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Abstract

Two real-time PCR methods for the relative quantitation of DNA from meat
species in food samples are described: these methods are applicable for horse
in processed beef meat products, and pork in raw/processed beef meat prod-
ucts. Test samples were prepared using raw meat admixtures or processed
horse/pork in beef food products made to an industry-standard recipe. The
methods were subjected to single laboratory method validation, evaluating
the performance characteristics of specificity, PCR efficiency and r-squared
(r?), Limit of Detection (LOD), Limit of Quantitation (LOQ), and precision
and trueness. A limited UK-based inter-laboratory trial of the two methods
was completed involving four participating laboratories. Full statistical analy-
sis of the data qualified the applicability of the methods for accurate and sen-
sitive trace-level analysis. The methods were deemed fit for purpose for re-
producibly distinguishing between adventitious contamination at 0.1% (w/w),
the level for further enforcement action at 1% (w/w), and a level representa-
tive of deliberate economically motivated adulteration (10% (w/w)). The data
provided evidence that the precision of the two methods was applicable for
qualitative and quantitative detection at topically important levels of adulte-
ration. This work has added significant value to the current state of the art in
quantitative determination of topical meat species adulteration, allowing
analysts to distinguish between adventitious contamination and deliberate
adulteration. The resulting methods described in this paper can easily be
deployed and used by analytical laboratories for controls and due-diligence
testing based on standard laboratory equipment.
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1. Introduction

In 2013 a significant amount of horse meat was found in some beef products
which were on sale to the general public within the EU and in the UK [1]. The
UK Government commissioned an independent review into the food supply
network and in 2014, HM Government Elliott Review into the Integrity and As-
surance of Food Supply Networks was published [2]. This report included rec-
ommendations for improving systems to deter, identify and prosecute food
adulteration, as well as recommendations on improving laboratory testing capa-
bility to ensure a harmonised approach for food authenticity testing.

EU Regulation 1169/2011 on the provision of food information to consumers,
stipulates the requirement for origin labelling for most fresh and frozen meat
products, as well as the provision of information on the quantity of certain in-
gredients [3]. As highlighted by the 2013 horse-meat issue and associated HM
Government Elliott Review, there is a need to improve traceability and trackabil-
ity of meat produce in the food supply chain with particular emphasis on quan-
titative estimation of key food ingredients at trace levels, in order to help in-
crease consumer confidence and ensure fair trade.

In line with and reinforcing the recommendations from HM Government El-
liott Review, the Department for Environment, Food & Rural Affairs (Defra)
commissioned a project to develop a real-time PCR method for the relative
quantitation of horse DNA [4]. This method was subject to validation as part of
subsequent Defra projects [5] [6], resulting in the production of a standard op-
erating procedure (SOP) and a peer-reviewed publication on the method [7]. An
international collaborative trial of the method was then organised, funded by the
UK Food Standards Agency (FSA) [8], which established the fitness for purpose
of the method at an international level. This method is now undergoing interna-
tional standardisation via Technical Committee CEN/TC 460 “Food Authentici-
ty” [9].

Proof of principle of applying the method to processed food samples was fur-
ther described in another publication [10], alongside a real-time PCR method in
development for the relative quantitation of pork DNA.

A previous publication described the application of a real-time PCR method
for the relative quantitation of horse DNA in raw meat samples [7]. This current
paper describes the development of additional real-time PCR methods, for the
relative quantitation of pork DNA in raw/processed food products, and horse
DNA in processed food products, as a result of a further Defra project [11]. The
development and validation of these methods are presented, alongside results
from an intra- and a small inter-laboratory-based study, in order to provide ob-
jective evidence of the fitness for purpose of these methods for the quantitative
estimation of topical levels of food adulteration.

2. Experimental

2.1. Raw Meat Admixture Preparation

Raw pork, horse, and beef meat materials from multiple animals were sourced
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from reputable suppliers, species identity verified by real-time PCR, and used as
the basis for the development of the horse and pork qPCR methods.

Raw beef, pork, and horse meat materials were trimmed of fat/connective tis-
sue and passed through a meat grinder using a 7 mm grinder plate. Single adul-
terated admixtures were gravimetrically prepared by mixing and passing the
component materials three times through a meat grinder to generate a range of
admixtures comprising 100% (w/w) (pork, horse, and beef), 10% w/w (pork or
horse in beef), 1% (w/w) (pork or horse in beef) and 0.1% (w/w) (pork or horse
in beef). Prepared materials were stored at —20°C until required for analyses and

associated freeze-thaw cycling minimised.

2.2. Processed Meat Admixture Preparation

Additional processed meat materials required for developing/validating the
processed meat methodologies were sourced as a cooked cottage pie type
processed food material prepared by Campden BRI Limited (UK) prepared us-
ing food industry-standard processes and methodologies [10]. “Cottage pie” was
selected on the basis of it representing a typical ready meal-type food product
found within the marketplace with good matrix complexity and was anticipated
to exhibit limited processing-based template degradation.
The meat content of the samples representing the processed food material was
as follows:
* 0.1% (w/w) pork/10% (w/w) horse (89.9% (w/w) beef, 0.1% (w/w) pork and
10% (w/w) horse mince meat);
* 1% (w/w) pork and horse (98% (w/w) beef, 1% (w/w) pork and 1% (w/w)
horse mince meat);
* 10% (w/w) pork/0.1% (w/w) horse (89.9% (w/w) beef, 10% (w/w) pork and
0.1% (w/w) horse mince meat).
Prepared materials were stored at —20°C until required for analyses and asso-

ciated freeze-thaw cycling minimised.

2.3. DNA Extraction

DNA extraction was performed on 100 mg sub-samples using the Maxwell RSC®
(Promega, UK) automated nucleic acid system with the Maxwell® RSC PureFood
GMO and Authentication Kit (Promega, UK). Extracted DNA materials were
characterised by Nanodrop™ 2000 spectrophotometer (Thermo Fisher Scientif-
ic, UK) to determine DNA vyield (A,,) and material quality metrics (A,g:A5s0
and AjgiAyg).

Relevant sampling guidance (e.g. from the National Competent Authority) should
be followed in order to ensure analytical samples are representative of the origi-

nal sample or batch.

2.4. Real-Time PCR

Singleplex relative quantitative-based methods were developed to determine
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both the horse and pork DNA content through the comparative analyses of raw
horse and pork meat in raw and processed beef samples.

The methods utilised published hydrolysis probe-based real-time PCR assays
(Table 1) developed by Koppel et al (2011) which target the porcine beta ac-
tin-gene and the equine growth hormone receptor gene (GHR) [12], and Laube
et al. (2003) which targets the mammalian and poultry myostatin gene [13].

The methods were developed for a total volume of 25 pL for the Laube
(mammalian) reaction and 25 pL for the Koppel (pork or horse) reaction. 12.5
pL 2 x TagMan™ Universal PCR Master Mix with oligonucleotides (forward
primer, reverse primer, and probe to appropriate final reaction mixture concen-
tration) were made up to 19 pL with DNase/DNA-free water (Table 2(a) and
Table 2(b)). Reagent volumes were scaled to prepare a sufficient reaction mix-
ture for 1.2 times the number of reaction replicates. 19 uL of the reaction mix-
ture was transferred into the appropriate wells using a manual or automated mi-
cropipette.

Genomic copy number estimations were based on the assumption that a sin-
gle haploid copy of the horse (Equus caballus) genome equates to 2474.93 Mb
and a single copy of the pig (Sus scrofa) genome equates to 2457.91 Mb (NCBI
Genomes, reference genome sizes correct in 2019).

A 5-point (8-fold) serial dilution series (S1 - S5) was prepared, ranging from
approximately 24,576 to 6 domestic pig (pork) or horse (equine) genome equiv-
alent copies, using quantitated 100% (w/w) domestic pig (pork) or horse
(equine) genomic DNA as the calibrant, diluted in DNase/DNA-free water.

Real-time PCR assays were performed under standard 2-step real-time PCR
cycling conditions (10 min/95°C; 15 s/95°C, 1 min/60°C, 45 cycles) on a Qua-
ntStudio™ 7 Flex Real-Time PCR System (Thermo Fisher Scientific, UK) utilis-
ing a 96-well block format with TagMan™ Universal PCR Master Mix (Thermo
Fisher Scientific, UK) at a 25 pL final PCR reaction volume. 50 ng DNA test
samples and appropriate controls per target assay were represented by a tripli-
cate PCR technical replicate level.

The following describes the analysis of results associated with the pork real-time

PCR method. Data analysis for the horse method follows the same description

Table 1. Primer and probe sequence information for the pork and horse methods.

Target Assay details  Sequence Names Sequence (5 - 3°) Labelling
Sus_ACTB-F GGAGTGTGTATCCCGTAGGTG
Pig beta-actin gene (12] Sus_ACTB-R CTGGGGACATGCAGAGAGTG
Susl TMP TCTGACGTGACTCCCCGACCTGG 6-FAM/NFQ
EC-GHRI-F CCAACTTCATCATGGACAACGC
Horse (12] EC-GHRI-R GTTAAAGCTTGGCTCGACACG
EC-GHRI1_(P) AAGTGCATCCCCGTGGCCCCTCA 6-FAM/NFQ
Mammalian & MY-f TTGTGCAAATCCTGAGACTCAT
(13] MY-r ATACCAGTGCCTGGGTTCAT

poultry myostatin gene

MY-Probe CCCATGAAAGACGGTACAAGGTATACTG  6-FAM/NFQ
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Table 2. (a) qPCR reaction composition and final concentrations (25 L total reaction
volume) for the pork method; (b) qPCR reaction composition and final concentrations
(25 pL total reaction volume) for the pork method.

(a)
Reagent Component Laube Mammalian Koppel Pork
2 x TagMan Universal PCR Master Mix 1x 1x
Forward Primer 0.3 uM 0.3 uM
Reverse Primer 0.3 uM 0.3 uM
Probe 0.2 uM 0.2 uM
Water Make up to 19 pL
Template DNA 6 puL volume
Test samples: 50 ng DNA
Standards: 129.36 ng to 0.05 ng DNA
(b)
Reagent Component Laube Mammalian Koppel Horse
2 x TagMan Universal PCR Master Mix 1x 1x
Forward Primer 0.9 uM 0.3 uM
Reverse Primer 0.9 uM 0.3 uM
Probe 0.2 uM 0.2 uM
Water Make up to 19 uL
Template DNA 6 uL volume

Test samples: 50 ng DNA
Standards: 130.25 ng to 0.05 ng DNA

below, except all instances of the pork-specific (Képpel) assay, should be re-
placed with the horse-specific (Képpel) assay.

Separate pork-specific (Koppel) and mammalian universal (Laube) calibration
curves were generated (Figure 1). The log,, transformed estimated copy number
(x-axis) was plotted against the mean C, (y-axis) value for each of the five dilu-
tions used for the calibration curve.

Independent simple linear regression curves were applied to the Képpel and
Laube assay calibrant data sets to determine the equation of the straight line (y =
mx + ¢) and coefficient of determination (r?). Percentage PCR efficiencies for
both qPCR assays were calculated. In terms of method acceptance criteria, the r
should be > 0.98 and PCR efficiency 100% + 10%, otherwise, the experiment was
repeated.

The mean C, values for the pork specific (Kdppel) and mammalian (Laube)
assays for the test sample were tabulated. The equation of the straight line for
both assays was rearranged to calculate estimated genomic DNA copy numbers
for the pork and mammalian targets.
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Figure 1. Example calibration curve for the pork specific (Képpel) assay. The log,, of the
estimated copy number is plotted against the mean C, value for the five serial dilutions
used in the calibration curve.

The estimated relative quantitative value of pork DNA (%) compared to total
mammalian DNA for each test sample was calculated based on the estimated pig
genome equivalent copy numbers, divided by the estimated total mammalian
genome equivalent copy numbers, multiplied by 100. This value provided an es-
timate of the amplifiable pork DNA content relative to the total mammalian

DNA present in raw or processed beef meat products.

2.5. Single Lab Validation Exercise

2.5.1. Assay Specificity Evaluation

A panel of DNA control materials sourced from Zyagen (San Diego, US) and
BioChain Institute, Inc. (Newark, US), comprising beef, chicken, donkey, horse,
human, mouse, pig, salmon, sheep, and turkey DNA was used to assess the spe-
cificity of the component qPCR assays. 50 ng DNA test samples and appropriate
controls per target assay were represented by a triplicate PCR technical replicate
level. PCR amplification responses (positive and negative) to the DNA control

materials were used to determine specificity and non-specificity characteristics.

2.5.2. Method Validation

Initial method validation of the two methods was performed using a standard
curve-based approach in order to determine performance metrics including PCR
efficiency and r?, Limit of Detection (LOD), Limit of Quantitation (LOQ), and
precision and trueness. Matrix matched test samples comprising 0.1%, 1%, and
10% (w/w) pork or horse in beef (raw and processed) were quantified using the

appropriate method.

2.6. Inter-Laboratory Validation Exercise

2.6.1. Trial Design and Material Preparation
A limited UK-based inter-laboratory trial was conducted to provide actionable
evidence for taking the methods forward as part of a full international collabora-

tive trial. Four UK-based laboratories participated in this limited study. The in-
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ter-laboratory trial conformed with JUPAC and published ENGL guidelines for
the design, conduct, and interpretation of collaborative studies [14] [15].

The four participating laboratories were provided with 27 coded DNA sam-
ples to analyse using the two real-time PCR methods as applied to horse in
processed beef products, or pork in raw/processed beef products. These samples
represented the 0.1%, 1%, and 10% (w/w) mixtures of raw pork in beef, or
processed horse or pork in beef. To minimise inter-laboratory variability (not
attributable to the method), all of the required reagents were provided.

Following consultation with a statistical advisor, a robust trial design was de-
veloped that built upon expertise gained as part of a previous international col-
laborative trial for the relative quantitation of horse DNA from raw meat prod-
ucts [8].

Participants used a range of qPCR instruments including an Applied Biosys-
tems™ 7500 Real-Time PCR System (Thermo Fisher Scientific, UK), an Applied
Biosystems™ QuantStudio™ 12 K Flex Real-Time PCR System (Thermo Fisher
Scientific, UK), an Applied Biosystems™ QuantStudio™ 5 Real-Time PCR Sys-
tem (Thermo Fisher Scientific, UK) and an Applied Biosystems™ QuantStu-
dio™ 7 Flex Real-Time PCR System (Thermo Fisher Scientific, UK).

DNA samples were provided to the participating laboratories as the samples
for analysis. The nature of the samples provided (DNA) was chosen on the basis
of minimising problems with interference from sample extraction, mitigating
stability issues of meat samples, and administrative problems with sending meat
via a courier. The real-time PCR methods measure the relative DNA content of a
sample, and the purpose of the inter-lab trial was to evaluate the method itself
and not the performance of the laboratories in terms of their ability to extract
DNA.

The trial comprised duplicate experimental plates per method application
(processed horse in processed beef products, raw pork in raw beef meat,
processed pork in processed beef products) for 6 plates in total, based on a
96-well plate format. Each duplicate plate was partitioned into two equal and
identical sections in order to accommodate the species-specific and mamma-
lian/poultry assays. The sectional plate design included the five-point calibration
curve described above, negative/positive controls, and 9 test samples (0.1%, 1%,
and 10% (w/w) adulteration, 3 replicates per level) per method.

Participants submitted datasets to demonstrate that the method conformed
with specified quality metrics (r* = 0.98 and PCR efficiency = 100% * 10%) as
outlined in published acceptance criteria for real-time PCR methods [14]. Col-
lated results were filtered to identify and discard significant data outliers. Study
performance characteristics, inclusive of repeatability and reproducibility esti-

mates of RSD, and RSDy, were evaluated.

2.6.2. Trial Design and Material Preparation
Both the raw data and the real-time PCR analyses submitted from participating
laboratories were evaluated. Data were converted into tab-delimited text format
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in preparation for statistical analysis using the R statistical computing package
(version 3.01). The statistical status of putative outlying data points was con-
firmed with the use of Grubb’s/Cochran’s tests [16] [17], and any significant
outlying values were removed.

Values for the repeatability and reproducibility of the method were calculated
for each test sample level within a method with the use of a mixed-effects model
based on maximum likelihood. The model specified three random effects which
were: 1) unit-to-unit variation; 2) between-plate effect nested within the labora-
tory; 3) between-laboratory variation. The three sample levels were represented
by three identical test units assigned to units Ul to U9 (processed horse), U10 to
U18 (raw pork), and U19 to U27 (processed pork). Output from the model was
used to derive precision estimates of the relative repeatability standard deviation
RSD, (%) and the relative reproducibility standard deviation RSDy (%). Perfor-
mance characteristics associated with real-time PCR assays (PCR efficiency and

r* values) were also estimated

3. Results and Discussion

3.1. DNA Extractions

DNA extractions derived from the sample admixtures showed good DNA yields
(144 - 344 ng/pyL) and quality as determined by spectrophotometry (A, A <
1.9 and A,4:A,; < 2.4, indicating a lack of carryover from RNA, proteins, and

inorganic salts).

3.2. Single Lab Validation Exercise

A full single-lab validation exercise was undertaken to provide objective evi-
dence of the fitness for purpose of the horse and pork real-time PCR methods.
Performance characteristics were assessed according to Codex document CAC/GL
74-2010 [18].

3.2.1. Assay Specificity Evaluation

A short in vivo specificity evaluation was conducted to confirm the published
specificity characteristics determined by the assay developers. A panel of control
materials comprising beef, chicken, donkey, horse, human, mouse, pig, salmon,
sheep, and turkey DNAs was used to assess the specificity of the component
qPCR assays.

The pork and horse assays were specific to their reported target species, and
the Koppel horse assay also amplified the presence of donkey DNA as previously
reported [12] [19]. The Laube mammalian/poultry assay successfully amplified
all the expected test DNAs and demonstrated very late/sporadic amplification
with salmon fish DNA. This observation was not reported by the developers [13]
and suggests that the primer/probe sequences may share some limited sequence
identity with fish myostatin or related genes resulting in non-specific amplification
under the experimental conditions employed. Whilst trace level cross-reactivity is
observed for the Laube assay, this should not compromise analytical perfor-
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mance due to the defined scopes of the methods and the negligible impact of any

fish-related materials on baseline quantitative measurements.

3.2.2. Method Validation

Method validation work was undertaken to establish the initial performance cha-
racteristics associated with the methods. The methods utilised raw meat-derived
DNA calibrants to quantify a range of assay appropriate raw/processed meat
admixtures (0.1%, 1%, and 10% (w/w)) across three replicate experiments.

The core assay quality metrics derived from the dual calibration curves per
test plate demonstrated that all species-specific assays (horse and pork) fell
within expected performance parameters with similar r* (coefficient of determi-
nation) values > 0.996 and PCR efficiencies > 90%. The mammalian/poultry as-
say showed comparable performance across both methods (r* > 0.995, and PCR
efficiencies > 94%).

The limit of detection (LOD) for each method was calculated from the lowest
calibrant concentration which was repeatedly detected (where > 95% of repli-
cates were detected) and, except for the processed pork in beef application, all
qPCR assays could detect at least 5 genomic equivalent copies. The higher LOD
(< 40 genomic copies) associated with the processed pork in beef application was
due to the failure of a single replicate PCR reaction.

The limit of quantitation (LOQ) for the processed horse and raw pork in beef
samples was < 0.1% (w/w). A higher LOQ (< 1% (w/w)) was associated with the
processed pork in beef application, due to only 4 out of 6 replicates generating a
quantitative value at the 0.1% (w/w) level which may be due to processivi-
ty/sampling issues associated with the processed meat materials.

Intra-assay precision was determined based on two replicate extractions with
a technical level of PCR replication of three, for both methods at the three levels
of adulterant (0.1%, 1%, and 10% (w/w)). For both methods, the coefficient of
variation (CV) was 16% or less for the 10% and 1% (w/w) samples. At the 0.1%
(w/w) level, the CV was 22% when applied to the processed horse and raw pork
ad-mixtures, and 30% or less when applied to the processed pork ad-mixtures.

The 1% (w/w) adulteration level is often adopted as a practical measure within
the UK and the EU to represent a threshold level for further enforcement action.
At this level, the CV of samples varied between 3% and 16%. These results hig-
hlighted good precision levels associated with both methods.

Trueness estimates (expressed as percentage bias) associated with both me-
thods ranged from —33% and 41% bias at the important 1% (w/w) adulteration
threshold level for further enforcement action. The results showed limited posi-
tive and negative bias trends associated with the test methodologies.

It should be noted that the 1% (w/w) assigned value is the best estimate of the
contributing w/w measurements at this trace level and the true value may be dif-
ferent from this. Of more direct relevance is the precision associated with this
estimate which, for example, had a CV of 9% or less for the raw pork admixture

at this level. The higher level of biases observed with some of the processed meat
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admixtures are likely due to the impact of processivity/long-term storage on the
test material.

These initial method validation results based on a single-laboratory study in-
dicated that the methods were fit for purpose and suitable for further validation

as part of the inter-laboratory trial.

3.3. Inter-Laboratory Validation Exercise

3.3.1. Trial Design and Material Preparation
A limited UK-based inter-laboratory trial was conducted to provide actionable
evidence for taking the methods forward prior to a full international collabora-
tive trial. Four UK-based laboratories participated in this limited study. As far as
possible given the scope of the study, the inter-laboratory trial conformed with
IUPAC and published ENGL guidelines for the design, conduct, and interpreta-
tion of collaborative studies [14] [15].

Following consultation with a statistical advisor, a robust trial design was de-
veloped that built upon expertise gained as part of the previous international
collaborative trial for the relative quantitation of horse DNA from raw meat

products [8].

3.3.2. Real-Time PCR Assay Performance
Based on the participant’s data, the mean r* (coefficient of determination) and
PCR efficiencies for the species-specific and mammalian targets for both me-
thods were calculated. The r* was > 0.997 and > 0.998 for the species-specific and
mammalian targets respectively, across both methods. The PCR efficiencies va-
ried from 91% to 93% for both the species-specific and mammalian targets.
Published guidance for minimum performance requirements for real-time
PCR methods for GMO analysis [14], which is used as a model system for the
validation of many qPCR assays, stipulates acceptance criteria of r-squared >
0.98 and PCR efficiency of 100% + 10%. The r* and PCR efficiencies for both
methods evaluated in the current study were therefore considered fit for the

purpose of general quantitative PCR methods.

3.3.3. Preliminary Inspection of Data
Four laboratories participated in the initial inter-lab trial. A Grubb’s test [17]
was applied to each sample level within each of the three applications (processed
horse in processed beef products, raw pork in raw beef meat, processed pork in
processed beef products) method in order to identify any outliers. For each sam-
ple level within each application six units (across duplicate plates) were meas-
ured by each of the four laboratories, making a total of 24 values per sample lev-
el/application combination.

For the processed horse and the raw pork applications, no individual outliers
were identified using the Grubbs test. These entire data sets were used in subse-
quent analysis.

For the processed pork application, one outlier was identified by the Grubbs
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test. This constituted one estimate for the 10% (w/w) processed sample. This
value was removed from the processed pork data set, leaving 23 values for the
10% (w/w) sample overall.

The between and within plate variance for Laboratory 2 for the 0.1% (w/w)
sample for the processed pork application was noted as being relatively large and
was not consistent with the rest of the sample data sets within this application. A
closer examination of the data showed that three estimates of the 0.1% (w/w) test
sample, localised on a single plate for Laboratory 2 could be considered as out-
liers. These three data points were further confirmed as outlying values through
the application of a Cochran’s outlier test [16] with a P-value of 0.0015. On this
basis, the 0.1% (w/w) estimates on this plate were removed from the remaining

data set for the processed pork application.

3.3.4. Statistical Analysis of Measurement Data

Repeatability and reproducibility estimates were calculated for each sample level
within a method application, compliant with the IUPAC guidance for collabora-
tive trials [15], and CEN Technical Specification CEN/TS 17329-2 (2019-06) on
collaborative trials using real-time PCR methods [20]. A mixed-effects model
based on maximum likelihood was used to more effectively partition the va-
riance based on laboratory, plate, and sample effects within each of the three ap-
plications.

For the purposes of the current report, repeatability was defined as the stan-
dard deviation between repeat measurements taken by the same analyst in the
same laboratory using the same instrument, and corresponds to the residual
standard deviation in the specified model. Reproducibility was defined as the
standard deviation between different laboratories performing the same experi-
ment, and contains additional sources of variation over the repeatability. A
summary of the results obtained for the precision and trueness estimates is pre-
sented in Table 3.

Table 3 reveals a general trend where the repeatability and reproducibility
improve (decrease) with increasing levels of adulteration. Excluding the 0.1%
(w/w) level, the reproducibility is below 20% and the repeatability is below 10%
for the horse and pork methods, providing evidence for the applicability of these
methods for precise quantitation at the level for further enforcement action (1%
(w/w)) and for quantitation at economically motivated adulteration levels (e.g.,
10% (w/w)). This trend is frequently observed due to the impact of stochiome-
tric and Poisson processes on low-level PCR-based detection.

For full international collaborative trials, the IUPAC and ENGL guidelines
[14] [15] provide guidance on measurement criteria that are required to be satis-
fied in order that an experimental method be considered fit for purpose. Collec-
tively, these require that: 1) the relative reproducibility standard deviation
(RSDy) should be below 35% over the majority of the dynamic range, and below
50% at the lower end of this range; 2) the relative repeatability standard devia-
tion (RSD,) should be below 25% across the levels of analyte tested.
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Table 3. Results from the interlaboratory trial of the two methods. (a) Horse qPCR me-
thod: processed horse application; (b) Pork gPCR method: raw pork application; (c) Pork
qPCR method: processed pork application.

(@)
Sample level (w/w)
Horse qPCR method
0.1% 1.0% 10%
Number of data points 24 24 24
Mean estimated relative horse DNA content (%) 0.12 1.30 10.78
Relative repeatability standard deviation RSD, (%) 22.06 6.18 3.22

Relative reproducibility standard deviation RSDy (%)  46.04 19.43 10.90

Bias (absolute) 0.02 0.30 0.76

Bias (%) 15.27 30.32 7.75

(b)
Sample level (w/w)
Pork qPCR method

0.1% 1.0% 10%

Number of data points 24 24 24
Mean estimated relative pork DNA content (%) 0.13 1.17 12.48
Relative repeatability standard deviation RSD, (%) 18.14 9.27 3.31

Relative reproducibility standard deviation RSDy (%) 22.94 18.45 11.51
Bias (absolute) 0.03 0.17 2.48

Bias (%) 27.44 16.71 24.84

Sample level (w/w)

Pork qPCR method

0.1% 1.0% 10%

Number of data points 21 24 23
Mean estimated relative pork DNA content (%) 0.11 1.62 14.89
Relative repeatability standard deviation RSD, (%) 19.53 8.00 4.09
Relative reproducibility standard deviation RSDy (%) 24.59 18.21 9.61
Bias (absolute) 0.01 0.62 4.89
Bias (%) 10.31 61.79 48.92

Both qPCR methods fulfil this criterion for the reproducibility relative stan-
dard deviation (RSDy), even at the 0.1% (w/w) adulteration levels whose highest
RSDy is 46%. For the relative repeatability standard deviation (RSD,), both gPCR
methods also fulfil the acceptance criteria. There is therefore evidence of the
good precision associated with the methods.

At the 0.1% (w/w) level irrespective of method, all replicates provided an in-
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strument measurement response and were detected, showing the excellent re-
producibility of the methods for trace level detection. Equally well, the 95% con-
fidence intervals associated with the quantitative estimates of the samples at the
0.1% (w/w) level show that this estimate (deliberately chosen to model adventi-
tious contamination) never overlapped with the confidence interval associated
with the 1% (w/w) level for further enforcement action. The methods are there-
fore applicable for easily and reliably distinguishing between samples that may
have trace level adventitious contamination (0.1% (w/w)) and those that should
be subject to further enforcement action (1% (w/w)).

Across the range of sample levels examined as part of this limited inter-lab
trial, the relative bias ranged from 8% to 62% compared to the assigned w/w
adulteration levels. This may not be unexpected as the assigned values are based
on best estimates from the gravimetric preparations and therefore may not be
true values. Equally well, genome size differences between the background bo-
vine genome and the target species of either horse or pork can produce such a
positive bias, typically in the region of around 15% of the w/w value as previous-
ly reported [10]. Any observable bias can be accounted for and a correction fac-
tor introduced, as previously described [10]. The main focus of the current study
was on the precision with which these estimates were made and thus how relia-
ble and reproducible the methods were within and between laboratories, with a
particular focus around the 1% (w/w) level for further enforcement action. It is
important that further assessment of any differences between the sizes of the
target species genome (horse and pork) compared to the background (beef) be
further elaborated upon in future studies, should the methods proceed to a full
collaborative trial and be required to give full quantitative estimates on a w/w

basis as opposed to the current relative DNA: DNA measurement.

3.4. Discussion

Two methods have been validated describing the use of quantitative real-time
PCR for the purposes of accurate detection and quantitation of adulterant meat
species in food samples. These methods are applicable for the relative quantita-
tion of horse DNA in processed beef meat products, and the relative quantita-
tion of pork DNA in raw/processed beef meat products. Both methods comple-
ment previously published approaches including the method for the relative
quantitation of horse DNA in raw meat products [7] [8].

A limited inter-laboratory trial using four UK-based laboratories provided
evidence of the applicability of the methods, which needs to be further qualified
as fit for purpose through any additional optimisation studies prior to deploy-
ment as a full inter-laboratory or international collaborative trial. Optimisation
studies and inter-laboratory trials can be used to further qualify the applicability
of the methods across different meat samples, as well as elaborate on perfor-
mance characteristics (e.g., Limit of Quantitation) using a larger replicate size.

The pork real-time PCR method for the relative quantitation of raw pork in

raw beef was shown to be fit for purpose for full quantitation at levels represent-
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ative of adventitious contamination (0.1% (w/w)), the level for further enforce-
ment action (1% (w/w)) and at an economically motivated adulteration level
(10% (w/w)).

Equally well, the pork and horse real-time PCR methods for the relative quan-
titation of processed pork and processed horse in beef products were shown to
be fit for purpose for detection of adventitious contamination (e.g. at 0.1%
(w/w)) and fully quantitative at levels representative of further enforcement ac-
tion (1% (w/w)) and economically motivated adulteration levels (10% (w/w)).
The methods can reliably distinguish between adventitious contamination (0.1%
(w/w)) and the level for further enforcement action (1% (w/w)).

Both methods use regular quantitative real-time PCR methodologies and
should therefore be able to be routinely applied by relevant analytical laborato-
ries, for testing, and for enforcement purposes.

The results of the current study clearly demonstrate the fitness for purpose of
the real-time PCR methods for the relative quantitation of DNA from horse and
pork in raw and processed food products. However, this was demonstrated in a
limited UK-based inter-lab trial involving only four laboratories. In order to
qualify the fitness for purpose of these methods further, additional optimisation
of the methods should be considered, alongside a larger inter-laboratory or in-
ternational collaborative trial, using IJUPAC guidance to provide evidence for
consideration of the methods for international standardisation by CEN/ISO fol-
lowing qualification of the reproducibility of the methods.

Quantitative real-time PCR methods assess instrument measurement res-
ponses generated from individual DNA targets. Any difference in the relative
abundance of these DNA targets means that a DNA copy number to copy num-
ber measurement does not necessarily translate directly into a weight per weight
measurement. An estimate of the relative equine and bovine genome sizes was
used when calculating the assigned value of the test samples, as part of the pre-
vious international collaborative trial of the real-time PCR approach for the rela-
tive quantitation of horse DNA in raw meat products [8]. Further work needs to
be conducted for the methods described in the current paper to test the efficacy
of implementing conversion factors if results need to be expressed on a w/w ba-
sis as opposed to relative DNA contents. In particular, modern technologies such
as digital PCR, which can afford absolute single-molecule quantitation without
reference to a calibration curve, should be used to help accurately value assign

copy number estimates to reference materials and standards for these purposes.

4. Conclusions

Two real-time PCR methods for the relative quantitation of DNA from meat
species in food samples were successfully developed as part of this work. These
methods are applicable for processed horse in beef meat products, raw pork in
raw beef meat products, and processed pork in beef meat products.

Using test samples prepared using raw meat admixtures or dual spiked
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processed horse and pork in beef food products made to industry standard reci-
pes, in house assessment of important performance characteristics (inclusive of
specificity, PCR efficiency and r?, Limit of Detection (LOD), Limit of Quantita-
tion (LOQ) and precision and trueness), as part of the method validation
process, provided evidence that the methods were fit for purpose.

Following on from this, a limited inter-laboratory trial involving four UK-based
laboratories was conducted. Full statistical analysis of the data was conducted
following IUPAC guidance for inter-laboratory trials, providing evidence of the
reproducibility of the two methods. The methods were deemed fit for the pur-
pose of reliably distinguishing between adventitious contamination at 0.1%
(w/w), the level for further enforcement action at 1% (w/w), and a level repre-
sentative of deliberate economically motivated adulteration (10% (w/w)). The
results of this project provided evidence that the precision of the two methods
was satisfactory for quantitative and qualitative detection at topically important
levels of adulteration.

This work has added significant value to the current state of the art in quan-
titative determination of topical meat species adulteration, allowing analysts to
easily distinguish between adventitious contamination and deliberate adultera-
tion. The two methods can readily be deployed by analytical laboratories for
routine testing (e.g. by enforcement or testing labs) based on standard laboratory
equipment. These methods support quantitative estimation of key food ingre-
dients at trace levels, in order to help increase consumer confidence and ensure
fair trade. The methods will further help ensure honesty in labelling, consumer
confidence in the food chain’s integrity, and traceability in the origin of food and
associated ingredients.

The methods currently provide estimates for the relative quantitation of pork
and horse DNA, as applied to raw and processed (beef) food products. Should
the methods be required to be used for expression of results in terms of w/w
meat materials, then further validation is required to investigate copy number
differences for the relevant meat species used.

In order to further qualify the applicability of these methods, they need to be
subjected to a full international collaborative trial to demonstrate the reproduci-
bility of the methods. This will provide objective evidence for considering the
methods for international standardisation via the relevant CEN or ISO commit-

tees.
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