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ABSTRACT: In food allergy, a common immunological disease with a potentially severe outcome, a causative cure is not
available. Correct ingredient labeling and risk assessment of unlabeled allergen cross-contact is a prerequisite for effective
allergen avoidance. Specific and sensitive analytical methods, which allow for unequivocal identification and accurate
quantification of allergenic components, are important tools in allergen risk management. Both protein- and DNA-based
methods are in place and reveal pros and cons depending upon the application and individual analytical question. This
perspective highlights relevant molecular aspects and discusses, especially, opportunities for the application of DNA-based
methods for the detection of allergenic foods.
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■ INTRODUCTION

Food allergy is a global health burden and challenge and affects
approximately 1−10% of the general population.1 It constitutes
an immunological disease of individuals that are sensitized
against usually harmless food proteins, which are often of
dietary value for the general population. With regard to health
risk, the so-called immediate-type allergic reaction that is
mediated by immunoglobulin E (IgE) isotype antibodies
directed against food proteins is most prominent. After food
ingestion, the onset of symptoms usually occurs within a few
minutes and even severe, occasionally life-threatening reactions
may result. Thus far, causative immunotherapy treatment is
unavailable in a clinical routine, majorly because of potentially
severe side effects and a lack of safe and efficacious
immunotherapeutic reagents. Hence, strict avoidance of the
offending food remains the only effective option to avoid an
allergic reaction.2 This requires the clear identification of the
allergenic food ingredient and, thus, accurate labeling of
allergenic ingredients. The latter is mandatory for a range of
the most frequent and most severe food allergens used as
ingredients in many countries around the globe. In the
European Union (EU), 14 allergenic foods or groups of foods
have to be obligatory labeled when used as an ingredient.3

Although this is beneficial for the allergenic ingredient
identification, cross-contact of allergenic components may
still occur, for example, as a result of shared equipment in food
manufacture, which is not covered by mandatory labeling in
the EU, and results in the presence of so-called “hidden”
allergens. Hidden allergens may be present in spurious but also
greater amounts, as homogenates or particulates, posing an
unpredictable health risk to allergic individuals. Hidden
allergens may be eliminated or minimized by allergen risk
management, supported by effective allergen sanitation or
cleaning procedures that are validated and monitored on a
regular basis.4 Thus, analytical methods to detect and quantify
allergenic components of foods are valuable tools to verify
compliance with labeling requirements and the effectiveness of
allergen sanitation plans in food manufacture. These methods

need to meet high analytical demands: detection specificity is
required to avoid false-positive results that may cause
unfounded food recalls; test sensitivity must reflect the clinical
sensitivity of allergic subjects; quantitative features are the basis
to enable decision making in risk management; and method
performance should be robust with regard to the impact of the
food matrix, processing, and range of biological variation of
allergenic ingredients and components. Hence, the selection of
appropriate target molecules plays a key role to meet the high
analytical demands in food allergen detection. Because proteins
are the elicitors of allergic reactions to foods, targeted
detection of allergenic proteins appears to be the primary
choice with regard to basic allergen risk assessment. However,
with regard to an everyday allergen risk management, several
more options may arise for a robust, specific, and sensitive
detection of the allergenic food in question, when using any
qualified target protein, peptide(s) thereof, or the underlying
genetic code, the deoxyribonucleic acid (DNA). For the
verification of labeling requirements, identification of hidden
allergens, and verification of allergen sanitation plans, is it
really a question of “protein or no protein”? Normally, it
should not be a question of relevance from an analytical point
of view but can be a matter of debate for those countries where
the regulation explicitly requires the detection of allergenic
proteins or the protein fraction of the allergenic food.
Hence, this perspective will discuss relevant molecular

aspects to consider and highlight the potential of DNA-based
methods for allergenic food detection with regard to specificity,
sensitivity, and quantitative performance. Direct comparison of
polymerase chain reaction (PCR) with enzyme-linked
immunosorbent assay (ELISA) and mass spectrometry (MS)
methods intends to support a detailed understanding of
similarities and differences of allergen detection methods and
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opportunities for the use of PCR in allergen detection. In this
perspective, the term “allergen detection” is meant as a brief for
the detection of allergenic foods. It should not be mistaken for
the detection of a single allergenic protein molecule.

■ ANALYTICAL TARGETS AND METHODS FOR
ALLERGEN DETECTION

Historically, ELISA kits were the first to allow for specific
detection of proteins or allergens of the allergenic food in a
quantitative and potentially high-throughput manner. ELISA is
still the most used method in the detection of allergenic foods
because of its ease of use and limited technical requirements.
ELISA tests make use of either mono- or polyclonal antibodies.
For both types of antibodies, the first step is the immunization
of adequate host animals with single purified (allergenic)
proteins, total protein extracts, or peptide molecules. With
regard to specificity toward single allergenic proteins, ideally
monoclonal antibodies (mab) would be raised. Normally, mab
recognize only one binding site of the allergen molecule, and
specificity can be as high as to differentiate between
isoallergens, as was shown for the isoforms Dau c 1.01 and
Dau c 1.02 of the major carrot allergen Dau c 1.5 However, the
availability of a single binding site is likely impacted by food
processing, such as thermal degradation, but also masking as a
result of matrix effects. Polyclonal antibodies display a higher
diversity of binding sites. However, in turn, specificity for the
allergenic protein(s) may be negatively affected, at least partly,
if proteins other than the relevant allergens are detected. In the
literature, especially polyclonal antibodies developed against
crude total protein or single protein fractions have been
described.6−8 Only few have been characterized in detail with
regard to their allergen specificity. Similarly, commercial
ELISA kits make use of immunological reagents that may
detect one or more allergens but likely other proteins as well.
As was shown for peanut, different ELISA kits have differing
specificities with regard to recognized allergenic proteins, and

only few allergen components are detected simultaneously or
equally.9 Also, other methods based on antibodies exist for
allergen detection, such as rapid lateral flow devices (LFDs) or
surface plasmon resonance (SPR), but will not be further
discussed in this perspective.
Recently, detection of allergenic proteins by mass spectrom-

etry (MS) has evolved, and several publications indicate the
potential of MS for a sensitive and specific detection. Detection
is usually performed “bottom-up” on the basis of peptides
obtained after proteolytic digestion of the study sample.8,10

Again, usually only few target allergens are detected. For
example, when considering the detection of peanut allergens, it
has to be kept in mind that usually only a very limited number
of allergens are detected, whereas 17 peanut allergens have
been described to date (www.allergen.org). Taken together,
both protein-specific methods, ELISA and MS, usually detect a
limited number of target proteins or allergens. In the case of
MS, usually small peptides are detected that are likely not
allergenic.
The third option for the detection of allergenic foods is

based on the detection of a part of the DNA that is specific for
the target allergenic food. The target DNA may be part of a
gene that is specific for a relevant allergenic protein but can be
any part of the DNA as long as it allows for specific detection
of the allergenic food. DNA is a fairly stable molecule.
However, food processing may also truncate DNA, which is
why mainly short stretches of, for example, less than 200 base
pairs in length are targeted. Independent of whether protein or
DNA is detected, recovery of target molecule(s) may be
negatively affected by the food matrix and potentially even
worse by food processing, such as thermal treatment.8 If
possible, appropriate factors of correction should be identified
and applied for quantitative readouts. Usually, PCR is
performed to specifically amplify DNA stretches, and sequence
specificity is additionally verified in real time if performed with
sequence-specific probes in real-time PCR, also known as

Table 1. Reference Doses (mg of Protein) for 11 Allergenic Foods According to VITAL and Conversion to Allergenic Food
Applying Published Conversion Factors12

allergen
(reference fooda) eliciting dose (ED)

protein reference
dose (mg)

conversion factor
(protein to food)a

converted reference
dose food (mg)

concentration of allergenic food in
100 g serving (mg/kg)

peanut (whole
peanut)

ED01 0.20 4.0 0.80 8.0

milk (non-fat dry
milk)

ED01 0.10 2.8 0.28 2.8

egg (dried whole
egg)

ED01 and ED05 (95% LCIb) 0.03 2.2 0.066 0.66

hazelnut
(hazelnut flour)

ED01 and ED05 (95% LCI) 0.10 6.4 0.64 6.4

soy (whole
soybean)

ED05 (95% LCI) 1.00 2.5 2.50 25

wheat (raw or
cooked flour)

ED05 (95% LCI) 1.00 10.0 10.00 100

cashew (cashew
flour)

ED05 (95% LCI) 2.00 (provisional) 5.3 10.60 106

mustard (mustard
seed)

ED05 (95% LCI) 0.05 3.8 0.19 1.9

lupin (yellow
lupin flour)

ED05 (95% LCI) 4.00 2.5 10.00 100

sesame (crushed
seeds)

ED05 (95% LCI) 0.20 5.9 1.18 11.8

shrimp (whole
cooked)

ED05 (95% LCI) 10.0 4.4 44.00 440

aExamples of reference food and conversion factor to convert from total protein of allergenic food to total allergenic food, according to Table 2
from Taylor et al.12 bLCI = lower confidence interval.
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quantitative polymerase chain reaction (qPCR). PCR is an
indirect method with regard to the presence of proteins. It
generally allows for the detection of the presence of specific
DNA as a surrogate target molecule and the quantification of
this specific DNA to extrapolate for the quantity of source
material or total protein.11 Further characteristics of allergen
detection using PCR in comparison to ELISA and MS are
discussed below.

■ METHOD READOUT AND COMPARISON TO
CLINICAL PROTEIN THRESHOLD DATA

Method sensitivity needs to be compared to clinical sensitivity
of allergic individuals that experience an allergic reaction,
which is obtained in clinical threshold studies.12 Individual
clinical threshold data have been used to establish reference
doses for allergenic food residues as a part of the Voluntary
Incidental Trace Allergen Labelling (VITAL) program of the
Allergen Bureau of Australia & New Zealand. The obtained
reference doses, in terms of milligrams of total protein of the
allergenic food, were derived from statistical dose distribution
models and were based on eliciting dose (ED), either ED01,
ED05, or both, for a range of allergenic foods (Table 1). ED
refers to the dose at which a certain percentage of allergic
individuals (01 stands for 1%) would react to the allergenic
food according to the dose distribution model and applying a
95% confidence interval. Individual thresholds in the under-
lying clinical studies have been calculated on the basis of the
allergenic food or total protein of the allergenic food but not
individual allergenic proteins. To model dose distribution
curves, challenge doses were normalized to milligrams of total
protein from the allergenic food using conversion factors.12 As
a consequence, sensitivity of analytical methods needs to be
determined against the total protein of the allergenic food,
which includes allergens and non-allergenic proteins alike. On
the basis of the detection of a subgroup of proteins or allergens
in both ELISA and MS, the results need to be extrapolated for
total protein of the allergenic food. However, differences in
quantitative results as a result of the use of different ELISA
tests have frequently been reported.8 The major reasons for
this are the use of different detection antibodies and calibrants.
Accordingly, appropriate conversion factors need to be
identified, because conversion from target to total protein is
influenced by the selection of the target protein (allergen).
Several aspects need to be taken into account, such as average
protein content of allergenic source material, target protein
content, range of biological variation, response rate of the
method to target protein, and product/processing types of the
most relevant allergenic ingredient. If calibration is performed
against total protein of a selected comparator allergenic food,
conversion factors are already empirically included but may
vary between methods, depending upon their target response
and quantitative target distribution. Thus, the final quantitative
readout in total protein of the allergenic food varies with the
calibrator used and the response rate of the method. Moreover,
the method readout with regard to allergen risk assessment is
limited to the detected allergens or peptides thereof in
comparison to the complete qualitative and quantitative
allergen distribution in the study sample. Hence, several
assumptions need to be made, and some degree of uncertainty
persists. With these limitations in mind, it appears not justified
to describe ELISA or MS methods for allergenic foods as
completely direct methods for the purpose of allergen
detection and allergen risk assessment. Using PCR to detect

DNA instead of protein of the allergenic food, quantification of
total protein of the allergenic food can be performed similarly
to ELISA or MS based on calculation if appropriate factors of
conversion are applied. In PCR, direct calculation from
quantified specific DNA to the allergenic food or total protein
thereof is limited by the fact that no universal factor of
conversion for target molecule(s) to a total protein readout can
be applied. This is somehow similar to ELISA and MS
methods, as described above. Accordingly, calibration can be
performed against the allergenic food itself. Again, a factor of
conversion is already included in this calibration, and this may
be prone to biological variation too. Moreover, a second
conversion factor needs to be applied to calculate for total
protein of the allergenic food based on tabular values for the
protein content, such as the values used by Taylor et al. to
normalize the outcome of clinical threshold studies.12 This of
course may also add to uncertainty. As an example, in Table 1,
the published VITAL protein reference doses for 11 allergenic
foods were converted to reference doses of the allergenic
foods, applying selected conversion factors related to certain
reference foods. To ensure suitable method sensitivity, DNA-
based methods, which are calibrated against the reference
foods, would need to be as sensitive to allow for detection of
this amount of reference food in a relevant serving size. The
last column of Table 1 depicts the corresponding concen-
tration that would need to be detectable to verify VITAL
protein reference doses in a serving of 100 g.
Allergen detection using PCR is based on the assumption

that a positive DNA result correlates directly with the presence
of protein of the allergenic food. In the great majority of
allergenic foods, this has not been a limitation because of a
good correlation between the presence of detectable DNA and
protein of the allergenic food.11 It should be kept in mind that
PCR cannot specifically detect milk or egg, because DNA may
also originate from other beef or chicken tissue, nor can PCR
detect a single protein, such as gluten. The intended primary
use of gluten-specific methods is to increase food safety for
consumers with celiac disease. For application of gluten-
specific methods in the field of food allergy, the conversion of
readout with regard to allergy against wheat-containing cereals
is required but not directly apparent. ELISA tests may directly
detect gluten but cannot fully differentiate the gluten-
containing cereals, which require mandatory ingredient
labeling in various countries. In contrast, PCR can detect
and differentiate between the gluten-containing cereals, and
the quantitative conversion to total protein and to gluten can
be performed with appropriate conversion factors, as described
above. Thus, PCR methods for the indirect detection and
quantification of gluten have both limitations and advantages
similar to a protein-based detection.
In summary, the correctness of allergen analysis using

ELISA, MS, and PCR is influenced by several variables. As a
consequence, a certain measurement inaccuracy would always
need to be accepted, as long as one cannot calibrate on the
present allergenic food. To overcome these limitations as best
as possible, generally accepted reference materials are needed
to reach better comparability of method results when detecting
allergens with unknown characteristics.
Similar to protein-based ELISA and MS methods, DNA-

based methods offer valuable benefits for the detection of
allergenic foods that are further discussed below. Thus, PCR
may serve as a confirmatory method or even as the only

Journal of Agricultural and Food Chemistry Perspective

DOI: 10.1021/acs.jafc.8b03657
J. Agric. Food Chem. 2018, 66, 9889−9894

9891

http://dx.doi.org/10.1021/acs.jafc.8b03657


applicable method depending upon the allergenic food to
detect.

■ PCR FOR ALLERGEN DETECTION

ELISA methods depend upon specific antibodies, usually of
polyclonal nature, with an unknown range of epitope
specificities. Antibody characteristics and other relevant
reagent details are usually undisclosed in commercial ELISA
kits that are frequently applied. Even if disclosed, use of such
detail is limited, because each immunization is unique, and
even consistent use of protocols may lead to different antibody
specificities and sensitivities. Nonetheless, the application of
ready-to-use ELISA kits is convenient and does not require
sophisticated instrumentation. In contrast, MS methods for
proteins do require pricy and sophisticated instrumentation
and extensive expertise. A big advantage of MS methods for
allergen detection is the possibility to disclose all method
details, which is important to regulatory bodies. Likewise, PCR
chemistry and protocols can be fully disclosed, and because
qPCR instrumentation has become affordable for routine
laboratories, it is considered a standard laboratory method, like
ELISA. For example, in Germany and Japan, PCR has become
a standard method for allergen detection performed by
governmental food control laboratories. In Japan, PCR analysis
is performed as a confirmatory test for wheat, buckwheat,
peanut, shrimp, prawn, and crab.13 In Germany, PCR has been
an official method according to food and feed law for a range
of allergenic foods, such as wheat, rye, peanut, soybean, lupine,
hazelnut, almond, celery, mustard, and sesame, and the range
of application specificities is further expanded.
One major advantage of PCR is its exceptional specificity

that may even surpass the level of single amino acid specificity.
In fact, more molecular differences are available on the
nucleotide level, because for most amino acids, more than one
triple nucleotide codon exists and non-coding sequences are
available in addition to the protein-coding sequence.11 This
allows for specific differentiation of allergenic foods, even in
the presence of other components with close phylogenetic
relation that may result in false-positive detection at the
protein level. One such example is the highly specific PCR-
based detection of celery (Apium graveolens),14 which requires
mandatory ingredient labeling in the EU. However, celery
cannot be differentiated from other plant foods of the Apiaceae
family, such as carrots, using antibody-based ELISA.15 Also,
using commercial ELISA, almond (Prunus dulcis) cannot be
detected specifically in comparison to other kernels of the
genus Prunus, such as apricot (Prunus armeniaca).16 In Europe,
both almond and apricot are used for the manufacture of
sweets, such as marzipan and persipan, but almond is the
allergenic ingredient that requires mandatory labeling. Using
qPCR, almond was detectable in chocolate and cookies at a
level of sensitivity similar to that of commercial ELISA kits. In
addition, the specificity of qPCR for almond was up to 10 000
times higher than that of the commercial ELISA tests and
allowed to discriminate almond from other Prunus species,
such as apricot, peach, cherry, plum, or nectarine.16 In 2015,
several spice products were withdrawn from the international
food market because of the suspected presence of almond as
detected using ELISA methods. As described above, the
immunoassays showed significant cross-reactivity with other
species within the Prunus genus. A novel qPCR assay was
capable of identifying Prunus mahaleb as the species causing

false positives in almond immunoassay analysis of the spice
products.17

In addition to high specificity, PCR also allows for detection
of allergenic foods with high sensitivity that is comparable to
that of immunoassays, such as ELISA. Generally, PCR
sensitivity depends upon the target gene(s) used for the
specific detection and the ratio of target gene(s) to total source
material. Usually, this ratio is not critical; however, in the case
of egg, milk, and products thereof, the amount of amplifiable
DNA is limited, which does not allow for developing PCR
applications that are sensitive enough for allergen detection in
foods. With the limited tissue specificity of PCR also taken into
account, the detection of allergenic milk and egg ingredients
using PCR is not recommended. Apart from these two, the vast
majority of allergenic foods that need to be labeled according
to European regulation3 can be traced by PCR tests. Many
PCR applications have been based on so-called single-copy
genes and allow for detection of allergenic ingredients at a level
of approximately 10−50 mg/kg of food or below.18−21 The
related level of total protein of the allergenic ingredient is
accordingly lower, applying conversion factors as suggested by
Taylor et al.12 Making use of multicopy genes, such as
mitochondrial or ribosomal genes, sensitivities in the range of
0.1−1 mg/kg of food can be achieved.22,23 With such low
levels of detectability, verification of relevant clinical protein
reference doses,12 even in a large serving size of 500 g, can be
accomplished. In some cases, such as soy detection, PCR
analysis appears even more robust than analysis based on
immunoassays. In a survey of proficiency testing performed
within 6 years, PCR-based detection of soy was much more
reliable than ELISA-based soy detection. Blank sausage meat
and pastry matrices were fortified with thermally treated soy
flour or granulate at levels between 184 and 5500 mg of soy
protein/kg of matrix. Blank matrix samples were detected
negative, with a high average confirmation rate above 90%
using both ELISA and PCR. However, matrix samples having
soy protein were detected positive, with an average
confirmation rate of 95 and 67% using PCR and ELISA,
respectively.24

Using qPCR, the amount of an allergenic food in a
composed food can be quantified.
As in allergen detection using ELISA or MS,8 food matrix

and food processing may negatively impact the recovery of the
specific target DNA. While the effect of processing is usually
difficult to tackle, matrix effects on allergen recovery can be
normalized using PCR. On the one hand, quality and quantity
of extractable DNA may depend on differences in food matrix
composition. On the other hand, differences in the quality of
extracted DNA affect amplification efficiency, and because
PCR is a cyclic method, differences in amplification efficiency
are propagated by each cycle of repetitive amplification. To
compensate for error propagation, several strategies for
quantification of allergenic foods using qPCR have been
described, such as matrix-adopted standards,25 the classic
standard addition method,26 and non-competitive27,21 and
competitive28 normalization. The latter strategy provides
several advantages, including the avoidance of external
standards and a relevant reduction of technical sample
replicates. To minimize matrix effects during both DNA
extraction and amplification, an artificial competitive DNA is
added at a predetermined amount to the sample prior to DNA
extraction, co-extracted, and co-amplified with the target DNA.
The ratio of co-amplified competitor and target DNA allows
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for the calculation of the amount of target allergenic food.
Competitor DNA serves as an internal calibrator and controls
for inhibition effects. This competitive qPCR, which is based
on a single-copy gene, allowed for matrix-normalized
quantification of peanut in the range of 10−1000 mg/kg of
food, using only four replicates per sample. Recovery in
chocolate, vanilla ice cream, cookie dough, cookie, and muesli
was 87% in comparison to 199% obtained by three commercial
ELISA kits.28 This principle, applied to mitochondrial
multicopy genes, allowed for matrix normalization and even
more sensitive soybean and peanut quantification in various
matrixes (sausage, cookie, hollandaise sauce, and skim milk
powder) at a level of 1−100 mg/kg of food.23 When published
conversion factors are applied,12 this corresponds to 0.25−40
mg of protein of peanut and soybean per kilogram of food,
respectively. Thus, the method sensitivity and quantitative
capacity would allow for verification of VITAL reference doses,
even in a large serving size of 500 g. Similarly, multicopy-based
PCR allowed for a highly sensitive detection of allergenic
species of the animal kingdom, namely, penaeid shrimp and
blue crab, and demonstrated that cooking had little effect on
assay performance.29 As shown for MS analysis,8,10 DNA-based
detection of allergenic foods offers, in principle, multiplexing
capability19 and the option to develop simple and rapid
screening tools, comparable to antibody-based lateral flow
devices.30 For example, celery was successfully detected in the
range of food items using loop-mediated isothermal
amplification,31 which, after DNA extraction, does, in principle,
only need a water bath and visual inspection of the resulting
color change after 30−60 min of isothermal incubation of the
reaction mixture.

■ CONCLUDING REMARKS
PCR applications for the detection of allergenic foods have
been established and applied successfully for nearly 2 decades.
For the vast majority of allergenic foods that require
mandatory ingredient labeling and voluntary control for
cross-contact, DNA-based detection using PCR has been
proven useful and efficient. Sensitivity of multicopy-based
detection is comparable to that of immunoassays, and PCR
offers extraordinary specificity in comparison to immunoassays.
Instrumentation and other required resources have become
affordable for routine analytical laboratories, and optimized
protocols may allow for rapid PCR detection of allergenic
foods. Many publications provide evidence of robust DNA-
based detection and good correlation between DNA- and
protein-based analysis of allergenic foods. PCR has been
accepted and applied by several governmental laboratories.
Accurate quantification using qPCR with matrix normalization
has been shown. More emerging developments, such as digital
PCR, are explored for the quantification of allergenic foods.
Taken together, DNA-based detection and quantification offer
many beneficial options for allergenic food detection. No
individual method exists that combines all advantages for
affordable, robust, rapid, and unequivocal identification and
quantification of all relevant allergenic food components. Thus,
the most appropriate application should be chosen, and for
some analytical questions, the use of more than one technique
might be necessary. To compare analytical results to clinical
protein reference doses, similar to protein-based detection
using immunoassays or MS, quantitative results obtained by
qPCR are based on conversion factors that, in turn, present
uncertainty to some extent. Future work needs to describe and

limit the range of uncertainties for both DNA- and protein-
based detection methods for allergenic foods. Immunoassays
will remain a major pillar in the detection of allergenic foods
because of easy use and quantitative readout, despite evident
antibody limitations that potentially lead to unspecific cross-
reactivity or processing-related false-negative results. PCR may
overcome these limitations but remains an indirect method for
protein detection. However, not using PCR for allergen
detection, as either a complementary or primary method,
deprives the analytical laboratory from valuable options. Thus,
the principal question of “protein or no protein?” should be
amended to “protein and DNA!”. Independently, each
individual application, be it ELISA, MS, or PCR, must prove
its fitness for purpose with regard to sensitivity, specificity,
quantitative capability, and situation-oriented applicability, to
effectively support allergen risk management for the food
allergic population.
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