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Abstract

Allergen levels in fresh and processed foods can vary dynamically. As different sources of foods 

can cause different types of allergic reactions, the food industry and regulatory bodies urgently 

require reliable detection and absolute quantitation methods for allergen detection in complex food 

products to effectively safeguard the food-allergic population. Recent advances of targeted 

proteomic technologies namely multiple-reaction monitoring (MRM) mass spectrometry (MS) 

coupled with isotope-labeled internal standard, also known as AQUA peptides offers absolute 

quantitation of food allergens even at 10 ppb level in a multiplex fashion. However, development 

of successful AQUA-MRM assay relies on a number of pre and post MS criteria. In this review, 

we briefly describe how allergen levels could potentially change in plant and animal based foods, 

necessitating the development of a high throughput multiplexed allergen quantification 

methodology for successful AQUA-MRM assay. We also propose some future strategies that could 

provide better management of food allergy.
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1. Introduction

Food allergens are mainly a group of proteins that trigger allergic reactions to human. Food 

allergies are rapidly increasing worldwide in the last decades. The cause of this increase is 

believed to stem from the diversification of foods/food-compositions, diversification of food 

sources, environmental, varietal, cultural practices and pre or post management of foods [1–

6]. It has been estimated, worldwide that around two and four billion people live primarily 

on a meat- and plant-based diet, respectively [7]. In the US, a person with a meat-based diet 

typically consumed a total of 114 kg food grain, 124 kg meat, 20.3 kg fish, 14 kg eggs and 

256 kg dairy products per year whereas a person with a plant-based diet consumed relatively 

higher amount of food grain (152 kg), vegetables (286 kg), dairy products (307 kg) and eggs 

(25 kg) per year [7]. However, it is important to note that ninety percent of food allergies and 

the responsible allergens are associated with the food group named as “The Big 8” which 

includes egg, fish, milk, peanut, soybean, tree nuts and wheat [8].

In human diets, the main source for vitamins and minerals are fresh vegetables and fruits. 

However, a number of publications reported that many of the known regular table fruits such 

as apple, pear, peach, plum, orange, lime, cherry, strawberry, raspberry, mulberry, blueberry, 

grape, melons, banana, kiwi, avocado and chestnut, and vegetables such as tomato, lettuce, 

asparagus, cabbage, celery, fennel, carrots, artichoke, contain significant level of allergens 

[9] which commonly presents as oral allergy syndrome (OAS). Unfortunately most of these 

fruits and vegetables are served raw which elevates potential risk for OAS. Due to a lack of 

definitive routine immunotherapy, avoidance of allergen-containing foods is considered the 

best practice and/or treatment for people with food allergies. Safety labeling is now 

mandatory for allergen containing foods particularly “The big 8” foods in many countries 

including USA [8]. However, the lack of accurate information especially absolute 
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quantitation and threshold doses of food allergens can lead to confusion and potential harm 

to patients with food allergies [10].

To date, a large number of allergen proteins have been identified and systematically 

cataloged. A recent update (January 2016) of online database AllergenOnline (http://

www.allergenonline.org/) reports 778 allergen protein groups and 1956 sequences [11]. 

According to the WHO/IUIS Allergen Nomenclature SubCommittee (http://

www.allergen.org/), 388 (46%) allergen proteins from plants, 338 (40%) from animals, and 

110 (13%) from fungi have been officially named [12]. Structural Database of Allergenic 

Proteins (SDAP, http://fermi.utmb.edu/) is a web server of online recourses on allergenic 

proteins and computational tools to assist the structural studies. This server listed a total of 

1526 allergens, 92 PDB structures, and 458 3D models of allergens [13]. The allergome 

(http://www.allergome.org/) database contains over 3066 allergenic molecules, considered as 

the largest allergen database [14]. However, it is important to note that different databases 

may be highly redundant, and/or missing many of the recently identified allergens. It is 

unclear what percentage of proteins of these databases are food allergens; however over 50% 

of the proteins in SDAP may belong to food allergen category.

Proteomics approaches have been used extensively to detect and quantitate food allergens in 

the last decades (Figure 1). As shown, only 20% of the studies on allergy focused on food 

allergens wherein only 5% of proteomic studies on allergy used a targeted proteomic 

approach (Figure 1A). Targeted proteomics is the hypothesis-driven analysis of absolute 

quantification (AQUA) of proteins of interest using selected reaction monitoring (SRM), 

also known as multiple reaction monitoring (MRM) strategy where multiple ions of interest 

are quantified using mass spectrometry [15, 16]. This technology is supersensitive and 

highly reproducible therefore, the application of targeted quantitative proteomics approaches 

have rapidly increased in the last five years (Figure 1B) indicating the emergence of targeted 

proteomics focused on food allergens. It is also interesting to note, among the allergen 

proteomic studies so far conducted, over 50% were focused on plant allergen identification 

and/or quantification wherein less than 25% of them used absolute quantitation with SRM 

and MRM technologies (Figure 1C). Furthermore a word cloud of over 10,000 paper titles 

from PubMed for “food allergen” reflects the study on major food allergens such as peanut, 

milk, wheat, soybean, and egg as expected. However, this cloud failed to highlight 

quantitative, mass-spectrometry and proteomics indicating that quantitative proteomic 

approaches applied to the study of food allergens are still in a nascent stage.

Recent advances in nano-LC system coupled with mass spectrometry, the database for many 

food species will lead to the identification and analysis of many novel allergens which are 

essentially uncharacterized as allergens but may contains very similar amino acid sequences 

and/or have similar domain identical with the known allergens proteins from various foods 

in a precise way [1, 4,–6, 15]. The importance and challenges of food allergen profiling has 

been recently reviewed by Ciardiello, et al. [17]. In addition, especially the advantage of 

absolute quantitative proteomic approaches compared with other commonly used 

methodologies including ELISA in allergen detection and quantification has been 

extensively discussed in a number of recent review papers [8, 18–20]. It is obvious that 

current research in allergenomics in terms of absolute quantitative proteomics is certainly 
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less than adequate. These focused quantitative studies would benefit from optimization and 

standardization of a number of parameters and/or criteria in the case of many food allergens. 

In this review, we discuss the current status of targeted proteomics in allergen studies with 

particular emphasis on how allergen levels could be changed in foods. We also discuss the 

necessity of multiplexed, reliable, robust quantitative methodologies such as AQUA-MRM 

assay and point out some critical steps in the AQUA-MRM assay that need to be considered 

carefully for successful assay development for allergen quantification. In addition, we also 

propose future research strategies that will result in more detailed knowledge on the allergen 

contents of foods for a more data-driven strategy for the management of food allergy.

2. Factors change allergen levels in foods

One of the fundamental questions in food industries is whether or not abiotic and/or biotic 

stresses correlate with allergen levels in fresh and processed foods. Accurate food labelling 

is considered one of the most effective means of protecting allergic humans. Therefore, it is 

imperative to know the possible factors that could alter allergen levels in foods and whether 

or not that change is significant compared to the threshold and/or normal levels of allergens 

in that particular food. In the following subsections we briefly discuss some of the known 

factors that alter allergen levels in foods.

2.1. Plant-based food allergens

A high heterogeneity in the distribution and quantification of plant allergens among different 

cultivars has been reported in many seeds, fruits and vegetables [1,5, 21–24]. For instance, to 

address the environmental effects and geographical distributions on soybean allergens, a 

study of four varieties of non-GM soybeans grown in six distinct regions of North America 

found that some allergen levels were significantly increased among the varieties in response 

to geographical distribution [1]. Similarly, gene expression analysis of 15 apple varieties in 

response to three different environmental stresses showed shadowing, elevation, and storage 

significantly affected the transcription of the allergen-encoding genes [21]. Using AQUA-

MRM technology, Houston et al. [23] also demonstrated that the total quantity of allergens 

among the 20 soybean varieties was mostly similar but with, significant differences in some 

specific allergens. It is important to note that skin reactivity and in vitro IgE binding 

potencies of various soybean cultivars are significantly different [25] suggesting plant 

allergenic potential varies with genotype. Variability in plant allergen expression levels not 

only result from genetic and/or environmental differences but also from a number of 

agricultural practices that may play a major role in expression of many allergens or allergen-

like proteins [25–27]. It has been reported that most of the omega-gliadins, high molecular 

weight glutenin subunits, serpins, and some alpha-gliadins were increased in wheat grain in 

proportion with post anthesis fertilizers [27].

It is also important to note that allergens levels are significantly varied among specific 

tissues. For instance, apple (Malus domestica) allergens Mal d 3 which is located in the 

apple peel [28] can induce severe allergic reactions [29], Mal d 1 is located in the flesh [28] 

and usually induces mild symptoms [30]. A recent study using sera from peanut-allergic 

patients revealed that proteins extracted from both the blanched seed and skin bound 
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significant levels of IgE. However, no IgE binding was observed when phenolic compounds 

were present in the skin protein extract, suggesting peanut skins contain potentially 

allergenic proteins [31].

Another factor, which might modify the allergen levels in many horticultural crops 

particularly in freshly edible vegetables and fruits, is constant exposure to stress conditions 

and/or treatment during harvesting, handling and processing for self-life. Controlled 

atmosphere storage and low temperature are commonly applied to horticultural fruits and 

vegetables such as apple and pear to extend their shelf lives. It has been reported that several 

known allergens including major allergen Mal d 1.03 and major allergen Pyrc 1 were 

consistently up-regulated in air conditions (1ºC with 20% O2 and 80% N2) during the 5-day 

exposure of pear slices [32]. Using ELISA, Sancho et al. [33, 34], have also demonstrated 

that postharvest treatments also had significant effects on apple Mal d 1 and Mal d 3 

allergens.

Due to very limited information regarding these allergen related issues [27, 28, 33, 34], it is 

currently unknown whether the mentioned factors might have similar effects on many other 

crops of fruits and vegetables. Therefore, extensive, systematic quantitative research needs to 

be conducted on allergens of every edible crop. These studies could potentially reduce 

allergenicity from plant-based food.

2.2 Animal-based food allergens

Most of the fresh meat, fish, and dairy and/or their bi-products have to be processed at some 

point for short and/or long-term shelf-life either in the home and/or during production. 

During food processing, proteins can be denatured and/or hydrolyzed which could produce 

hypoallergenic products [35]. Thermal treatment is the most common method used for food 

processing which could potentially affect allergenecity [2, 4, 36, 37].

Recently, Kamath et al. [37] demonstrated that heating increased antibody reactivity to 

prawn allergens. Similarly, parvalbumin which is the major fish allergen had shown 

increased IgE binding and novel bands at 30 kDa in smoked haddock, salmon and mackerel 

whereas chemically processed cod, salmon, trout and pickled herring had reduced or 

abolished IgE binding suggesting that fish allergen immunogenicity were more dependent 

on processing rather than species [38]. Now it has also become evident that aqua cultural 

practices can also regulate allergen levels in fish. For instance, a comparative proteomics 

analysis of muscle tissues of farmed and wild gilt-head sea bream revealed that parvalbumin 

content was significantly higher in the farmed fish [3].

Furthermore, very recently Kobayashi et al. [6] profiled the tissue specific parvalbumin 

content in 22 fish species. As expected parvalbumin content differed considerably (around 

50 fold) among the fish species wherein difference between the highest (11.2 mg/g) and 

lowest (0.234 mg/g) content has been quantified in splendid alfonsino and bigeye tuna, 

respectively. Together with the inter species difference, parvalbumin content also 

considerably differs among the intra species muscle parts of the examined fish species [6].
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These earlier studies provide a clear message that animal based food allergens are 

potentially changed by various food processing methods as well as the source and origin. 

Therefore, modern technologies might be employed to quantify the animal-based allergens 

under these and/or similar conditions. These studies will provide accurate information of the 

actual allergen quantity under each condition to confirm whether or not the above-mentioned 

conditions can significantly alter allergen levels.

3. Necessity for a multiplexed, reliable food allergen detection and 

quantification method

To determine the types and levels of allergens contained per gram of foods will help to 

develop more meaningful allergen labeling and management strategies in food industries and 

thereby improve consumer safety [10]. Therefore, a reliable, versatile, high throughput 

detection and quantitation method for allergens or allergen-like proteins in foods and 

ingredients is one of the most important priorities in fresh food industries [8, 10]. Absolute 

quantitation of allergen and/or allergen-like proteins in foods and ingredients is especially 

important given the prevalence and severity of food triggered allergies in fresh fruits and 

vegetables [10]. Antibody-based methods such as enzyme-linked immunosorbent assay 

(ELISA) are one of the most common approaches for detection and quantification of 

allergens in food industries. Several commercial ELISA kits are widely used and considered 

as a reliable method for detection of many common food allergens. However this approach is 

hampered by unreliable detection and highly variable quantification (~40% variability in 

quantification for some of the food allergens) [39–41]. A comparative analysis between 

multiple commercially available ELISA kits versus MRM assay revealed that most of the 

ELISA kits underperformed in the determination of multiple allergens content of industry-

processed bakery products [2]. Additionally ELISA-based methods are restricted to single 

well-known allergens and less well-characterized allergens are excluded.

A recent review by Koeberl et al. [8] presents a side by side comparison of the advantage 

and limitations of different allergen detection and quantification methods. The major 

limitations of the non-mass spectrometry methods are cross reactivity, incapability of 

standardization, narrow quantitation range [lower limit of quantitation (LLOQ) is 0.3 ppm], 

and poor reproducibility [8]. Additionally, non-mass spectrometry based methods are unable 

to detect and quantify isoform specific allergens and/or incapable of being performed as a 

multiplexed system. Therefore, there is an urgent for development of advanced mass-

spectrometry based methods that can analyze food allergens in a multiplexed fashion.

4. Absolute quantification (AQUA) - multiple reaction monitoring (MRM) 

methodology used for food allergen quantitation

Absolute quantification of proteins can be achieved by triple quadrupole (QQQ) mass 

spectrometers using a technique called selected reaction monitoring (SRM) in plural 

multiple reaction monitoring (MRM) [42]. In SRM/MRM method, the QQQ instrument 

selectively isolates the target precursor ions corresponding to the mass of the targeted 

peptides and selectively monitors peptide-specific fragment ions [43]. The intensity of the 
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signals from the precursor ion of the endogenous peptide are then compared to the precursor 

ion of the synthetic isotope-labeled internal standard of known abundance (AQUA peptide) 

(Figure 2). The MRM technique is a high-throughput, multiplexable, and accurate 

quantitative approach capable of quantifying hundreds of proteins in a single 30 minute 

acquisition [43]. Although there are some limitations of high throughput methods such as 

AQUA-MRM, a number of major advantages including absolute quantification and 

multiplex approach demands its uses in allergen quantitation (Table 1). Many of the targeted 

proteins such as allergen levels have been successfully quantified in several seeds such as 

soybean and maize even in the isoform specific allergens by AQUA-MRM technologies [1, 

5, 23].

5. Critical steps in the AQUA-MRM approach for allergen quantitation

Commercially synthesized isotopically labeled versions of endogenous peptides 

corresponding to the targeted proteins/allergens have been used frequently as internal 

standards in the AQUA-MRM based assay for absolute quantitation of many food allergens 

in the last decades (see Table 2). The reliability and success of the AQUA-MRM assay 

completely relies on a number of upstream and downstream steps (Figure 2) of the actual 

mass spectrometry analysis as described in the following subsections. However, it is 

important to note that, for some cases, the general guidelines discussed below may need to 

be modified to accurately quantify a target peptide of the allergen [60, 19].

5.1. In silico analysis for designing AQUA peptide standards

One of the most critical steps in the AQUA-MRM analysis is to design the proteotypic 

peptide [61] that will be used as a standard for quantitation in downstream LC-MS/MS 

analysis. Standard peptides can be one or more peptides correspond to the target allergen. 

Peptides that produce the highest ion-current response are expected to provide the best 

detection sensitivity corresponding to the sequences with the highest ionization efficiency. In 

case of known allergens for any target species, the amino acid sequence of the target peptide 

should be BLAST searched against the protein database of that the particular species to 

confirm that peptide is unique for that particular protein. However, if there is no unique 

tryptic peptide available for any specific allergen group/class then a common peptide can be 

used for that group/class of allergenic protein as long as the peptide sequence is not present 

in the complex matrixes or other food ingredients analyzed for any assay. A sequence 

alignment of all orthologs and paralogous proteins can potentially help to select the non-

redundant unique peptide of a particular allergen across the species. It is also important to 

note that selection of unique or common peptide is dependent on the experimental design 

and purpose of the experiment. For example, quantification of tropomyosin likes protein, 

which is a major allergen not only from the crustacean foods but also from many other 

invertebrates, is complicated by homology amongst species. In this particular case, a shared 

peptide can be selected for quantification of the total tropomyosin like protein, which will 

provide the total amount of that allergen in a complex food mixture.

Online tools such as “ExPasy Peptide Cutter and/or Peptide Mass” can be useful to quickly 

determine the sequence of peptides from a selected allergen protein amino acid sequence. In 
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addition to the previously mentioned criteria, there are some additional key points that need 

be considered during selection of the peptide standards. These parameters include: 1) the 

ideal AQUA peptide length is preferably between eight to twenty amino acids, 2) peptides 

containing a proline after or before the arginine or lysine should not be selected because the 

presence of proline before or after Lys and/or Arg occasionally affects the trypsin digestion 

[62, 63], 3) peptides containing internal tryptic cleavage sites should not be selected as the 

AQUA standard [5], 4) easily modified amino acids or residues previously established as 

sites of post translational modification such as glycosylation should be excluded [64, 65]. 

For each allergen, multiple signature peptides need to be selected to achieve the most 

accurate quantitation.

5.2. In vivo verification and selection of the target peptides

In addition with the criteria described by Johnson et al [64] for selection of target proteins, it 

is important to verify the utility of the targeted peptides for quantitative analysis in the 

trypsin digested actual biological sample. The reproducibility of the trypsin digestion and 

the detection of the selected precursor and transition ions is an important consideration in 

the successful implementation of the method. The following parameters are important 

considerations in the development of this assay: 1) at least five transition ions should be co-

eluted together, 2) the MS/MS spectrum of each transition ion must have at least five 

replicate MS/MS spectrum and 3) the signals measured in the mass spectrum should be at 

least five times higher than the background noise.

5.3. AQUA peptide synthesis and Optimization of the RT and Collision energy

The AQUA peptides are stable isotope-labeled synthetic tryptic peptides that are identical in 

sequence to the native peptides. These peptides can be synthesized commercially. The 

physiochemical and chromatographic properties such as retention time and ionization 

efficiency of the AQUA standards are nearly identical to the native target peptides except for 

the inclusion of heavy-isotopes of an amino acid which distinguishes the standards from the 

native peptides by a mass shift [66]. Particularly the C13/N15 are preferable to deuterium 

labeled AQUA peptides due to the possible RT shift in deuterated isomers. For each allergen 

at least two different AQUA peptides need to be synthesized. To achieve the maximal signal 

of the AQUA peptide, the collision energy and the retention time of each MRM transition 

ion should be optimized with the triple stage quadrupole (TSQ) instrument as the 

fragmentation can vary from instrument to instrument thus effecting the signal intensity [8, 

40]. Generally 100–200 nmol of AQUA standard can be analyzed in a TSQ instrument to 

optimize the collision energy and RT and the MRM method files could be generated through 

open source Skyline software (http://sciex.com/products/software/skyline-software) [67] 

which is a widely used tool for MRM assay development [16, 18, 19, 68, 69]. There are also 

a number of other software tools such as mProphet [70], PeptideAtlas, SRMAtlas and 

PASSEL [71] which are publicly available resources to select the appropriate AQUA peptide 

and/or transition ions for MRM assay.

The following parameters are important to consider: 1) the precursor ion's charge state 

should not be over three, and a charge state of two is ideal, as doubly charged peptides are 

optimal to detect compared to single or multiply charged peptides, 2) at least three transition 
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ions for each precursor ion/AQUA peptide need to be selected for collision energy and RT 

optimization because the analysis of more transitions can improve accuracy [72], 3) the top 

three most intense transition ions need to be selected for optimization and 4) the transition 

ions selected for MRM analysis should also have a higher m/z than the precursor ion to 

guarantee peptide specificity and to maximize signal to noise of detection of the AQUA 

standards [40].

5.4. Determination of LLOD and LLOQ of the native and AQUA peptides

The success of absolute quantitation of allergens using an AQUA-MRM assay is completely 

reliant on the determination of the lower limit of detection (LLOD) and the lower limit of 

quantification (LLOQ) of the AQUA standards. Therefore, the determination of the LLOQ 

and LLOD is considered the most crucial step in AQUA-MRM based assay development. 

Linear ranges of detection of the AQUA standard could be determined by a tenfold dilution 

series of the AQUA standards wherein a fixed concentration of matrix (the actual biological 

samples) should be used. At least a six-point dilution series of the AQUA standards from a 

range of 10.0 amol to 1.0 pmol is necessary to achieve a linear quantitative range. Similarly, 

the linear quantitative range of each native peptide could also be determined with similar 

analysis of dilution series of the digested matrix proteins (100 ng to 2 μg) wherein the 

AQUA standard should be fixed. Plotting the response ratio at each dilution point can access 

the linearity of the signal versus the concentration. For each precursor ion, at least three 

calibration curves for three transition ions need to be created to check the linearity in 

response of the AQUA standard [5].

5.5. Precision and quality control

A lack of quality control and poor precision could potentially provide low quality data in the 

MRM assay that leads ultimately to improper allergen quantitation. We therefore suggest 

some critical parameters that may help to develop a successful and precise MRM assay for 

allergen quantification. 1) AQUA standards are generally quality controlled by the 

manufacturer for appropriate mass and purity, however it is essential to perform an internal 

quality control to ensure that both the native and AQUA standard are physico-chemically 

identical and co-eluted together, 2) each analysis should be conducted within the linear 

range of quantification for both the AQUA and native peptide within the biological matrix, 

3) in the linear range determination assay equal amount of internal control such as BSA 

peptide may be included in each dilution point to evaluate the carry over and the slope and 

regression values need to be calculated, 4) the accuracy of quantification can also be altered 

by the timing of addition of the internal AQUA standard to the matrix (e.g., before or after 

the trypsin digestion step), 5) physico-chemical modification such as carbamylation or 

methionine oxidation could also alter the mass of the endogenous peptide and thereby affect 

its measurement during the MRM assay. It is important to note that the peptide loss due to 

breakdown or modification is highly dependent on the peptide sequence, however certain 

combinations of amino acids are more prone to internal or external chemistry [5]. Therefore, 

it has been suggested to use multiple peptides to achieve more precise quantitation results 

for MRM assay [5, 23, 43, 65, 73].
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6. Clinical importance of absolute quantitation of food allergens

The food allergen labeling and consumer protection act of 2004 (www.fda.gov/Food/

GuidanceRegulation) required that food labels declare the presence of the allergen if the 

product that contains a "major food allergen" or contains an ingredient that may be a source 

of a major food allergen. A food ingredient may be exempt from these labeling requirements 

if it has been shown to not cause an allergic response in humans. Application of these 

criteria led to the establishment in 2006 of an FDA working group to consider approaches to 

identifying thresholds for food allergens and for gluten (www.fda.gov/Food/

GuidanceRegulation). Among the four approaches to establish thresholds, the first was 

analytical methods-based. The working group noted that this approach could only be applied 

to those major food allergens for which validated analytical methods are available.

Such an analytical approach offers consumers and care-givers an objective basis for the 

avoidance of specific foods. The importance of developing reference doses for allergens to 

which only the most sensitive subjects might react is illustrated by a recent study [10]. This 

study found that doses that elicited reactions in 10% of the allergic population (ED10) were 

statistically indistinguishable for major allergens from four food sources namely hazelnut, 

peanut, celery and fish (a range of 2 to 27 mg of protein). However, the ED10 value for 

shrimp was about 100-fold higher than those for the other foods [10]. They further noted that 

this extreme degree of variance among the foods tested might be affected by the difference 

between raw and cooked shrimp. Furthermore, the authors point out that their data support 

the view that ED5 or ED1 values might constitute a more appropriate basis for 

recommendations, but that there are challenges in using low-dose exposures in a double-

blind, placebo-controlled paradigm to establish such thresholds.

Targeted proteomics for the quantification of food allergens offers the opportunity to more 

accurately assess risks associated with specific foods [10]. Meaningful, quantitative food 

labeling based on allergen levels above or below designated thresholds can only be achieved 

if appropriate analytical methods are developed. Thus, targeted proteomics can enhance the 

impact of research on factors (such as the threshold and actual quantity of allergens) that 

determine the allergenicity of specific foods.

7. Future strategies

Certainly research in the recent decades improved our understanding about the variability of 

allergen levels in foods caused by several abiotic factors. In addition, it has become evident 

that small changes of allergen levels in foods can lead to variations in allergenicity with 

potential life-threatening implications for allergic patients [10]. These findings motivate 

development of new reliable standardization methods such as AQUA-MRM for absolute 

quantitation of food allergens. However, to date, very limited information is available for 

system wide allergen profiling and/or absolute quantitation data for commonly used foods. 

Therefore, a great deal of work remains to be done in the enormous and nebulous field of 

allergenomics particularly on absolute quantitation of allergens.

Here we propose the expanded analysis of:
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a. Profiling and absolute quantitation of the varietal/germplasm specific 

allergens and/or allergen-like proteins in foods

b. Determination of the effect of geographical distributions on allergen levels 

in foods particularly in fish, cereals, nuts, fruits and vegetables

c. Determination of the effect of cultural practices (eg., application of 

fertilizers, chemicals to the crop plants/vegetables/fruits before or/after 

post anthesis) on food allergen levels

d. Tissue specific allergen quantifications of commonly used cereals, nuts, 

vegetables, fruits and fishes

e. Effects of pre and post processing of shelf-life on food allergens

These investigations will lead to better understanding in terms of tolerance index and 

threshold levels for particular food allergens. Furthermore, these studies will ultimately help 

to develop new immunotherapeutic strategies. Consequently, development of a publicly 

accessible database will allow other researchers, farmers, and consumers to access and 

utilize these resources according to their interest.
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AQUA absolute quantification

ED Effective dose

LC Liquid chromatography

LLOD Lower limit of detection
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MRM Multiple-reaction monitoring

OAS Oral allergy syndrome

QQQ Triple quadrupole

RT Retention time

TSQ Triple stage quadrupole

SRM Selected-reaction monitoring
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Biological Significance

Given the rapid increases of food allergenicity, it has become imperative to know 

absolute allergen levels in foods. This essential information could be the most effective 

means of protecting humans suffering from allergies. In this review, we emphasize the 

significance of the absolute quantitation of food allergens using AQUA-MRM approach 

and discuss the likely critical steps for successful assay development.
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Figure 1. 
The quantitative proteomics on food allergens. (A) Numerous papers are published on 

“allergens” and “proteomics” with very strong growth of latter field since year 2000. The 

proportion of papers in “food allergens” and targeted proteomics is very small (inset pie 

charts). (B) The proportion of papers on various proteomics approaches and their 

applications in the area of allergens is very high in the last two to five years indicating the 

emergence of “quantitative proteomics on food allergens”. (C) Quantitative/ targeted 

proteomics methods are used (in the 62 papers from PubMed) for precise detection/ 

quantification of food allergens from various sources such as peanuts, wheat, soybean, milk, 

crustaceans, etc. Over half of these studies are on plant allergens, and “other” category 

includes allergens from food in general, including wine, etc. Only 24% of research used 

SRM/ MRM methodologies and other methods include ELISA, MALDI, LC-MS, stable 

isotope labeling, etc. (D) A word cloud (http://www.wordle.net/) of around 10,000 paper 

titles from PubMed for “food allergen” shows associated terms and reveals major food 

allergens such as peanut, milk, wheat, soybean, egg, etc.
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Figure 2. 
Schematic representation of the steps in targeted proteomic approach for absolute 

quantification of allergen proteins. A known concentration of the labeled AQUA peptides is 

combined with the digested allergen proteins and subsequently analyzed by a triple 

quadrupole mass spectrometer. The concentration of the native peptide in relation to the 

AQUA peptide provides the absolute quantitation of the allergen protein. (Step1) AQUA 

peptides are selected using bioinformatics approach, (Step 2) Corresponding native peptides 

are checked in in vivo for suitability, (Step 3) AQUA peptides are synthesized, (Step 4) Mass 

spectrometry runs are optimized for RT and ionization, (Step 5) LLOQ and LLOD are 

determined, (Step 6) AQUA peptides are added to sample before or after digestion, (Step 7) 

Mass spectrometry, and (Step 8) Absolute quantification is done using available software 

and statistical tools. Optimization is needed in each step.
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Table 1

Advantages and limitations of high throughput technology (AQUA-MRM) for absolute allergen protein 

quantification.

Advantages Limitations

• Truly high throughput with quantification 
of hundreds of allergens/samples

• Multiplexed

• Provide absolute quantitation data

• Capable to detect and quantify very low 
level (0.001–0.01 ppm) of protein allergen

• Species specificity

• No cross reactivity

• Requires precise knowledge of the targeted 
allergen protein and the database

• Assay development is laborious

• Requires expensive instruments such as mass 
spectrometer and nano-LC

• Instrument maintenance cost is relatively 
expensive

• Optimization is required for every step

• Not suitable for unknown allergen
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Table 2

Recent studies of food allergens quantitation using MRM/SRM proteomic approach.

Source Allergens AQUA peptides LLOQ/LLOD Ref

Plant-based

Hazelnut Cor a 8.0101 GIAGLNPNLAAGLPGK 34.1 μg/g [44]

Cor a 9 ALPDDVLANAFQISR 200 μg/g

QGQVLTIPQNFAVAK 250 μg/g

INTVNSNTLPVLR 397 μg/g

WLQLSAER 114 μg/g

Cor a 11.0101 AFSWEVLEAALK 7.1 μg/g

LLSGIENFR 5.4 μg/g

ELAFNLPSR 4.4 μg/g

Maize Zea m 14 GQGSGPSAGCCSGVR 2.03 μg/g [5]

NAAAGVSGLNAGNAASIPSK 2.03 μg/g

Peanuts Ara h 3 VYDEELQEGHVLVVPQNFAVAGK 4 μg/g [45]

WLGLSAEYGNLYR 4 μg/g

Soybean Gly m 6.0101 LSAEFGSLR 0.5–5.7μg/mg [23]

VLIVPQNFVVAAR -

Gly m 6.0201 LSAQYGSLR -

NLQGENEEEDSGAIVTVK -

Gly m 6.0301 LSAQFGSLR -

FYLAGNQEQEFLQYQPQK -

Gly m 6.0401 VESEGGLIQTWNSQHPELK -

Gly m 5 LITLAIPVNKPGR -

Gly m TI FIAEGHPLSLK -

VSDDEFNNYK -

DTVDGWFNIER -

Gly m Bd28K DGPLEFFGFSTSAR -

Gly m 6 NGLHLPSYSPYPR -

Soybean Gly m 6.0101 VLIVPQNFVVAAR - [1]

Gly m 6.0201 NLQGENEEEDSGAIVTVK -

Gly m 6.0301 FYLAGNQEQEFLQYQPQK -

Gly m 6.0401 VESEGGLIQTWNSQHPELK -

Gly m 5 LITLAIPVNKPGR -

Gly m TI FIAEGHPLSLK -

DTVDGWFNIER -

Gly m Bd28K DGPLEFFGFSTSAR -

Wheat Tri a 14 NVANGASGGPYITR 1μg/g [46]

Tri a 15 SVYQELGVR -
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Tri a 25.0101 KFPAAVFLK -

FPAAVFLK -

Tri a 28 EHGAQEGQAGTGAFPR -

Tri a 29.0101 SDPNSSVLK -

Tri a 29.0201 TSDPNSGVLKDLPGCPR -

TSDPNSGVLK -

Tri a 30 YFIALPVPSQPVDPR -

Tri a 31.0101 VAYALAQGLK -

TNVSPEVAESTR -

Tri a 32 TLHIVGPDK -

AVDSLLTAAK

Tri a 33 LSIAHQTR

LASTISSNPK

GAWTDQFDPR

LSAEPEFLEQHIPR

Tri a 34.0101 AASFNIIPSSTGAAK

Animal-based

Milk Bos d 4 VGINYWLAHK 11ng/mL [47]

Bos d 5.0102 IPAVFK 1ng/mL

LIVTQTMK 4ng/mL

Bos d 9 YLGYLEQLLR 1ng/mL

FFVAPFPEVFGK -

Bub b 11 GPFPIIV -

VLPVPQK -

Crustacean (Chionoecetes opilio) Chi o 2 LVSAVNEIEK 3nM [48]

Chi o 4 VATVSLPR - [49]

Chi o 1.0101 SQLVENELDHAQEQLSAATHK - [50]

Chi o 1.0101 SQLVENELDHAQEQLSAATHK 1nmol/L [53]

Chi o 2 LVSAVNEIEK -

Shrimp Lit v 1.0101 ADTLEQQNK - [52]

IQLLEEDLER -

LAEASQAADESER -

SLSDEER -

FLAEEADR -

IVELEEELR -

Lit v 2 VSSTLSSLEGELK -

TFLVWVNEEDHLR -

(Pandalus borealis) Pan b 3 EGFQLMDR 0.25nM [51]

Pan b 1.0101 SEEEVFGLQK -
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Processed foods

Baked food Bub b 11 VLPVPQK 500μg/kg [54]

Baked food Bos d 9 FFVAPFPEVFGK <3ppm [55]

HQGLPQEVLNENLLR -

YLGYLEQLLR -

Chocolate Ara h 1 VLLEENAGGEQEER 2ppm [56]

DLAFPGSGEQVEK -

Cookies Ara h 3 AHVQVVDSNGNR 10μg/g [57]

SPDIYNPQAGSLK -

Food Ana o 2.0101 VFDGEVR 46mg/kg [58]

ADIYTPEVGR -

Cor a 9 ADIYTEQVGR 90mg/kg

QEWER -

Pru du 6 QQGQQEQQQER 58mg/kg

QQEQLQQER -

Ara h 3 SPDIYNPQAGSLK 37mg/kg

YQQQSR -

Jug r 4.0101 LDALEPTNR 180mg/kg

EFQQDR -

Food Lup an 1 IVEFQSKPNTLILPK 4 mg/kg [59]

Lup a alpha VIIPPTMRPR 14 mg/kg

Lup a delta ALQQIYENQSEQCQGR 19 mg/kg

Lup a gamma ISGGVPSVDLIMDK 42 mg/kg
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