utmost importance to meat businesses, and the economic 
benefits of meat products have triggered the behavior of meat adulteration in commercial trade 
(Tähkäpää et al., 2015). Illegal traders substitute high-cost meat products with low-cost and 
undeclared or raw meat materials, such as pork, duck, or chicken, for inappropriate profits (Shi 
et al., 2019; Li et al., 2020). Although food safety regulators have established several national and 
local laws to ensure the safety and quality of meat products, previous market studies in China, 
Canada, Greece, and the US suggested that meat adulteration, in the form of ingredient 
substitution and mislabeling of meat products, is a worldwide problem. For example,  
the “horsegate” crisis has caused economic loss of $45.6 million (Brooks et al., 2017), and the 
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“WalMart Fox Meat Scandal” dented the reputation for quality in 
China’s $1.5 trillion food and grocery market and the company 
planned to put more money toward ensuring food safety in China 
(Lawyer, 2013). A study conducted by Chapman University in the 
United States found that meat adulteration is a serious problem in the 
US market. Approximately 20% of beef contained other meat 
ingredients, and 10 of 48 samples analysed were mislabeled. Of the 10 
mislabeled meat products, 9 contained other animal ingredients, 
including 2 containing horse meat, which is sold illegally in the 
United States (Kane and Hellberg, 2016). Another market survey on 
the sale of game meat showed that 18.5% of the tested samples was 
potentially mislabeled, and two products labelled “stewed bison meat” 
and “rib-eye bison steak” were identified as domestic cattle (Quinto 
et al., 2016). The Canadian Food Inspection Agency tested 100 “single 
species” sausages for composition, and 14% of the samples contained 
additional undeclared species (Shehata et al., 2019). In the China Food 
safety case study, chicken, pork, beef, duck, and genetically modified 
soy DNA samples were analysed by real-time and end-point PCR, and 
64 of 250 sausage samples (25.6%) were found to have possible 
adulteration by product removal, addition, and substitution (Song 
et al., 2019). As the division of the modern food industry and supply 
chain becomes more complicated with regulation hurdles, the 
possibility for adulteration increases. Meat adulteration not only 
involves commercial malpractice but may also compromise religious 
diets and results in serious public health risks (Hossain et al., 2022). 
Therefore, in the field of food safety, a rapid and reliable detection 
technology, which can not only effectively determine adulterants but 
also accurately quantify the content of adulterated ingredients, should 
be  developed. Such research possesses a great significance for 
providing a guarantee for the supervision of trade and improving the 
sustainable development of the industry.

Conventional quality evaluation of meat products primarily 
depends on manual inspection, which can be  highly subjective. 
Additionally, the advanced techniques for food pre-processing 
procedures, such as boning, mincing, and emulsifying, have made the 
sensory identification of meat species more difficult owing to the 
changes in its external morphological characteristics (Shi et al., 2019). 
Histology combined with electron microscopy and digital image 
analysis has recently provided a new standard for morphological 
identification and has been widely used to evaluate the muscle tissue 
content in meat processing products; however, these methods must 
assume that the micro-slicing of muscle tissue does not change its 
morphology (Prayson et al., 2008; Setiadi et al., 2022). Some analysis 
techniques can accurately measure relevant chemical components of 
the origin of the animal, including common techniques for metabolite 
detection, such as high performance liquid chromatography (Dong 
et al., 2020; Xu et al., 2021), ion chromatography (Zhu et al., 2018), gas 
chromatography–mass spectrometry (Al-Amri et al., 2021; Siddiqui 
et al., 2021), and using various sensors (Zaukuu et al., 2021; Chen 
et al., 2021b). A surface plasmon resonance enhanced DNA biosensor 
was developed using a biotinylated reporter and streptavidin 
functionalized gold nanostars (Stre@GNSs) that exhibited excellent 
performance compared to traditional biosensor systems. This 
significantly enhanced the sensitivity and showed good specificity for 
the target base-mismatch (Mansouri et  al., 2020). However, the 
complexity of these types of detection assays and the difficulties in 
data analysis restrict their large-scale application for identifying meat 
adulteration. Immunology is a method used to identify animal 

components through the specific binding of an antigen and antibody, 
which is then measured via signal amplification. The enzyme-linked 
immunosorbent assay (ELISA) is the most widely used immunological 
approach; it has high sensitivity and requires less time and cost 
(Thienes et al., 2019a,b). For example, an ELISA/immunosensor was 
used to identify pork adulteration as low as 0.1% content in meat 
within 45 min; however, the competitive immunosensor could detect 
0.01% of pork adulteration within 20 min (Mandli et al., 2018). A 
colorimetric smartphone-based immunoassay was developed for the 
on-site detection of pork adulteration in meat, which demonstrated 
excellent stability under extreme temperature conditions (50°C; 
Seddaoui and Amine, 2021). Animal-derived proteins are prone to 
denaturation under processing conditions, which makes it difficult to 
screen for markers, thereby reducing identification accuracy. Thus, the 
standardization and application of this technology are limited (Li 
et al., 2020).

Methods based on nucleic acid detection, including multiplex 
PCR (Hou et al., 2015; Skouridou et al., 2019), real-time PCR assays 
(Li et al., 2021), restriction fragment length polymorphisms (Girish 
et  al., 2005), and single strand conformation polymorphisms 
(Takahashi et  al., 2008), have been used to rapidly determine the 
animal species source in meat products. Most of the DNA-based 
assays use mitochondrial DNA as a target because it is highly 
conserved in animal species (Ha et al., 2017; Ruiz-Valdepenas Montiel 
et al., 2017). However, numerous mitochondrial genes have multiple 
copies in cells and tissues (Nizar et  al., 2018), which may lead to 
inaccurate quantification while monitoring meat adulteration.

To overcome this limitation, specific single-copy genes were 
selected to identify meat adulteration, allowing for the calculation of 
the target meat content percentage based on a certain threshold (Cq; 
Li et al., 2021). For example, multiplex real-time PCR was used to 
quantify single-copy genes from different animals, which obtained a 
detection and quantification range of 0.32–32 ng total DNA from four 
species (Köppel et  al., 2010). A precise and efficient nucleic acid 
detection method was recently developed based on digital PCR 
(dPCR) with the potential to advance both basic and applied biological 
research (Bogozalec Kosir et al., 2019; Noma et al., 2022). The platform 
is not dependent on the calibrant and produces an absolute number 
of original DNA target molecules by diluting and partitioning samples 
into different compartments using a “water-in-oil” emulsion or a 
microchannel chip (Felix-Urquidez et al., 2016; Kanagal-Shamanna, 
2016; Mock et al., 2016).

As an advancement of conventional PCR and qPCR, dPCR has 
high sensitivity and accuracy for DNA quantification with low 
concentrations and composite samples. At present, the detection 
limits of the dPCR platform have reached the copy number level in 
the detection of genetically modified organism (Demeke and 
Dobnik, 2018), clinical microbiology (Kuypers and Jerome, 2017), 
diagnosis of pathogenic microorganisms (Pomari et al., 2019), and 
mutant identification (Mock et al., 2016; Hua et al., 2017). Hence, 
dPCR is a potential method for the quantification of meat 
adulteration (Ren et al., 2017). In recent studies, some endogenous 
single-copy genes of major carnivorous livestock were analysed and 
identified, and the molecular characteristics of animal-derived 
components were clarified using the genes (Köppel et al., 2010; Cai 
et al., 2014; Ren et al., 2017; Li et al., 2018; Chen et al., 2021a). For 
example, Cai et al. (2017) established a duplex digital droplet PCR 
(ddPCR) method for the simultaneous quantification of beef and 
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pork, while the quantitative results depended on the conversions of 
the two linear relationships between meat quantity (mg), nucleic 
acid content (ng), and DNA copy number, which may increase the 
complication and the deviation. He et al. (2022) designed five pairs 
of specific primers for quintuple ddPCR and effectively identified the 
ingredients in DNA mixtures; however, in the actual trade, meat 
adulteration generally takes the form of mixed meat rather than 
mixed DNA; factors such as tissue type, species, and sample grinding 
can affect the DNA extraction efficiency. Yu et al. (2021) transformed 
the copy numbers to a fraction by adding an internal reference, and 
the identified and quantified samples were limited to fur-bearing 
animal ingredients with dynamic ranges from 1 to 90%. To 
determine the cost-effectiveness, a comparison was made between 
ddPCR and qPCR; the multiplex ddPCR approach was more cost-
effective (from 45 to 383%) than qPCR, while up to 10 samples can 
be analysed in 8 h with multiplex ddPCR, compared to up to 8 days 
needed for qPCR (Košir et al., 2017).

Considering the current food safety regulations and the technical 
advances of dPCR, we established an effective quantitative system 
based on a digital PCR platform to accurately detect adulteration in 
meat products. Under the premise of fully considering the discrepancy 
in amplification efficiency and extraction efficiency among different 
animal-derived ingredients, the detection limits of six selected species 
were evaluated to confirm the feasibility of this method for the 
identification of low content animal-derived ingredients. Using the 
species-specific constant calculated from the copy number of ratio of 
the meat mixtures blended in pairs for the six test species, the copy 
number of the adulterated species can be easily converted into the 
proportion of meat adulteration with a limit of quantitation as low as 
1% (mass to mass). Furthermore, taking turkey as the internal 
reference species in meat mixtures, the ddPCR platform was employed 
to quantify the animal-derived components in highly processed meat 
products, including sausages, meatballs, and meat skewers. Thus, the 
proposed ddPCR strategy can evaluate the intentional or unintentional 
adulteration of meat products according to the quantitative results 
while identifying small amounts of extraneous animal-derived 
ingredients in meat mixture products, which can be crucial for the 
regulators to determine the illegal nature of meat adulteration. The 
proposed method provides valuable technical support for ensuring 
market order and promoting sustainable development in the meat 
industry chain.

2. Materials and methods

2.1. Meat sample preparation and DNA 
extraction

In total, 20 fresh pure meats, including beef (Bos taurus), lamb 
(Ovis aries), pork (Sus scrofa), chicken (Gallus gallus), duck (Anatidae), 
and turkey (Meleagris gallopavo), and 15 highly processed meat 
products were randomly purchased from local markets in Changchun, 
China. All connective tissues and fat were eliminated from the animal 
tissues, the remaining animal tissues were separately freeze-dried and 
ground by an ultra-fine grinder (IKA®A11 basic, Staufen, Germany) 
for subsequent DNA extraction. The samples were separately treated 
to prevent cross-contamination. For raw meat matrix mixtures, meat 
powders of each species were accurately weighed using a precision 

electronic balance (Ohaus, Shanghai, China) and blended in pairs at 
50% (w/w) levels of each in the final sample. For authentication cases 
of raw meat mixtures, chicken and pork powders were set as 
“adulterants,” which were individually prepared at 1, 5, 10, 30, 50, 70, 
90, and 99% (w/w) levels in beef and lamb.

For each of the meat mixtures, genomic DNA was extracted and 
purified from 100 mg of sample with the DNeasy Blood & Tissue Kit 
(QIAGEN, Shanghai, China). The operation was carried out 
according to the kit manufacturer’s instructions. The extracted 
concentration and quality were measured using an ND-1000 
spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, 
USA) at OD260 and OD280. The total DNA was stored at −20°C for 
further research.

2.2. Primers and probes

For detecting animal-derived ingredients, the stably inherited 
single-copy genes were selected as follows: the beta-actin (β-ACTIN) 
gene for beef, the replication protein A1 (RPA1) gene for sheep, the 
beta-actin (β-ACTIN) gene for pork, the transforming growth factor 
beta3 (TGFB3) gene for chicken, the Interleukin 2 (IL-2) gene for 
duck, and the transforming growth factor beta3 (TGFB3) gene for 
turkey products. Published studies have demonstrated that the above 
genes have interspecific and stable heritability, independent of the cell 
type of different tissues. The sequences of the primers and probes used 
in this study have been published elsewhere, the probes were labelled 
with the 6-carboxyfluorescein (FAM) at the 5′ ends and a black hole 
quencher 1 (BHQ1) at the 3′ ends to identify target samples (for 
details see Table 1).

2.3. Digital droplet PCR and data analysis

The digital droplet PCR was performed on the QX200 Droplet 
Digital PCR System (Bio-Rad, Pleasanton, CA, USA). The ddPCR 
procedure involves three steps: generation of the oil–water 
droplet, PCR amplification, and positive signal collection. 
According to the manufacturer’s instructions, each 20 μl reaction 
mixture comprised 10 μl ddPCR Supermix for Probes (2×; 
Bio-Rad), 1 μl DNA template, 500 nM each of the forward and 
reverse primers, and 250 nM target gene probes. Subsequently, the 
final ddPCR reaction mixture was loaded with 70 μl droplet 
generation oil (EvaGreen 186-3,005, Bio-Rad, Hercules, CA, USA) 
into the cartridges for oil–water droplet generation on the 
AutoDGTM instrument (Bio-Rad) owing to density differences 
from the oil phase. After generating the droplets, the collected 
monodispersed oil–water droplets were randomly dispensed into 
a 96-well dPCR plate (1200-1925, Bio-Rad), foil-sealed, and 
thermal-cycled to the end-point. This step allowed each oil–water 
droplet to be treated as an independent PCR system for signal 
statistics. The amplification programs were performed in a C1000 
PCR Thermal Cycler (Bio-Rad) according to the following 
protocol: enzyme activation for 10 min at 95°C, 44 cycles at 94°C 
for 30 s and at 58°C for 60 s, enzyme inactivation at 98°C for 
10 min, and hold at 4°C for droplet analysis. When the 
amplification was completed, the plate was read using a QX200 
Droplet Reader (Bio-Rad), and the quantitative data were finally 
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analysed following the methodology of Košir et  al. (2017) by 
setting up a manual threshold and using the QuantaSoft software 
(version 1.6.6, Bio-Rad). The absolute copy number per panel was 
measured by discriminating the positive droplets (target 
amplicons) from negative droplets (no target amplicons) by 
applying a fluorescence amplitude threshold and dividing the 
droplet population into two clusters. Based on Poisson statistics, 
the absolute copy number of specific gene in each sample was 
calculated using the following equations (Lun et al., 2008):

 N X N n= − −( )×ln /1  (1)

where N represents the expected copy number of the target gene 
measured by digital PCR, X represents the number of positive 
microdroplets in the system, and N is the total effective microdroplets. 
Unless otherwise specified, for each meat sample, three biological 
replicates were analysed within three technical replicates.

2.4. Real-time PCR (RT-PCR)

RT-PCR was used to amplify the DNA fragment for identifying 
each species; the sequence of DNA template, primers, and probes used 
in this RT-qPCR were the same as those in ddPCR (Table 1). The 
reaction mixture in a final volume of 20 μl contained 1 × HiTaq probe 
qPCR Mastermix (Apexbio Biotechnology, Beijing, China), 500 nM 
for each primer, 250 nM probe, and 1 μl DNA template. The probes 
used in RT-PCR were labelled with 6-FAM at the 5′ ends and BHQ1 
at the 3′ ends to identify target samples. The thermal cycle protocol on 
Bio-Rad CFX96 Real-Time thermal analyzer (Bio-Rad, Hercules, 

USA) proceeded as follows: 95°C for 3 min, 39 cycles at 95°C for 15 s, 
and 60°C for 45 s. Fluorescence signals were analysed using the 
software Opticon Montior_2 version 2.02 (MJ Research, Waltham, 
MA, USA) during every PCR cycle at the annealing and 
extension steps.

2.5. Specificity detection

The species-specific primers/probes were applied in ddPCR assays 
using extracted DNA from different meat sources. The reaction 
mixtures were prepared as ddPCR reaction conditions mentioned 
above. The ddPCR assays only achieved positive results when the 
target species was tested with the corresponding specific primers/
probes; however, no amplification or fluorescent signal observed for 
non-target species was defined as negative. Each sample was analysed 
in duplicate in three parallel assays.

2.6. DNA extraction efficiency

The connective tissue and fat from animal tissues were removed, 
and fresh lean meat from different species was used for following 
assays. The DNA from serially collected meat samples ranging from 
10 to 100 mg was harvested and used to establish a linear relationship 
between the nucleic acid content (ng/μl) and meat quantity (mg). 
The extracted DNA from a serially diluted sample was analysed via 
ddPCR to quantify the target gene copy number, and a linear 
relationship was obtained between DNA copy number and nucleic 
acid content. Three parallel assays were performed with three 
replicates per diluted sample.

TABLE 1 The primers and fluorescence probes used in this study.

Gene Accession 
No

Primer /
probe

Sequences (5′-3′) Amplicon 
(bp)

Resource

β-actin EH170825

Beef F GTAGGTGCACAGTACGTTCTGAAG

96 Köppel et al. (2010)Beef R GGCCAGACTGGGCACATG

Beef Probe FAM-CGGCACACTCGGCTGTGTTCCTTGC-BHQ1

Replication Protein 

A1(RPA1)
NC_019468.1

Lamb F CTGACACACGGGACACCTCTCC

85 Ren et al. (2017)Lamb R AAGCTAAACATGGACCCACAT

Lamb Probe FAM-TAAGCCAGCCTTGTGCGTGTGGTCC-BHQ1

β-actin DQ452

Pork F GGAGTGTGTATCCCGTAGGTG

103 Köppel et al. (2010)Pork R CTGGGGACATGCAGAGAGTG

Pork Probe FAM-TCTGACGTGACTCCCCGACCTGG-BHQ1

Transforming 

Growth Factor, 

beta3(TGFB3)

AY685072

Chicken F GGCTGCAAGTCACCGTGGTA

129 Cai et al. (2014)Chicken R CCGCTAGCCAGAAGCTCAGC

Chicken Probe FAM-CAGGAGCCACGTGAGCAGCACAG-BHQ1

Interleukin 2 (IL-2) AY821656.1

Duck F GGAGCACCTCTATCAGAGAAAGACA

212
Chen et al. 

(2021a,b)
Duck R GTGTGTAGAGCTCAAGATCAATCCC

Duck Probe FAM-TGGGAACAAGCATGAATGTAAGTGGATGGT-BHQ1

Transforming 

Growth Factor, 

beta3(TGFB3)

AY685099.1

Turkey F GAGGTGGGAAAGTGTGGTGAG

148 Li et al. (2018)Turkey R AGCATCCCCTTCTTGGAGG

Turkey Probe FAM-CGAAGGGGCTGCAGGTCACCATA-BHQ1

https://doi.org/10.3389/fsufs.2023.1180301
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


He et al. 10.3389/fsufs.2023.1180301

Frontiers in Sustainable Food Systems 05 frontiersin.org

2.7. Limit of detection and limit of 
quantitation

The weight of the haploid genome size of each species was 
obtained from NCBI1; 100 ng genomic DNA corresponded to the 
discrepancy of the gene copy number in each species: 33,650 copies 
for beef, 32,340 copies for lamb, 866,860 copies for chicken, 37,070 
copies for pork, 76,640 copies for duck, and 86,040 copies for turkey. 
To test the detection capability of ddPCR platform with low content 
templates, the extracted DNA from each sample was serially diluted 
over a range of 20,000 copies, 10,000 copies, 5,000 copies, 2,000 copies, 
1,000 copies, 200 copies, 100 copies, 50 copies, 25 copies, 13 copies, 6 
copies, 3 copies, and 1 copy using ddH2O as the dilution buffer. 
Moreover, the LOD and LOQ were assayed using six pairs of specific 
primers/probes. Each dilution was performed and analysed in 12 
replicates from three independent experiments.

2.8. Establishment of a quantitative formula

Although the length of DNA fragments of each species is different, 
the correlation between the meat weight and copy number satisfies the 
following Eq. (2):

 M Q C= /  (2)

where Q is the total copy number of the target gene in the ddPCR 
reaction system, M is the weight of meat sample, C is the target gene 
copy number per unit weight of meat sample.

On the basis of Eq. (2), the mass fraction of the two species can 
be deduced as follows:

 
Mt Ma Ca Ct Qt Qa k Qt Qa/ / / /= ( )× ( ) = × ( )  (3)

where Ma and Mt. are the mass of adulterated meat and specific 
meat contained, respectively; Ca and Ct are the copy number per unit 
weight of adulterated meat and specific meat, respectively; and Qa and 
Qt are the total copy number of adulterated meat and specific meat, 
respectively.

The k value was set as a specific species-species constant as the ratio 
of Ca and Ct was constant. For the quantitation of animal-derived 
ingredients, the k value can be simply calculated as the ratio of the copy 
number of the two species with the same amount. In the proposed assay, 
to determine the accuracy and stability of the k value, a series of target/
adulterated mixtures containing various percentages (1–99% w/w) were 
prepared, and the copy number of species-specific genes was quantified 
using the dPCR platform. A linear relationship was established between 
the actual (Y-axis) and experimental (X-axis) values of adulteration. Each 
mixture of a known mass was tested in three independent assays (N = 18), 
and the accuracy of the methods should be within ±25% of the accepted 
reference value over the whole dynamic range according to the FAQ 
guidelines on performance criteria and validation of methods for food 
(Codex Committee on Methods of Analysis and Sampling, 2010). To 

1 https://www.ncbi.nlm.nih.gov/genome

demonstrate the applicability of the dPCR method for detecting highly 
processed meat products, 100 mg turkey meat was manually added to 
each sample as an internal reference, whose TGFB3 gene copy number 
was analysed via ddPCR. The ratio of the TGFB3 gene copy number in 
turkey to the species-specific gene of each meat sample was calculated to 
establish a linear relationship, which was used as the calculation equation 
for target meat mass.

2.9. Quantitative identification of 
commercial meat products

Based on the established relationship between the copy numbers 
and mass fractions of different meat products, the ddPCR assay was 
used to evaluate the animal-derived ingredients in commercially 
processed products (e.g., sausage, meat rolls, and kebab) and analyze 
whether a mistake in labelling meat content exists in the domestic 
market. Fifteen commercial meat products containing different 
species (e.g., beef and lamb kebabs, sausage, meat rolls, beef jerky, and 
duck blood) were randomly purchased from different local markets 
and retail outlets in Changchun City, PR China. All samples were 
collected in triplicates on three different days and refrigerated at 
4°C. Briefly, 100 mg of commercial meat products was used as samples 
for DNA extraction and further analysis. The DNA extraction and 
ddPCR protocols used in this analysis are consistent with those 
presented in Sections 2.1 and 2.3, and the primers and probe 
sequences are shown in Table 1.

3. Results and discussion

3.1. Specificity assessment of the ddPCR 
platform for specific animal species 
identification

Driven by economic interests, illegal practitioners often substitute 
and adulterate high-priced meats, such as beef and lamb, with 
low-priced meats, and thus, the specificity of different species is a 
crucial indicator in the development of detection methods. In this 
study, the specificity was defined by the cross-amplification of the 
animal species-specific primers and probes used in the digital PCR 
platform. DNA was extracted from beef, sheep, chicken, pork, duck, 
and turkey and tested with two parallel channels. The results indicated 
that the ddPCR assays of samples had no cross-amplification with any 
non-target species. Therefore, all these selected primer and probe sets 
were species-specific, and samples that contained the target species 
could be  accurately identified (Figure  1). Considering the above 
results, the pure meat products of each species could ensure positive 
reaction, and turkey was set as negative control for contamination 
exclusion in subsequent assays.

3.2. Determining the linear relationship 
between meat quality (mg) and copy 
number

The primary challenge for quantitative analysis of animal-derived 
ingredients is the complexity of meat products available in the market, 
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and various types of meat products differ in their composition of 
animal-derived ingredients, processing methods, and disposal 
procedures. As it is impossible for researchers to obtain all the 
information on the composition of raw materials or processing 
methods of meat products, establishing a clear and accurate 
quantitative analysis model is challenging. To reduce the error of 
quantitative results caused by measurement uncertainty and verify the 
positive correlation of each quantitative factor, two linear relationships 
were established: one between nucleic acid content and meat weight, 
and the other between gene copy number and nucleic acid content. 
The total DNA was extracted from several fresh meat tissues and 
analysed. All meat samples were mixed in the range of 10 to 100 mg, 
with 36 independent experiments performed per DNA sample on the 
ddPCR platform. To reduce the impact of tissue type, species, and 
sample grinding on DNA extraction and to verify the scientific nature 
of transforming copy number into mass fraction, we first determined 
the extraction efficiency of each species. The linear relationship 
between meat quality and DNA concentration is shown below: 
y = 10.2x − 4.794 for beef, y = 17.473x − 18.429 for lamb, 
y = 9.888x + 47.549 for chicken, y = 13.144x + 14.728 for pork, 
y = 17.752x − 28.785 for duck, and y = 12.646x + 11.325 for turkey 
(Figure  2). The correlation and linear relationship of the data 

confirmed that the extraction efficiency of different meat species was 
relatively consistent. Therefore, the determination value of nucleic acid 
content can directly reflect the meat weight.

Moreover, it was necessary to determine the accurate 
quantitative range of ddPCR detection and the species-specific 
constants among the species. For consistency in the extraction 
efficiency of different meat products, the linear relationships 
between DNA concentration at the range of 25 to 300 ng/μl and 
copy number were established as shown in Figure  2: 
y = 11.303x − 17.29 for beef, y = 18.887x + 175.25 for lamb, 
y = 11.526x + 13.127 for chicken, y = 18.522x + 18.958 for pork, 
y = 11.306x − 15.151 for duck, and y = 10.451x − 43.716 for turkey. 
R2 is the coefficient of determination, which is used to access the 
linear regression analysis, and all the squared regression coefficient 
(R2) values of the amplification curve were satisfactory according 
to the acceptance criteria (average values of R2 should be ≥0.98), 
with the average R2 value ranging from 0.9915 to 0.9998. The slopes 
and intercept values were primarily affected by the PCR efficiency 
of each meat sample and the accuracy of the data. The dynamic 
range and the linear dependence indicated that the proposed 
ddPCR assay was suitable for quantifying meat adulteration even 
at low content levels.

FIGURE 1

The specificity of ddPCR methods for different species. The X-axis indicates the event number of samples. The Y-axis represents the amplitude of 
samples. The primer pair for amplification as follows: (A) Beef, (B) Lamb, (C) Chicken, (D) Pork, (E) Duck, and (F) Turkey. The extracted DNA from each 
species was used as template for ddPCR. The template of each reaction in the six groups was beef (a1,b1,c1,d1,e1,f1), lamb (a2,b2,c2,d2,e2,f2), chicken 
(a3,b3,c3,d3,e3,f3), pork (a4,b4,c4,d4,e4,f4), duck (a5,b5,c5,d5,e5,f5), turkey (a6,b6,c6,d6,e6,f6) from the left column to the right column. The upper 
region: droplet cluster positive for FAM. The lower region: droplet cluster negative for FAM. The orthogonal testing for primer and template comprised 
36 reactions. Each primer pair was analyzed in duplicate in three parallel assays.
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3.3. LOD and LOQ of the respective species

Although regulations have tolerance limits for different species of 
meat, the purity of meat products is highly mandated from a religious 
perspective. Hence, highly sensitive assays were performed to meet 
this requirement. The LOD was defined as the lowest concentration at 
which 95% of the positive samples/replicates was detected. The LOQ 
was estimated as the lowest copy number within the dynamic range, 
assuming the copy number of the target DNA conformed to the 
Poisson distribution (Dobnik et  al., 2016). In total, 12 repeated 
reactions per DNA dilution were prepared, and the added DNA was 
adjusted within a content range from 20,000 to 1 copies/reaction (20 μl 
volume) as ddPCR templates. As expected, the intensity of the positive 
signal decreased as the DNA copy number decreased 
(Supplementary Figure 1). According to the acceptance criteria of 
analytes in the samples, the LOD should be  tested with a level of 
confidence of 95% (Marchesi and Broll, 2015). In the quantitative 
assays for beef, chicken, and pork, the positive signal was detected 12 
times out of 12 replicates when there were more than 13 copies, 
indicating that the LOD values for beef, chicken, and pork were 13 
copies (Table 2). Based on these statistical criteria, the LOD values for 
lamb, duck, and turkey were 6 copies. Meanwhile, the same DNA 
templates were verified via RT-qPCR (Table 2); the results indicated 
that ddPCR and RT-qPCR were suitable for detecting animal-derived 

ingredients. As per the criteria of RT-qPCR assays for the identification 
of animal ingredients from common livestock and poultry, when 
35.0 < Ct value <40, repeated tests must be conducted to evaluate the 
detection results (Standardization Administration of China, 2019), 
which increase the testing cost and time of RT-qPCR compared with 
those of ddPCR.

The LOQ was the data group with a relative standard deviation 
(RSD) value below 25% (Marchesi and Broll, 2015). When the 
template content of individual beef and pork samples was as low as 50 
copies/reaction in ddPCR assay, the RSD of the replicate reactions 
were 19.48 and 21.97%, respectively, suggesting that the LOQ of 
ddPCR method was approximately 50 copies for both beef and pork. 
In addition, we concluded that the LOQ values for lamb, chicken, and 
duck were 100 initial template copies, and that for turkey was 25 
copies. The RSD values of the species-specific ddPCR were also within 
an acceptable range for the quantitative copy number in the assay 
(21.56% for lamb, 17.9% for chicken, 14.27% for duck, and 21.84% for 
turkey). The LOD was previously measured as a content percentage, 
and LOD values of 1 and 0.01% were observed in multiplex PCR (Hou 
et al., 2015) and in qPCR, respectively (Xu et al., 2018). Although the 
above detection limits met the requirements for food regulations, the 
quantitative results were greatly affected by the amplification efficiency 
of primers, and a standard curve should be prepared. In the ddPCR 
assays, the amplification product of target DNA was separated into 

FIGURE 2

The linear relationships for the determination of DNA extraction efficiency, nucleic acid content and DNA copy numbers. The dynamic range of meat 
quantity and nucleic acid content, DNA content and ddPCR output (copies/μl)were individually evaluated for beef (A,B), lamb (C,D), chicken (E,F), pork 
(G,H), duck (I,J), and turkey (K,L). Each point data is the average value of three replicates per samples.
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TABLE 2 The detection sensitivity results of ddPCR and qPCR in the series-diluted DNA solution.

sample Amount of 
DNA (copies/reaction)

ddPCR RT-PCR

Average 
mean of 

copy values

Signal rate 
(positive 
signals)

SD RSD (%) Average 
mean of Ct 

values

SD RSD(%)

Beef

20,000 19,315 12/12 655.39 3.39 26.34 0.09 0.35

10,000 9,260 12/12 243.16 2.63 27.06 0.06 0.22

5,000 4,765 12/12 233.72 4.91 28.12 0.07 0.26

2,000 1,893 12/12 96.74 5.11 29.54 0.09 0.30

1,000 1,101 12/12 89.76 8.16 30.75 0.09 0.29

200 215 12/12 23.75 11.05 33.03 0.06 0.19

100 94 12/12 14.63 15.54 34.05 0.10 0.31

50 57 12/12 11.10 19.48 35.21 0.15 0.42

25 29 12/12 11.26 38.32 36.05 0.14 0.39

13 12 12/12 3.65 30.80 36.90 0.56 1.50

6 6 10/12 4.06 67.85 37.45 0.61 1.63

3 3 7/12 3.65 110.01 38.49 0.15 0.39

1 / / / / 38.99 0.55 1.42

Lamb

20,000 20,410 12/12 621.35 3.04 26.07 0.02 0.07

10,000 11,243 12/12 268.17 2.39 27.20 0.13 0.48

5,000 5,360 12/12 120.30 2.24 28.17 0.19 0.69

2,000 2,133 12/12 92.77 4.35 29.44 0.10 0.36

1,000 1,145 12/12 53.68 4.69 30.47 0.06 0.20

200 226 12/12 20.86 9.22 32.88 0.12 0.35

100 117 12/12 25.16 21.56 33.92 0.16 0.47

50 55 12/12 14.98 27.32 34.75 0.23 0.66

25 26 12/12 8.07 30.75 36.04 0.13 0.37

13 16 12/12 9.91 63.60 36.82 0.53 1.43

6 6 12/12 2.37 41.94 37.73 0.36 0.94

3 4 11/12 3.30 88.08 38.89 0.93 2.40

1 1 4/12 1.29 158.53 / / /

Pork

20,000 17,867 12/12 348.33 1.95 26.25 0.12 0.44

10,000 9,235 12/12 161.84 1.75 27.10 0.06 0.23

5,000 4,337 12/12 149.87 3.46 28.11 0.16 0.58

2,000 1,732 12/12 62.35 3.60 29.54 0.25 0.86

1,000 1,128 12/12 53.09 4.70 30.82 0.14 0.47

200 226 12/12 30.48 13.47 32.96 0.10 0.30

100 129 12/12 12.31 9.53 34.09 0.12 0.34

50 60 12/12 13.18 21.97 35.17 0.14 0.41

25 26 12/12 6.65 25.13 36.41 0.33 0.91

13 16 12/12 6.70 42.07 36.83 0.27 0.73

6 6 11/12 3.57 56.30 38.50 0.61 1.59

3 4 9/12 2.87 80.83 / / /

1 3 8/12 3.05 101.12 / / /

(Continued)
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numerous droplets, and the absolute analysis can be achieved using 
Poisson distribution without depending on the amplification efficiency 
and standard curve. Thus, the LOD and LOQ of our ddPCR method 

enabled the assessment of the copy number level, which met the 
requirement of both accurate detection and quantitation of meat 
adulteration of the different species at low levels.

TABLE 2 (Continued)

sample Amount of 
DNA (copies/reaction)

ddPCR RT-PCR

Average 
mean of 

copy values

Signal rate 
(positive 
signals)

SD RSD (%) Average 
mean of Ct 

values

SD RSD(%)

Chicken 20,000 20,292 12/12 199.90 0.99 26.48 0.10 0.39

10,000 10,923 12/12 273.14 2.50 26.56 2.05 7.72

5,000 5,443 12/12 221.70 4.07 28.48 0.06 0.20

2,000 2,085 12/12 60.38 2.90 29.84 0.07 0.25

1,000 1,314 12/12 67.45 5.13 30.74 0.07 0.23

200 272 12/12 13.55 4.98 33.05 0.07 0.22

100 94 12/12 16.34 17.9 34.15 0.07 0.20

50 41 12/12 10.67 26.12 35.36 0.08 0.21

25 19 12/12 11.04 56.77 36.37 0.16 0.43

13 10 12/12 5.60 54.21 37.12 0.29 0.79

6 5 11/12 3.30 65.22 38.24 0.24 0.62

3 3 11/12 2.26 69.14 39.57 0.24 0.61

1 2 8/12 1.87 102.90 / / /

Duck 20,000 20,134 12/12 153.41 0.76 26.44 0.01 0.02

10,000 10,265 12/12 136.48 1.33 27.46 0.07 0.24

5,000 5,115 12/12 86.18 1.68 28.48 0.03 0.09

2,000 2,091 12/12 53.84 2.58 29.85 0.10 0.32

1,000 1,063 12/12 70.54 6.64 30.82 0.09 0.29

200 199 12/12 16.55 8.32 33.17 0.18 0.56

100 106 12/12 15.15 14.27 33.88 0.14 0.43

50 52 12/12 14.48 28.11 34.84 0.04 0.11

25 30 12/12 7.73 26.20 36.09 0.69 1.92

13 13 12/12 3.76 28.16 37.16 0.75 2.02

6 6 12/12 3.12 52.60 38.33 0.92 2.40

3 4 10/12 2.38 66.03 38.94 0.14 0.37

1 / / / / / / /

Turkey 20,000 19,485 12/12 346.53 1.78 25.71 0.12 0.46

10,000 10,130 12/12 137.91 1.36 26.61 0.07 0.25

5,000 5,028 12/12 141.54 2.81 27.68 0.01 0.05

2,000 2,007 12/12 110.97 5.53 29.07 0.07 0.25

1,000 1,042 12/12 64.81 6.22 30.05 0.12 0.41

200 200 12/12 21.42 10.74 32.52 0.10 0.30

100 107 12/12 16.33 15.26 33.45 0.24 0.73

50 56 12/12 12.29 22.09 34.78 0.19 0.55

25 32 12/12 6.95 21.84 35.77 0.12 0.33

13 17 12/12 7.93 47.11 36.51 0.19 0.53

6 9 12/12 5.35 62.49 37.37 0.88 2.34

3 6 11/12 8.84 153.65 38.23 1.08 2.82

1 2 5/12 2.87 177.83 / / /

“/” means the negative amplification of the sample.
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TABLE 4 The ratio of copy numbers with different proportions of beef-chicken adulteration scenario.

The 
actual 
content 
of beef 
(w/w)

The copy number of beef in three 
independent experiments 

(copies/reaction)

The copy number of chicken in three 
independent experiments (copies/

reaction)

kbc RSDrb 
(%)

Average 
value of 

kbc

RSD 
(%)

1 2 3 Statistical 
analysis for 

beef

1 2 3 Statisticalanalysis 
for chicken

99% 14,115 12,248 12,188 12850.33 ± 632.57 a 439 325 408 390.67 ± 34.03 f 0.34 11.8

0.35 8.69

90% 12,543 11,163 11,147 11617.67 ± 462.69 b 4,963 4,390 4,460 4604.33 ± 180.47 e 0.30 3.03

70% 8,977 9,040 9,123 9046.67 ± 42.28 c 12,777 12,150 12,493 12473.33 ± 181.27 d 0.34 3.02

50% 7,479 7,433 7,309 7,407 ± 50.77 d 20,137 22,797 21,083 21,339 ± 778.47 c 0.35 3.99

30% 4,330 4,694 4,872 4,632 ± 159.5 e 30,950 31,100 32,950 31666.67 ± 643.13 b 0.35 2.86

10% 1,470 1,434 1,505 1469.67 ± 20.5 f 35,590 40,917 41,534 39,347 ± 1886.93 a 0.34 9.11

5% 852 732 733 772.33 ± 39.83 g 40,440 40,754 40,803 40665.67 ± 113.72 a 0.36 9.78

1% 150 188 178 172 ± 11.37 g 41,350 39,590 44,990 41976.67 ± 1590.02 a 0.41 16.35

Actual value (%): target content is expressed as the actual percentage. The copy number estimated by ANOVA.

3.4. Construction and validation of the 
quantitative formula

In previous studies, the quantification of meat products using 
DNA typically necessitated a comprehensive understanding of the 
characteristics of the target meat and background meat and relied on 
using calibration curves to quantify animal-derived ingredients(Martın 
et al., 2009; Soares et al., 2010; Cai et al., 2017). However, if multi-copy 
genes were selected as targets, the obtained DNA measurements could 
not truly reflect the actual content (mass fraction) of the target meat. 
In addition, the conversion process would introduce parameters such 
as the composition of animal-derived components of the sample, 
processing method, and disposing procedures, which might 
be difficult to accurately convert, leading to inaccurate quantitative 
results. As the gene copy number per unit mass of each species is 
constant, the quantitative detection of adulteration in meat products 
can be realized by establishing the corresponding relationship between 
the copy number of the target gene and the mass fraction. The 
derivation of Eq. (3) defines the k value as a species-species constant, 
which was obtained from the copy number ratio of the two species 
with equal mass. The k values for different species are presented in 
Table 3, showing that the relationship between the mass fraction and 
copy number ratio in meat mixtures was established according to the 
corresponding k value. The establishment of this quantitative formula 
overcomes the limitations of previous methods that relied on standard 

curves and mitochondrial genes for quantification. Taking nuclear 
single-copy genes as detection targets can eliminate systematic errors 
caused by copy number variation, and the introduced correction 
coefficient can achieve an accurate corresponding relationship 
between the quantitative target genes and the mass fraction of samples. 
The conversion between the copy number determined by ddPCR and 
the mass fraction of animal-derived components can be effectively 
achieved by determining the species-specific constant. To further 
understand this quantitative strategy, beef and lamb were taken as 
target meat samples, and chicken and pork were used as the meat 
adulteration samples; the meat matrix mixtures with different mixture 
proportions were prepared to evaluate the stability and repeatability 
of the k values (Tables 4, 5). According to Eqs. (2) and (3), the k values 
of the different meat fractions between two species were defined by 
the ratio of copy numbers, where kbc was approximately 0.35 for the 
beef–chicken adulteration sample; the mass fraction was calculated 
using the following expression (RSD = 8.69%):

 M M Q Qb c b c/ . /= ×0 35  (4)

The klp was approximately 1.41 for the lamb–pork adulteration 
sample, and the mass fraction was calculated using the following 
expression (RSD = 0.76%):

 M M Q Ql p l p/ . /= ×1 41  (5)

TABLE 3 The species-specific constant k values of meat mixtures from different species.

Meat adulteration Target Meat

Beef Lamb Chicken Pork Duck Turkey

Beef / 1.71 2.96 1.24 1.78 1.20

Lamb 0.59 / 1.72 0.7 1.06 0.79

Chicken 0.35 0.57 / 0.45 0.65 0.48

Pork 0.80 1.40 2.21 / 1.43 1.06

Duck 0.56 0.95 1.55 0.70 / 0.85

Turkey 0.82 1.23 2.11 0.94 1.18 /

“/” means no data of the sample.
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RSD levels within groups have accepted criteria of trueness 
(RSD < 25%). Thus, the results indicated that the k values derived from 
the copy number ratio of respective species were suitable for 
calculating the adulteration concentration in meat mixtures. The 
proportions of doped species in meat samples were also estimated, and 
a linear relationship was established between the experimental mass 
(w/w) and actual content (w/w) of meat adulteration. For example, in 
the measurement of beef–chicken and lamb–pork adulteration 
samples, the slopes of the linear regression curves and the R2 in meat 
mixtures (Figure 3) were obtained by the quantitative formula for 
meat mixture using the following expression:

 Y X1 10 9929 0 0047= × +. .  (6)

 Y X2 20 9942 0 0076= × +. .  (7)

where Y1 and Y2 represent the actual content of chicken and 
pork in the mixtures, respectively; and X1 and X2 represent the 
experimental mass of chicken and pork estimated using Eqs. (4) 
and (5), respectively. The good linear correlation indicated that 
adulteration with chicken and pork had a mass content (w/w) 

TABLE 5 The ratio of copy numbers with different proportions of lamb-pork adulteration scenario.

The 
actual 
content 
of lamb 
(w/w)

The copy number 
of lamb in three 

independent 
experiments 

(copies/reaction)

The copy number of pork in three independent 
experiments (copies/reaction)

klp RSDrb 
(%)

Average 
value of 

klp

RSD(%)

1 2 3 Variance 
analysis for 

lamb

1 2 3 Variance 
analysis for 

pork

99% 23,830 25,425 24,925 24726.67 ± 470.99 a 172 188 178 179.33 ± 4.67 g 1.40 1.6

1.41 0.76

90% 21,820 23,023 22,287 22376.67 ± 350.16 b 1,693 1,800 1,794 1762.33 ± 34.71 f 1.42 2.6

70% 16,810 16,823 16,697 16776.67 ± 40.01 c 5,340 5,027 5,253 5206.67 ± 93.28 e 1.40 3.8

50% 12,240 12,027 12,901 12389.33 ± 263.12 d 8,907 8,757 8,897 8853.67 ± 48.42 d 1.40 3.3

30% 8,547 9,160 8,447 8,718 ± 222.88 e 13,580 15,116 14,402 14,366 ± 443.77 c 1.43 3.4

10% 2,393 2,590 2,349 2,444 ± 74.1 f 15,637 15,737 15,523
15632.33 ± 61.82 

b
1.43 5.4

5% 1,228 1,198 1,156 1,194 ± 20.88 g 16,403 16,317 16,110
16276.67 ± 86.95 

ab
1.41 1.1

1% 256 225 223 234.67 ± 10.68 h 17,353 17,860 15,790 17,001 ± 622.94 a 1.42 7.2

Actual value (%): target content is expressed as the actual percentage. The copy number estimated by ANOVA.

FIGURE 3

The quantitative dynamic range of chicken and pork fraction in adulteration scenario. The Y-axis represents the actual content of chicken (A) and pork 
(B) in meat mixture, respectively. The X-axis represents the experimental content of chicken and pork calculated form the quantitative formulas on the 
basis of the corresponding k value. For the quantification of chicken in beef: The SD ≤ ±2.46% and the RSD ≤ ±7.5%; For the quantification of pork in 
lamb: The SD ≤ ±1.84% and the RSD ≤ ±9.13%. Three replicates in per mass fractions.
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ranging from 1 to 99% and performed a good recovery through the 
slope of the standard curves, with R2 values that were evidently 
higher than 0.99.

To evaluate the accuracy of this method, several minced meat 
mixtures with known content (1–99%) of chicken and pork were 
measured and analysed using the ddPCR platform. The experimental 
mass fraction values were corrected with the k values from the 
quantitative Eqs. (4) and (5), and the deviations of different meat 
fractions between the calculated and actual weights were then 
reported (Table 6). For the beef doped with chicken, the bias (%) 
varied between −4.44 and 5.75%, and for the lamb doped with pork, 
the bias (%) varied between −1.43 and 12.13%. Moreover, meat 
mixtures with an adulteration content as low as 1% (w/w) were 
accurately quantified with low RSD levels (< 10%), and the bias values 
for 1% chicken and 1% pork content were 4.41 and 9.13%, 
respectively, in the meat mixtures. Thus, the quantitative results 
exhibit trueness within ±25% of the acceptance criterion across the 
entire dynamic range (Marchesi and Broll, 2015). The discrepancy of 
the bias in the beef and lamb mixtures was primarily owing to the 
heterogeneity of the meat components. The quantitative detection in 
this study indicated that our ddPCR method had a high-level of 
accuracy, with the weight fractions ranging from 1 to 99%.

Some commercial meat products are mixed with non-meat 
ingredients, such as vegetables, water, spices, condiments, starch, and 
preservatives, that increase the complexity of identification. To 

quantify the target meat in known mixed meat products and verify 
whether the content is consistent with the list of ingredients, an equal 
amount of turkey was added to each meat mixture at different mass 
fractions as an internal reference. The quantification of beef and lamb 
in processed products showed that for the respective fraction, there 
were linear relationships between the copy number ratio of target 
meat and the turkey internal reference (X-axis) vs. the actual mass 
content (Y-axis; Figure 4). For example, using beef and lamb as target 
species, the quantification equations for processed products are 
shown below:

 Y for beefX3 30 6873 0 0012= × +. .  (8)

 Y for lambX4 40 4278 0 0156= × −. .  (9)

where Y3 and Y4 represent the actual mass content of beef and 
lamb in the meat mixtures, respectively. The quantification 
equations for the other species were also established and 
presented in Supplementary Figure  2. The data in both 
quantification equations confirmed that the proposed system can 
be used for the analysis of target meat content in commercial 
products that have known mixed content and 
additional processing.

TABLE 6 The quantitative results for adulteration in beef and lamb with known concentrations.

Actual mass 
concentration 
of adulteration

The copy number of 
target meat in three 

independent 
experiments

Variance 
analysis for 
target meat

The copy number of 
adulteration meat in 
three independent 

experiments

Variance 
analysis for 
adulteration 

meat

Experimental 
mass 

concentration 
of 

adulteration

Bias(%) RSD(%)

1 2 3 1 2 3

Chicken

1% 14,268 15,020 17,950 15,746 ± 1123.18 a 454 422 548 474.67 ± 37.81 f 1.04% 4.41 6.21

10% 13,240 13,600 16,230 14356.67 ± 942.41 a 4,710 4,560 5,010 4,760 ± 132.29 e 10.44% 4.42 6.35

20% 10,978 9,600 9,432 10003.33 ± 489.74 b 6,920 6,470 6,812 6,734 ± 135.63 e 19.11% −4.44 5.50

30% 8,569 9,342 9,618 9176.33 ± 313.94 bc 12,442 11,050 13,052 12181.33 ± 592.44 d 31.73% 5.75 7.08

50% 8,103 7,421 7,504 7,676 ± 214.84 c 21,608 23,740 23,402 22916.67 ± 661.57 c 51.10% 2.19 4.82

70% 4,622 4,854 4,708 4,728 ± 67.72 d 29,872 30,684 31,586 30,714 ± 495.02 b 69.45% −0.79 0.92

90% 1,520 1,688 1,562 1,590 ± 50.48 e 34,820 41,262 42,864 39648.67 ± 2458.23 a 89.67% −0.36 0.93

95% 882 786 790 819.33 ± 31.35 e 41,224 40,568 41,289 41,027 ± 230.27 a 94.60% −0.42 0.34

99% 170 196 184 183.33 ± 7.51 e 42,198 40,589 42,174 41653.67 ± 532.38 a 98.76% −0.25 0.11

Pork

1% 25,898 26,022 23,866 25,262 ± 698.92 a 212 182 198 197.33 ± 8.67 h 1.09% 9.13 9.13

10% 26,153 22,680 23,980 24,271 ± 1013.07 a 1,896 1,960 2,016 1957.33 ± 34.67 g 10.31% 3.10 8.30

20% 20,160 20,662 19,780 20200.67 ± 255.42 b 3,591 3,620 3,442 3,551 ± 55.14 f 19.97% −0.13 0.96

30% 15,964 16,800 17,823 16862.33 ± 537.55 c 6,022 6,048 5,964 6011.33 ± 24.83 e 33.64% 12.13 4.00

50% 13,620 11,856 11,963 12479.67 ± 571 d 9,064 8,966 9,042 9,024 ± 29.69 d 50.71% 1.42 3.63

70% 8,219 9,046 9,066 8,777 ± 279.06 e 12,563 14,522 14,230 13771.67 ± 610.18 c 69.00% −1.43 0.76

90% 2,242 2,600 2064 2,302 ± 157.61 f 15,874 15,737 15,523 15711.33 ± 102.13 b 90.66% 0.73 1.06

95% 1,061 1,198 1,072 1110.33 ± 43.95 fg 14,070 15,680 16,222 15,324 ± 646.23 b 95.13% 0.14 0.38

99% 208 222 254 228 ± 13.61 g 18,422 17,986 18,214 18207.33 ± 125.91 a 99.13% 0.13 0.09

The copy number estimated by ANOVA.
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3.5. Analysis of processed meat samples

In highly processed products, a discrepancy was observed 
between the experimental content and the ingredient list owing to 
the degradation of materials, which may have an impact on the 
detection of nucleic acid components. As ddPCR has high 
sensitivity and can detect at the copy number level, the errors do 
not affect the accuracy of determining the components. To 

determine the potential application of the ddPCR assay, 15 
commercial meat products were purchased from local markets and 
analysed. The results indicated that no other adulterated meat 
species were detected in beef/lamb kebabs and rolls, pork mince, 
or duck blood, which all showed positive signals for their respective 
target meat species (Table 7). The five highly processed products 
that contained more than two species were selected for further 
analysis of ingredients. The baby sausages were primarily made of 

FIGURE 4

The linear relationships between the gene copy numbers ratio of target meat and internal reference turkey vs. the actual mass content (w/w) in 
processed products. (A) Beef relationships curves with R2 = 0.9952; (B) Lamb relationships curves with R2 = 0.9852.

TABLE 7 Identification and quantification of commercial meat products.

Sample Beef Lamb Pork Chicken Duck Turkey Quantification by ddPCR

Beef-kebab + − − − − − /

Beef-kebab-2 + − − − − − /

Beef roll-1 + − − − − − /

Beef roll-2 + − − − − − /

Lamb kebab − + − − − − /

Lamb roll-1 − + − − − − /

Lamb roll-2 − + − − − − /

Lamb roll-3 − + − − − − /

Minced Pork − − + − − − /

Baby sausage − − − + + −
Chicken content:54.76 ± 3.48%; Duck 

content:17.83 ± 8.48%

Duck blood − − − − + − /

Beef sausage + − − + − −
Beef content:0.54 ± 0.03%; Chicken 

content:24.46 ± 4.33%

Beef jerky + − − + − − Beef content:0.76 ± 0.35%; Chicken content:3.8 ± 0.56%

Corn sausage − − − + − − Chicken content:13.21 ± 0.74%

Pork sausage − − + + − − Pork content:5.59 ± 0.83%; Chicken content:6.71 ± 0.68%

“+” means positive signal of the sample. “−” means negative signal of the sample.
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FIGURE 5

The analysis of highly processed products by ddPCR. (A) Baby sausage, lanes 1: chicken;2: duck; 3: turkey; (B) Beef sausage, lane 1: beef; 2: chicken; 3: 
turkey; (C) Beef jerky, lanes 1: beef; 2: chicken; 3: turkey; (D) Corn sausage, lanes 1: beef; 2: chicken; 3: turkey; (E) Pork sausage, lanes 1: beef; 2: pork; 
3: chicken; 4: turkey.

chicken mixed with duck, and the beef sausage and jerky had 
extremely low beef content (0.54 and 0.76%, respectively), with 
relatively higher chicken than beef (24.46 and 3.8%, respectively) 
content (Figure 5). Similarly, the contents of pork and chicken in 
pork sausage were 5.59 and 6.71%, respectively. The only meat 
ingredient in corn sausage was chicken. These analytical results 
validated that there were adulterated ingredients in these products 
could be detected by the assay, indicating its potential as a tool to 
detect meat content in commercial products.

4. Conclusion

In this study, a novel quantitative method combined with a 
ddPCR platform was developed for the detection of meat 
adulteration. An introduced constant converted the DNA copy 
number into a mass fraction, allowing for the quantification of 
meat adulteration content by the copy number ratio of each 
species. Using this strategy, we established a linear regression 
curve between the theoretical mass content (w/w) and the 
experimental mass content (w/w). Current published assays are 
limited to qualitative analysis; therefore, our method not only has 
high specificity for animal-derived components of commercial 

market but also has the detection range of gene copy number, 
which allows for the identification of meat adulteration caused 
by accidental contamination during meat processing. As the 
nucleic acid extraction, tissue properties, and processing level 
may affect the accuracy of the method, our study was conducted 
to exclude these differences; therefore, although the accuracy of 
the test may exhibit slight variations compared to the actual 
results, it has little effect on the determination of adulteration. 
Because the high amount of food additives and processing of 
commercial food products can interfere with quantifying the 
composition of the products, we also tested if our method could 
provide information about meat adulteration in these complex 
target meat samples by adding turkey as an internal reference to 
highly processed meat products. The system successfully 
identified meat adulteration in these commercial products with 
good accuracy. Up to now, this study has only carried out the 
conversion of copy number and mass fraction of adulterants in 
two kinds of meat. On this basis, in future studies, the detection 
of other metabolites will be  used to realize the confounding 
determination of various meats. Overall, our results show that the 
ddPCR platform can identify and quantify meat adulteration at 
low content levels, making it suitable for routine analysis to 
be  used by government regulators and quality control 
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departments responsible for monitoring commercial meat 
products and food enterprises.
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