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Miraculin is a glycoprotein with the ability to make sour substances taste sweet. The safety of miraculin has been
evaluated using an approach proposed by the Food and Agriculture Organization of the United Nations and the
World Health Organization for assessing the safety of novel proteins. Miraculin was shown to be fully and rapidly
digested by pepsin in an in vitro digestibility assay. The proteomic analysis of miraculin's pepsin digests further
corroborated that it is highly unlikely that any of the protein will remain intact within the gastrointestinal tract
for potential absorption. The potential allergenicity and toxigenicity of miraculin, investigated using in silico
bioinformatic analyses, demonstrated that miraculin does not represent a risk of allergy or toxicity to humans
with low potential for cross-reactivity with other allergens. The results of a sensory study, characterizing the
taste receptor activity of miraculin, showed that the taste-modifying eﬀect of miraculin at the concentration
intended for product development has a rapid onset and disappearance with no desensitizing impact on the
receptor. Overall, the results of this study demonstrate that the use of miraculin to impact the sensory qualities of
orally administered products with a bitter/sour taste proﬁle is not associated with any safety concerns.

1. Introduction
The fruit of Synepalum dulciﬁcum, also known as Richadella dulciﬁca
(Uniprot, 2019a), a shrub native to tropical West Africa, has been
known for over a century to make sour substances taste sweet (Kurihara
and Beidler, 1968). The West African natives chewed the “miraculous
berry”, also referred to as “sweet berry” (Hanelt, 2001; Roecklein and
Leung, 1987), prior to food consumption to make acidic foods with an
overly sour taste, such as kankies (sour cornbread), or intensely sour
drinks, such as palm wine and pitto (a beer made from fermented grain),
more palatable (Inglett et al., 1965). The unusual ability of these red
berries to modify a sour into sweet taste earned them the name ‘Miracle
Fruit’ (Morris, 1976).

The active component of the miracle fruit was isolated by 2 independent research groups in 1968 (Brouwer et al., 1968; Kurihara and
Beidler, 1968). The researchers who identiﬁed the taste modifying
substance demonstrated that it is a basic glycoprotein present within
the thin-layered pulp of the miracle berry and named it “miraculin”.
Subsequently, in 1988, Theerasilp and Kurihara (1988) successfully
isolated the puriﬁed miraculin glycoprotein and determined it has a
molecular weight of 28 kDa. Soon after, the same group determined the
complete amino acid sequence of miraculin and demonstrated that it is
a single polypeptide with 191 amino acid residues having 2 glycosylated residues, Asn-42 and Asn-186, cross-linked by a disulﬁde bond
(Theerasilp and Kurihara, 1988; Theerasilp et al., 1989). The molecular
weight of puriﬁed miraculin was calculated to be 24.6 kDa, taking into
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safety of miraculin has been assessed by evaluating its susceptibility to
in vitro digestion and determining its allergenic potential using bioinformatics, as well as conducting a sensory experiment to characterize
the taste receptor activity. This approach follows the current strategies
being applied for food safety assessment of novel proteins based on the
guidelines provided by the Food and Agriculture Organization of the
United Nations (FAO) and the World Health Organization (WHO)
(Codex Alimentarius, 2003).

account its amino acid sequence and a carbohydrate content of 13.9%,
consisting mainly of glucosamine, mannose, galactose, xylose, and fucose (Theerasilp and Kurihara, 1988; Theerasilp et al., 1989). No amino
acid homology was found between miraculin and sweet proteins, such
as thaumatin and monellin (Theerasilp et al., 1989).
The taste-modifying eﬀect of miraculin was shown to be speciesspeciﬁc with eﬀects reported in chimpanzees, rhesus monkeys, and
humans but not in rodents (Kurihara and Beidler, 1969; Diamant et al.,
1972; Brouwer et al., 1983; Sanematsu et al., 2016). The exact molecular mechanism underlying the taste-modifying activity of miraculin
has been the subject of much debate. Several investigators proposed
that miraculin binds directly to the sweet-taste receptors, hT1R2hT1R3, without activating them, and it is only when subjected to an
acidic pH that miraculin activates these receptors (Kurihara, 1992; Ito
et al., 2007; Asakura et al., 2011; Misaka, 2013; Sanematsu et al.,
2016). The perceived taste of 0.1 M citrate after consuming 1 μM of
miraculin was reported to correspond to the equivalent sweetness of
0.4 M sucrose, suggesting that miraculin is 400,000 times sweeter than
sucrose on a molar basis (Kurihara, 1992; Kuroda, 2012). Miraculin's
taste-modifying eﬀects were reported to last from between approximately 20 min and up to 3 h in some cases with high concentrations
(Kurihara and Beidler, 1969; Hellekant and van der Wel, 1989; Ito
et al., 2007).
Attempts to introduce miracle berry products into the United States
(U.S.) marketplace faced a number of regulatory challenges with the
U.S. Food and Drug Administration (FDA) denying a petition ﬁled in
1974 from a Massachusetts-based company, the Miralin Corporation,
for aﬃrmation that miracle fruit (Synepalum dulciﬁcum) berries, concentrates, and extracts are Generally Recognized as Safe (GRAS) (U.S.
FDA, 1977). The FDA issued a regulatory letter on September 19, 1974,
indicating the Agency has determined that there was insuﬃcient safety
data to make a judgment of safe use of miracle fruit products, and
subsequently requested that Miralin Co. “take prompt action to cease
interstate shipments of these products” and that “failure to do so would
result in regulatory action by the agency” (U.S. FDA, 1977). Following a
careful evaluation of the available data, the Commissioner further advised that the petition submitted for GRAS aﬃrmation was also evaluated as a food additive petition and concluded that, “The data provided
are incomplete and inadequate to establish the conditions of safe use of the
additive. The substances cannot, therefore, be approved as a food additive”.
In 2009, a new dietary ingredient notiﬁcation (NDIN) for ‘Miracle
Fruit Extract” was ﬁled by My M Fruit, LLC for use in a dietary supplement called ‘mberry’ providing a serving size of 175 mg Miracle
Fruit Extract per day in the form of a tablet to be consumed by allowing
to dissolve on the tongue (U.S. FDA, 2009). In response to this notiﬁcation, the FDA issued an objection letter on April 14, 2009, stating that
the dietary supplement that would contain the NDI “is not a dietary
supplement within the meaning of 21 U.S.C. 321(ﬀ)(2) (in particular,
section (A)(i) which states: '[a dietary supplement] is intended for ingestion
in a form described in section 21 U.S.C. 350(c)(1)(B)(i).”The Agency also
stated that, “An article that is delivered orally, but that exerts its eﬀect prior
to being swallowed (for example, after dissolving on the tongue […]) or that
is a delivery system for a substance that is absorbed buccolingually is not
‘intended for ingestion” (AHPA, FDA report NO: RPT574). Despite this,
several dietary supplement-type products containing miracle berry or
miracle fruit extracts are available on the U.S. market, including mberry
Miracle Fruit Tablets, MiraBurst Easy Melt Miracle Berry Tablets, Miraculous Miracle Fruit Tablets, and Miracle Frooties Miracle Fruit Tablets. To date, there have been no adverse events or allergenic reactions
resulting from consumption of these products that have been reported
through the United States Food and Drug Administration Adverse Event
Reporting System (FAERS) or the Center for Food Safety and Applied
Nutrition (CFSAN) Adverse Event Reporting System (CAERS) (U.S. FDA,
2018a, b).
In an attempt to address the deﬁciencies highlighted by the FDA
during their review of miracle fruit's GRAS aﬃrmation petition, the

2. Materials and methods
2.1. Preparation of miraculin
Whole miracle berries were obtained from Miracle Fruit Farm
(Miami, Fl) and deseeded. The pulp and skin tissue of the berries were
separated by high speed mechanical agitation. The extraction of miraculin from the pulp was carried out according to method as described
by Duhita et al. (2009) with some modiﬁcations. First, the subsequent
mixture was homogenized via high speed mixing. The resulting slurry
was centrifuged to separate the insoluble material from the supernatant. Any remaining insoluble material was removed from the supernatant via a 0.45 μm microﬁltration step. The sediment was suspended in 10 mM citric acid with 0.5 M NaCl (pH 3.5) for extraction of
miraculin. The pH of the solution was adjusted to pH 7.2 to 7.3 with
1 M Tris-base prior to column loading. All procedures were performed
below 6 °C. Nickel-immobilized aﬃnity chromatography was performed according to previous described methods, with some modiﬁcations on the binding, washing, and elution buﬀers (Duhita et al.,
2009). The column was equilibrated and washed with binding buﬀer
(20 mM Tris-base, 10 mM citric acid, 0.5 M NaCl at pH 7.2 to 7.3). A
sample of the extracted miraculin solution was loaded onto the column
and the target protein was eluted with the binding buﬀer at pH 4.6 to
4.7. All other experimental conditions were performed as described by
Duhita et al. (2009). The resulting eluted protein solution was dialyzed
with deionized water and then freeze-dried.
2.2. Digestibility of miraculin
The protein digestibility of miraculin was investigated using a simulated gastric ﬂuid (SGF) model as described by Thomas et al. (2004).
The in vitro digestibility study was conducted using SGF that was designed to mimic the conditions of the human stomach. A preincubation
mixture consisting of 1.52 mL SGF (35 mM NaCl, 0.084 N HCl, 10 U/μg
pepsin, pH 2.0) was preheated to 37 °C prior to the addition of 0.08 mL
miraculin (2 mg/mL, ﬁnal concentration of 0.1 mg/mL). An identical
mixture was prepared with 5.45 U/μg pepsin. Samples of 0.1 mL were
collected at 0, 20, 40, and 60 min of incubation. Samples were quenched with the addition of 35 μL of 200 mM sodium bicarbonate,
168.8 μL of Novex™ Tricine SDS Sample Buﬀer (2X) (ThermoFisher
Scientiﬁc), and 33.8 μL NuPAGE™ Sample Reducing Agent (10X)
(ThermoFisher Scientiﬁc). A control sample (no incubation) was
quenched prior to the addition of miraculin. All quenched samples were
heated at 85 °C for 10 min. Following the heating period, the digestibility of the protein (296 ng) was evaluated by gel electrophoresis
(Novex® 10–20% Tricine Protein Gels, Novex® Tricine Mini Gels; Invitrogen-ThermoFisher Scientiﬁc) with Coomassie blue staining (Imperial™ Protein Stain; ThermoFisher Scientiﬁc). Serial dilutions of undigested miraculin were also prepared.
2.3. Pepsin digest mapping of miraculin
The proteolytic fate of the protein after pepsin digestion was assessed by JadeBio (La Jolla, CA) using liquid chromatography coupled
to tandem mass spectroscopy (LC-MS/MS). The protein was digested by
the addition of 0.08 mL miraculin (2 mg/mL) to 1.52 mL of SGF buﬀer
with 5.45 U/μg pepsin. Samples of 0.1 mL were collected at 0 (no
2
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Fig. 1. Results of in vitro digestion of miraculin in the presence of SGF with and without pepsin for 60 min (a), with pepsin at concentrations of 5.45 U/g and 10 U/g
for 10 min (b), and silver stained gels after digestion with 5.45 U/g pepsin for 10 min (c).

amino acid sequence alignment queries a ‘sliding window’ of 80 amino
acid sequences (segments 1 to 80, 2 to 81, 3 to 82, etc.) derived from
each full-length sequence. The 8 amino acid exact match queries for an
exact match of 8 contiguous amino acids within the full sequence of a
known allergen. The expectation value (E-value) cutoﬀ for the fulllength and 80 amino acid sequence alignment searches was set as the
default (E-value cut oﬀ = 1.0 to 10 and 10, for full-length and 80 amino
acid sequence searches, respectively). The searches were conducted
using FASTA Version 35.04 (updated in January 15, 2009). To qualify
the implications of the results, signiﬁcant sequence homology was deﬁned as an identity match of greater than 35%, of which greater may
suggest sequence homology and evidence for cross-reactivity (Goodman
et al., 2008; Ladics et al., 2011; Jin et al., 2017). Searches were conducted on February 28, 2019.

pepsin), 0.5, 1, and 10 min of incubation at 37 °C and quenched with
35 μL 200 mM sodium bicarbonate. Using a 10 μL (1 μg total protein)
injection, samples were analyzed by C18 reverse-phase LC-MS/MS on
an Agilent Q-TOF 6550. Data was assessed using SpectrumMill
(B.06.00.201), comparing MS and MS/MS ions against the miraculin
sequence.
2.4. In silico assessment of allergenicity potential of miraculin
The potential allergenicity of miraculin was investigated in a similar
manner as that described previously by Jin et al. (2017) using the approach described by the FAO/WHO (2001) and Codex Alimentarius
(2009). The allergenicity was evaluated using the well-documented
allergen database (AllergenOnline, Version 19; http://www.
allergenonline.org/). AllergenOnline is a peer-reviewed database
maintained by the Food Allergy Research and Resource Program
(FARRP) of the University of Nebraska and contains a comprehensive
list of known or putative allergenic proteins. The current version of the
AllergenOnline database (Version 19; February 10, 2019) contains
2,129 peer-reviewed allergenic sequences. Three searches were conducted: (1) full-length sequence alignment; (2) 80 amino acid sequence
alignment; and (3) 8 amino acid exact match (FARRP, 2019). The fulllength sequence alignment search queries the entire length of the protein of interest with the full sequence of a known allergen. The 80

2.5. In silico assessment of toxigenicity potential of miraculin
The potential toxigenicity of miraculin was investigated against a
curated database of venom proteins and animal toxins (Jungo et al.,
2012) using the Basic Local Alignment Search Tool protein (BLASTp)
suite maintained by the National Center for Biotechnology Information
(NCBI). The toxin database was downloaded in FASTA format and
contained 6,841 sequences of toxins produced by snakes, spiders,
scorpions, cone snails, jellyﬁsh, insects, sea anemones, lizards, ﬁsh
3
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3.3. In silico assessment of allergenicity potential of miraculin

species, and platypuses, and other venomous animals that lack venom
devices (toads, ticks, and worms) (Uniprot, 2019b). A full-length sequence alignment search was conducted to ascertain whether the miraculin protein sequence share homology or structural similarity to a
known toxin. The sequence alignment search was conducted on January 25, 2019 with the BLASTp suite using the default settings (maximum target sequence: 100; expect threshold: 10; matrix: BLOSUM62).

A search of the full-length amino acid sequence of miraculin revealed signiﬁcant similarity with known allergens from Solanum tuberosum (potato) and Glycine max (soybean), with sequence identities
ranging between 26.6 and 33.7%, and E-values ranging from 0.34 to
4.1 × 10−8 (Table 3). Upon closer examination of the sequence alignment of these proteins, the highest peptide match was “YKLVFCP” that
is present in both miraculin and the soybean Kunitz trypsin inhibitor
KTi2. AllergenOnline identiﬁed 112 ‘80mer sliding windows’ along the
191 amino acid length of the miraculin sequence. A search using this
approach revealed 7 and 9 of ‘80 amino acid’ matches that had greater
than 35% identity with the allergenic proteins Kunitz trypsin inhibitor
KTi2 from G. max and proteinase inhibitor from S. tuberosum, respectively (Table 3). Speciﬁcally, the miraculin amino acid sequence shared
38% identity with Kunitz trypsin inhibitor KTi2 and 36% identity with
proteinase inhibitor. The search for identity with 8 contiguous amino
acids revealed no signiﬁcant similarity with any known allergens (data
not shown). The peptide sequences identiﬁed following pepsin digest
mapping were searched using the full-length and 80mer sliding window
approaches. Searches with the full-length sequences of the pepsin-digested peptides revealed a number of hits with known allergens having
identities ranging from 36% to 67%, and similarities ranging from 60 to
100% (Table S1 in Supplementary Materials). No sequence homology to
known allergens from the AllergenOnline database were identiﬁed in
the 80mer sliding window search. Taken together, the results of the in
silico assessment suggest that miraculin does not pose a risk of crossreactivity with known allergens.

2.6. Sensory evaluation of miraculin activity
The sweetness proﬁle of miraculin (as a fruit extract powder of the
miracle berry) was evaluated by 6 panelists who had previous experience evaluating sweetness intensity. Panelists were instructed to sip
lemonade juice with a sweetness intensity of 7 brix until a baseline
sweetness intensity was established. Each panelist was provided 0.08 g
of miracle fruit powder and were instructed to consume but hold the
powder in the mouth for 1 min before swallowing. Panelists consumed
60 mL of lemonade juice every 5 min until a total of 420 mL was consumed. The sweetness of each cup was recorded at the following intervals: 0, 5, 10, 15, 20, 25, and 30 min.

3. Results
3.1. Digestibility of miraculin
The results of the in vitro digestibility assay using Coomassie blue
staining indicate that miraculin was completely digested within 20 min
in the presence of the SGF containing pepsin (Fig. 1a). However, in the
presence of the SGF without pepsin no digestion of the miraculin protein was highlighted. When incubated with pepsin at concentrations of
5.45 and 10 U/μg, miraculin was fully digested within 1 min, indicating
a very rapid metabolism, irrespective of the pepsin concentration suggesting that the rate of digestion of the protein is pepsin-and not low pH
dependent (Fig. 1b). Furthermore, silver staining the electrophoresis
gels reveals a number of diﬀerent fragments, indicating that the protein
would be fully digested within the human gastrointestinal tract
(Fig. 1c).

3.4. In silico assessment of toxigenicity potential of miraculin
A comparison of the primary amino acid sequence of miraculin with
known protein toxins, using full-length sequence alignment search,
identiﬁed matches with sequence identities ranging from 28 to 54% and
E-values ranging from 0.61 to 9.0 with a number of animal protein
toxins (Table 4). Based on the total query cover of the miraculin protein
sequence, which ranged from 6 to 26%, no or low structural homology
to protein toxins is expected.
3.5. Sweetness intensity to evaluate protein activity
Miracle fruit powder signiﬁcantly increased the sweetness of lemonade juice within 1–2 min (Fig. 3) in all 6 individuals tested. After
30 min of cessation of miracle fruit powder consumption, the sweetness
of lemonade juice returned to baseline levels in all of the study subjects.
This indicates that the onset and disappearance of the taste modifying
eﬀects of miraculin are rapid with no lasting desensitization eﬀect.

3.2. Pepsin digest mapping of miraculin
Miraculin was increasingly digested by pepsin with longer digestion
time, generating 61 unique peptides after 10 min of pepsin digestion, as
analyzed using LC-MS/MS (Table 1). The sequence coverage was approximately 40% at 30 s, 62% at 1 min, and 75% at 10 min, suggesting
that sequence coverage increased with longer digestion time. At 10 min,
the only peptides that were not identiﬁed contained cysteine residues
(i.e., disulﬁde bonds to other peptides). The peptide sequence map is
shown in Fig. 2. The miraculin amino acid sequence contained several
potential N-linked glycosylation sites. The peptides sequenced from the
miraculin pepsin digests are provided in Table 2. The mapping of the
miraculin protein digest study further corroborate the rapidity of the
digestion and that it is highly unlikely that any of the protein will remain intact for potential absorption.

4. Discussion
Using a standard in vitro pepsin SGF digestibility assay, miraculin
was shown to be rapidly and completely digested under simulated
physiologic gastric conditions. These ﬁndings were corroborated with
the results of a follow-up proteomic analysis wherein pepsin digests of
miraculin were fractionated and analyzed separately by LC-MS/MS,
which demonstrated that sequence coverage increased with longer digestion time. The rapidity of the glycoprotein digestion supports the
fact that the protein will undergo hydrolysis within the gastrointestinal
tract following consumption and will therefore not be absorbed intact
and will not bind to any other sweet taste receptors other than those on
the tongue. The rapidity and the degree of digestion of the miraculin
glycoprotein also indicates that the protein in its natural form will not
be present systemically to elicit an allergenic or toxicogenic response.
These results were further assessed in terms of the Codex Alimentarius
Commission (CAC) ‘weight of evidence’ approach for the assessment of
newly expressed proteins, which includes determination of the source

Table 1
LC-MS/MS results of miraculin pepsin digestion.
Timepoint (min)

Total Intensity

Unique Peptide

Sequence Coverage

0
0.5
1
10

7.5 × 105
2.5 × 107
7.7 × 107
2.2 × 108

5
33
54
61

17%
40%
62%
75%

4
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Fig. 2. Sequence Map of Miraculin Pepsin Digestion at Timepoints 0 min (a), 0.5 min (b), 1 min (c), and 10 min (d).

www.allergenonline.org/). A search of the full-length amino acid sequence of the miraculin glycoprotein as reported by Theerasilp et al.
(1989), with known allergens from the AllergenOnline database did
reveal similarity with several allergenic proteins from Glycine max and
Solanum tuberosum. While it has been determined that alignments with
high identity scores (50–70%) may indicate a potential for allergenic
cross-reactivity (Aalberse, 2000), an E-value larger than 1 × 10−7 is
unlikely to identify proteins that may share immunologic or allergic
cross-reactivity to known allergens (Hileman et al., 2002). Therefore,
on the basis of these criteria, the full-length sequences of miraculin was
determined to share less than 35% identity over the full length of the
amino acid sequence with corresponding E-values ranging from
4.1 × 10−8 to 0.34. The protein sequence with a reported E-value of
4.1 × 10−8 was proteinase inhibitor from Solanum tuberosum with a
corresponding identity of 27.7% and 52.5% similarity. E-values greater
than 1 × 10−7 are suggestive of a “signiﬁcant” similarity between
proteins (Ladics, 2018). Therefore, given that the E-value was less than
1 × 10−7 and considering that the sequences shared less than 35%
identity over approximately 50% of the amino acid sequence, it is unlikely that miraculin is associated with an allergenic risk potential.
However, when a window of 80 amino acids was applied as a search
parameter in the same allergen database, the amino acid sequence of
miraculin showed a reasonable number of signiﬁcant alignments
(greater than 35% identity) with 2 proteins, Kunitz trypsin inhibitor
KTi2 and proteinase inhibitor from Glycine max and Solanum tuberosum,
respectively. Sequences sharing greater than 35% identity over an 80
amino acid window with known allergens may have a possibility of
cross-reaction (Codex Alimentarius, 2009). These proteins are not recognized as major allergens in potatoes or soybean (Ogawa et al., 2000;
Seppälä et al., 2001). Despite being listed as 1 of 8 major allergens in
the U.S., the incidence rate of allergenic reaction to soy is reported to be
as low as 0.1%–0.25% (Cordle, 2004; Loh and Tang, 2018). Potatoes
are not listed as a major food allergen, and despite its high frequency of
consumption across diﬀerent demographic groups, reported food allergy to potatoes is uncommon (Castells et al., 1986; Seppälä et al.,
2001).The pepsin digest mapping of the miraculin protein revealed that
the protein would be digested into small peptides of approximately
8–31 amino acids in length after 10 min. These small peptides were
searched against the AllergenOnline database using the full-length
amino acid sequence approach and a number of the peptides were

of the introduced protein, assessing similarities between the amino acid
sequence of the novel protein and that of known allergens and toxins, as
well as an evaluation of its susceptibility to enzymatic degradation
(Codex Alimentarius, 2003). The CAC indicated that resistance of proteins to proteolytic digestion was an important consideration in the
safety assessment paradigm of novel proteins, based on a proposed link
between the stability of a protein in SGF and its status as a food allergen
(Astwood et al., 1996; Taylor and Lehrer, 1996; Bannon, 2004; EFSA,
2017). It is understood that an important characteristic of food allergens is their resistance to denaturation and digestion, because food
allergens must be proteolytically stable and resistant to gastric digestion by pepsin to reach the intestinal mucosa and elicit their allergenic
response (Bannon, 2004; Herman et al., 2007). The standardized in vitro
pepsin digestibility tests conducted with the miraculin protein based on
the conditions described in the U.S. Pharmacopeia (USP, 1995) (i.e.,
pepsin concentration, pH, temperature, etc.); therefore, provide a predictive tool for protein allergenicity assessment (Astwood et al., 1996;
Thomas et al., 2004). Although this pepsin digestibility assay is not
meant to precisely mimic the in vivo conditions, they are designed to
evaluate the susceptibility of a protein to digestion under ﬁxed conditions in vitro, and along with other evidence, such as in silico analyses,
provide information on the allergenicity potential of a novel protein.
Therefore, the in vitro digestibility analysis clearly shows that the miraculin protein is not proteolytically stable and able to reach the intestinal mucosa.
While the in vitro digestibility analysis demonstrates rapid and
complete hydrolysis of miraculin, a corroborative step in the safety
assessment of novel proteins also includes comparing its primary amino
acid sequence with those of known allergens (Codex Alimentarius,
2009; Ladics et al., 2011). Regardless of the source of a novel protein,
shared amino acid sequence similarities to other known proteins can
provide valuable information on the level of structural relatedness to
proteins with a known history of safe use or to proteins that are known
to be allergens (Ladics et al., 2011). These sequence comparison searches for the miraculin glycoprotein were conducted using various algorithms including the Basic Local Alignment Search Tool (BLAST) or
FASTA (Ladics et al., 2007), which are designed to ﬁnd evolutionary
relationships between protein sequences based upon regions of shared
amino acid identity and similarity to known allergenic proteins that are
maintained in a database at the FARRP, University of Nebraska (http://
5
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Table 2
Peptides sequenced from miraculin pepsin digestion.
Starting
Amino
Acid

Sequence

1
1
1
1
2
2
2
2
3
3
4
4
4
6
9
9
9
9
10
10
11
11
21
21
21
21
22
22
22
22
22
22
24
53
55
55
55
56
66
66
68
68
68
68
68
68
68
68
69
6
69
75
75
75
75
77
96
100
101
102
105
116
116
116
118
125
125
125
125
125
125

(-)DSAPNPVLDIDGEKLR(T)
(-)DSAPNPVLDIDGEKLRTGTN(Y)
(-)DSAPNPVLDIDGEKLRTGTNY(Y)
(-)DSAPNPVLDIDGEKLRTGTNYYIVPVLR(D)
(D)SAPNPVLDIDGEKLR(T)
(D)SAPNPVLDIDGEKLRTGTN(Y)
(D)SAPNPVLDIDGEKLRTGTNY(Y)
(D)SAPNPVLDIDGEKLRTGTNYYIVPVLR(D)
(S)APNPVLDIDGEKLRTGTN(Y)
(S)APNPVLDIDGEKLRTGTNY(Y)
(A)PNPVLDIDGEKLR(T)
(A)PNPVLDIDGEKLRTGTN(Y)
(A)PNPVLDIDGEKLRTGTNY(Y)
(N)PVLDIDGEKLRTGTNY(Y)
(L)DIDGEKLR(T)
(L)DIDGEKLRTGTN(Y)
(L)DIDGEKLRTGTNY(Y)
(L)DIDGEKLRTGTNYYIVPVLR(D)
(D)IDGEKLR(T)
(D)IDGEKLRTGTNY(Y)
(I)DGEKLRTGTN(Y)
(I)DGEKLRTGTNY(Y)
(N)YYIVPVLR(D)
(N)YYIVPVLRDHGGGL(T)
(N)YYIVPVLRDHGGGLT(V)
(N)YYIVPVLRDHGGGLTVS(A)
(Y)YIVPVLR(D)
(Y)YIVPVLRDHGGGL(T)
(Y)YIVPVLRDHGGGLT(V)
(Y)YIVPVLRDHGGGLTV(S)
(Y)YIVPVLRDHGGGLTVS(A)
(Y)YIVPVLRDHGGGLTVSA(T)
(I)VPVLRDHGGGL(T)
(V)VQTRKEVDHDRPLAF(F)
(Q)TRKEVDHDRPLAF(F)
(Q)TRKEVDHDRPLAFFPENPKE(D)
(Q)TRKEVDHDRPLAFFPENPKEDVVRVSTDL(N)
(T)RKEVDHDRPLAF(F)
(L)AFFPENPK(E)
(L)AFFPENPKEDVVRVSTDL(N)
(F)FPENPKE(D)
(F)FPENPKEDV(V)
(F)FPENPKEDVVRV(S)
(F)FPENPKEDVVRVS(T)
(F)FPENPKEDVVRVSTD(L)
(F)FPENPKEDVVRVSTDL(N)
(F)FPENPKEDVVRVSTDLN(I)
(F)FPENPKEDVVRVSTDLNINF(S)
(F)PENPKEDVVRVSTD(L)
(F)PENPKEDVVRVSTDL(N)
(F)PENPKEDVVRVSTDLNINF(S)
(E)DVVRVSTD(L)
(E)DVVRVSTDL(N)
(E)DVVRVSTDLN(I)
(E)DVVRVSTDLNINF(S)
(V)VRVSTDLNINF(S)
(R)WTSSTVWRLDKYDESTGQY(F)
(S)TVWRLDKYDESTGQY(F)
(T)VWRLDKYDESTGQY(F)
(W)RLDKYDESTGQY(F)
(L)DKYDESTGQYF(V)
(F)VTIGGVKGNPGPE(T)
(F)VTIGGVKGNPGPETISS(W)
(F)VTIGGVKGNPGPETISSW(F)
(T)IGGVKGNPGPETISSW(F)
(Y)FVTIGGVKGNPGPE(T)
(Y)FVTIGGVKGNPGPET(I)
(Y)FVTIGGVKGNPGPETIS(S)
(Y)FVTIGGVKGNPGPETISS(W)
(Y)FVTIGGVKGNPGPETISSW(F)
(Y)FVTIGGVKGNPGPETISSWF(K)

Retention
Time

Pepsin-T0

Pepsin-T30s

Spectra
Number
15.4
15.3
16
19.1
15
15
15.7
18.7
14.8
15.5
15
15
16
15.6
9.6
10.1
11.7
17
9.6
10.8
10.1
11.7
17
17
16.6
17.1
15.6
15.9
15.5
16.8
16.2
16.5
15.9
11.7
11.4
13.9
16.7
11.3
13.2
17.3
9.6
11.7
13.5
12.9
13.1
15.5
14.7
18.4
11.1
14.1
17.5
10
14
12.8
18.2
17.1
15.9
14.3
14
10.3
13.1
11.7
13.2
16.3
15.3
13.8
13.8
15
14.8
17.6
20.4

Intensity

0
1
1
0
0
1
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0

7.76 × 104
2.59 × 105

5.60 × 104
3.08 × 105

5.25 × 104

Pepsin-T60s

Pepsin-T10min

Spectra
Number

Intensity

Spectra
Number

Intensity

Spectra
Number

Intensity

2
2
2
2
2
2
2
1
1
1
0
0
1
0
0
2
1
0
0
0
0
1
1
0
0
1
1
1
0
0
1
0
0
0
0
0
0
0
1
1
2
0
0
0
1
3
0
1
0
1
0
0
1
0
1
0
0
0
0
0
0
1
0
1
0
1
0
0
1
2
0

2.86 × 105
1.19 × 106
4.30 × 106
2.63 × 105
2.42 × 105
1.18 × 106
5.04 × 106
1.07 × 105
5.80 × 104
1.41 × 105

2
2
2
0
2
2
2
1
1
2
2
1
2
1
1
2
1
1
0
1
1
1
1
0
1
1
1
1
1
0
1
0
0
0
0
1
1
0
1
0
2
0
0
3
2
4
1
1
0
2
1
0
1
1
1
1
1
0
0
0
0
1
0
1
1
1
1
1
1
2
1

9.30 × 105
2.62 × 106
9.29 × 106

1
1
2
0
1
2
2
0
0
1
0
0
0
0
1
2
1
0
1
1
1
1
1
2
1
2
1
2
1
1
1
1
1
1
2
0
0
2
1
0
3
2
1
2
2
4
0
1
2
3
0
1
1
0
1
0
1
1
1
1
1
0
1
2
1
0
2
0
2
2
2

1.10 × 105
3.06 × 105
1.44 × 106

1.57 × 105

2.61 × 105
2.49 × 105

2.48 × 104
2.29 × 105

7.07 × 104
9.67 × 105
6.21 × 104

2.08 × 105

7.78 × 104
2.90 × 104
1.17 × 106

1.95 × 105
4.06 × 106
1.31 × 106
7.40 × 104

6.53 × 105
1.27 × 105

4.63 × 104
2.56 × 105
1.51 × 104

3.56 × 105
1.60 × 106

5.76 × 105
2.58 × 106
1.07 × 107
1.19 × 105
1.04 × 105
4.66 × 105
5.11 × 104
9.97 × 104
4.31 × 105
7.27 × 104
7.44 × 104
5.92 × 105
7.67 × 105
7.58 × 104
2.42 × 104
4.43 × 104
8.04 × 104
8.62 × 105
3.68 × 104
9.11 × 104
3.59 × 106
2.94 × 104
1.27 × 105
3.81 × 105

7.72 × 104
3.70 × 105
9.83 × 104
2.30 × 106

7.12 × 105
9.60 × 105
2.07 × 107
3.17 × 105
2.84 × 106
1.00 × 106
3.00 × 105
1.88 × 106
3.09 × 104
3.82 × 105
4.84 × 104
1.17 × 105

4.89 × 104
7.62 × 105
4.83 × 104
1.42 × 104
2.58 × 104
6.27 × 104
1.47 × 106
7.36 × 106
1.04 × 105

1.21 × 105
4.65 × 105
1.78 × 106

9.29 × 104

3.31 × 105
4.74 × 106
9.03 × 106
1.85 × 104
4.91 × 104
3.00 × 105
6.00 × 105
1.21 × 106
2.25 × 105
7.52 × 104
1.58 × 106
6.03 × 106
1.18 × 106
2.77 × 105
1.43 × 105
1.98 × 106
1.72 × 105
4.62 × 104
3.29 × 105
5.26 × 106

6.54 × 105
1.00 × 105
9.98 × 106
8.78 × 105
3.69 × 105
1.04 × 106
3.10 × 106
6.55 × 107
2.99 × 105
2.03 × 105
4.83 × 106
5.26 × 105
1.37 × 107
1.75 × 105
1.73 × 105
3.73 × 105
1.48 × 106
2.10 × 105
1.61 × 105
1.15 × 106
5.89 × 106
1.64 × 105
3.20 × 105
9.77 × 106
4.08 × 107
6.16 × 105

(continued on next page)
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Table 2 (continued)
Starting
Amino
Acid

Sequence

Retention
Time

125
133
133
170
170
170
172
183
191

(Y)FVTIGGVKGNPGPETISSWFKIEE(F)
(S)WFKIEE(F)
(S)WFKIEEF(C)
(G)IYIDQKGRRRLAL(S)
(G)IYIDQKGRRRLALSDKPFA(F)
(G)IYIDQKGRRRLALSDKPFAF(E)
(Y)IDQKGRRRLALSDKPFAF(E)
(L)SDKPFAF(E)
(E)FNKTVYF(-)

Pepsin-T0

Pepsin-T30s

Spectra
Number
20
15.1
18.1
12.5
13.5
15.6
14.3
14.7
14.3

Intensity

0
0
0
0
0
0
0
0
0

Spectra
Number

Pepsin-T60s
Intensity

0
0
0
0
0
0
0
0
0

Pepsin-T10min

Spectra
Number

Intensity

Spectra
Number

1
0
0
0
0
0
0
0
1

3.34 × 104

0
1
1
1
2
1
1
1
1

5.15 × 106
1.11 × 105
2.13 × 105
2.73 × 106
1.05 × 106
1.33 × 107
3.75 × 105
4.78 × 105

4.14 × 105

Intensity

Table 3
Search results of AllergenOnline database version 19 with miraculin.
Sequence G.I. #

994779
124148
256429
18770
256635
18772
256636
510515
20141344
1575306

a

Organism

Solanum tuberosum
Solanum tuberosum
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Solanum tuberosum
Solanum tuberosum

80 mera

Description

proteinase inhibitor
Aspartic protease inhibitor 11
Kunitz trypsin inhibitor KTi
trypsin inhibitor subtype A
Kunitz trypsin inhibitor KTi1
trypsin inhibitor subtype B
Kunitz trypsin inhibitor KTi2
Kunitz trypsin inhibitor
cysteine protease inhibitor 1
cysteine proteinase inhibitor 10 precursor,
partial

Full Length

% Identity

# Hits (> 35%)

Length

E-value

% Identity

Amino acid overlap

36.00
–
–
–
–
–
37.54
–
–
–

9/112
–
–
–
–
–
7/112
–
–
–

221
188
216
217
203
217
204
208
222
186

4.1 × 10−8
1.7 × 10−7
1.2 × 10−6
1.2 × 10−6
3.3 × 10−6
3.4 × 10−6
5.2 × 10−6
2.8 × 10−5
0.11
0.34

27.7
28.4
31.9
31.9
33.7
32.3
33.0
26.6
30.3
27.9

202
201
191
191
187
189
185
184
198
197

The amino acid sequence had a reported length of 191 amino acids and 112 80 mers in the sliding window search.

peptide was in the range of 4 kDa. A minimum requirement for a food
allergen to elicit an allergenic response is to have at least 2 epitopes,
each of which being approximately 15 amino acid residues long (Huby
et al., 2000), suggesting a size limit of, at minimum, 30 amino acid
residues (corresponding to a molecular weight of approximately 3 kD).
The molecular weight of food allergens was suggested to typically range

determined to share sequence homology with known allergens. The
identities ranged from 36 to 67%, while the similarity of the sequences
ranged from 60 to 100% (see Table S1 in Supplementary Materials).
These in silico results suggest that there is a potential for allergenicity
following digestion of the miraculin protein. However, the pepsin digests are relatively small in size such that the highest molecular weight
Table 4
Results of the toxigenicity search of miraculin.
Organism

Description

Sequence Length

Query Cover

E-Value

Identity

Daboia siamensis
Daboia siamensis
Tropidechis carinatus
Tropidechis carinatus
Hoplocephalus stephensii
Tropidechis carinatus
Bothrops pauloensis
Crotalus durissus cumanensis
Crotalus atrox
Crotalus adamanteus
Conus ventricosus
Notechis scutatus scutatus
Stichodactyla helianthus
Bothriechis schlegelii
Bothrops jararacussu
Bothrops moojeni
Theraphosa blondi
Conus leopardus
Pseudechis australis
Notechis scutatus scutatus
Oxyuranus scutellatus scutellatus
Dendroaspis angusticeps
Crotalus adamanteus
Dendroaspis angusticeps
Thalassianthus aster
Heterodactyla hemprichii

Snaclec 5
Snaclec 3
Venom nerve growth factor 4
Venom nerve growth factor 2
Venom nerve growth factor 2
Venom nerve growth factor 1
L-amino-acid oxidase (Fragment)
L-amino acid oxidase Cdc18 (Fragment)
L-amino-acid oxidase
L-amino-acid oxidase
Conotoxin VnMKLT1-012
L-amino-acid oxidase
Kappa-stichotoxin-She3a
L-amino acid oxidase Bs29 (Fragment)
L-amino-acid oxidase (Fragment)
L-amino-acid oxidase (Fragment)
Kappa-theraphotoxin-Tb1c
Alpha-conotoxin-like Lp1.6a
L-amino-acid oxidase
Venom nerve growth factor 1
L-amino-acid oxidase
Muscarinic toxin 1
L-amino-acid oxidase
Muscarinic toxin 4
Kappa-thalatoxin-Tas2a
Kappa-thalatoxin-Hhe2a

148
148
244
244
245
245
503
498
516
516
77
517
35
498
497
478
35
61
517
244
517
66
516
66
75
75

21%
21%
19%
19%
20%
26%
18%
18%
18%
18%
25%
20%
6%
18%
18%
18%
10%
10%
20%
19%
20%
18%
18%
18%
6%
6%

0.61
0.62
0.65
0.75
0.82
0.83
1.1
1.4
1.4
1.4
1.5
1.8
2.1
2.4
2.8
3.0
3.8
4.8
5.1
5.3
6.1
7.3
7.7
8.3
8.8
9.0

29%
29%
33%
33%
32%
31%
34%
33%
33%
33%
33%
30%
54%
34%
34%
34%
38%
50%
28%
31%
28%
42%
31%
42%
54%
54%
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Fig. 3. Change in sweetness of lemonade with miracle fruit powder consumed by 6 panelists (mean ± SD).

to occur by chance and do not indicate structural homology (Pearson,
1996).
The results of the sensory trial demonstrated that the taste modiﬁcation process through reaction at the receptor level by the miraculin
glycoprotein is fast with the full eﬀect being reached within 1–2 min
and then disappearing within 30 min. The fact that the onset and disappearance of the taste modifying eﬀect is also rapid further demonstrates that there will be no lasting eﬀects resulting from the use of the
protein at levels that are consistent with those proposed for future development. These ﬁndings are similar to those reported by Kurihara and
Beidler (1969), who demonstrated that the sweetening eﬀects of miraculin reached a maximum after being held in the mouth for about
3 min and the eﬀects of a solution of 0.02 μM disappeared in 20 min.
The strength of the taste modifying eﬀects of miraculin was also reported to be dependent on the type of acid used, with weak acids
producing a more potent taste-modifying eﬀect than strong acids
(Kurihara and Beidler, 1969).

from 10 to 70 kDa (Lehrer et al., 1996; Huby et al., 2000; Pekar et al.,
2018) and most major allergenic proteins, such as the peanut allergens
Ara h 1 and Ara h 3, have at least 23 and 4 linear epitopes, respectively,
equivalent to a molecular weight of at least 60 kDa (Huby et al., 2000).
Therefore, considering that the miraculin protein is digested into small
peptides with molecular weights less than 4 kDa, it is not expected that
the resulting small peptides would contain the epitopes required for
eliciting an allergenic reaction.
The allergenic potential of miraculin and its likelihood to cause
cross-reaction was further evaluated through a search of 8 segments of
identical contiguous amino acids, as recommended by FAO/WHO
(2001). A search of the AllergenOnline database using an exact match
for 8 contiguous amino acids did not reveal any signiﬁcant similarity
with any known allergens. The approach using 8 contiguous amino
acids was suggested to result in a greater likelihood of identifying false
positives, and do not add much value to allergenicity assessments
(Silvanovich et al., 2006; Herman et al., 2009). The sequence alignment
examination of miraculin with that of Kunitz trypsin inhibitor KTi2 and
proteinase inhibitor revealed that the longest peptide match was
“YKLVFCP” present in both proteins. Importantly, this small peptide
chain of 7 contiguous amino acids was not identiﬁed in the pepsin digest mapping analysis of miraculin. As highlighted in the in vitro digestibility analysis this information indicates that the glycoprotein is
fully digested by pepsin and would therefore not pose any allergenic
risk. All other sequences had less than 7 contiguous amino acid alignments with known allergens. Proteins sharing a single short identity
match (8 contiguous amino acids) does not provide suﬃcient evidence
that would indicate the likelihood of cross-reactivity of proteins, and
results typically suggest a ‘chance’ ﬁnding, thus, the common search for
8-amino-acid identity between novel proteins and known allergens
appears to be of little additional value in assessing the potential allergenicity of novel proteins (Herman et al., 2009).
Another important aspect in food safety assessment of a novel
protein includes a comparison of its primary amino acid sequence with
known protein toxins (Codex Alimentarius, 2009). The results of the
full-length sequence alignment search of miraculin demonstrated that it
does not share homology or structural similarity to any animal venom
protein or toxins or virulence factors or harbor any toxic potential,
considering the low query coverage and high E-values/scores for these
alignments (Pearson, 2000; Bushey et al., 2014). Sequences with
alignments less than 20% identity over a 100 amino acid region are not
considered homologs (Hammond et al., 2013), and may be considered

5. Conclusions
Taking into account the guidelines of the Codex Alimentarius
Commission (Codex Alimentarius, 2003; 2009), the safety of miraculin
has been assessed using both an in vitro digestibility assay and in silico
analyses (bioinformatics). The results of the bioinformatic analyses
comparing the amino acid sequence homology between miraculin and
known human allergens and toxins demonstrated that miraculin does
not represent a risk of allergy or toxicity to humans and has a low risk of
cross-reactivity with other allergens. This conclusion was corroborated
through proteomic analysis demonstrating that the miraculin glycoprotein was fully and readily digested by pepsin in an in vitro digestibility assay, further conﬁrming its lack of allergenic potential. The
results from sensory analyses likewise demonstrated that the tastemodifying eﬀect of miraculin at the concentration levels to be used in
product development has a rapid onset and disappearance of the eﬀect,
indicating that the overall response is limited to the function of the
protein. The return of the sensory response to normality within a short
period of time further indicates that the miraculin protein has no desensitizing impact on the receptor. Overall, the results of the analyses
using guidance as laid down by Codex indicate a lack of a safety concern when the protein is used to alter the sensory qualities of sour
substances.
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