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Abstract

Mango (Mangifera indica) is a widely enjoyed tropical fruit that is rich in numerous nutrients, but it is also a common
allergenic fruit that can induce anaphylactic shock in some mango-sensitized individuals. To protect allergic consumers,
a TagMan real-time PCR is developed herein by targeting the major mango allergen GAPDH gene to identify mango in
foods. To prevent interference by other ingredients in the foods, an internal amplification control (IAC) is established and
incorporated into the developed qPCR. Under the optimized assay conditions, the developed assay can detect mango genomic
DNA down to 10 pg/pL and effectively differentiate mango from 21 other fruits and vegetables. In the incurred assay, the
developed qPCR has a limit of detection (LOD) of 10 pg/g and 330 pg/g of mango powder in juice and cookie, respectively.
The assay exhibits a board spectrum, successfully detecting six mango cultivars, and has good accuracy and precision as
calculated intra- and inter-assay CV values < 10%. Forty commercial processed foods were simultaneously analyzed using
the developed method and a qPCR method that is officially recognized by the Taiwan FDA. The sensitivity and specificity
of this assay were estimated to be 85% and 100%, respectively, based on the ingredient labeling of these products. Hence,
this developed qPCR is an effective method for screening mango in processed foods.
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Introduction an important public health problem [1]. Food allergies are

correlated with genetic and environmental factors such as

Food allergy is an immunoreaction with specific symptoms
that occur when individuals come into contact with aller-
genic foods. Food allergies are estimated to affect about
5% of adults and 8% of children globally, making them
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gender, ethnic culture, dietary habits, use of medicines, and
exposure to allergens [2]. Various countries and geographic
areas have different major allergenic foods, to which con-
sumers must be alerted on their packaging. In the USA, the
nine major food allergens recognized are peanuts, milk,
eggs, fish, crustacean shellfish, soybean, tree nuts, wheat,
and sesame [3]. Additionally, the Codex list identifies cere-
als containing gluten, crustacea, egg, fish, peanut, milk,
sesame, and tree nuts as the recommended global priority
allergens [4]. Apple, a member of the Rosaceae family, is
the most commonly allergenic fruit in Central and North-
ern Europe and peach, also a member of that family, is the
most commonly allergenic fruit in the Mediterranean region;
while mango, a member of the Anacardiaceae family, is a
major allergenic fruit in East Asia [5-8].

Mango (Mangifera indica) might have originated in
northwestern Myanmar, Bangladesh, or northeastern India.
It is often used as a major ingredient in products such as
purees, beverages, jams, jellies, ice creams, cakes, pickles,
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and candies since it tastes sweet and is rich in nutrients,
such as B-carotene and vitamin C [9]. However, mango is
also an allergenic fruit to which allergenic reactions include
immediate hypersensitive reactions and delayed reactions.
The former occurs within minutes of consumption, causing
symptoms such as anaphylaxis, angioedema, erythema, urti-
caria, and wheezing dyspnea, the latter occurs within 2 to 6
h, causing such symptoms as contact dermatitis, periorbital
edema, eczematous rash, oral allergy syndrome (OAS), and
blistering around the lips [10, 11]. The prevalence of mango
allergies correlates most strongly with geographic location.
For instance, it has reported that 2% of 100 patients with rhi-
nitis, atopic dermatitis, and bronchial asthma in India have
been found to be allergic to mango [12]. In Henan Province
of China, 4.94% of 15,534 patients with suspected allergies
were diagnosed with mango allergy [13]. In Japan, among
59 adolescents with Pollen-food allergy syndrome, 13.6%
were determined to have mango allergy [14].

A mango allergy prevalence of 18.5% in 2086 food-aller-
gic people in Taiwan has been estimated, making mango
the most allergenic fruit in the country [15]. Furthermore,
a recent study estimated a prevalence of mango allergy of
3.6% among Taiwanese children, highlighting a significant
portion of the child population in Taiwan as being allergic
to mango [16]. Several mango allergens have been identi-
fied. In Paschke's study, two major allergens from mango,
namely Man i 1 and Man i 2, have been identified. Man
i 1 has a molecular weight of 40 kDa, and Man i 2 has a
molecular weight of 30 kDa [17]. Additionally, our research
group has identified the 40-kDa mango major allergen as a
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [18].
It is worth noting that several other allergens, such as wheat
allergen (Tri a 34), the indoor mold Aspergillus versicolor
spore allergen (Asp v 1-3), American cockroach allergen
(Per a 13), and striped catfish allergen (Pan h 13), have also
been classified as GAPDH [19-22]. These findings provide
valuable insights into the shared allergenic properties of
GAPDH proteins across various species, including those
found in food sources. Profilin in mango has been identified
as the minor allergen Man i 3 (14 kDa), whose structure is
similar to that of birch tree profilin, causing cross-reactions
between mango and pollen [23]. Since no cure has been
developed for mango allergy, which can induce anaphylac-
tic shock in mango-sensitized individuals, a reliable and
sensitive method for identifying mango in foods is urgently
needed.

To prevent accidental exposure to food allergens, a pre-
cautionary allergen label (PAL) on packaging is commonly
required to warn food-allergic people of a significant risk of
allergic reactions to the product [24]. However, cross-con-
tamination by food allergens can happen during food manu-
facture: the handling of materials, the sharing of equipment,
storage and transportation, leading to risks of unexpected
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exposure to hidden food allergens. Thus, reliable and sen-
sitive methods for detecting allergens in foods are neces-
sary. Methods for identifying food allergens are typically
divided into protein-based and DNA-based methods, based
on the target molecule. The former directly target allergens;
typical assays are the enzyme-linked immunosorbent assay
(ELISA), the lateral flow assay (LFA), and the liquid chro-
matography—tandem mass spectrometry (LC-MS/MS) [25].
LC-MS/MS is a high-throughput method and often used
for multiplex food allergen detection, but it involves a rela-
tively costly, sophisticated device [26]. ELISA and LFA are
user-friendly and suitable for routine analysis. To identify
mango allergen residues in foods, a monoclonal antibody-
based sandwich ELISA has been developed with a limit of
detection (LOD) of 3.9 ng/mL of recombinant mango major
allergen GAPDH, and an LFA that uses immunomagnetic
nanoparticles has been established with an LOD of 6.2 ng/
mL of this specific target protein [27, 28].

DNA is thermally stable and highly tolerant of many
harsh conditions during food processing and sample extrac-
tion, making it a good target for the identification of aller-
genic materials in processed foods [29]. To detect food aller-
gens, the targets of DNA-based methods can be either an
allergen gene or a specific DNA region in ribosomal, mito-
chondrial or chloroplast DNA in the allergenic food, which
are detected using the polymerase chain reaction (PCR),
real-time quantitative PCR (qPCR), or loop-mediated iso-
thermal amplification (LAMP). For example, the chloroplast
trnL gene of wheat, barley or rye has been identified using
PCR to detect gluten contamination in gluten-free foods,
and 16S rDNA of a crustacean detected using PCR was used
to identify crustacean in processed foods [30, 31]. qPCR
methods that use SYBR Green have been used to detect the
walnut jug r3 and hazelnut allergen genes (cor a9, cor all,
and cor al3) [32, 33]. TagMan probe-based qPCR has been
used to identify peanut ara h2, cashew ana ol, and chestnut
cas s9 allergen genes [34-36]. The TagMan probe-based
gPCR is a fast method with high specificity and sensitivity.
It exhibits a low LOD, at the parts per million (ppm) level,
which depends on factors such as the copy number of the tar-
get gene, matrix effect, processing effect, and DNA extrac-
tion efficiency [37]. For instance, in Sanchiz’s study, the
Ct values for detecting peanut targeting trnH-psbA showed
significant variation among peanut samples processed with
boiling, controlled instantaneous depressurization, and auto-
clave treatments [38]. Many commercial TagMan probe-
based qPCR kits have been launched for detecting allergenic
foods, such as peanut, hazelnut, walnut, wheat, barley, rye,
and buckwheat.

In this study, a TagMan probe-based qPCR assay that
targets the major mango allergen GAPDH gene was devel-
oped to identify mango in processed foods. An IAC was
also developed to prevent false negative results due to the
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presence of PCR inhibitors in foods. Two food models (juice
and cookie) were used to find the optimal DNA extraction
method and to study the effects of the food matrix and pro-
cessing on assay performance. Finally, the developed assay
was used to analyze 40 processed foods to verify its effec-
tiveness in detecting mango in foods. These samples were
also analyzed using a TagMan probe-based qPCR method
that is officially recognized by the Taiwan FDA and specifi-
cally targets the internal transcribed spacer 2 (ITS2) region
of the ribosomal DNA of mango, to verify the results of the
developed assay.

Materials and methods
Materials

Mango (Mangifera indica), other fruits, vegetables, and
other food products were purchased from local supermar-
kets in Taiwan. Cetyltrimethylammonium bromide (CTAB)
was purchased from VWR International LLC. (Radnor, PA,
USA). Ethylenediaminetetraacetic acid (EDTA), sodium
dodecyl sulfate (SDS), beta-mercaptoethanol (-ME), and
Tris hydrochloride (Tris—HCI) were obtained from Sigma-
Aldrich Corporation (St. Louis, MO, USA). ABI Fast SYBR
Green Master Mix, TagMan Universal Master Mix II, and
RNAse A were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Primer sets and probes were syn-
thesized by Genomics (Taipei, Taiwan), and their sequences

are provided in Table 1. BamHI, Ndel, and T4 DNA ligase
were obtained from New England Biolabs (Ipswich, MA,
USA). A T&A cloning kit and pUC19 plasmid were pur-
chased from Yeastern Biotech Co., Ltd (Kaohsiung, Tai-
wan). DNA polymerase was purchased from GeneMark
(Taipei, Taiwan).

DNA extraction

Solid samples of fruits, vegetables, crackers, and cookies,
were ground into fine powders for DNA extraction. Liquid
samples of juices and drinks underwent DNA extraction
without pre-treatment. Samples that were analyzed using
the developed qPCR assay were extracted by the CTAB-SDS
method [41]. Samples were ground and incubated with 400
pL TES buffer (0.1 M Tris, 10 mM EDTA and 2% SDS, pH
8.0) at 60 °C for 1 h. Then 5 M NaCl was used to adjust the
final salt concentration to 1.4 M, and 10% CTAB solution
was added to yield a final concentration of 2%. The mix-
ture was incubated at 65 “C for 30 min and centrifuged for
10 min. The supernatant was isolated, mixed with an equal
volume of PCIA solution (phenol:chloroform:isoamyl alco-
hol=25:24:1, v/v), and centrifuged. The supernatant was
then transferred to a new tube, extracted with an equal vol-
ume of CIA solution (chloroform:isoamyl alcohol =24:1,
v/v) and centrifuged. It was then transferred to a fresh tube,
mixed with 1.5 pL of RNase A (20 mg/mL) and incubated
at 37 ° for 30 min. After two volumes of absolute alcohol
were added to precipitate DNA overnight at — 20 °C, the

Table 1 Sequences of primers and probes used in this study, and related information

Target Primer/probe Sequences (5’ —3’) Amplicon (bp) References
GAPDH of mango e3i3e4 Forward GGAAACACCATGAGGTGAAGATTAAGG 176 This work
Reverse CATTTTTGTGATCTTAAAGAAACCCTGAGGAG
i4-re Forward ATGTCGTGCAACTGAGTG 91 This work
Reverse CACATTCTAATTCAATACCAACGG
i9e10  Forward TCCACATGGCATCAACTGCTT 173 This work
Reverse TGGGGATTTCGAAGGGGACAATG
ide5 Forward TCCTTACCGTTGGTATTGAATTAGAAT 72 This work
Reverse GGGCCGAAATAACAACCTTCTT
Probe FAM—TGTTGTTCAGGGTGGTGC—TAMRA
ITS2 of mango ITS2 Forward TCTGAGTTCTCGGTGACGCTTTC 116 Taiwan FDA [39]
Reverse CCGGTCTCTAGGGTCGAAGAGC
Probe FAM—ATCCTGTCGTGCGGTTGCGTTCTCC—TAMRA
SA442 SA442 Forward CATCGGAAACATTGTGTTCTGTATG 94 Peters et al. [40]
Reverse TTTGGCTGGAAAATATAACTCTCGTA
IAC IAC Forward GGTATTGAATTAGAATGTGTTCTGTATG 99 This work
Reverse GAAATAACAACCTTCTTTAACTCTCGTA
Probe VIC—ATCTTTAGTAGTACCGAAGCTGGT—BHQ1
5.8S rRNA for plant  5.8S Forward ACTCTCGGCAACGGATATCTYG 116 Taiwan FDA [39]
Reverse GGCGCAACTTGCGTTCAAAR

@ Springer



2650

European Food Research and Technology (2023) 249:2647-2660

sample was centrifuged. The supernatant was removed and
pellets were washed twice using cold 70% alcohol, dried in
a vacuum centrifuge concentrator, and dissolved in 50 pL of
double distilled water (ddH,0).

Two DNA extraction CTAB-PVP and CTAB-PVP-ME
methods were tested. The CTAB-PVP method is adapted
from that in Pafundo’s work [42]. Briefly, pellets of sam-
ples were first mixed with extraction buffer (2% CTAB,
0.1 M Tris, 20 mM EDTA, 1.4 M NaCl, 1% PVP) and then
5 M NaCl was added to yield a final concentration to 2 M.
After it was incubated at 65 °C for 30 min, the sample was
centrifuged. The supernatant was further processed by fol-
lowing the same steps as in the CTAB-SDS method. The
third method, CTAB-PVP-BME, is based on the CTAB-
PVP method with the addition of 2% of f-mercaptoethanol
(B-ME) to the extraction buffer, which is pre-warmed before
extraction. The subsequent steps were the same as those in
the CTAB-SDS and CTAB-PVP methods. The quality of
DNA was evaluated as the ratio of absorbance at 260 nm to
that at 280 nm, and the DNA concentration (ng/pL) was esti-
mated from the absorbance at 260 nm using a NanoDrop™
1000 spectrophotometer (Thermo Fisher Scientific, MA,
USA). All DNA samples were stored at —20 °C until use.

Primer and probe design

To design primers for the identification of the major mango
allergen GAPDH gene, its genomic structure was obtained
by an in silica analysis by the NCBI (National Center
for Biotechnology Information), and the entire genomic
sequence was obtained in a chromosome walking experi-
ment [43]. For the in silica analysis, the total genomic
sequence (Project ID: PRINA771370) of 392 million bases
of the tropical fruit Mangifera indica (cultivar Alphonso
Mango; Taxonomy ID: 29780) was retrieved from the
NCBI genome assembly CATAS_Mindica_2.1 (RefSeq
GCF_011075055.1) [44]. The draft genomic sequence
was assembled de novo from the reads into 20 chromo-
some contigs using the ABySS package v.2.1.5. From the
assembled 14 M genomic contig (pseudomolecules Chromo-
some 14, NC_058150.1), a putative exon—intron structure
of mango GAPDH gene (ANQ43386.1) was determined
using GeneWise v.2.4.1. The genomic sequence of GAPDH
gene was obtained by performing a chromosome walking
experiment, with primer sets that were designed based on
the cDNA sequence of mango GAPDH (accession num-
ber KU975060.1), published by our group [18]. Figure S1
and Table S1 present the strategy and primer sets that were
used herein. Primer 3 was used for primer design and the
optimal primer set for identifying the major mango allergen
GAPDH gene was selected owing to its specificity in differ-
entiating mango from nine commonly consumed fruits and
vegetables—celery, guava, papaya, grape, orange, tomato,
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carrot, peach, and pineapple—using the SYBR Green qPCR
method. The SYBR Green qPCR reaction was conducted in
a final volume of 20 pL, containing 10 pL 2X SYBR Green
Master Mix, 400 nM of each of the forward and the reverse
primer, and 2 pL of 33 ng/uL sample DNA and added ddH,O
up to a final volume of 20 pL. The qPCR was performed
with the following program; initial denaturation at 95 °C for
10 min, followed by 40 cycles of denaturation at 95 °C for
5 s and primer annealing and elongation at 60 °C for 30 s. A
melting curve analysis of each sample was performed from
60 to 95 °C with intervals of 0.3 °C to identify the melting
temperature (Tm) of the gPCR amplicons. PCRs with primer
sets that are specific to the ITS2 region of mango and the
5.8S rRNA gene of plants were used to verify DNA extrac-
tion results [39]. Primers SA442-F/R were designed based
on the gene that encodes SA442 in Staphylococcus aureus
and used to construct the IAC [45].

Construction of internal amplification control (IAC)
and real-time qPCR

The addition of an IAC in assay development ensures result
accuracy and reliability by addressing false negatives caused
by qPCR reaction inhibitors in food samples. In this study,
the TAC was incorporated with the primers and probes,
allowing simultaneous amplification of the target gene and
IAC plasmid. A negative target gene result with a positive
IAC result indicates a true negative for tested samples, while
a negative result for both indicates the presence of qPCR
reaction inhibitors, leading to a false negative outcome. Uti-
lizing the IAC in the developed qPCR method ensures the
accuracy and reliability of obtained results. The IAC primer
set IAC-F/R primers were designed by connecting partial
sequences of SA442-F/R primers to the 3’ ends of i4e5-F/R
primers that were used to identify the major mango allergen
GAPDH gene; the scheme is presented in Fig. 1a. Briefly,
the SA442-F/R primers were used to amplify the 94 bp
amplicon of the SA442 gene from S. aureus (Fig. 1b), which
was used as a template and amplified using IAC-F/R primers
to produce a 99 bp product, which was further used as tem-
plate and reacted with i4e5-F/R primers to generate a 115 bp
IAC product [46]. The obtained IAC amplicon was ligated
into a TA vector, and the IAC region was cut from the TA
vector using BamHI and Ndel; it was then ligated into a
pUC19 plasmid. The IAC-pUC19 plasmid was transformed
into Escherichia coli DH5a, and the positive clones were
identified using a PCR screening method with i4e5-F/R
primers to generate a 115 bp IAC amplicon (Fig. 1b). The
TAC-pUCI19 plasmid (2839 bp) was purified using the
method that was developed by Birnboim et al. [47], and its
copy number was calculated as follows:
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Fig.1 IAC construction. a IAC construction and b amplification
results. Lane M: 100 bp DNA ladder. Lane B: negative control. Lane
1: 94 bp amplicon of SA442 gene of Staphylococcus aureus. Lane 2:

[amount(ng)x6.02X 10% (number /mole)] _ _
[length(bp)x650( ﬁxbp)xlxlogng/g) - One ng of IAC pUC 19 plas

mids was calculated to contain 3.26 x 10 copies.

The real-time qPCR was carried out in a final volume of
20 pL, comprising 10 pL TagMan™ Universal Master Mix
II, 600 nM of each i4e5-F/R primers, 200 nM of IAC probe,
250 nM of target probe, 1 pL of IAC template (815 copies),
5 pL of sample DNA ,and added ddH,O up to a final volume
of 20 pL. The program was as follows; activation at 50 °C
for 2 min, initial denaturation at 95 °C for 10 min, 45 cycles
of denaturation at 95 °C for 15 s, and primer annealing and
elongation at 62 °C for 1 min.

Assay performance

The performance of the developed qPCR was evaluated
in terms of sensitivity, specificity, broad-spectrum, accu-
racy, and precision. The sensitivity of the assay in detect-
ing mango DNA was obtained using the assay to analyze
various amounts of mango genomic DNA (0-10* pg/
pL), and thus plot a dose-response curve. The LOD and
amplification efficiency (E) values were, thus, estimated.
Additionally, the incurred assay was used to detect the
major mango allergen GAPDH gene in mango-spiked
cookie and juice samples with thermal processing. Inde-
pendent triplicate incurred juice and cookie samples were
prepared by adding freeze-dried mango powder to cookie
and juice. Mixing was conducted by vortexing for 1 min to

(b)

MB1 2

bp

200

100

115 bp amplicon of the selected IAC-pUC19 plasmid amplified using
i4e5-F/R primers

ensure the homogenous distribution of the mango powder
in the juice. After mixing, juice samples were heated in a
water bath at 90 °C for 1 min before extraction, and cookie
samples were baked at 180 °C for 15 min and cooled to
room temperature before being ground. To obtain incurred
matrices that contained various amounts of mango pow-
der, non-contaminated matrices were mixed with incurred
matrices. Pure pineapple juice was used as a juice model;
it comprised pineapple and water. The cookie dough
comprised flour (21.2%, w/w), sugar (30.3%, w/w), egg
(30.3%, w/w), and low-fat milk (18.2%, w/w). To evalu-
ate assay specificity, DNA extracts of 21 fruits and veg-
etables were prepared and analyzed using the developed
assay. To examine the broad spectrum of the developed
gPCR, genomic DNA from six mango cultivars—Irwin,
Tu, Yuwen, Tainung No.1, Jinhuang, and Wuxiang—were
tested. The accuracy and precision of the developed assay
were evaluated using inter- and intra-assays using mango-
spiked cookie and juice. The intra-assay was conducted
with 20 replications in 1 day, and the inter-assay was per-
formed in duplicate on 10 consecutive days.

Statistical analysis
The results in this study are provided as mean + standard

deviation (SD) from triplicate measurements (n=3). Sta-
tistical analyses were conducted using the SAS statistical
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package (SAS Institute, NC, USA). Differences in the
results were regarded as statistically significant at a p
value of less than 0.05.

Results and discussion
Primer selection and IAC construction

The goal of this study is to develop a TagMan probe-
based qPCR method to detect the major mango aller-
gen GAPDH gene. First, the cDNA sequence of mango
GAPDH gene was compared to GAPDH coding sequences
of other food plants [18]. However, its cDNA sequence
shares high identities with those of carrot (84%), tomato
(83%), papaya (82%), apple (84%), and orange (88%),
possibly because GAPDH is an essential enzyme in gly-
colysis and the Calvin—Benson cycle for plant cells [48].
The putative genomic structure of the major mango aller-
gen GAPDH gene was determined by retrieving a total
genomic sequence of Mangifera indica [44] to comprise
ten exons with nine introns, as shown in Fig. S2-a. A total
of 2109 bp of the sequence of the target gene were identi-
fied by chromosome walking (Fig. S2-b). As shown in Fig.
S2-a, four primer sets were selected to identify the target
gene, based on their locations in the intron or the junc-
tion between the intron and the exon, where sequences for
species identification may be potentially conserved [49].
These primer sets were tested for their specificity in dif-
ferentiating mango from nine food plants using the SYBR
Green qPCR method. As shown in Fig. S3, i4e5-F/R prim-
ers reacted most strongly with mango and with better spec-
ificity than the other three primer sets. Therefore, this set
was selected for subsequent assay development.

Food samples normally contain numerous PCR inhibi-
tors, such as polyphenols and pigments. To eliminate the
possibility of false negative PCR results, an internal ampli-
fication control (IAC) plasmid was constructed by incor-
porating the SA442 gene—a species-specific DNA frag-
ment to Staphylococcus aureus. Consequently, this DNA
fragment of S. aureus should not be present in properly
prepared food products, and thus it can be employed as an
IAC to co-amplify with the target mango allergen gene in
this study. As shown in Fig. 1a, the IAC was established
by including an SA442 gene fragment (94 bp) from S.
aureus using SA442-F/R primers, and this fragment was
further applied as a template to produce a 99 bp IAC prod-
uct using the IAC-F/R primers, a pair of hybridized prim-
ers which are a hybridization of SA442 and i4e5 prim-
ers. Furthermore, i4e5-F/R primers were used to produce
a 115 bp IAC amplicon, which was used to construct a
2839 bp IAC-pUC19 plasmid. To confirm the success of
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IAC insertion, i4e5-F/R primers were used to amplify
the selected IAC-pUC19 plasmid. As shown in Fig. 1b, a
115 bp IAC amplicon was successfully produced, as con-
firmed by DNA sequencing. The IAC-pUC19 plasmid was
used as an IAC for further assay development.

Assay optimization

Several factors were optimized in the development of a
TagMan probe-based qPCR method; they were annealing
temperature (Ta), primer concentration, and probe concen-
tration. A properly designed qPCR assay amplifies the target
DNA with an amplification efficiency of 90-110% and a
correlation coefficient (R?) > 0.98 [50]. First, the Ta for ide5-
F/R primers was optimized by analyzing serial dilutions of
mango genomic DNA with three values of Ta (60 °C, 62 °C,
and 64 °C). As shown in Fig. 2, only the assay with a Ta
of 64 °C had a significantly low amplification efficiency of
79.63%, whereas those with Tas of 60 °C and 62 °C had
efficiencies of 92.30% and 91.40%, respectively. The Ct
values of the assay with a Ta of 64 °C were higher than
those of the assays with Tas of 60 °C and 62 °C, possibly
owing to the decrease in fluorescence intensity that is caused
by an increase in Ta. As shown in Fig. S4, in analyzing
a low concentration of target DNA (0.01 ng/pL), the delta
Rn (ARn) value of the assay with a Ta of 64 °C was only
approximately 6.5% and 13.3% of those with Tas of 60 °C
and 62 °C, respectively. Additionally, in detecting 0.01 ng/
pL mango DNA, the assay with a Ta of 60 °C yielded a posi-
tive ratio of 1/3 whereas that with a Ta of 62 °C yielded a
positive ratio of 3/3. The positive ratio at 60 °C might have
been lower because 60 °C is suitable for amplifying both tar-
get gene and the IAC. However, 0.01 ng/pL of mango DNA
was too little to compete with IAC for the qPCR reagents,

50 1 *60°C  "62°C  “64°C
45 -
4904 L TE
S TR D T
30 4 - 0 0 )
Annealing temp.  60°C 62°C  64°C
slope 3.5214 -3.5469 -3.9313
25 1 R? 0.9926 0.9914 0.9640
Efficiency  92.30% 91.40% 79.63%
20 = =

00 05 10 1'.5 2'.0 2‘.5 3.0 3‘.5 4to 4'.5
log DNA Conc. (pg/pL)

Fig.2 Optimization of the annealing temperature (Ta) of the devel-
oped qPCR. Dose-response curves at three annealing temperatures
(60 °C, 62 °C, and 64 °C) were plotted using the developed qPCR
with i4e5-F/R primers to analyze samples that contained different
concentrations of mango genomic DNA
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yielding negative results in the detection target gene. Thus,
62 °C was selected for further assay optimization.

The objective of this study is to establish a competitive
TagMan probe-based qPCR for identifying the target mango
allergen gene. In a competitive IAC model, both the target
and TAC are amplified using the same set of primers. How-
ever, in a non-competitive IAC model, the target and IAC
are amplified using different primer sets. The use of dif-
ferent primer sets in the non-competitive IAC model may
not accurately reflect the amplification results of the pri-
mary target. In a competitive IAC model, the competition
between the IAC with target DNA for primers and other
gPCR reagents affects the efficiency of the PCR and poten-
tially reduces assay sensitivity [51]. Thus, various combi-
nations of concentrations of i4e5 primers, the target probe,
and the IAC probe were tested to optimize the developed
gPCR. As shown in Table 2, when a 400 nM primer was
used, the positive ratios of the IACs of these six reactions
were all below 3/3, possibly because not enough primers
were present for the simultaneous amplification of the IAC
and the target gene. When a 600 nM primer was used, three
assays with a 100 nM IAC probe still yielded the positive
rations of the IACs below 3/3. Among the three assays with
the 600 nM primer and the 200 nM IAC probe, the Ct values
for the target gene did not vary significantly as their positive
ratios for the target and the IAC were all 3/3. Based on these
results, the 600 nM primer, the 250 nM target probe, and the
200 nM IAC probe were determined to be optimal for the
developed qPCR.

Table 2 Optimization of concentrations of i4e5 primer, target probe,
and IAC probe for the developed qPCR assay

[primerliyes [probelyee [probeljac Ctpaniy Positive

ratio

Target IAC
400 200 100 36.96+0.35%4" 3/3 (/3
400 200 200 37.89+0.13®  2/3  2/3
400 250 100 36.52+0.86°% 3/3  0/3
400 250 200 3835057  3/3 23
400 300 100 37.75+€0.96™  3/3  0/3
400 300 200 37.33+0.35%4 373 2/3
600 200 100 35.96+0.59° 33 23
600 200 200 36.82+0.10%% 373 3/3
600 250 100 36.46+023%  3/3 23
600 250 200 36.92 +0.66°%  3/3 3/3
600 300 100 36.06+0.10° 3/3 1/3
600 300 200 36.69+0.30%€ 3/3  3/3

*the different letters indicate significant differences (p < 0.05)

DNA extraction

Food components, such as polyphenols, polysaccharides,
lipids, and proteins, can affect DNA purity and interfere with
qPCR amplification. An effective DNA extraction method
has a high extraction efficiency, favoring the assay sensitiv-
ity of the qPCR. To determine the optimal DNA extraction
method, pineapple juice and pancake powder were used as
liquid and solid food models; these were spiked with mango
and then extraction was carried out using the three methods
of CTAB-SDS, CTAB-PVP, and CTAB-PVP-$-ME. -ME
is used to prevent the oxidation of polyphenols and PVP is

/742

0.50%

CTAB-SDS CTAB-PVP CTAB-PVP-B-ME
CTAB-SDS CTAB-PVP CTAB-PVP-B-ME
Slope -3.1072 -3.1907 -3.0642
R? 0.996 0.9909 0.9599
Efficiency (%) 109.79 105.78 112.01

(b) 45
40
\
30 \
N
2 §
20 X =
o«
CTAB-SDS CTAB-PVP-B-ME
CTAB-SDS CTAB-PVP CTAB-PVP-B-ME
Slope 3543 -3.2764 36422
R 0.9862 0.9445 0.9667
Efficiency (%) 91.53 101.93 88.17

Fig.3 Selection of DNA extraction methods for a liquid food model:
pineapple juice spiked with different amounts of mango puree (0.05—
50%, w/v), and b solid food model: pancake powder spiked with vari-
ous amounts of freeze-dried mango powder (0.033-33%, w/w). DNA
were individually extracted from spiked samples by CTAB-SDS,
CTAB-PVP, and CTAB-PVP-B-ME methods. The extracted DNA
samples were analyzed by the developed qPCR assay to obtain their
Ct values

@ Springer



2654

European Food Research and Technology (2023) 249:2647-2660

used to remove polyphenols from DNA samples [41, 42]. In
Fig. 3a, samples that were obtained using the CTAB-SDS
method had the lowest Ct values for all spiking levels. The
DNA pellets that were generated by CTAB-PVP method
were yellowish, possibly retaining some of the polyphenols
from the juice. Polyphenols from plants were easily oxi-
dized and irreversibly bound to DNA, making their elimi-
nation difficult [52]. Additionally, PVP might have caused
the hyperchromic effect by partially degrading dsDNA to
ssDNA, increasing the absorbance at 260 nm, leading to an
overestimation of the DNA concentration [53]; PVP might
have co-precipitated with DNA, inhibiting the qPCR [54].
The high Ct values of samples that were obtained using
CTAB-PVP--ME might have been caused by the contami-
nation by f-ME, which is a PCR inhibitor and a DNA cutter
[55]. In Fig. 3b, pancake samples that were spiked with the
smallest amount of mango powder (0.033%) could only be
detected in the extracts that were obtained by the CTAB-
SDS method. Therefore, the CTAB-SDS method was subse-
quently used to isolate DNA from liquid and solid processed
foods.

Fig.4 Calibration curves (a)

obtained by the developed 42.5

qPCR, targeting the major

mango allergen GAPDH gene 400

using juice and cookie models

that were mixed with differ- 375

ent amounts of freeze-dried 350

mango powder with and without -

thermal treatment. a Pre-spiked v 325

(4p) and incurred (-) juice

samples were mixed with 30.0

10-10,000 pg/g lyophilized

mango powder without or with 27.5

heating at 90 °C for 1 min,

respectively. b Pre-spiked 25.0

(¢p) and incurred (-) cookie

samples were mixed with

330-100,000 pg/g lyophilized

mango powder without or with (b)

heating at 180 °C for 10 min, 40.0

respectively. DNA was first

extracted from these pre-spiked 375

or incurred samples using the

CTAB-SDS method, and then 35.0

analyzed using the developed

qPCR assay 5 325
30.0
27.5
25.0
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Assay performance

To determine assay sensitivity, various concentrations
of mango genomic DNA were analyzed using the assay
to generate a dose-response curve. As shown in Fig. S5,
the linearity was good (R*=0.9974), with a 3-log-unit
dynamic range (10-10,000 pg/pL). The assay detected the
target gene down to a concentration of 10 pg/pL of mango
genomic DNA. To study the effects of the food matrix and
processing on assay sensitivity, pre-spiked and incurred
assays were performed using juice and cookie as liquid
and solid food models, respectively. In the pre-spiked
and incurred assays of juice samples, the LOD value was
10 pg/g of mango with a dynamic range of 10-10,000 pg/
mL (Fig. 4a); in the pre-spiked and incurred assays of
cookie samples, the LOD value was 0.033% of mango
with a dynamic range as 330-100,000 pg/g (Fig. 4b). The
values of R? and amplification efficiency (E) from these
four calibration curves satisfied the accepted criteria for
a qPCR assay, with the exception of the E value for the
incurred cookie samples [50]. The juice samples yielded
higher SD values than the cookie samples, possibly owing

Incurred juices ()
y=-3.1315x+40.8
R2=0.9929
Efficiency=108.61%

Pre-spiked juices (@)
y =-3.3004x + 40.7
R?2=0.9923
Efficiency=100.92%

1 2 3 4 5
Log (ng/g mango in juice)

Inccured cookies ()
y =-3.0187x+ 31.962
R?=0.9947
Efficiency=114.42%

Pre-spiked cookies (4 )
y =-3.1081x+ 31.361
R2=0.9837
Efficiency= 109.77%

T T T T T T 1

2.5 3 3.5 4 4.5 5 5.5
Log (pg/g mango in cookie)
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to the presence of fibers, polysaccharides, and pigments
in the juice, potentially affecting the DNA extraction
and amplification [56]. These compounds may not be
uniformly dispersed, especially in highly viscous juice
samples. Despite homogenization, inherent variability
introduced by these components may result in a larger
standard deviation in juice samples compared to cook-
ies. This hypothesis explains the observed high standard
deviation values in the qPCR analysis of juice samples.
Further investigation is required to better understand the
potential causes behind these high standard deviation val-
ues. At each spiking amount, the Ct values of the pre-
spiked samples were lower than those of the incurred
samples, indicating that thermal processing might have
caused irreversible binding of food compounds to DNA
or DNA fragmentation, disfavoring DNA extraction and
gPCR amplification [57]. The LOD of the developed assay
in detecting the incurred juice (10 pg/g) was about 1/30th
that in detecting the incurred cookie (0.033%; 330 pg/g),
possibly because cookies were heated under harsher con-
ditions (180 °C, 15 min) than the juice (90 °C, 1 min).
Additionally, the constituents of the cookie (flour, egg,
milk, and sugar) were more complicated than those of the
juice (pineapple and water), leading to a strong matrix
effect on DNA extraction and amplification [58]. Based on
these results, we strongly recommend plotting a calibra-
tion curve for a qPCR method with matrix adaption and
corresponding thermal processing to determine precisely
the amount of the target in processed foods. To the best of
our knowledge, the eliciting threshold of mango allergy
has not been established. The lack of clinical research on
this subject is likely due to the localized nature of mango

allergy, primarily occurring in specific regions of South-
east Asia, thereby limiting its global significance as a pub-
lic health concern. Consequently, determining a detection
limit for an assay based on the eliciting threshold of mango
allergy is currently challenging. In terms of detection
limits, the official Taiwan FDA qPCR method can detect
mango at a limit of 0.1% (w/w) in foods, while the devel-
oped qPCR assay in this study achieves a more sensitive
detection limit of 0.033% (w/w) mango powder in cookies.
Therefore, the developed qPCR assay demonstrates higher
sensitivity compared to the official Taiwan FDA method,
providing a potential alternative for the detection of mango
residues in food samples.

The specificity of the developed assay is critical and was
evaluated by analyzing DNA samples that were extracted
from 21 commonly consumed fruits and vegetables, As
shown in the amplification plot in Fig. 5, only the mango
sample gave a positive result and no positive reaction
occurred in the analysis of DNA extracts of the other tested
samples. In Fig. S3, cross-reactions were identified in analy-
ses of celery, tomato, carrot, and pineapple, using an SYBR
Green qPCR with i4e5-F/R primers. When the target probe
was used, these non-specific results were eliminated, indi-
cating that the developed TagMan probe-based qPCR had
good specificity in the identification of mango. Six mango
cultivars (Irwin, Tu, Yuwen, Tainung No. 1, Jinhuang, and
Wuxiang) were analyzed to assess the spectrum of the devel-
oped assay. Figure 6 shows that the method identified all of
the mango cultivars except Jinhuang with similar sensitivi-
ties. The LOD value for Jinhuang was 0.1 pg/mL of genomic
DNA, which was ten times those (0.01 pg/mL) for the other
cultivars. In addition, the official Taiwan qPCR method was
applied to analyze these six mango cultivars, using equal

___— mango

]'IAC of No-targets

- IAC of mango

No-target

apple, asparagus, banana,
blueberry, broccoli, cabbage, carrot,
celery, cherry tomato, custard
apple, grape, grapefruit, guava,
longan, orange, passion fruit,
persimmon, pineapple, strawberry,
sweet potato leaves, watermelon

Fig.5 Specificity of the developed qPCR in differentiating mango (red) from 21 non-target food plants (orange; as shown in inset). The IAC
result of testing mango is shown in green; those of testing non-targets are shown in blue
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Fig.6 The broad spectrum of 45 -
the developed assay, obtained ®0.01pg/mL ~0.033ug/mL ®0.1 pg/mL =1 pg/mL =10 pg/mL
by utilizing it to test six mango _
cultivars—Irwin, Tu, Yuwen,
Tainung No. 1, Jinhuang, 40 1
and Wuxiang. These mango
cultivars were extracted using X I I I N I
the CTAB-SDS method. Their - L N
DNA samples were diluted to O 35 1 I i i §I: I
five concentrations (0.01-10 pg/ § :
mL) and analyzed by the devel- R §
oped assay § § § \\§ § \ §£
= N R R \ \=
= X N\ X = N
’e Sl ¥ 0 N N N N
Irwin Tu Yuwen Tainung No. 1 Jinhuang Wuxiang
Tainung
Irwin Tu Yuwen Jinhuang  Wuxiang
No. 1
Slope -3.4653 -3.3153 -3.475 -3.6361 -3.215 -3.5308
R? 0.9913 0.9994 0.9974 0.9946 0.9785 0.9755
Efficiency (%) 94.35 100.28 93.99 88.37 104.66 91.96

amounts of DNA (0.033 ng). The obtained Ct values for
these cultivars did not show significant differences, with a
range of Ct value of 27.21+0.07 to 28.27 + 1.85. However,
the Tu mango cultivar displayed a slightly higher Ct value
of 31.42 +0.70 compared to the other cultivars (data not
shown). Based on the results obtained from the official Tai-
wan qPCR, the lower amplification observed specifically
in the Jinhuang cultivar when using the developed qPCR
assay could potentially be attributed to either a lower copy
number of the target gene or a single nucleotide polymor-
phism (SNP) in the GAPDH gene among different mango
cultivars, which could affect the annealing efficiency of the
i4e5 primers to the target DNA [59]. Several factors, such
as mismatch type and position, local sequence, KCI con-
centration, and type of polymerase, can influence primer
extension in the presence of SNP. Notably, the presence of
3’ mismatches significantly decreases the optimal annealing
temperature [60]. The hypothesis of gene copy number or
SNP on qPCR amplification warrants further study of the
full sequencing data of the mango allergen GAPDH gene of
various mango cultivars, which are lacking in the open data-
base. To further investigate the hypothesis regarding gene
copy number or SNP influence on qPCR amplification, a
thorough analysis of the full sequencing data of mango aller-
gen GAPDH gene from various mango cultivars is required.
Unfortunately, such data are currently lacking in the open
database. To evaluate the precision and reproducibility of
the developed qPCR, mango-spiked juice and cookie sam-
ples were tested using the inter-assay and intra-assay. In

@ Springer

Table S2, the recovery rates of juice samples in the intra-
assay and inter-assay were determined to be 94.84-98.93%
and 91.05-107.41%, respectively, and the coefficients
of variation (CV) were calculated to be 1.93-1.04% and
0.60-1.06%, respectively. The recovery rates of cookie sam-
ples for the intra-assay and inter-assay were determined to be
90.58-105.48% and 93.53-97.66%, respectively, and the CV
values were 1.72-2.27% and 1.16-1.72%, respectively. The
CVs for both the inter- and intra-assays of juice and cookie
samples were all below 15%, revealing the high precision
and reproducibility of the developed qPCR [61].

Analysis of processed foods

To establish the feasibility of using the established qPCR to
analyze processed foods, it was used to test 40 food products,
including ice bars, juices, cakes, crackers, cookies, and jel-
lies. The results of the qPCR were verified using an official
gPCR method that is recognized by the Taiwan FDA, as
shown in Table 3. In Taiwan, the packaging of foods that
contain mango must display a food allergen alert. Twenty
food products (No. 1-10 and No. 21-30) that contain
mango all had food allergen alerts for mango, indicating
thorough implementation of the mango allergen alert policy
in Taiwan. The target gene was detected in 17 of those 20
food products, yielding a sensitivity of 85% (17/20). The
three food products in which no mango was detected were
a mango cookie (No. 26) and two mango jellies (No. 29
and No. 30), but no mango was detected in the two mango
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Table 3 Detection of mango DNA in processed foods using the developed qPCR and an official gPCR method that targets ITS2 region of mango

No Sample Manufacturer Mango labeling The developed method Official gPCR method
IAC Target Target ITS2 ITS2
Positive ratio  Positive ratio Cq value Positive ratio Cq value
Liquid samples
1 Mango mixed juice A + 3/3 3/3 31.44+043 3/3 20.62+0.10
2 Mango mixed juice B + 0/3 3/3 3539+1.30 3/3 22.70+0.15
3 Mango juice C + 3/3 3/3 34.04+0.31 3/3 26.02+0.03
4 Mango Nectar D + 3/3 3/3 29.44+0.18 3/3 20.25+0.07
5 Mango juice E + 2/3 3/3 40.84+1.04 3/3 32.49+0.47
6 Vegetable fruit juice  F + 3/3 3/3 31.72+0.09 3/3 22.87+0.02
7 Carrot vegetable fruit G + 3/3 3/3 32.53+0.15 3/3 21.95+0.09
juice
Bubble ice H + 3/3 3/3 28.92+0.07 3/3 18.01£0.02
Juice ice bar I + 3/3 3/3 32.35+0.03 3/3 21.15+0.09
10 Mango ice J + 0/3 3/3 32.66+0.43 3/3 19.76 £0.05
11 Orange juice K - 3/3 0/3 N.D. 0/3 N.D.
12 Tomato juice L - 3/3 0/3 N.D. 0/3 N.D.
13 Vegetable fruit juice F - 3/3 0/3 N.D. 0/3 N.D.
14 Vegetable fruit juice F - 3/3 0/3 N.D. 0/3 N.D.
15 Vegetable fruit juice M - 3/3 0/3 N.D. 0/3 N.D.
16 Vegetable fruit juice M - 3/3 0/3 N.D. 0/3 N.D.
17 Apple and carrot juice N - 3/3 0/3 N.D. 0/3 N.D.
18 Vegetable fruit juice N - 3/3 0/3 N.D. 0/3 N.D.
19 Multifruit juice (¢} - 3/3 0/3 N.D. 0/3 N.D.
20 Pineapple juice P - 3/3 0/3 N.D. 1/3 36.70
Solid samples
21 Dried mango Q + 3/3 3/3 37.98+0.63 3/3 29.66+0.11
22 Dried green mango R + 0/3 3/3 3540+0.40 3/3 27.02+0.07
23 Pocky cookie S + 3/3 3/3 37.09+1.16 3/3 27.14+0.22
(mango)
24 Pocky cookie T + 3/3 3/3 38.37+1.16 3/3 27.77+0.05
(mango)
25 Grains snacks U + 3/3 3/3 36.07+0.33 1/3 36.17+0.00
(mango)
26 Mango cookie v + 3/3 0/3 N.D. 3/3 31.45+0.08
27 Mango cake w + 0/3 3/3 37.33+0.52 3/3 23.91+0.07
28 Mango pineapple X + 3/3 2/3 40.36+0.55 0/3 N.D.
cake
29 Mango jelly Y + 0/3 0/3 N.D. 0/3 N.D.
30 Mango jelly zZ + 0/3 0/3 N.D. 0/3 N.D.
31 Milk cookie a - 3/3 0/3 N.D. 0/3 N.D.
32 Pancake powder b - 3/3 0/3 N.D. 0/3 N.D.
33 Defatted milk powder ¢ - 3/3 0/3 N.D. 0/3 N.D
34 Flour b - 3/3 0/3 N.D. 0/3 N.D.
35 Sesame cookie a - 3/3 0/3 N.D. 0/3 N.D.
36 Sesame cookie d - 3/3 0/3 N.D. 0/3 N.D.
37 Cracker a - 3/3 0/3 N.D. 0/3 N.D
38 Cracker e - 3/3 0/3 N.D. 0/3 N.D.
39 Cracker f - 3/3 0/3 N.D. 0/3 N.D.
40 Cracker g - 3/3 0/3 N.D. 0/3 N.D.

N.D.: not detected
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jelly products using the official gPCR method that specifi-
cally targets the ITS2 region of mango. These two items
were manufactured using concentrated mango juice and the
double processing procedure might have caused DNA dam-
age, and thus the negative results. The consistent findings
obtained from the analysis of the two mango jelly products
further reinforce the reliability and accuracy of the devel-
oped gPCR method for identifying the mango allergen gene
in processed foods. Moreover, processed foods may still con-
tain DNA residues that affect the results of the qPCR, so 20
mango-free food products (No. 11-20 and No. 31-40) were
tested. The developed method yielded negative results for
all 20 of the non-mango-containing products, generating a
specificity of 100% (20/20). In analyzing pineapple juice
(No. 20), the official method yielded a false positive result
with a 1/3 positive ratio, perhaps because of the sequence
similarity in the ITS2 region between mango and pineapple.
Based on the results of the food analyses, the sensitivity of
the developed assay was calculated to be 85% (17/20) and
its specificity was calculated to be 100% (20/20), indicating
the effectiveness of the developed qPCR method in iden-
tifying mango in processed foods. In this study, the devel-
oped qPCR method specifically targets the mango allergen
GAPDH gene, enabling a direct and relevant assessment
of the potential allergenicity of tested samples. In contrast,
the Taiwan FDA reference method primarily focuses on the
ITS-2 region for species identification. Additionally, this
method incorporates an IAC to ensure result accuracy and
reliability by effectively identifying false negatives that may
arise due to the presence of qPCR reaction inhibitors in food
samples. These distinct features, including the targeted aller-
gen gene and the inclusion of the IAC, make this developed
method a valuable complement to existing techniques. It
enhances allergen detection in processed foods and contrib-
utes to food safety and labeling regulations, thus addressing
an important need in the field. Furthermore, when compar-
ing the performance of the presented qPCR method with the
previously developed LFA method by our research group
for detecting mango allergens in processed foods, the qgPCR
method demonstrated superior specificity. Notably, the LFA
method produced two false positive results in the analysis
of two mango-free products: a vegetable fruit juice and
pineapple juice (listed as food sample No. 13 and No. 20
in Table 3, respectively). These false positive outcomes can
be attributed to cross-reactivity with the antibodies utilized
in the LFA, as our previous research demonstrated that the
crude protein extracts of carrot, celery, and pineapple exhibit
cross-reactivity with the LFA antibodies [28]. In contrast,
the developed qPCR method consistently generated negative
results for these two samples, underscoring its remarkable
specificity in detecting the mango allergen gene in processed
foods.
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Conclusion

In this study, a TagMan probe-based qPCR with the IAC
was developed for detecting mango in processed foods.
CTAB-SDS was the best tested extraction method for iso-
lating DNA from juice and cookie samples. Under optimal
assay conditions, the LOD of this assay was determined to
be 10 pg/pL with a 3-log-unit dynamic range (10-10,000 pg/
pL) for mango genomic DNA. The results of incurred assays
revealed the LOD of this assay was estimated to be 10 pg/g
mango powder in juice and 330 pg/g (w/w) of mango pow-
der in cookie. Finally, the developed assay was used to
analyze 40 processed foods that were simultaneously ana-
lyzed using an official qPCR assay that targets the ITS-2
region of mango. The developed assay yielded negative
results in analyzing three mango-containing food (No. 26,
mango cookie; No.29 and No.30, mango jelly) and the offi-
cial method also yielded negative results for the two mango
jelly products. The assay yielded all negative results with 20
mango-free products. Therefore, its sensitivity and specific-
ity were determined to be 85% and 100%, respectively. To
the best of the authors’ knowledge, this work is the first to
have established a qPCR for detecting the mango allergen
GAPDH gene in food products. This assay provides an alter-
native method for screening food products for mango DNA
residues.
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