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1. Executive summary 

Following the UK/EU Horse-meat issue of 2013, where a significant amount of horse 

DNA was found in a beef burger product on sale at a supermarket store, a real-time 

PCR approach for quantitation of horse DNA was developed at LGC using Defra 

funding. This method subsequently underwent an in-house validation in order to 

provide evidence of its fitness for purpose using meat derived from different horse 

samples, to characterise the precision around the 1% (w/w) level for enforcement 

action, and to assess its applicability to processed food materials. 

An international collaborative trial of the method (based on IUPAC and ENGL 

guidelines) [1,2] was organised in order to evaluate the repeatability and 

reproducibility of the method within and between laboratories. A total of seventeen 

laboratories participated in the trial, representing nine official control laboratories and 

private labs in the UK, six laboratories from EU member states, and laboratories in 

Switzerland and the United States of America. 

All participants were provided with a copy of detailed working instructions, a pro-

forma for recording and returning results, as well as all of the necessary samples 

and reagents for the analyses (inclusive of test samples and positive/negative 

controls). Each of the participating laboratories were requested to return results 

based on the evaluation of five blindly labelled test samples (representing 0.1, 0.5, 1, 

5, and 20 % (w/w) horse meat in a beef meat background) relative to a calibration 

curve. Test samples were provided as DNA extracted from gravimetrically prepared 

raw horse-meat in a raw beef background. Each sample was represented by four 

units in the experimental design, and each unit represented by triplicate PCR 

technical replicates. 

The collated data from the collaborative trial was subject to statistical analysis, and 

significant outliers removed from subsequent analysis. Based on the remaining data, 

the mean values for the PCR efficiency and r-squared associated with the calibration 

curves for the horse assay were 94.1% and 0.998 respectively, and for the 

mammalian assay, 96.4% and 0.997 respectively. The values obtained provided 

evidence that the PCR efficiency and linearity for the calibration curves across all 

laboratories was good. 

A mixed effects model, based on maximum likelihood, was used to estimate the 

variance associated with the laboratories, replicate plates, replicate samples within 

the same sample level, and the residual variance. The relative repeatability standard 

deviation (RSDr) was calculated as less than 9% across all test samples for the levels 

0.5% to 20% (w/w) inclusive, and as 15% at the 0.1% (w/w) level. The relative 

reproducibility standard deviation (RSDR) was calculated as less than 18% across all 

test samples for the levels 0.5% to 20% (w/w) inclusive, and as 26% at the 0.1% 

(w/w) level. These values fulfil the acceptance criteria for the precision associated 

with a method subject to a collaborative trial as outlined in published ENGL guidance 

notes for minimum performance requirements for analytical methods [2]. Recent 
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DNA sequencing projects have provided size estimates for the equine and bovine 

genomes, which can be used to calculate the assigned values (on a copy number 

basis) of the nominal w/w samples. A small but consistent positive bias between 8 

and 15% compared to the assigned value was observed across all sample levels 

evaluated in the collaborative trial, thought to be mainly contributed to by the sample 

preparation approach. 

Both the repeatability and reproducibility estimates from the collaborative trial 

provide evidence for the good precision of the method within and between 

laboratories. Given the good precision and trueness estimates associated with this 

method as evidenced by an international collaborative trial, it is a recommendation of 

this project that the method be considered for standardisation at an international 

level. 

Routine sample analysis using this method could benefit from an improved 

experimental efficiency (e.g. more efficient plate design, development of multiplex 

assays) which would enable higher throughput with an associated decrease in 

sample costs. Furthermore, recent advances in DNA sequencing may facilitate better 

assignment of gravimetric w/w test samples in terms of mammalian copy numbers. 

Incorporation of such knowledge in future tests may facilitate even more accurate 

estimation of the meat content of samples (for example, using digital PCR). It is a 

recommendation from this project that such value assignment be considered for the 

future. 

2. Introduction 

Food authenticity and food fraud are becoming increasingly prevalent within the 

European food industry, partly due to the pressures faced by producers within 

today’s challenging financial climate and also the international nature of modern food 

production. The recent EU wide issue involving the detection of the undeclared 

presence of horse-meat in beef products destined for human consumption [3] has 

emphasised the need for the development of accurate analytical approaches for the 

quantitative detection of meat adulteration in a sample. 

In response to the EU horse-meat issue, a real-time PCR method was developed at 

LGC for the quantitation of horse DNA (Defra project FA0135) [4]. The method was 

demonstrated to be capable of detecting and accurately quantitating the amount of 

horse DNA present in samples of raw, lean beef muscle mixtures. The method has 

been validated through an objective assessment of performance characteristics 

using DNA:DNA ad-mixtures, and weight for weight (w/w) gravimetric, raw horse-

meat in raw beef (meat) materials. Additional method validation performed in a 

subsequent Defra project (Defra project FA0146) [5] showed the applicability of the 

method using different horse samples, evaluated the measurement uncertainty 

around the 1% (w/w) threshold level for enforcement action, and provided evidence 

of the method’s suitability for use in complex foods [5]. These two Defra projects 

[4,5] resulted in the generation of a standard operating procedure (SOP) for the 
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method (Draft Standard Operating Procedure For The Quantitation Of Horse DNA 

Relative To Mammalian DNA In Raw Meat Samples) [6], and a peer reviewed paper 

describing the approach (Nixon et al., 2015) [7]. 

In order to independently assess the performance of the method between 

laboratories, an international collaborative trial of the method was conducted. The 

trial was designed and implemented in accordance with guidance available from the 

International Union of Pure and Applied Chemistry (IUPAC) (IUPAC protocol for the 

design, conduct and interpretation of method-performance) [1] and European 

Network of GMO laboratories (ENGL) (Definition of minimum performance 

requirements for analytical methods of GMO testing) [2]. 

The resulting international collaborative trial for the evaluation of the real-time PCR 

method involved the co-operation of seventeen laboratories from the United 

Kingdom (UK), additional European Union (EU) member states, Switzerland (CH), 

and United States of America (USA). This report summarises the implementation of 

the trial, the results obtained, and the analysis of the performance of the method. 

3. Methods 

3.1. Selection of participating laboratories 

As part of this international collaborative trial, the method was tested in seventeen 

laboratories in order to determine its performance. Invitations to participate in the trial 

were sent to all of the UK Official Control Laboratories, laboratories representing the 

European Network of GMO Laboratories (ENGL), as well as several commercial 

testing laboratories located in the UK, EU and USA. In total, forty-six laboratories 

expressed their willingness to participate in the trial, and provided LGC with details 

relating to their previous experience with real-time PCR. Selection of laboratories to 

participate was based on: (i) an evaluation of their previous experience in the field of 

food authentication testing using real-time PCR; (ii) real-time PCR platform(s) 

available; and (iii) participant certification/accreditation to recognised quality 

measurement systems (e.g., ISO 9001:2008 [8], ISO 17025:2005 [9]). Seventeen 

laboratories participated in the trial, comprising six UK Public Analyst laboratories, 

two UK private companies, six laboratories from other EU member states, one 

laboratory from Switzerland, one laboratory from the USA and LGC as the lead 

laboratory. Guidance was provided to all of the selected laboratories with regards to 

the Standard Operating Procedure to be followed, as well as all of the samples and 

reagents required for the execution of the method. A list of laboratories which 

participated in the collaborative trial is provided in Table 1. 

3.2. Sample preparation 

Raw muscle tissue (horse and beef meat) which had been trimmed free of surface 

inter-muscular fat and connective tissue was sourced from a reputable supplier 

(Kezie Ltd, Duns, UK) and authenticated as to species type. 
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3.2.1. Authenticity testing 

Species identity of meat samples was authenticated in-house using real-time PCR 

and DNA sequencing-based approaches: 

 Real-time PCR: Authenticity of the supplied raw meat was validated based on 

the amplification of species specific genomic targets using PCR assays 

specific for horse (Köppel et al.,2011 ) [10] and beef (Laube et al.,2003) [11]. 

 DNA analysis: Authenticity of the supplied raw meat samples was additionally 

validated through the DNA sequence analysis of specific gene targets. Two 

mitochondrial genes (12S rRNA and cytochrome b) were used for the species 

specific identification of each joint of meat. Universal PCR primers which 

anneal to conserved regions of the 12S, and cytochrome b mitochondrial 

genes were used to synthesise PCR products, for which the DNA sequence 

was subsequently derived by Sanger sequencing. Species authenticity was 

then confirmed with use of the Basic Local Alignment Search Tool (BLAST) 

[12] available at the website of the National Centre for Bioinformatics (NCBI) 

[13], and species identity confirmed using sequence information available on 

GenBank [14]. 

Table 1: Laboratories which participated in the validation of a real-time PCR 

method for the quantitation of horse DNA. 

Laboratory Country 

European Union reference laboratory for animal proteins in 
feeding stuffs (EURL-AP) 

Belgium 

Bavarian Health and Food Safety Authority Germany 

European Union Reference Laboratory for Genetically 
Modified Food and Feed, 
European Commission, Directorate Joint Research Centre 
(JRC), Directorate F - Health, Consumers & Reference 
Materials 

Italy 

State Veterinary and Food Institute Dolný Kubín Slovakia 

GMO group, National Institute of Biology, Department of 
Biotechnology and Systems Biology 

Slovenia 

National Centre for Food, Spanish Food Safety Agency and 
Nutrition (CAN-AESAN) 

Spain 

Federal Department of Economic Affairs, Education and 
Research EAER ,Institute for Lifestock Sciences 

Switzerland 

Dundee City Council Scientific Services United Kingdom 

Edinburgh Scientific Services United Kingdom 

Fera Science Ltd. United Kingdom 

Glasgow Scientific Services United Kingdom 

Lancashire County Scientific Services United Kingdom 

LGC Ltd. United Kingdom 

Minton, Treharne and Davies Ltd. United Kingdom 

Premier Analytical Services United Kingdom 

Worcestershire Scientific Services United Kingdom 

Q Laboratories, Inc. United States of America 
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3.2.2. Test sample generation 

Test samples were produced for mass-based ratio preparations of: 100%, 20%, 5%, 

1%, 0.5% and 0.1% weight for weight (w/w) raw horse muscle tissue in a raw beef 

muscle tissue background. All five sample levels were produced according to the 

following procedure. Raw muscle tissue (horse meat) which had been trimmed free 

of surface inter-muscular fat and connective tissue was cubed, thoroughly 

homogenised in a new species specific food processor, combined and then mixed 

and the resultant paste stored in polythene bags on ice until required. The same 

approach was taken for the preparation of the beef (meat), as had been used for the 

horse material. For the 20% and 5% w/w samples, an appropriate mass of the 100% 

homogenised raw horse meat was weighed using a UKAS certified calibrated top-

pan balance (accurate to two decimal places) and combined with an appropriate 

mass of the 100% w/w beef (meat). To ensure the accuracy of mass based ratio 

mixes the top-pan balance reading was allowed to stabilise to room temperature, 

and where necessary additional material was added to or removed from with the aid 

of a micro-spatula to produce the weights accurate to two decimal places shown in 

Table 2. In order to provide representative low levels, for the 1.0%, 0.5% and 0.1% 

w/w samples, an appropriate mass of the homogenised 5% w/w raw horse was 

combined with an appropriate mass of the 100% w/w beef (meat). Details of the 

sample composition for the five levels of horse DNA used are listed in Table 2. Each 

of the samples was thoroughly mixed in a clean food processor, three aliquots of 1 g 

set aside for use with DNA extraction, and the remaining materials each double 

bagged in zip lock polythene bags and stored at -80oC. 

Table 2: Generation of gravimetrically prepared admixes (top pan balance 

accurate to two decimal places). 

Test Sample 
100% 
Beef 
(g) 

100% 
Horse 

(g) 

5% Horse 
in Beef 

(g) 

Total 
Mass 

(g) 

100% w/w Beef 2000 0 0 2000 

100% w/w Horse 0 2000 0 2000 

20% w/w Horse in Beef 160 40 0 200 

5.0% w/w Horse in Beef 190 10 0 200 

1.0% w/w Horse in Beef 160 0 40 200 

0.5% w/w Horse in Beef 180 0 20 200 

0.1% w/w Horse in Beef 196 0 4 200 

3.3. DNA extraction 

For the comparative trial, DNA extraction was performed on 1 g tissue samples using 

the modified CTAB extraction method of Binke et al.(2003) [15]. Purified DNA was 

suspended in 0.5 ml of nuclease free water and both DNA yield (A260) and quality 

characteristics (A260:230 and A260:A280) determined with use of a Nanodrop™ ND-1000 

Spectrophotometer (Thermo Scientific, UK). Suitability of the extracted DNA for use 

with real-time PCR was performed using the horse specific (EC-GHR1) and 

universal mammalian (MY) real-time PCR assays. Performance was evaluated 
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through examination of the resulting PCR efficiencies, and the linearity of the data 

obtained (R2). 

3.4. DNA Calibration standards 

DNA extracted from 100% w/w raw horse meat was used as the calibrant for the 

generation of standard curves for the universal mammalian and equine specific real-

time PCR assays as specified in the Standard Operating Procedure (SOP) (Annex 

3). The initial DNA concentration was estimated with use of spectrophotometry 

(OD260). Dilution to a suitable working concentration was performed with the addition 

of an appropriate volume of EB buffer (Qiagen). Participants were provided with 

detailed instructions on the preparation of a five point, seven fold dilution series 

which encompassed a genome equivalent copy number range from 24,010 

copies/µL, to 10 copies/µL. A copy of the working instructions circulated to 

participating laboratories has been included in Annex 4. 

3.5. Test unit preparation 

The initial DNA concentration of the five gravimetrically prepared samples were 

determined spectrophotometrically (OD260) as previously described. 

Twenty blinded samples (labelled from U1 to U20), representing five different levels 

of horse DNA were used in the collaborative trial. The levels of horse DNA used 

were extracted from gravimetrically prepared samples of 0.1%, 0.5%, 1.0%, 5.0% 

and 20.0% of raw horse meat in a raw beef background. Each level of horse DNA 

was replicated four times: two of the technical replicates were randomly assigned to 

test samples between U1 to U10, and the remaining two technical replicates were 

randomly assigned to test samples between U11 and U20. All test samples were 

stored at – 80oC until they were shipped on dry ice by courier to participants. 

3.6. Test unit stability and homogeneity evaluation. 
Prior to shipment, identical samples were tested at three different time points (T1, 

T2, T3) and in accordance with the working instructions that had been provided to all 

participating laboratories. The time points for the evaluation represented 1, 14 and 

62 days after generation and freezing of the test units (corresponding to critical times 

for dispatching samples for the pre-trial and main trial). The resulting quantitative 

data was jointly used to infer the short term stability of the reagents and materials 

provided, as well as the homogeneity of each of the test units U1 to U20. 

3.7. Real-time PCR 

Real-time PCR was performed as described in the SOP (Annex 3), and as specified 

in the working instruction provided to all participating laboratories (Annex 4). 

Essentially, two Taqman real-time PCR assays were run, one targeting a region 

within the equine growth hormone receptor gene (EGHR1) (Köppel et al., 2011) [10], 

and the second targeting a region within the mammalian myostatin gene (MY) 

(Laube et al., 2003) [11]. For the relative quantitation of the horse DNA in an 

unknown sample, a seven-fold, five point serial dilution of the calibrant (supplied) 

was performed, which was then used as the template for the two real-time PCR 

assays in order to generate two standard curves for a fixed mass of input DNA. Each 
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of these calibration curves represents the approximate genomic equivalent copy 

number of either the total mammalian or total horse DNA present. The mass, and 

hence the relative copy number of both horse, and mammalian DNA can therefore 

be determined for the unknown sample by comparing the Cq obtained for each assay 

with the calibration curves that had been generated with use of the calibrant. The 

contents of the calibration samples are provided in Table 3. 

3.8. Experimental design 

Participants were required to set-up and analyse two 96 well PCR plates, or the 

equivalent. For each PCR plate, the samples were analysed using both the equine 

growth hormone receptor 1 specific assay (EC-GHR1), and the myostatin (MY) 

universal mammalian assay. 

3.9. Collaborative trial 

For the international collaborative trial seventeen laboratories participated (Table 1). 

The collaborative trial was designed in accordance with IUPAC and ENGL guidelines 

for the design, conduct and interpretation of collaborative studies [1,2]. Participating 

laboratories were provided with 20 coded (blind) DNA samples to analyse using the 

real-time PCR method, representing the five levels of raw horse meat in a raw beef 

meat background. The use of five levels, as recommended in the IUPAC guide [1], 

enabled an assessment of the usefulness of the test method at various levels of 

adulteration, and provided data for the estimation of levels of repeatability precision 

(Sr; RSDr) and reproducibility precision (SR; RSDR). To minimise inter-laboratory 

variability (not attributable to the method), all of the required reagents were provided, 

with the exception of nuclease free water. 

3.10. Protocol for the collaborative trial 

All participants received electronic copies of detailed working instructions for 

performing the method, plus an electronic copy of an Excel (Microsoft®) pro/forma 

reporting sheet to be returned to LGC for statistical analysis. Participants were also 

required to report, in detail, any additional information that could have influenced 

their results, including: (i) make and model of real-time PCR instrument used, (ii) 

date of instrument calibration, (iii) level of accreditation held by laboratory (e.g., ISO 

17025), and (iv) the number of analysts involved in the trial. In addition, participants 

were required to return a file containing the raw data generated from each of the 

PCR experiments performed. A copy of the working instructions circulated to all of 

the participants is shown in Annex 4. 

Table 3: Genome equivalents and mass of DNA present in each of the 

experimental test samples. 

 Sample 

 S1 S2 S3 S4 S5 

Genome equivalents 
(copies) 

24,010 3,430 490 70 10 

Mass of horse DNA in 
each reaction (g) 

1.30 E-07 1.86 E-08 2.66 E-09 3.80 E-10 5.42 E-11 
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PCR was performed in triplicate for each of the test samples (U1 to U20) provided. 

Test samples were assigned to two, ninety-six well PCR plates, such that each level 

of horse DNA was replicated twice on each plate and in total four replicates for each 

level of horse DNA were analysed. Details of the plate layouts used are illustrated in 

Figures 1.1 and 1.2. 

Figure 1.1: Plate set-up and loading order for Plate A (Samples U1 – U10). 

 1 2 3 4 5 6 7 8 9 10 11 12 

A STD1 STD1 STD1 STD2 STD2 STD2 STD3 STD3 STD3 STD4 STD4 STD4 

B STD5 STD5 STD5 NTC NTC NTC U1 U1 U1 U2 U2 U2 

C U3 U3 U3 U4 U4 U4 U5 U5 U5 U6 U6 U6 

D U7 U7 U7 U8 U8 U8 U9 U9 U9 U10 U10 U10 

E STD1 STD1 STD1 STD2 STD2 STD2 STD3 STD3 STD3 STD4 STD4 STD4 

F STD5 STD5 STD5 NTC NTC NTC U1 U1 U1 U2 U2 U2 

G U3 U3 U3 U4 U4 U4 U5 U5 U5 U6 U6 U6 

H U7 U7 U7 U8 U8 U8 U9 U9 U9 U10 U10 U10 

Upper half: horse specific (EC-GHR1) assay 

Lower half: universal mammalian (MY) assay 

Figure 1.2: Plate set-up and loading order for Plate B (Samples U11 – U20). 

 1 2 3 4 5 6 7 8 9 10 11 12 

A STD1 STD1 STD1 STD2 STD2 STD2 STD3 STD3 STD3 STD4 STD4 STD4 

B STD5 STD5 STD5 NTC NTC NTC U11 U11 U11 U12 U12 U12 

C U13 U13 U13 U14 U14 U14 U15 U15 U15 U16 U16 U16 

D U17 U17 U17 U18 U18 U18 U19 U19 U19 U20 U20 U20 

E STD1 STD1 STD1 STD2 STD2 STD2 STD3 STD3 STD3 STD4 STD4 STD4 

F STD5 STD5 STD5 NTC NTC NTC U11 U11 U11 U12 U12 U12 

G U13 U13 U13 U14 U14 U14 U15 U15 U15 U16 U16 U16 

H U17 U17 U17 U18 U18 U18 U19 U19 U19 U10 U10 U10 

Upper half: horse specific (EC-GHR1) assay 

Lower half: universal mammalian (MY) assay 

3.11. Data analysis 

Both the raw data and the real-time PCR analyses submitted from participating 

laboratories were evaluated. Data for inclusion in further statistical analysis was 

filtered according to the following criteria: (a) laboratories reporting that they deviated 

from the Standard Operating Procedure provided; (b) presence of any PCR products 

in the negative controls; (c) PCR efficiencies outside of 100 ± 15%  for either assay. 

The remaining data was then converted into tab-delimited text format in preparation 

for statistical analysis using the R statistical computing package (version 3.01). 

Box plots were generated for the data and a preliminary inspection of the data 

performed in order to determine the presence of outlying data points. The statistical 

status of putative outlying data points was confirmed with use of a Grubb’s test [16], 

and any significant outlying values removed. 

Values for the repeatability and reproducibility of the method were calculated for 

each level with use of a mixed effects model, based on maximum likelihood. The 
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model used specified three random effects which were: (a) unit-to-unit variation 

(where each sample level was represented by four identical test units randomly 

assigned from U1 to U20); (b) between-plate effect nested within laboratory; (c) 

between-laboratory variation. Output from the model was used to derive precision 

estimates of the relative repeatability standard deviation RSDr (%) and the relative 

reproducibility standard deviation RSDR (%). In addition to estimates of precision for 

the method, performance characteristics for both real-time PCR assays were also 

determined. These included: (a) estimation of PCR efficiencies; (b) calculation of the 

R2 values (describing the linearity of the data). 

4. Materials provided 

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 against 

stability issues of meat samples, and administrative problems with sending meat as 

a sample for an international collaborative trial. The real-time PCR method measures 

the relative DNA content of a sample, and the purpose of the international 

collaborative trial was to evaluate the method itself and not the performance of the 

laboratories in terms of their ability to extract DNA. A number of international 

validation trials which are currently in effect also use this premise where DNA is 

provided to participating laboratories as the template [17]. 

For the purposes of the international collaborative trial, participants were provided 
with the following: 

4.1. Test samples and calibrant 

 Test samples provided comprised of twenty blinded genomic DNA samples, 

labelled U1 to U20. These had been extracted from gravimetric preparations 

of different percentages (0.1%, 0.5%, 1%, 5% and 20%) of lean raw horse 

muscle meat, in a lean raw beef muscle meat background. 

 The calibrant provided comprised of two tubes of a DNA solution for the 

preparation of the standard curves, and consisted of genomic DNA extracted 

from lean raw horse muscle meat. 

4.2. Reagents 

Participants also received the following materials: 

4.2.1. Reaction reagents 

 2x TaqMan® Universal Master Mix (Life technologies, Part#4304437): 

(Universal PCR Master Mix) 

4.2.2. Primers and probes (1 tube each) 

 MY (Universal mammalian) assay  

[Note: the MY probe is FAM labelled and BHQ1 quenched] 

 EQ-GHR1 (Equine specific) assay 

[Note the EQ-GHR1 probe is FAM labelled and BHQ1 quenched] 
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5. Results 

5.1. Sample authenticity 

DNA sequence analysis for the mitochondrial 12S and cytochrome b gene targets 

confirmed the authenticity of the meat samples sourced from Kezie Ltd (UK), the 

result of which were further supported by data from the application of the horse 

specific (EC-GHR1) and universal mammalian (MY) real-time PCR assays (data not 

shown). 

5.2. DNA extraction 

DNA was extracted and purified from all of the samples for each level of horse meat 

(w/w) used. Good yields were observed for all of the samples and values for the 

A260:A280 and A260:A230 measurements which are indicative of sample purity were 

within the required criteria. Information regarding the criteria for extracted DNA 

quantity has been summarised in Annex 2 of this document. DNA yield was at least 

240 ng/ul in a final elution volume of 500 µl. 

5.3. Assessment of test units stability and homogeneity 

A statistical analysis was performed for the quantitative real-time PCR data 

generated for the pre-shipment quality control of material and reagents, across three 

consecutive time points (corresponding to 1, 14 and 62 days following test unit 

generation and freezing for storage). The pre-shipment testing was undertaken in 

order to determine the existence of any significant difference in the mean values 

obtained for each of the five sample levels (20%, 5%, 1%, 0.5% and 0.1% horse 

DNA) between sampling time points. At each time point, four replicates of each 

sample level were analysed (Annex 5). A one-way ANOVA was conducted for each 

of the five sample levels and the results obtained indicated that no significant 

differences were observed between time points (data not shown). 

5.4. Real-time PCR assay performance 
Based on participants data, the mean PCR efficiencies of 94.1% and 96.4% were 

determined for the horse specific (EC-GHR1) and universal mammalian (MY) assay 

data sets respectively, corresponding to slopes of the line of -3.476 and -3.418 

respectively. Mean values for R2 were determined as being 0.998 and 0.997 for the 

horse specific (EC-GHR1) and universal mammalian (MY) assays respectively. The 

corresponding PCR performance data is available in tabular format in Annex 7. 

5.5. Statistical analysis of quantitative data 

5.5.1. Preliminary inspection of data 

Seventeen laboratories participated in the collaborative trial (Table 1). Initial quality 

filtering of the data was performed on a laboratory by laboratory basis. Data sets 

received from four of the responding laboratories failed to either meet accepted PCR 

performance criteria (Annex 6) inclusive of exhibiting poor PCR efficiency, or the 

laboratories encountered technical issues with the instrument, and were thus 

removed from further analysis. 



 

Page 12 of 39 
 

The retained filtered data sets from the remaining 13 laboratories were combined, 

and used in all of the subsequent statistical analysis. Box plots for all five levels of 

adulteration for the combined data set are shown in Figure 3. Initial visual inspection 

of these plots suggest that: (a) plate and lab variation appear consistent across all 

levels; (b) test unit-to-test unit variation appears small compared with plate-to-plate 

and lab-to-lab variation; (c) a general positive bias exists with respect to the nominal 

level. Notable outlying data points were detected for laboratory 10 at the 5% level for 

horse DNA, and for laboratory 17 at the 1% level for horse DNA (Table 4). (For 

traceability purposes, laboratories 10 and 17 correspond to laboratories F and K 

respectively in Annex 8.) 

Examination of the underlying Cq triplicate data revealed that the results for the test 

unit U7 (5% w/w) discrepancy observed with laboratory 10 were dispersed to an 

unacceptable extent, making this data point unreliable. In addition, applying Grubbs' 

test to the four lab 10 data points was strongly significant (p = 0.0072). This, together 

with the poor triplicate variability, was considered sufficient reasons to exclude the 

test unit U7 value from the laboratory 10 data set. 

Table 4 Data points initially identified from the plot as requiring further 

investigation. 

Laboratory Nominal level  
(% horse DNA) 

Plate Unit Measured level  
(% horse DNA) 

Grubbs' test  
(p-value) 

10 5% 1 U7 16.92 0.0072 

17 1% 1 U9 1.72 0.053 

The test unit U9 data point discrepancy associated with the Laboratory 17 data set 

was not identified as a statistical outlier and was retained (p = 0.053, Grubbs' test). 

5.5.2. Quantification of horse DNA 

Results returned by those laboratories which participated in the trial are summarised 

in Table 5, which was derived from the raw data (Annex 8). The values represent 

the quantitative estimates associated with the five levels of test samples (20%, 5%, 

1%, 0.5% and 0.1% (w/w) horse meat). 

Table 5: Summary of the quantitative results returned by participating 

laboratories. The values represent the results derived for the filtered data set, 

with technical deviants, poor PCR performance, and statistical outliers 

removed. Values for laboratory, plate, test unit and residual standard deviation 

were derived with use of the maximum likelihood model used for statistical 

analysis. 

 Sample nominal value (% horse meat w/w) 

Metric 0.10 0.50 1.00 5.00 20.00 

Mean estimated quantitative value of 
sample 

0.12 0.62 1.26 6.20 23.26 

Laboratory standard deviation 0.01 0.05 0.08 0.62 0.00 

Plate standard deviation 0.02 0.08 0.11 0.36 2.54 

Test unit standard deviation 0.00 0.02 0.00 0.00 0.00 

Residual standard deviation 0.02 0.05 0.11 0.41 1.34 
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Figure 3. Measured concentration (% horse DNA) shown by lab and plate. Two 

units were each measured once on each plate. Nominal concentration is 

indicated by the red line. 
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5.5.3. Statistical analysis of measurement data 

The repeatability and reproducibility were calculated for each sample level with use 

of a mixed effects model, based on maximum likelihood. The model specified three 

random effects which were: (a) unit-to-unit variation; (b) between-plate effect nested 

within laboratory; (c) between-laboratory variation. For the purposes of the current 

report, repeatability was defined as the standard 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 experiment, and contains additional sources of 

variation over the repeatability. A summary of the results obtained for the precision 

and trueness estimates are presented in Table 6. 

Table 6. Summary of quantitative measurement data 

 Sample nominal value (% horse meat w/w) 

Metric 0.10 0.50 1.00 5.00 20.00 

Number of participating laboratories 
returning complete data sets 

17 17 17 17 17 

Number of laboratories removed from 
analysis* 

4 4 4 4 4 

Number of significant outliers determined 
with use of Grubbs outlier test 

0 1** 0 0 0 

Number of accepted laboratories 13 13 13 13 13 

Relative repeatability standard deviation 
RSDr (%) 

15.00 8.39 8.65 6.66 5.74 

Repeatability standard deviation Sr 0.02 0.05 0.11 0.41 1.34 

Relative reproducibility standard 
deviation RSDR (%) 

25.83 17.58 13.73 13.35 12.35 

Reproducibility standard deviation SR 0.03 0.11 0.17 0.83 2.87 

Assigned value based on sizes of equine 
and bovine genomes (% horse cp/cp) 

0.11 0.55 1.10 5.48 21.58 

Mean value based on collaborative trial 
(% horse cp/cp) 

0.12 0.62 1.26 6.20 23.26 

Bias (absolute) of the analytical data set 0.01 0.07 0.16 0.72 1.68 

Bias (%) relative to assigned value based 
on genome sizes 9.00 12.68 14.55 13.19 7.76 

*  Data sets from four laboratories were removed from subsequent analysis as they failed to 

either meet accepted PCR performance criteria (Annex 6) (e.g. exhibiting poor PCR 

efficiency), or they reported technical issues with the instrument. 

** A single test unit (U7) was removed from the 0.5% (w/w) data set for laboratory 10(F) as it 

was identified as a significant statistical outlier. All of the remaining data for this laboratory 

was retained. (For a detailed explanation please refer to section 5.5.1). 

The table reveals a general trend in the data where the repeatability and 

reproducibility improve (decrease) with increasing concentration. The reproducibility 

is below 26% across the range of DNA levels examined, while the repeatability is 

consistently 15% or below. 
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Since the original method for the relative quantitation of horse DNA was published in 

2013 [4], recent advances in sequencing of mammalian genomes has resulted in 

estimates of the equine and bovine genomes becoming available. According to the 

NCBI database [18], the size of the equine genome can be estimated as 2474.94 M 

base pairs [19], and the bovine (cattle) genome as 2724.98 million base pairs [20]. 

These estimates suggest that the horse genome is around 17% smaller than the 

bovine genome. Based on these estimates, it would be prudent to take into account 

the relative genome size differences when calculating the assigned value of the test 

samples as otherwise bias may be introduced if the assigned values are based 

purely on the nominal w/w concentrations alone. Table 6 shows the assigned value 

of the five sample levels, taking into account the relative genome size differences 

between the equine and bovine genome for the purposes of this study. The bias 

between the assigned value and the estimated value of each sample from the 

collaborative trial can then be calculated. There is a small but consistent positive 

bias in this data set, with estimated values varying between 8 and 15% depending 

upon the sample. 

6. Discussion 

The measurement criteria which are required to be satisfied in order that an 

experimental method be considered fit for purpose have been outlined in IUPAC and 

the ENGL guidelines [1,2]. Collectively, these require that: (a) the relative 

reproducibility standard deviation (RSDR) should be below 35% over the majority of 

the dynamic range, and below 50% at the lower end of this range; (b) the relative 

repeatability standard deviation (RSDr) should be below 25% across the levels of 

analyte tested. 

As can be seen from the values summarised in Table 6, the real-time PCR method 

satisfies both of these requirements at all of the levels of horse DNA tested. 

Specifically, the highest value obtained for the RSDR (%) was 25.83% at the 0.1% 

w/w level, which is below the critical threshold of 50% set for this lower level. With 

respect to the RSDr it can be seen from Table 6 that a maximum value of 15% was 

recorded for this metric at the 0.1% w/w level. This is below the critical threshold of 

25% stipulated by the collective IUPAC and ENGL guidance. 

Values for the trueness of the method can be estimated from the levels of bias 

observed at each of the levels of analyte used. According to IUPAC and ENGL 

guidelines, trueness should be ± 25% across the measured range. Taking into 

account the relative sizes of the equine and bovine genome based on recent DNA 

sequencing projects, the bias compared to the assigned value of the samples (on a 

copy number by copy number basis) varied between 7.76 and 14.55%, well within 

the ± 25% criteria for acceptance. The published guidance is also intended for use 

with well characterised reference materials and not necessarily for in-house 

materials which were prepared for use in this collaborative trial. The focus of this trial 

was to assess the performance of the method, and not to assign a value to the 

samples used. A relatively consistent and positive bias is shown throughout all 

sample levels, which is likely to have some contributions from the production of the 
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gravimetric samples. This is particularly relevant for the 0.1%, 0.5% and 1% w/w 

sample levels which were derived from an appropriate gravimetric amount of the 5% 

w/w material, and were thus not completely independent. To physically prepare 

materials at such low levels based on gravimetric preparations of the 100% materials 

alone was not feasible within the scope of this project, nor was it the sole focus of 

this project to accurately assign values to these samples. A consequence of this is 

that the 0.1%, 0.5% and 1% w/w samples are not totally independent of each other, 

and any bias introduced into the 5% material from which they were derived may also 

impact upon their true values. However, the estimates for repeatability, 

reproducibility and bias satisfy the combined requirements mentioned in the IUPAC 

and the ENGL guidance documents, providing evidence of the fitness for purpose of 

the method. 

The focus of this study was to characterise the repeatability and reproducibility of the 

method as part of a collaborative trial, and not to assign a value to the five test 

samples. The debate whether to express results in terms of w/w or cp/cp, the 

advantages and disadvantages of the two, and the conversion between them, 

continues to be a focus of discussion at an international level between scientists, 

with no immediate agreement on a solution. Hence the “true” value of a test sample 

may never really be known. An interesting aspect to consider however, is the 

assignment of a value to the test samples used in this study based on the robust 

means taken from the collaborative trial. For each test sample, the robust mean was 

based on four biological replicates measured three times each across thirteen 

different laboratories. The very tight repeatability and reproducibility estimates 

associated with each of the five samples provide testament to the fact that there is 

reasonable confidence in the value that is being estimated. 

In terms of the real-time PCR assays used with the method, both satisfy the required 

performance criteria specifically stipulated in the ENGL guidelines [2]. Specifically, 

mean PCR efficiencies of 94.1% and 96.4% were achieved by the horse specific 

(EC-GHR1) and universal mammalian (MY) assays respectively. These values 

correspond to a slope of the line of the standard curve of -3.5 and -3.4 respectively, 

which fall within the -3.1 ≥ slope ≥ -3.6 range stipulated in the ENGL guidelines [2]. 

In addition, the mean values for the correlation coefficient of a standard curve 

obtained by linear regression (R2) were 0.998 and 0.997 for the horse specific (EC-

GHR1) and universal mammalian (MY) assays respectively, which are above the 

threshold of acceptance stipulated in the ENGL guidelines [2]. A list of the method 

performance criteria as required by the ENGL has been included in Annex 6. 

Recommendations 

The repeatability and reproducibility estimates from the collaborative trial provide 

evidence for the good precision of the method within and between laboratories, and 

the bias associated with the estimated and assigned values of the test samples is 

well within acceptance criteria mentioned in the IUPAC and ENGL guidance. A main 
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recommendation from this project is that the method be considered further for 

progression towards standardisation at an ISO level.  

The nature and format of the method follows experimental designs which are well 

established and accepted as common practice on an international basis, e.g. those 

followed for GMO analysis. However, whilst effective, such an experimental design 

uses an extensive calibration curve and utilises the two targets of the horse specific 

target and the mammalian target as separate singleplex assays. In order to make 

cost savings and accommodate more test samples within a batch run, it would be 

beneficial to consider possible routes to optimisation of the experimental design. 

Such options could include multiplexing the horse specific and mammalian targets 

together in the same assay, and/or using a delta delta Cq approach whereby a 

selection of controls are used instead of an extensive calibration curve. Both of these 

approaches would provide increased throughput and cost saving opportunities, and 

preliminary work using the delta delta Cq approach has provided encouraging 

results. It is a recommendation from this project that this approach be considered 

further, such that the delta delta Cq approach could be used as a rapid screening 

approach to identify problematic samples which would benefit from being analysed 

further using the full method described in this report. 

Recent evidence from DNA sequencing projects has facilitated estimation of the 

sizes of the equine and bovine genomes. These estimates can be taken into account 

when specific conditions are met when assigning values to test samples based on 

w/w and copy number to copy number ratios, to facilitate more accurate 

comparisons. This was possible in the context of the current project because the 

methods’ scope is designed to be used for samples consisting of horse meat in a 

beef (meat) background. From a metrological and traceable scientific point of view, 

estimates made in copy numbers are often preferable, but from a practical, 

enforcement and legislative view point, estimates based on w/w are often the 

preference. Copy number values of a sample can be affected by tissue type, DNA 

recovery, matrix background, DNA degradation, sample preparation etc., and it is not 

within the remit of the current project to resolve this situation, where discussions on 

the area continue to be the subject of many international working groups with no 

clear resolution to the issue. However, as estimates of mammalian genome sizes 

become increasing more accurate and available, for examples as a result of Next 

Generation Sequencing projects, it may become possible to take into account these 

calculations to provide more accurate estimates of sample levels on a copy number 

by copy number basis in controlled situations. Alternatively, digital PCR can be used 

to assign values to test samples based on absolute single molecule quantitation of 

the various mammalian genomes. It is therefore a recommendation of this project 

that mammalian genome size estimates be taken into account and modelled further, 

in order to provide more accurate value assignment of test samples on a copy 

number by copy number basis. 
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Annex 1: DNA extraction 

DNA extraction methodologies can impact on the quantitative performance of a 

qPCR-based test through potential issues such as extraction carryover and DNA 

integrity. The SOP associated with the method as part of the international 

collaborative trial does not prescribe a particular extraction methodology as this 

would limit the applicability of the method. However, users should minimise the 

impact of the extraction methodology by using a single validated approach in the 

preparation of all DNA materials (test, control and calibrants). This is the same 

approach taken for validating new methods for GMO quantitation using real-time 

PCR, where pre-extracted DNA for evaluation is provided to participants as part of 

the method validation procedure (Mazzara et al., 2013) [17]. 

The SOP developers have evaluated a number of extraction methodologies and did 

not observe any significant analytical performance differences providing good 

laboratory practice is followed. A limited study comparing DNA extracts from two 

extraction approaches (an in-house CTAB-based method and a commercial 

Kleargene™ DNA extraction kit (LGC Ltd)) taken from the same 1% (w/w) 

gravimetric sample gave mean and 95% confidence intervals of 1.16 +/- 0.17 % and 

1.31 +/- 0.31 % respectively, based on six independent replicates. The confidence 

intervals of the estimated values of the sample from the two extraction approaches 

overlap, providing evidence that estimated sample values should not be significantly 

different between DNA extraction approaches if quality procedures are adhered to. 
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Annex 2: DNA quality 

Reliable measurement of DNA concentration and purity is important for many 

applications in molecular biology. The most common method of measuring DNA 

purity is by determining absorbance at specific wavelengths using a 

spectrophotometer. It is recommended that published quality criteria for extracted 

DNA (e.g. Mamiatis et al., 1985 [21]) should be implemented in order to verify the 

applicability of using extracted DNA for many down-stream applications, including 

real-time PCR. Examples of such criteria include: value for the A260:A280 ratio, value 

for the A260:A230 ratio, PCR efficiencies and calibration curve linearity. 

Example guidance notes for determination of DNA purity 

 The A260:A280 for pure DNA should be close to 1.8. If the ratio is appreciably 

lower, it may indicate the presence of protein, phenol or other contaminants. 

 The A260:A230 should ideally be in the range of 2.0 to 2.2. If the ratio is 

appreciably lower than expected, it may indicate the presence of 

contaminants which absorb at 230 nm 

 Gel based analysis should result in a broad brightly stained band positioned 

below the application well. Smears or comet tails are indicative of sample 

degradation and/or fragmentation. Similarly, off-set of Bioanalyzer profiles to 

the left are indicative of sample degradation and/or fragmentation 
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Annex 3: Standard operating procedure for the quantification of 
horse DNA relative to mammalian DNA in raw meat samples 
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Annex 4: Working instructions circulated to all participating 
laboratories in the collaborative trial 
 

 
 
  



 

Page 31 of 39 
 

 
 
  



 

Page 32 of 39 
 

 
 
  



 

Page 33 of 39 
 

 
 
  



 

Page 34 of 39 
 

 
 



 

Page 35 of 39 
 

Annex 5: Limited stability and homogeneity study 
 

Figure 1. Mean quantitative values obtained for percentage horse DNA present 

in test samples as measured at three separate time points (T1, T2 and T3). 

Overall mean for each of the levels indicated by the broken red line. Error bars 

represent one standard deviation either side of the mean. 
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Annex 6: Minimum Performance Requirements as set by the 
European Network of GMO Laboratories (ENGL) 

In order for a method to be considered as fit for purpose, the performance 
requirements listed below are required to be fulfilled during an evaluation of a real-
time PCR assay through a collaborative trial, as described in the Minimum 
Performance Requirements for Analytical Methods of GMO Testing [2]. The list 
below includes both the definition of, and acceptance criteria for each of the 
performance requirements. 

 Repeatability Standard Deviation (RSDr) 

o Definition: The relative standard deviation of the test results obtained 
under repeatability conditions. Repeatability conditions are those where 
the test result has been obtained with the same method, on identical 
test samples, in the same laboratory, by the same operator, using the 
same equipment within a short interval of time. 

o Acceptance criteria: The relative repeatability standard deviation should 
be ≤ 25% over the whole dynamic range of the method. Estimates of 
repeatability are recommended to be obtained for a sufficient number 
of test results, at least 15, as indicated in ISO 5725-3 (1994). 

 Reproducibility Standard Deviation (RSDR) 

o Definition: The relative standard deviation of test results obtained under 
reproducibility conditions. Reproducibility conditions are conditions 
where test results are obtained with the same method, on identical test 
items, in different laboratories, with different operators, using different 
equipment. 

o Acceptance criteria: The relative reproducibility standard deviation 
should be below 35% over the whole dynamic range of the method. An 
RSDR of < 50% is considered acceptable for concentrations below 
0.2%. 

 Amplification Efficiency (associated with the PCR) 

o Definition: The rate of amplification that leads to a theoretical slope of -
3.32 with an efficiency of 100% in each cycle. The efficiency of the 
reaction can be calculated from the following equation. Efficiency =[10(-

1/slope)] -1. 

o Acceptance criteria: The average value of the slope of the standard 
curve shall be in the range of (-3.1 ≥ slope ≥ -3.6). 

 R2 Coefficient (associated with the PCR) 

o Definition: The R2 coefficient is the correlation coefficient of a standard 
curve obtained by linear regression analysis. 

o Acceptance criteria: The average R2 value should be ≥ 0.98. 

 Trueness 

o Definition: The closeness of agreement between the average value 
obtained from a large series of test results and an accepted reference 
value. The measure of trueness is usually expressed in terms of bias 

o Acceptance criteria: Trueness shall be within ± 25% of the accepted 
reference value over the whole dynamic range. 
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Annex 7: Summary of the PCR performance characteristics 
including, data linearity (R2), slope and PCR efficiency (%) 

The values presented in Table 1 and Table 2 represent an estimation of data 
linearity (R2), slope of the line of best fit, and associated PCR efficiency for the horse 
specific and universal mammalian real-time PCR assays respectively. 

Table 1: PCR performance metrics returned by each laboratory for the horse 
specific (EC-GHR1) real-time PCR assay. 

Lab Plate Linearity 
(R2) 

Slope PCR Efficiency 
(%) 

A 
1 0.997 -3.260 102.645 

2 0.997 -3.519 92.376 

B 
1 0.997 -3.511 92.679 

2 0.997 -3.466 94.324 

C 
1 0.999 -3.479 93.849 

2 0.999 -3.561 90.896 

D 
1 0.999 -3.472 94.104 

2 1.000 -3.267 102.349 

E 
1 1.000 -3.429 95.718 

2 0.998 -3.612 89.171 

F 
1 0.998 -3.628 88.640 

2 0.997 -3.623 88.822 

G 
1 1.000 -3.505 92.892 

2 0.999 -3.439 95.328 

H 
1 0.999 -3.351 98.785 

2 0.998 -3.449 94.942 

I 
1 0.998 -3.553 91.184 

2 0.999 -3.351 98.801 

J 
1 0.999 -3.528 92.058 

2 1.000 -3.559 90.977 

K 
1 0.993 -3.587 90.014 

2 0.998 -3.489 93.438 

L 
1 1.000 -3.450 94.916 

2 1.000 -3.432 95.607 

M 
1 0.999 -3.411 95.718 

2 1.000 -3.441 95.256 

 
Mean 0.998 -3.476 94.057 
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Table 2: PCR performance metrics returned by each laboratory for the 
universal mammalian (MY) real-time PCR assay. 

Lab Plate Linearity 
(R2) 

Slope PCR Efficiency 
(%) 

A 
1 0.999 -3.388 97.290 

2 0.998 -3.388 97.297 

B 
1 0.996 -3.405 96.045 

2 0.992 -3.050 112.765 

C 
1 0.987 -3.563 90.837 

2 0.999 -3.678 87.013 

D 
1 0.998 -3.579 90.461 

2 0.997 -3.357 98.557 

E 
1 0.999 -3.473 94.060 

2 1.000 -3.424 95.910 

F 
1 0.999 -3.489 93.460 

2 1.000 -3.340 99.250 

G 
1 0.999 -3.620 88.895 

2 0.999 -3.417 96.164 

H 
1 1.000 -3.263 102.537 

2 1.000 -3.285 101.569 

I 
1 0.990 -3.380 97.350 

2 0.998 -3.492 93.350 

J 
1 0.999 -3.414 96.288 

2 0.999 -3.426 95.847 

K 
1 0.994 -3.530 91.986 

2 0.998 -3.471 94.119 

L 
1 0.999 -3.224 104.269 

2 1.000 -3.257 102.774 

M 
1 0.998 -3.365 98.254 

2 0.999 -3.600 89.584 

 
Mean 0.997 -3.418 96.382 
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Annex 8: Summary of the collated quantitative data for the International Collaborative Trial of the real-
time PCR method for the quantitation of horse DNA 

The collated data for the percentage horse DNA present in the blind labelled test units (U1 to U20) provided as part of the 
collaborative trial, and as determined by participating laboratories with use of the real-time PCR method for the quantitation of 
horse DNA (Table 1). The data presented represent the result for the 13 laboratories who returned their results and which passed 
the quality screening procedure implemented. 

Table 1: The collated quantitative data set which was used for the analysis of the real-time PCR method’s performance 

L
a
b

 

Level % (w/w) 

0.10 0.50 1.00 5.00 20.00 

U3 U8 U13 U17 U5 U10 U11 U15 U1 U9 U16 U19 U4 U7 U14 U18 U2 U6 U12 U20 

A 0.07 0.07 0.14 0.10 0.41 0.39 0.67 0.59 1.02 1.01 1.23 1.00 5.24 5.00 5.80 5.64 21.27 21.49 22.52 21.13 

B 0.09 0.09 0.14 0.09 0.52 0.67 0.70 0.59 1.15 1.01 1.40 1.26 4.70 4.83 4.40 5.52 17.23 13.99 28.29 26.71 

C 0.14 0.12 0.10 0.15 0.64 0.68 0.71 0.56 1.40 1.15 1.02 1.18 6.69 6.73 5.33 6.44 21.50 23.10 18.84 23.74 

D 0.19 0.16 0.08 0.09 0.91 0.75 0.56 0.50 1.50 1.64 1.14 1.19 8.06 6.93 5.92 6.07 31.80 30.04 26.04 21.92 

E 0.10 0.08 0.13 0.15 0.57 0.56 0.74 0.68 1.32 1.31 1.60 1.62 6.71 6.90 6.55 7.34 24.14 26.00 26.16 26.13 

F 0.17 0.16 0.14 0.12 0.61 0.65 0.57 0.55 1.44 1.36 1.16 1.32 6.27 16.92* 6.57 5.78 25.10 22.98 21.19 20.71 

G 0.10 0.07 0.10 0.09 0.44 0.50 0.56 0.51 1.14 1.21 1.05 1.07 5.49 6.20 5.70 6.33 23.10 20.58 22.71 21.13 

H 0.08 0.09 0.11 0.11 0.53 0.51 0.57 0.56 0.96 1.09 1.21 1.19 5.37 4.98 6.18 6.09 21.30 21.52 22.80 21.92 

I 0.12 0.10 0.13 0.12 0.59 0.64 0.48 0.54 1.27 1.42 1.27 1.20 6.44 6.35 5.50 6.14 24.36 22.43 23.77 21.78 

J 0.12 0.12 0.13 0.17 0.72 0.58 0.71 0.62 1.22 1.35 1.42 1.35 6.45 6.52 6.33 6.56 24.38 24.91 24.82 26.33 

K 0.14 0.17 0.18 0.15 0.81 0.83 0.75 0.82 1.25 1.72 1.35 1.35 7.73 8.15 7.51 7.42 23.17 24.58 24.67 24.76 

L 0.12 0.15 0.12 0.13 0.65 0.66 0.66 0.58 1.16 1.28 1.07 1.24 6.16 6.34 6.23 5.84 21.96 22.13 23.19 24.00 

M 0.11 0.08 0.13 0.13 0.59 0.60 0.70 0.57 1.22 1.32 1.40 1.21 5.32 6.35 6.98 6.31 22.86 23.35 22.44 22.50 

* A single data point of 16.92 (Lab F, Test unit U7) was identified as a statistical outlier and removed from subsequent analysis of 
the raw data. All remaining data from Lab F was retained. 


