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Abstract

To meet the increasing need for quantification of allergens and to have an alternative to commercially available ELISA
and PCR systems, the Austrian Agency for Health and Food Safety started establishing in-house PCR systems. To obtain
low limits of detection (LOD) and quantification (LOQ), target sequences are preferably sought in multicopy genomes like
mitochondrial- or chloroplast DNA. These molecules are of high but varying abundance even among tissues of the same
organism. Beyond that, DNA might be degraded by processes of food manufacturing which additionally affects their quan-
tification. Therefore, a reliable correlation of the allergen portion in a sample and its chloroplast-DNA concentration cannot
be preassumed. This incoherence is not further considered (e.g., by a matrix-related reference material), and therefore, our
quantitative results can only be understood as the mass of soy which maintained its biochemical activity, related to the soy
content of the reference material used. To convert absolute results expressed in copies per microliter (Cp/uL) as obtained by
digital droplet PCR (ddPCR) into a unit of mass fraction (e.g., milligram per kilogram), a conversion function is generated
by the measurement of a reference material in the same run. For the specific detection and quantification of the allergenic
ingredient soy (Glycine max) in food a primer/probe system has been developed which amplifies a 140 bp product of the
ndhH gene of the chloroplast DNA. It is specific for soy and does not react with even closely related plant species. Digital
droplet PCR (ddPCR) was selected for quantification for its particular advantages and the method has been validated in-
house. It was found to be applicable to various matrices including meat products, flour, milk, and fatty creams, with recovery
rates between 60 and 100%. The limit of detection and the limit of quantification (LOQ) are 0.16 mg/kg and 0.60 mg/kg,
respectively. Repeated analysis of analyte-free food matrices spiked with reference material provided acceptable values for
precision: The relative standard deviation (RSD,,;) of the whole method (including DNA extraction) is below 25%. The
recovery of pure soy material (pulverized beans) was between 112.5 and 135.0%. The presented method is shown to be reli-
able and accurate, provided that samples and reference material are extracted and amplified in the same way.
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Introduction and intolerances, the European Union has provided a legisla-

tive framework for labelling of foodstuffs through regulation

Epidemiology studies have shown that about 20% of the
population of industrialized countries suffers from allergies,
and its number is increasing [1].

Hypersensitivity reactions, which are also triggered by
food components, are a serious food safety problem. The
only way to prevent adverse effects is avoidance of their
consumption [2]. To help consumers suffering from allergies
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1169 since 2011. Annex II of this regulation lists 14 groups
of ingredients with known allergenic potential, including soy
and products thereof [3]. There is a need to identify allergens
specifically and to quantify them at levels as low as possible.

Apart from immunological methods, predominantly
enzyme linked immunosorbent assays (ELISAs), DNA-
based methods for detection and quantification prevail.
Real-time PCR, also referred to as qPCR, is well estab-
lished and widely used albeit some shortcomings should
not be ignored. Digital PCR as a special form of end-
point PCR is a helpful alternative, because this method
has three advantages over qPCR: (1) it is more tolerant to
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PCR inhibitors; (2) it shows higher sensitivity in low copy
number ranges; and (3) it enables absolute quantification
without the use of a standard curve [4, 5]. However, meas-
urement results expressed in DNA copies per microliter
(Cp/uL) are not very informative for customers or clients
and need to be converted into units such as milligram per
kilogram (mg/kg) or parts per million (ppm). This can
be achieved by the measurement of a reference material,
whose DNA is prepared by the same procedure as sample
DNA and measured under identical conditions (i.e., in
the same run).

Various qPCR methods for the detection of soy target-
ing nuclear DNA already exist [6—10] providing an LOD
of 10 mg/kg with a probability of >95% [10]. By tak-
ing advantage of the multicopy-gene adenosine triphos-
phate synthase (atpA) gene in the mitochondrial DNA of
soy, the LOD and LOQ could be lowered to 1 mg/kg and
10 mg/kg, respectively [11].

To lower the limits of detection and quantification
further, chloroplast DNA was chosen as target molecule,
because its number of copies is even higher than that of
mitochondrial DNA [11]. A plant cell encloses up to 40
chloroplast organelles, each of them with many copies of
a typically circular genome approximately 120-200 kilo-
basepairs (kb) in length [12—14]. Meanwhile, complete
chloroplast sequences of many plants are available [15]
making their alignment for the identification of species-
specific segments possible.

Materials and methods

All chemicals mentioned in this paper were of analytical
or molecular-biological grade.

Primer and probe design

Using CLC Genomic Workbench 10.1.1, we created align-
ments of the whole chloroplast genome of soy (Glycine max,
Accession no. NC_007942; 152,218 bp) with chloroplast
genomes of common bean (Accession No. EU196765;
150,284 bp), peanut (Accession no. KX257487; 156,391 bp),
carob bean (Accession No. KJ468096; 156,367 bp), macada-
mia nut (Accession no. KF862711; 159,714 bp) and chick-
pea (Accession no. NCO11163; 125,319 bp). The alignments
were screened for sections specific for soybean, and the
sequences highlighted in Fig. 1 were identified as poten-
tially specific.

PCR performed with the selected primers amplifies a
140 bp product in a region annotated as the ndhH gene, a
subunit of the NAD(P)H dehydrogenase complex [16].

Both primers and the TagMan® probe (with 6-carboxy-
fluorescein as reporter dye and a minor groove binding
quencher) were bought from Sigma-Aldrich and Euro-
gentec, respectively. The lyophilisates were dissolved
in 1 X TE buffer (tris(hydroxymethyl)aminomethane
¢=0,01 mol/L, ethylenediaminetetraaceticacid-disodium
salt ¢=0,001 mol/L; pH adjusted to 8.0 with hydrochloric
acid) to obtain a stock concentration of 100 umol/L. Infor-
mation on nucleotide sequence and working concentration
is given in detail in Table 1.

Samples and sample pretreatment

Material for specificity tests was bought at the local mar-
ket or harvested from the author’s garden. Great care was
taken to ensure that the material originated from one plant
species and was free from contamination in general and
from soy contamination in particular. Whenever the purity
of the material was dubious (e.g., in case of an unexpected
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Fig.1 Chloroplast-DNA alignment of ndhH gene of Fabaceae

primer and probe
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TGGAGATGGA AAATTCGTCC
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TCAATAAGCT AGACCCATGC
tcaataaget agacccatge
TCAATAAGCT AGACCCATGC
TGGAGATGGA AAATTCRTCE
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species and of macadamia with highlighted regions for forward primer, reverse
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Table 1 Information on
nucleotide sequence and
working concentration

Name Sequence 5" — 3’ Final con-
centration in
ddPCR

Sol15144a-F GAATGGAATGAGTTTGAGTATCGATTT 0.90 pmol/L

So115144¢c-R AAACCATTTTGATCCCCTATTAGA 0.90 pmol/L

Sol15144e-S FAM-ACCGTCTCCGACTTTTGA-MGB 0.25 umol/L

cross reaction), it was washed carefully and in some cases
(e.g., roots of curcuma and ginger) peeled, washed again
and dried before further use.

The method of comminution was determined by the
type of product. Leaves were frozen with liquid nitrogen
and pulverized in a mortar. Dry kernels were ground in an
ultracentrifugal mill, ZM 200, and moist products (fruits,
tubers) were homogenized with a knife mill GM200 (both
Retsch, Germany). When homogenization was impeded
by high proportions of fat or oil (e.g., nuts, seed kernels),
the material was chopped to coarse particles and defatted
as described below.

Sample material (5 g) was mixed with 20 mL acetone
using a Polytron PT3000 (Kinematica, Switzerland). The
suspension was centrifuged at low speed (Eppendorf Cen-
trifuge 5810 R), and the supernatant was discarded. This
treatment was repeated twice with acetone and once with
petroleum benzene (boiling range 40-60 °C), and the resi-
due was air-dried at ambient temperature overnight. Using
the recorded weights of the material before and after defat-
ting, the proportion of fat free dry matter (FFDM) of the
untreated material was calculated.

For the validation experiments, six soybean proficiency-
test samples (for the quantification of GMO events in soy
seed) from the International Seed Testing Association
(ISTA) and one sample of maize kernels were used. Hazel-
nut cream was a real-life sample from our routine GMO
testing programme.

Milk labelled as “Ja natiirlich Bio Vollmilch ldnger
frisch” containing 3.5% fat and 3.4% protein and lean pork
meat were bought at the local market. Restriction enzymes
Hae III and Hind III, along with the corresponding buffers,
were bought from NEB (New England Biolabs).

Reference material

As reference material, we chose SureFood® QUANTARD
Allergen 40 from R-Biopharm AG (Darmstadt, Germany),
which is based on corn flour and contains all potentially
allergenic food ingredients according to EU regulation
no 1169/2011 (except for molluscs, lactose, and sulphur-
dioxide) at a concentration of 40 mg/kg.

DNA isolation and purification

1 g sample material (or the equivalent of FFDM) was mixed
with 10 mL CTAB extraction buffer (hexadecyltrimethylam-
moniumbromide ¢ =20 g/L, sodium chloride ¢ =1.4 mol/L,
tris(thydroxymethyl)aminomethane ¢ =0.1 mol/L, ethyl-
enediaminetetraaceticacid-disodium salt ¢ =0.02 mol/L;
adjusted to pH 8.0 with hydrochloric acid and sterilized),
and 80 pL Proteinase K (Merck 1.07393). For the Quantard
40 standard, this preparation was scaled down to 200 mg.
The suspension was incubated at 50 °C overnight under
constant agitation and centrifuged for 10 min at 4000 rpm.
Mixtures of the supernatant crude lysates were prepared for
method validation (1) to simulate samples with low analyte
concentration to evaluate precision and (2) to dilute lysates
of pure soy material to evaluate the trueness of the method.
Detailed information about the preparation of these mixtures
is given in Table 2.

The (mixed) lysates (800 pL) were shaken vigorously
with 800 pL chloroform and i-amylalcohol 24 + 1 (v/v).
After centrifugation at 13,000 rpm for 10 min, 300 uL of
the supernatant was collected and mixed with 5 pL RNase
(Sigma-Aldrich, Ref: 11119915001) and 300 pL Lysis
buffer, a component of the Maxwell® 16 FFS Nucleic Acid
Extraction System (Custom-Ref. X9431, Promega, USA).
After incubation at 65 °C for 15 min under constant agita-
tion, the mixtures were cooled to ambient temperature and
loaded into cartridges of the Maxwell® 16 Magnetic Parti-
cle Processor AS2000 for DNA isolation and purification.
Finally, the DNA yield was determined by measuring the
optical density at 260 nm on a QIAxpert photometer (Qiagen
Hilden, Germany).

Each run of DNA isolation and purification was accom-
panied by two negative extraction controls.

These isolates were subjected to ddPCR without further
processing.

ddPCR and data evaluation

ddPCR was carried out according to the manufacturer’s rec-
ommendations [17, 18] and with the consumables provided
(Bio Rad, USA): 50 uL. ddPCR mixtures were made by com-
bining 25 pL of ddPCR™ Supermix for probes (no dUTP),
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Table 2 Mixtures of crude

. Lysate 1 Lysate 2 Mixing ratio Resulting mixture Assigned analyte
lysa.ltes and the resulting . (lysate 1+2) concentration [mg/
assigned analyte concentration kel

Quantard 40 None - Quantard 40 40
Quantard 40 Maize 1+1 Quantard 20 20
Quantard 40 Maize 143 Quantard 10 10
Quantard 40 Maize 1+9 Quantard 4 4.0
Quantard 20 Maize 149 Quantard 2 2.0
Quantard 10 Maize 149 Quantard 1 1.0
Quantard 2 Maize 149 Quantard 0.2 0.2
Maize Quantard 40 3+1 10
Maize Quantard 40 39+1 1.0
Maize None - 0

Meat (pork) Quantard 40 3+1 10
Meat (pork) Quantard 40 39+1 1.0
Meat (pork) None - 0

Hazelnut-cream def Quantard 40 def 3+1 10
Hazelnut-cream def Quantard 40 def 39+1 1.0
Hazelnut-cream def None - 0

Milk Quantard 40 3+1 10
Milk Quantard 40 39+1 1.0
Milk None - 0

6 “pure” soy samples Maize 1:250,000 4.0
“Pure soy feed” Maize 1:250,000 4.0

0.45 pL of each forward and reverse primer, 0.125 uL probe,
3.975 pL PCR-grade water and 20 uL. sample DNA. A total
of 20 uL of the ddPCR mixture was used for the PCR reac-
tion in duplicate. Each PCR run was accompanied by one
non-template-control (NTC). After formation of droplets and
transfer of the emulsion to the microtiter plate (twin.tec PCR
Plate 96, semi-skirted, colourless; Eppendorf, Germany), the
plate was heat-sealed. PCR was carried out in a Mastercycler
ep gradient S (Eppendorf, Germany) using the following
time—temperature profile: 10 min at 95 °C, 40 cycles (30 s at
94 °C and 1 min at 63 °C), 10 min at 98 °C. Ramping rates
between all holds were reduced to 50%. When the PCR had
finished, the plate was conveyed to the QX200™ Droplet
Reader running absolute quantification (ABS) with Quan-
taSoft™ Software version 1.7.4.0917 (Bio Rad, USA) for
droplet counting.

For positive/negative droplet distinction, the threshold
was set manually in the region between the two clusters,
where the density of droplets was lowest. This threshold
setting was applied uniformly to all reaction plots of a run
(Fig. 2).

A two-point conversion function was created for each run
obtained from measurement readings of the Quantard 40
standard and of the negative extraction control (Fig. 3).

Measurement results of single PCR wells with less
than 10,000 total accepted droplets were excluded from
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further data processing. The average droplet volume as
stated by the manufacturer and used by the software is
0.85 nL.. However, scientists measured deviating volumes
depending on the way the droplets were created (automati-
cally or manually) and the supermix used (supermix for
probes or for EVA-green), but no significant intra- and
inter-cartridge effects were reported [19-21]. Since the
accuracy of absolute quantification is strongly dependent
on droplet volume a bias would be introduced into the
measurement. Our absolute results are related to a refer-
ence material which is prepared and measured under iden-
tical conditions; therefore, any deviation in droplet volume
is adequately compensated.

Results and discussion

Several guidance documents on the validation of gPCR
methods [22-25] and on the definition of minimum per-
formance requirements [26] have also been accepted for
digital PCR (dPCR). Additional criteria such as peak reso-
lution, multiple amplification products, and intermediate
fluorescence of droplets (“rain”) are to be considered when
a dPCR method is validated [27].
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Fig.2 1D amplitude view of a
12000
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ddPCR soy run. AO1: non-
template control; CO1: negative
extraction control; C03: Quan-
tard 0.2; B03: Quantard 1; HO2:
Quantard 2; FO2: Quantard 4;
DO02: Quantard 10; BO2: Quan-
tard 20; HO1: Quantard 40; E03, 8000 -
HO3 and A04 maize flour spiked
with 0 ppm, 1 ppm, and 10 ppm
soy. D04, FO4, and HO4: pork
with spiking levels as above;
BO05, D05, and FO5: milk with
spiking levels as above; GOS, 4000 +
A06, and C06: hazelnut cream

with spiking levels as above.
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Fig.3 Example of a two-point conversion function

Method optimization, cut-off value and specificity

The concentrations of forward primer, reverse primer and
probe were used as recommended [17, 18] at 0.9 umol/L,
0.9 umol/L, and 0.25 umol/L, respectively. Because these
concentrations worked well, there was no need for further
optimization.

To eliminate signals from cross reactivity with ginger,
locust bean, curcuma and oregano, the annealing tem-
perature was gradually raised to 63 °C. This resulted in an
improvement in specificity at the expense of droplet cluster
resolution and increased the appearance of droplets with
intermediate fluorescence.

To keep these adverse effects at a minimum, sample DNA
was subjected to restriction enzyme digestion with Hae III
and Hind III to linearize the circular molecules. However,
no significant improvement was achieved, and therefore,
this time-consuming procedure was omitted from further
experiments.

50000

+ t +
100000 150000 200000

EventNumber

Repeated measurements (104 in total) of analyte-free
DNA preparations generated low positive droplet counts
in some cases. The average of these measurements plus
three times the standard deviation leads to a cut-off value
of 0.6 Cp/uL. This corresponds to 0.06 mg/kg, a value less
than 50% of our LOD. For specificity-test results below this
value was classified as negative.

Test for specificity in silico

Primers and probe sequences were subjected to the Basic
Local Alignment Search Tool (BLAST) provided by the
National Center for Biotechnology Information (NCBI).
For all three oligonucleotides, 100% identity was found
with eight species of the plant genus Glycine, three species
of Pediomelum and two species of Psoralidium. None were
found to be relevant for food production.

Test for specificity in vitro

DNA isolates from 72 plants were diluted to 0.1 ug/mL and
tested. None of the plant species listed in Table 3 yielded
more than 0.4 Cp/uL.

Dynamic range, working range, LOQ, LOD average
number of targets per droplet (A), and resolution
of droplet clusters

The dynamic range is the range of concentrations over which
the method performs in a linear manner with an acceptable
level of trueness and precision [28, 29].

Using a serial dilution of a soy-DNA solution with
water, we found a linear relationship between measure-
ment values (Cp/uL) and DNA concentration ranging
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Table 3 Results of tests for specificity

English name

German name

Scientific name

English name

German name

Scientific name

Pigweed Amarant Amaranthus spp. Garden leek Lauch Allium ampeloprasum
Anise Anis Pimpinella anisum Lovage Liebstockel Levisticum officinale
Garden bean Bohne Phaseolus vulgaris Lentil Linse Lens culinaris
Summer savory Bohnenkraut Satureja hortensis Laurel Lorbeer Laurus nobilis
Broccoli Broccoli Brassica oleracea Lupine Lupine gelb Lupinus arboreus
Buckwheat Buchweizen Fagopyrum esculentum Macadamia nut Makadamianuss Macadamia spp.
Cashew nut Cashewnuss Anacardium occidentale Maize Mais Zea mays
Cayenne pepper Cayennepfeffer Piperaceae spp. Sweet majoram Majoran Origanum majorana
Chinese cabbage Chinakohl Brassica rapa Almond Mandel Prunus dulcis
Dill weed Dille Anethum graveolens Oregano Oregano Origanum vulgare
Spelt Dinkel Triticum aestivum Pak Choi Pak Choi Brassica rapa chinensis
Durum Durum Triticum durum Paprika Paprika Capsicum
Sweet chestnut Edelkastanie Castanea sativa Brazil nut Paranuss Bertholletia excelsa
Pea Erbse Pisum sativum Parsnip Pastinake Pastinaca sativa
Peanut Erdnuss Arachis hypogaea Pecan Pecannuss Carya illinoinensis
Tarragon Estragon Artemisia dracunculus Parsley Petersilie Petroselinum crispum
Fennel Fenchel Foeniculum vulgare Pepper Pfeffer Piper nigrum
Guar Guar Cyamopsis tetragonolobus Pimento Piment Pimenta dioica
Cucumber Gurke Cucumis sativus Canola Raps Brassica napus
Oat Hafer Avena spp. Rice Reis Oryza sativa
Hazelnut Haselnuss Corylus avellana Garden radish Rettich Raphanus sativus
Ginger Ingwer Zingiber officinale Rye Roggen Secale cereale
Locust bean Johannisbrot Ceratonia siliqua Rosemary Rosmarin Rosmarinus officinalis
Kamut Kamut Triticum turgidum X polonicum Common sage Salbei Salvia officinalis
Cardamon Kardamom Elettaria cardamomum Wild chive Schnittlauch Allium schoenoprasum
Caulflower Karfiol Brassica oleracea var. botrytis Celery Sellerie Apium graveolens
Carrot Karotte Daucus carota subsp. sativus Black mustard Senf schwarz Brassica nigra
Potato Kartoffel Solanum tuberosum White mustard Senf weiss Sinapis alba
Chickpea Kichererbse Cicer arietinum Sesame Sesam Sesamum indicum
Garlic Knoblauch Allium sativum Thyme Thymian Thymus vulgaris
Kohlrabi Kohlrabi Brassica oleracea var. gongylodes Tomato Tomate Solanum lycopersicum
Cilantro Koriander Coriandrum sativum Triticale Triticale Triticale
Horseradish Kren Armoracia rusticana Walnut Walnuss Juglans regia
Cumin Kreuzkiimmel Cuminum cyminum White cabbage Weillkraut Brassica oleracea
convar. capitata var.
alba
Caraway Kiimmel Carum carvi Wheat Weizen Triticum aestivum
Curcuma Kurkuma Curcuma longa Onion Zwiebel Allium cepa

from 0.109 ng/mL (1.0 Cp/uL; 4=0.0008) to 444 ng/mL
(5960 Cp/uL; 1=5.0662) with a coefficient of regression
(R?) above 0.98.

The working range is located within the dynamic range
and the RSD of measurement values within this range is
below 25%.

Three different lots of the reference material were sub-
jected to DNA isolation. DNA extracts were diluted in con-
secutive 1:2 ratios with a solution of maize DNA, yielding
soy concentrations from 40 mg/kg (undiluted) to 0.0195 mg/
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kg. Each dilution was measured repeatedly, giving 14 indi-
vidual results in total.

The upper limit of the working range is determined by the
allergen concentration of the SureFood® Quantard Allergen
standard (i.e., 40 mg/kg). The lowest concentration for which
RSD was below 25% was 0.625 mg/kg. This is the lower
end of the working range and the LOQ of the method. We
measured 7.1 Cp/uL with a standard deviation of +1.6 Cp/
UL. Our absolute LOQ is 142 copies in 20 uL. PCR volume
containing 8 pL sample solution (Table 4).
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Table 4 Working range with characteristics of measurement quality

Soy conc. Number of Copies per 4 RSD, (%) Accepted

[mg/kg] measure-  microliter droplets
ments PCR (mean)
40 14 468 0.3981 24.46 12,949
20 14 236 0.2000 24.50 13,772
10 14 115 0.0974 23.57 13,782
5 13 57 0.0483 22.15 13,178
2.5 14 30 0.0253 21.70 13,408
1.25 14 15 0.0127 22.06 13,654
0.625 13 7.1 0.0060 22.70 15,285
0.313 14 3.65 0.0031 31.12 14,946
0.156 14 1.64 0.0014 30.2 14,642
0.078 14 0.77 0.0007 35.95 14,533
0.039 13 0.40 0.0003 42.11 13,883
0.02 12 0.18 0.0001 76.75 14,728

The lowest concentration where 10 of 10 measurements
were positive (i.e., above the cutoff) was 0.156 mg/kg. At
this level 1.62 Cp/uL PCR with a standard deviation of
+0.49 Cp/uL was measured. The absolute LOD is there-
fore 32.4 copies in a 20 uL. PCR reaction volume contain-
ing 8 uL. sample solution.

The average number of targets per droplet (1) was cal-
culated using the following equation [29]:

d= —inx(1-%,),

where k is the number of positive droplets and 7 is the num-
ber of accepted droplets.

Fig.4 Histogram for the estima-

Figure 4 shows a histogram of the ddPCR analysis con-
taining 125 ng soy DNA per microliter (without any non-
target DNA).

This histogram was used to manually estimate the peak
resolution R according to the following equation [30]:

2% (1, ~ 1,)

S
w,+ w,

where t (9330) and ¢, (440) are the amplitudes of positive
and negative peaks and Wy (10240-6560) and w,, (588-290)
represent the width of the peaks at their base. The calculated
R, is 4.47 which is well above the recommended minimum
of 2.5 and allows tolerance necessary for partially inhibited
samples (see Fig. 4) [30].

Selectivity

Selectivity is the degree to which a method can quantify
the particular analyte accurately in the presence of interfer-
ing substances that could be present in a sample [31]. To
investigate the effect of interfering substances on accurate
quantification, we tested different types of matrices.

Due to the distribution of target DNA throughout many
thousand partitions, dPCR is expected to be less impaired
by inhibitory substances than qPCR. However, in our PCR
protocol, the proportion of sample solution is high (8 pL in
20 pL total PCR volume), and the risk of introducing inhibi-
tory substances into the PCR is therefore also elevated.

Selectivity was tested with four different types of matri-
ces: (1) maize flour; (2) pork; (3) milk; and (4) hazelnut
cream. We could not observe matrix-specific effects on
the performance of the method. Only the LOQ in the milk
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matrix required adjustment to a level yet to be determined
(presumably between 2 and 5 mg/kg).

However, when carrying out repeated extractions of maize
samples, varying concentrations of total DNA (123-333 g/
mL) were measured in the isolates. This might be attributed
to different lots of Maxwell cartridges used. When subjected
to ddPCR, we found that increasing the amount of total DNA
impaired the separation of droplet clusters. A repetition of
the experiment using meat DNA as background confirmed
this observation (Fig. 5). The DNA isolate from the Quan-
tard 40 standard was mixed 1+ 3 (resulting in a Q10 sample;
see Table 2) with diluents containing increasing concentra-
tions of DNA from turkey, so that the mass of total DNA in
the PCR ranged from 120 to 4680 ng.

According to these experiments, the amount of total DNA
introduced into ddPCR should not exceed 1300 ng. This cor-
responds to approximately 160 ug/mL sample solution.

Recovery and repeatability

Lysates of the Quantard 40 standard were mixed with lysates
of maize flour, pork, and milk, and the lysate of defatted
hazelnut cream was mixed with a lysate of defatted Quan-
tard 40 (see Table 2). DNA was isolated from these lysate
mixtures and subjected to ddPCR measurement. This series
of preparations was repeated N times, giving 2N results (odd
numbers in Table 5 indicate that one measurement had to be
excluded due to an insufficient number of accepted droplets).
Each series of DNA preparations comprised two negative
extraction controls and one extraction of Quantard 40 mate-
rial, which were used to establish the conversion function.
Recovery data, even at 1 mg/kg (which is slightly above
the LOQ), are within acceptable limits (80-110%). However,
one milk sample (spiked with 1 mg/kg of soy) could only be

Fig.5 Influence of non-target
10000
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measured with lower recovery. The reason for this deficiency
is subject to further investigation. As a consequence, the
LOAQ for this matrix is yet to be determined.

Data for repeatability expressed as RSD,,,;; are satisfy-
ing considering that two technicians worked over a 2-month
period performing the testing procedure. An overview of
these results is given in Table 5.

Trueness

To investigate the closeness of agreement between the aver-
age value obtained from a large series of test results and
an accepted reference value [32], we tested seven soybean
samples.

A reference material with a certified value of soy chloro-
plast-DNA copies does currently not exist but well-charac-
terized material distributed for proficiency tests is an accept-
able alternative [33].

Pure soybeans without any additives, admixtures, or
impurities that had not undergone any denaturing treatment
were provided by ISTA in the context of their GMO profi-
ciency-test programme. We accepted them for this purpose
because the molecular and biochemical intactness of the
chosen material was demonstrated. The expected analyte
concentration was 10 mg/kg.

Lysates of finely ground beans were mixed with lysates
of maize flour to obtain a soy concentration of 4 mg/kg,
the assigned concentration for trueness experiments and
adequate for the working range of the method. From these
lysate mixtures, DNA was isolated and subjected to ddPCR
measurement. A series of preparations including two extrac-
tion controls and one extraction of Quantard 40 material
were used to establish the conversion function. Each series
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Table 5 Recovery and repeatability

Sample Assigned 2N Cp/uL Determined RSDg,eran (%) Recovery (%) A (mean) Accepted

analyte conc. analyte conc. droplets=

[mg/kg] [mg/kg] (mean)
Q0.2 (outside of the working range) 0.2 15 3.38 0.34 72.4 170 0.00292 14,553
Ql 1.0 16 9.26 0.95 23.1 95 0.00787 14,493
Q2 2.0 16 17.1 1.76 114 88 0.01434 14,953
Q4 4.0 16 36.8 3.80 7.87 95 0.03119 14,863
Q10 10 16 92.8 9.61 5.16 96 0.07903 14,792
Q20 20 16 186 19.1 5.15 96 0.15826 14,479
Maize + 1 ppm 1.0 16 10.5 1.07 16.4 107 0.00886 14,946
Maize + 10 ppm 10 16 968 10.0 9.77 100 0.08228 14,685
Pork+ 1 ppm 1.0 10 7.15 0.72 14.1 72 0.00839 15,421
Pork + 10 ppm 10 16 80.4 8.36 11.0 84 0.06831 15,821
Milk+1 ppm 1.0 16 6.14 0.63 279 63 0.00541 15,190
Milk + 10 ppm 10 16 828 8.61 9.35 94 0.07038 15,265
Hazelnut-cream + 1 ppm 1.0 11 8.65 0.90 18.3 90 0.00740 15,240
Hazelnut-cream + 10 ppm 10 12 949 9.92 12.4 99 0.08057 15,181
was repeated N times giving 2N results. An overview of the Conclusion

results for the determination of trueness is listed in Table 6.

A possible explanation for the increased recovery might
be the molecular and/or biochemical difference (e.g., copy
number or material treatment) between soybeans under
investigation and the soy material used in the Quantard 40
standard.

Comparison to another method

DNA isolates from 25 samples that had been tested nega-
tive for soy in 2017 using the method described in [10] (the
LOD of this method is 10 mg/kg) were reanalysed with the
method presented here. For 13 samples the first result was
confirmed, 5 samples were found to be positive but below
the LOQ and for 7 samples soy contents between 0.76 and
2.04 mg/kg were determined.

Table 6 Overview of the results for the determination of trueness

The method presented in this paper was tested extensively
for specificity against a wide variety of plant species that are
relevant for food production, and it was found to be specific.

Experts are of the opinion that detection limits for aller-
gens in different food products need to be in the low ppm
(mg/kg) range, depending on the respective allergen and
food product [33].

Therefore, chloroplast DNA was chosen as the analyte,
because it is known to have high copy numbers in plant cells.

By measuring a reference material that is certified in
mass, a conversion function can be established to obtain
results in units of mass fraction. As a consequence, all quan-
titative results can only be interpreted as the concentration
of soy derived from the chosen reference material.

The LOD of the assay is 0.16 mg/kg and the LOQ is
0.63 mg/kg, provided that no additional dilution is necessary

Sample Assigned analyte 2N Cp/uL Determined ana-  RSD .., (%)  Recovery (%) A(mean)  Accepted
conc. [mg/kg] lyte conc. [mg/kg] droplets

(mean)

1. Pulverized beans 4 12 43.2 4.5 20.0 112.5 0.05790 15,681

2. Pulverized beans 4 12 477 5.0 25.6 125.0 0.05115 15,620

3. Pulverized beans 4 12 485 5.1 12.2 127.5 0.04125 14,975

5. Pulverized beans 4 14 51.0 54 23.6 135.0 0.04338 14,867

6. Pulverized beans 4 14 46.7 4.9 9.18 122.5 0.03969 15,653

7. “Pure soy feed” 4 14 438 4.6 11.0 115.0 0.03725 15,097

@ Springer
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to be in compliance with the maximum DNA mass of
1300 ng tolerated in 20 uLL PCR volumes. The LOQ for milk,
presumably between 2 and 5 mg/kg, has not been assessed
yet.

The recovery from several spiked food matrices was
80-110% with an RSD,,,,;; below 30% (except for low ana-
lyte levels in milk).

A recurrent challenge associated with biochemical analy-
sis methods is the discrepancy of analyte condition between
the reference material and unknown samples caused by
degenerative effects of manufacturing processes. In addi-
tion, varying chloroplast-DNA copy numbers even in differ-
ent parts of the same plant should be considered. The bias
observed when running repeated analysis of pure native soy
material was not above 30%; however, more deviation is
expected with processed soy products, and such behaviour
should be investigated.

The method presented in this paper is sufficiently specific,
precise, and sensitive for the detection and quantification
of the allergen soy at low levels in food. For comparison of
quantitative results with other methods and for inter-labo-
ratory ring trials, a stipulated reference material is needed.

overal

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Compliance with ethics requirements This article does not contain
any studies with human or animal subjects.

References

1. Rudy W, Dreusch AB (2009) Problematik, Nachweis und neue
Moglichkeiten fiir die analyse versteckter Lebensmittelallergene.
J fiir Verbraucherschutz Lebensmittelsicherheit 4(2):13—-18

2. Torok K, Hajas L, Horvath V, Schall E, Bugyi Z, Kemény S,
Tomoskozi S (2015) Identification of the factors affecting the
analytical results of food allergen ELISA methods. Eur Food Res
Technol 241(1):127-136

3. EU Regulation No 1169/2011 of the European Parliament and of
the Council. Off J EU 304:18-63

4. Morley AA (2014) Digital PCR: a brief history. Biomol Detect
Quantif 1(1):1-2

5. Iwobi A, Gerdes L, Busch U, Pecoraro S (2016) Droplet digital
PCR for routine analysis of genetically modified foods (GMO)—
a comparison with real-time quantitative PCR. Food Control
69:205-213

6. René Koppel TB, Frei A, Waiblinger HU (2015) Droplet digital
PCR versus multiplex real-time PCR method for the detection
and quantification of DNA from the four transgenic soy traits
MON87769, MON87708, MON87705 and FG72, and lectin. Eur
Food Res Technol 241:521-527

7. Koppel R, Dvorak V, Zimmerli F, Breitenmoser A, Eugster A,
Waiblinger H-U (2010) Two tetraplex real-time PCR for the detec-
tion and quantification of DNA from eight allergens in food. Eur
Food Res Technol 230(3):367

@ Springer

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Espifeira M, Santaclara FJ (2017) Fast real-time PCR method for
detection of soy in foods. PCR: methods and protocols. Methods
Mol Biol 1620:173-181

Murray SR, Butler RC, Timmerman-Vaughan GM (2009) Quan-
titative real-time PCR assays to detect DNA degradation in soy-
based food products. J Sci Food Agric 89(7):1137-1144
Lebensmittel—Nachweis von Lebensmittelallergenen mit mole-
kularbiologischen Verfahren—Teil 5: Senf (Sinapis alba) sowie
Soja (Glycine max)—Qualitativer Nachweis einer spezifischen
DNA-Sequenz in Brithwiirsten mittels Real-time PCR. CEN/TS
15634-5:2016

Bauer T, Kirschbaum K, Panter S, Kenk M, Bergemann J (2011)
Sensitive detection of soy (Glycine max) by real-time polymerase
chain reaction targeting the mitochondrial atpA gene. J] AOAC Int
94(6):1863-1873

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P
(2004) Molekularbiologie der Zelle, 4th edn. Wiley-VCH, Wein-
heim, p 922f

Encyclopadia B (2017) https://www.britannica.com/science/chlor
oplast. Accessed 13 Feb 2018

Biologie-Schule Das Nachschlagewerk fiir Biologie (2018) http://
www.biologie-schule.de/pflanzenzelle.php. Accessed 13 Feb 2018
National Center for Biotechnology Information (2016) https://
www.ncbi.nlm.nih.gov/. Accessed 30 Jul 2016

. Pieulle L, Guedeney G, Cassier-Chauvat C, Jeanjean R, Chauvat

F, Peltier G (2000) The gene encoding the NdhH subunit of type 1
NAD(P)H dehydrogenase is essential to survival of Synechocystis
PCC6803. FEBS Lett 487(2):272-276

Droplet, Digital™ PCR applications guide—Bio-Rad http://www.
bio-rad.com/webroot/web/pdf/Ist/literature/Bulletin_6407.pdf.
Accessed 13 Aug 2015

Bio-Rad Laboratories I ddPCR™ Supermix for Probes (No
dUTP). Product Insert, Rev D

Dagata JA, Farkas N, Kramer J (2016) Method for measuring
the volume of nominally 100 um diameter spherical water-in-oil
emulsion droplets. NIST Spec Publ 260(184):260-284

Kosir AB, Divieto C, Pavsic¢ J, Pavarelli S, Dobnik D, Dreo T,
Bellotti R, Sassi MP, Zel]J (2017) Droplet volume variability as a
critical factor for accuracy of absolute quantification using droplet
digital PCR. Anal Bioanal Chem 409(28):6689—6697

Demeke T, Dobnik D (2018) Critical assessment of digital PCR
for the detection and quantification of genetically modified organ-
isms. Anal Bioanal Chem 410(17):4039—-4050

Broeders S, Huber I, Grohmann L, Berben G, Taverniers I, Maz-
zara M, Roosens N, Morisset D (2014) Guidelines for validation
of qualitative real-time PCR methods. Trends Food Sci Technol
37(2):115-126

Zel J, Mazzara M, Savini C, Cordeil S, Camloh M, Stebih D,
Cankar K, Gruden K, Morisset D, Van den Eede G (2008) Method
validation and quality management in the flexible scope of accred-
itation: an example of laboratories testing for genetically modified
organisms. Food Anal Methods. https://doi.org/10.1007/s1216
1-008-9016-5

Horwitz W (1995) Protocol for the design, conduct and interpreta-
tion of method-performance studies. Pure Appl Chem 67:331-343
Grohmann L, Broll H, Dagand E, Hildebrandt S, Hiibert P,
Kiesecker H, Lieske K, Midde D, Joachim Mankertz D, Ralf
Reiting D, Manuela Schulze D, Speck B, Uhlig S, Wahler D,
Waiblinger H-U, Woll K, Zur K (2016) Guidelines for the sin-
gle-laboratory validation of qualitative real-time PCR methods.
Bundesamt fiir Verbraucherschutz und Lebensmittelsicherheit
(BVL), Braunschweig

Definition of minimum performance requirements for analyti-
cal methods of GMO testing (2015) European network of GMO
laboratories (ENGL). http://gmo-crl.jrc.ec.europa.eu/guidancedo
cs.htm. Accessed 14 Apr 2016


https://www.britannica.com/science/chloroplast
https://www.britannica.com/science/chloroplast
http://www.biologie-schule.de/pflanzenzelle.php
http://www.biologie-schule.de/pflanzenzelle.php
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf
https://doi.org/10.1007/s12161-008-9016-5
https://doi.org/10.1007/s12161-008-9016-5
http://gmo-crl.jrc.ec.europa.eu/guidancedocs.htm
http://gmo-crl.jrc.ec.europa.eu/guidancedocs.htm

European Food Research and Technology

217.

28.

29.

AWI 20395 Biotechnology-guidelines for evaluating the perfor-
mance of targeted nucleic acid quantification methods: Part 1
gPCR and dPCR (2017). ISO AWI 20395 (v4.3), vol unpublished
Hougs L, Zel J, Charles-Delobel C, Burns M, Charels D, Ciabatti
1(2011) Verification of analytical methods for GMO testing when
implementing interlaboratory validated methods. In: ENGL work-
ing group on “Method Verification” of the joint research centre
of the European Commission Luxembourg: JRC Scientific and
Technical Reports Publications Office of the European Union
Huggett JF, Foy CA, Benes V, Emslie K, Garson JA, Haynes R,
Hellemans J, Kubista M, Mueller RD, Nolan T (2013) The digital
MIQE guidelines: minimum information for publication of quan-
titative digital PCR experiments. Clin Chem 59(6):892-902

30.

31.

32.

33.

Lievens A, Jacchia S, Kagkli D, Savini C, Querci M (2016) Meas-
uring digital PCR quality: performance parameters and their opti-
mization. PLoS One 11(5):e0153317

Deprez L, Corbisier P, Kortekaas AM, Mazoua S, Beaz Hidalgo R,
Trapmann S, Emons H (2016) Validation of a digital PCR method
for quantification of DNA copy number concentrations by using a
certified reference material. Biomol Detect Quantif 9:29-39. https
://doi.org/10.1016/j.bdq.2016.08.002

Thompson M, Ellison SL, Wood R (2002) Harmonized guidelines
for single-laboratory validation of methods of analysis (IUPAC
Technical Report). Pure Appl Chem 74(5):835-855

Poms R, Klein C, Anklam E (2004) Methods for allergen analysis
in food: a review. Food Addit Contam 21(1):1-31

@ Springer


https://doi.org/10.1016/j.bdq.2016.08.002
https://doi.org/10.1016/j.bdq.2016.08.002

	Quantification of the allergen soy (Glycine max) in food using digital droplet PCR (ddPCR)
	Abstract
	Introduction
	Materials and methods
	Primer and probe design
	Samples and sample pretreatment
	Reference material
	DNA isolation and purification
	ddPCR and data evaluation

	Results and discussion
	Method optimization, cut-off value and specificity
	Test for specificity in silico
	Test for specificity in vitro
	Dynamic range, working range, LOQ, LOD average number of targets per droplet (λ), and resolution of droplet clusters
	Selectivity
	Recovery and repeatability
	Trueness
	Comparison to another method

	Conclusion
	References


