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clinical skin prick testing (SPT) in mold allergic par-
ticipants. Examination of the X-ray crystal structures 
of ChALDH and ChMDH and a homology structure 
model of AaALDH did not identify any discernable 
epitopes that distinguish these putative orphan aller-
gens from their non-allergenic protein relatives. SPT 
results were aligned with ChMDH being an allergen, 
53% of the participants were SPT (+). AaALDH did 
not elicit SPT reactivity above control proteins not in 
allergen databases (i.e., Psedomonas syringae indole-
3-acetaldehyde dehydrogenase and Zea mays ALDH). 
Although published results showed consequential 
human IgE reactivity with ChALDH, no SPT reactiv-
ity was observed in this study. With only one of these 
three orphan allergens, ChMDH, eliciting SPT(+) 
reactions consistent with the protein being included 
in allergen databases, this underscores the compli-
cated nature of how bioinformatics is used to assess 
the potential allergenicity of food proteins that could 
be newly added to human diets and, when needed, 
the subsequent clinical testing of that bioinformatic 
assessment.
Trial registration number and date of registra‑
tion AAC-2017-0467, approved as WIRB protocol 
#20172536 on 07DEC2017 by WIRB-Copernicus 
(OHRP/FDA Registration #: IRB00000533, organiza-
tion #: IORG0000432).

Keywords Protein family · Allergen · Protein 
structure · Skin prick test

Abstract Many protein families have numerous 
members listed in databases as allergens; however, 
some allergen database entries, herein called “orphan 
allergens”, are members of large families of which all 
other members are not allergens. These orphan aller-
gens provide an opportunity to assess whether specific 
structural features render a protein allergenic. Three 
orphan allergens [Cladosporium herbarum aldehyde 
dehydrogenase (ChALDH), Alternaria alternata 
ALDH (AaALDH), and C. herbarum mannitol dehy-
drogenase (ChMDH)] were recombinantly produced 
and purified for structure characterization and for 
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Abbreviations 
ALDH  Aldehyde dehydrogenase
IgE  Immunoglobulin E
MCL  Markov Cluster algorithm
MDH  Mannitol dehydrogenase
PDB  Protein Data Bank
SDR  Short-chain dehydrogenase/reductase
SPT  Skin prick testing

Introduction

The American College of Allergy, Asthma and Immu-
nology reports that allergies affect millions of people 
daily around the world and are the sixth leading cause 
of chronic illness in the USA (ACAAI 2021). The 
ACAAI reported that approximately 30% of the adult 
population and 40% of the pediatric population in the 
USA have allergies, based on physician-diagnosis 
of clinical symptoms. Proteins that induce an aller-
gic reaction are typically members of protein fami-
lies in which a sizable proportion of the constituents 
are associated with allergic reactions (Ferreira et  al. 
2004; Hauser et  al. 2010; McClain 2017). Protein 
allergen sequence databases, such as AllergenOnline 
(AllergenOnline 2021) and Comprehensive Protein 
Allergen Resource (COMPARE 2022), are updated 
annually through a peer-review process to provide a 
searchable list of allergens for understanding the basis 
of protein allergenicity. Search tools, such as FASTA 
or BLAST, are used to assess the relatedness of a 
protein of interest with sequences of proteins in an 
allergen database. These allergen databases provide a 
valuable bioinformatic resource used by developers of 
new sources of dietary proteins (Muraro et al. 2014; 
FDA 2019; De Marchi et  al. 2021; Montanari et  al. 
2021) and genetically-modified (GM) crops (EFSA 
2006, 2011; Codex 2009).

Regular updates to allergen databases often include 
the addition of newly identified homologs of proteins 
found in large protein families in which many mem-
bers are known allergens (e.g., Bet v 1, tropomyosin, 
and profilin). Updates to allergen databases can also 
include the addition of proteins reported to have suffi-
cient proof of IgE binding or biological activity (e.g., 
basophil activity or skin prick tests), where the pro-
tein sequences do not cluster into established aller-
genic/IgE-cross reactive homolog families (Kessenich 
and Silvanovich 2021). Proteins that do not cluster 

into pre-existing known allergen families may, there-
fore, represent new classes or families of allergens 
(Kessenich and Silvanovich 2021). However, some 
of these relatively unique allergens are themselves 
members of large protein families with expansive 
taxonomic breadth but with few, if any, other reported 
allergenic members. This subset of proteins listed as 
allergens in databases, herein called “orphan aller-
gens”, is of interest because they might display struc-
tural feature(s) that are distinct from the vast majority 
of their protein relatives that are not listed in allergen 
databases.

In the USA, 5 to 20% of the population has an 
allergic (e.g., IgE-mediated) response to environmen-
tally ubiquitous mold spores, including household 
and workplace dust (Simon-Nobbe et al. 2008; Twa-
roch et  al. 2015; Williams et  al. 2016). Mold sensi-
tization is associated with the development of aller-
gic disorders including allergic rhinitis and reactive 
airway diseases, such as asthma (Matsui et al. 2016). 
Three examples of orphan allergens in the 2020 ver-
sion of the COMPARE (2022) allergen database are 
associated with mold allergies and come from two 
expansive protein families. Two examples of orphan 
allergen sequences are within the aldehyde dehy-
drogenase (ALDH) family (Achatz et  al. 1995), and 
another three sequences (two representing isoforms 
of the same protein) are within the mannitol dehydro-
genase (MDH) family (Schneider et al. 2006; Simon-
Nobbe et  al. 2006). These few examples of orphan 
allergens are the focus of the studies in this report 
because there are more than a hundred thousand 
ALDH homologs and thousands of MDH homologs 
in the universe of protein sequences (El-Gebali et al. 
2019), but none of these many other homologs are 
reported as allergens.

The purpose of the present set of studies was to 
assess whether three examples of orphan allergen 
proteins listed in allergen databases have specific 
structural features distinct from the vast majority of 
their protein relatives that are not listed in allergen 
databases. Additionally, skin prick testing (SPT), a 
method commonly used to support a history-based 
clinical diagnosis of allergies (Heinzerling et  al. 
2013), was used to characterize the biological aller-
genic potential of recombinantly produced versions 
of these three orphan allergens to better understand 
the published data that was the basis for inclusion of 
these proteins in allergen databases. SPT reactivity 
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of these three orphan allergens was evaluated, along 
with measuring SPT reactivity of commercial extracts 
from their source mold organisms and also relative to 
homologs (Zea mays ALDH and Pseudomonas syrin-
gae indole-3-acetaldehyde dehydrogenase, PsAldA) 
that are not listed in allergen databases.

Methods

Bioinformatics

Data for protein allergens were collected from the 
2020 version of the Comprehensive Protein Allergen 
Resource database (COMPARE 2022). The database 
was searched against itself with BLASTP v2.11.0+ 
(Altschul et al. 1990) using default parameters. This 
output was then filtered with a high cut-off E-value 
threshold of 1 ×  10−1 which was selected as it was the 
lowest E-value threshold that could be applied that 
retained all sequences with alignments from the initial 
BLAST search. This results in eliminating all network 
paths with E-score values up to the default threshold 
of 10, which are statistically poorly supported and are 
more likely to represent artifacts of the search pro-
cess. The resulting BLAST networks, based on align-
ments between sequences, were then clustered into 
families using the Markov Cluster algorithm MCL-
edge v14-137 (Van Dongen 2000; Enright et al. 2002; 
van Dongen and Abreu-Goodger 2012) following 
the protocol for clustering protein sequence similar-
ity networks (van Dongen and Abreu-Goodger 2012) 
with an inflation value of 1.5. Networks were visual-
ized in BioLayout v3.4 (Theocharidis et al. 2009) by 
importing the MCL-edge generated data and filtering 
20% of the edges to allow graph separation. The final 
network figures were generated utilizing the Fruchter-
man-Reingold algorithm (Fruchterman and Reingold 
1991) with a K-value modifier of 2.2, and using the 
built-in MCL function to auto assign cluster colors. 
All numbers are reported based off of the MCL-edge 
generated network, which may deviate slightly from 
the rendered figure due to the filtering of edges to 
allow graph separation.

Protein expression and purification

Synthetic genes were obtained (GENEWIZ, 
Inc.) with codon-optimization for expression of 

Cladosporium herbarum (aka Davidiella tassiana) 
aldehyde dohydrogenase ChALDH (CAA55072.2), 
Alternaria alternata AaALDH (CAA55071.2), and 
C. herbarum mannitol dehydrogenase ChMDH 
(P0C0Y5.1, also known as AAO91801.1 in COM-
PARE (2022)) in Escherichia coli. Each gene was 
synthesized into a pET-28a construct for expression 
of a cleavable N-terminal His-tagged fusion pro-
tein. The resulting constructs were transformed into 
E. coli BL21 (DE3) for protein expression. Trans-
formed E. coli BL21 (DE3) cells containing each 
construct were grown at 37  °C in Terrific Broth 
with 50  μg   mL−1 kanamycin until  A600nm ~ 0.8. 
After induction with 1  mM isopropyl 1-thio-β-
D-galactopyranoside (IPTG), the cells were then 
grown at 18 °C overnight. Following centrifugation 
(5000×g for 30 min), cell pellets were resuspended 
in lysis buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 
25 mM imidazole, 10% (v/v) glycerol, and 1% (w/v) 
Tween-20). Following lysis by sonication, cell 
debris was removed by centrifugation (12,000×g 
for 45  min), and the supernatant was loaded onto 
a  Ni2+- nitriloacetic acid (NTA) column. The col-
umn was rinsed with wash buffer (50 mM Tris, pH 
8.0, 500  mM NaCl, 25  mM imidazole, and 10% 
(v/v) glycerol) to remove unbound proteins, and the 
bound proteins were released using elution buffer 
(50 mM Tris, pH 8.0, 500 mM NaCl, 25 mM imi-
dazole, 10% (v/v) glycerol, and 250 mM imidazole). 
PsAldA (Psedomonas syringae indole-3-acetalde-
hyde dehydrogenase) and ZmALDH from Zea mays 
were purified as described previously (McClerk-
lin et  al. 2018; Korasick et  al. 2019). The His-tag 
removed proteins were further purified by size-
exclusion chromatography using a Superdex-200 
26/60 size-exclusion column equilibrated in phos-
phate buffered saline [PBS; 137 mM NaCl, 2.7 mM 
KCl, 10 mM  Na2HPO4, 1.8 mM  KH2PO4 (pH 7.4)].

For the clinical skin prick testing (SPT), fractions 
were pooled corresponding to the purified ChALDH, 
AaALDH, ChMDH, PsAldA, and ZmALDH, con-
centrated to 0.25—1 mg  mL−1 and stored in PBS with 
50% (v/v) glycerol. For protein crystallography, the 
ChALDH and ChMDH proteins were purified using 
a Superdex-200 26/60 size-exclusion column [equili-
brated in 25 mM Hepes (pH 7.5) and 100 mM NaCl]. 
The purified ChALDH and ChMDH proteins were 
concentrated to 10 mg  mL−1 and 7 mg  mL−1, respec-
tively. Protein concentrations were determined using 
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the Bradford method, with bovine serum albumin 
(BSA) as a standard.

Protein crystallography

Protein crystals of ChALDH and ChMDH were 
grown by the hanging drop vapor diffusion method 
at 4 °C. Crystals of ChALDH (10 mg  mL−1) grew in 
drops of a 1:1 mixture of proteins and crystallization 
buffer [20% (v/v) PEG-100, 100  mM sodium/potas-
sium phosphate, pH 6.2, 200  mM NaCl]. Crystals 
of ChMDH (7  mg   mL−1) complexed with  NADP+ 
formed in the crystallization condition of 25% (v/v) 
PEG-1500, 100 mM sodium propionate/sodium caco-
dylate/BIS–TRIS propane (2:1:2 molar ratio), pH 7.0, 
and 5 mM  NADP+. All crystals were stabilized in cry-
oprotectant (mother liquor with 30% (v/v) glycerol) 
before flash freezing in liquid nitrogen for data col-
lection at 100 °K. Diffraction data were collected at 
beamline 19ID of the Advanced Photon Source at the 
Argonne National Lab with HKL3000 used to index, 
integrate, and scale the collected data sets (Minor 
et al. 2006). Molecular replacement for ChALDH and 
ChMDH was performed using the three-dimensional 

structure of the human ALDH family 1 member A3 
(PDB: 5FHZ) (Moretti et  al. 2016) and probable 
NADP(H)-dependent MDH (PDB: 3GDG) (Nüss 
et al. 2010), respectively, in PHASER (McCoy et al. 
2007). COOT (Emsley et  al. 2010) and PHENIX 
(Adams et al. 2010) were used for iterative rounds of 
manual model building and refinement, respectively. 
Atomic coordinates and structure factors were depos-
ited in the RCSB Protein Data Bank (PDB, www. 
rcsb. org) as follows: ChALDH apoenzyme (7KQV) 
and ChMDH·NADP+ (7KRG). Data collection and 
refinement statistics are summarized in Table 1.

Clinical skin prick testing (SPT)

Individuals with clinical history of allergies (includ-
ing confirmed allergy to mold) and met the inclusion 
and exclusion criteria (Supplemental Table  2), were 
eligible for enrollment as study participants. The SPT 
study was approved by WIRB-Copernicus (OHRP/
FDA Registration #: IRB00000533, organization #: 
IORG0000432), and written informed consent was 
obtained from all study participants prior to SPT.

Table 1  Summary of crystallographic statistics for ChALDH and ChMDH

a Rsym = Σ|Ih−<  Ih>|/ΣIh, where <  Ih> is the average intensity over symmetry. bRcryst = Σ|Fo−<Fc>|/ΣFo, where summation is over the 
data used for refinement. cRfree is defined the same as  Rcryst but calculated using 5% of data excluded from refinement

Crystal ChALDH (apoenzyme) ChMDH·NADP+

Space group I4 P21

Cell dimensions a = b = 157.2 Å, c = 164.6 Å a = 88.87 Å, b = 119.3 Å, 
c = 111.2 Å; β = 94.88°

Data collection
Wavelength 0.979 Å 0.979 Å
Resolution range (highest shell) 49.7–3.18 Å (3.29–3.18 Å) 31.4–2.04 Å (2.11–2.04 Å)
Reflections (total/unique) 66,054 / 33,545 268,033 /144,661
Completeness (highest shell) 99.8% (98.2%) 98.2% (85.3%)
 < I/σ > (highest shell) 12.2 (2.2) 11.5 (2.6)
Rsym

a (highest shell) 12.7% (75.5%) 11.2% (56.7%)
Refinement
Rcryst

b/Rfree
c 23.3% / 28.6% 16.0% / 17.8%

No. of protein atoms 13,484 15,923
No. of waters – 388
No. of ligand atoms – 1423
R.m.s. deviation, bond lengths 0.022 Å 0.007 Å
R.m.s. deviation, bond angles 1.50° 1.14°
Avg. B-factor: protein, water, ligand 86.3, -, - Å2 33.0, 32.9, 41.7 Å2

Stereochemistry: favored, allowed, outliers 96.0, 3.4, 0.6% 96.0, 3.8, 0.2%

http://www.rcsb.org
http://www.rcsb.org
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SPT was administered to each study participant 
by the Study Investigator, double-blinded to the 
test material in the 16 numbered vials per Test Kit 
(Table 2). Each test sample was applied as an epi-
cutaneous skin prick (approximately 50 µl, 0.05 cc) 
using a Stallerpointe® (Trimedal, Switzerland) 
or comparable device to the flexor surface of each 
participant’s forearm. After 20 min, wheal and flare 
responses were measured (Supplementary Table 3). 
The mean wheal diameter was calculated by the 
addition of the maximal longitudinal (d1) and trans-
versal (d2) diameter divided by two [(d1 + d2)/2]. 
SPT reactions were scored as positive when the 
wheal diameter was ≥ 3  mm larger than the wheal 
reaction to the negative control. Study data were 
collected on pre-defined and printed datasheets 
with a de-identified number that only the Study 
Investigator could link to all other study participant 
information.

Results

Identifying orphan allergens in protein superfamilies

The network analysis of the 2020 version of the 
COMPARE (2022) allergen database (Fig. 1) reveals 
that the 2,248 sequences of known allergens in this 
database cluster into 276 protein families. Of these, 
the largest family, Bet v1, consists of 190 sequences 
(dark red colored data points located centrally in 
Fig. 1). Around the periphery of this network analy-
sis of the 2020 version of the COMPARE (2022) 
database are the data points for singlet (105 proteins) 
or relatively small clusters (> 1 and ≤ 5 sequences, 
94 clusters) of sequences. A significant propor-
tion (61) of the singlet allergen clusters are “partial” 
sequences, and/or short peptides (< 50 amino acids in 
length). These peptide-length allergen sequences are 
less likely to generate sufficiently significant E-values 
for the purpose of clustering in this network analy-
sis. Consequently, although it may be that these par-
tial sequences and/or peptides would cluster within 
other families if their full-length protein sequence 
was available, in the absence of a high-cutoff E-value 
threshold they appear in this visual display of the net-
work analysis around the periphery.

Of the remaining 44 sequences that are displayed 
as singlets, (and the further subset of small clusters 
of five proteins or less), it is noteworthy that these do 
not exist as evolutionary anomalies devoid of broader 
related proteins. Rather these sequences are often 
members of larger protein families, and in many cases 
protein superfamilies of over 100,000 representative 
sequences [e.g., (Pfam 2021a); ALDH].

In many instances, the sequences displayed as sin-
glets or small clusters are a limited subset of expan-
sive protein families in which all other members are 
not listed in allergen databases, i.e., orphan allergens. 
Two are ALDH sequences, one from Cladosporium 
herbarum (aka Davidiella tassiana), ChALDH 
(Achatz et al. 1995), and the other is from Alternaria 
alternata, AaALDH (Achatz et  al. 1995). Another 
occurrence of orphan allergens exists within the fam-
ily of MDH. One MDH orphan allergen is from C. 
herbarum (ChMDH) (Simon-Nobbe et al. 2006). Two 
other MDH sequences in allergen databases are from 
A. alternata (Schneider et  al. 2006), although since 
they differ by a single amino acid, they are isoforms 
of the same protein. In addition to these three MDH 

Table 2  Summary of clinical SPT test kit samples

All samples were provided as coded and double-blinded
1 Purchased from Stallergenes Greer, Lenoir, NC
2 Purchased from ALK, Denmark

Test material Test dosage

Histamine  phosphate1 10 mg  mL−1

Phosphate buffered saline (PBS) with 
50% (v/v) glycerol

–

Cladosporium herbarum1 Commercial extract
Cladosporium cladosorium2 Commercial extract
Alternaria alternata2 Commercial extract
Candida albicans2 Commercial extract
A. alternata ALDH (CAA55071.2) 0.10 mg  mL−1

0.25 mg  mL−1

C. herbarum ALDH (CAA55072.2) 0.10 mg  mL−1

0.25 mg  mL−1

C. herbarum MDH (P0C0Y5) 0.10 mg  mL−1

0.25 mg  mL−1

Zea mays ALDH 0.10 mg  mL−1

0.25 mg  mL−1

PsAldA 0.10 mg  mL−1

0.25 mg  mL−1
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proteins, the 2020 version of (COMPARE 2022) con-
tains a short chain dehydrogenase (GenBank acces-
sion ACB55491.1, also known as “glucose and ribi-
tol dehydrogenase-like protein”) and a small peptide 
closely related to ACB55491.1 (COMPARE database 
ID: COMPARE055) that shares weak identity (29%) 
with MDH.

Assessing whether specific structural feature(s) of 
a few orphan allergens can be identified as likely 
allergenic epitopes

For structural comparison, the three fungal orphan 
allergens—ChALDH, AaALDH, and ChMDH were 
recombinantly produced and purified (Supplementary 
Figure  1). ChALDH and AaALDH are both tetra-
meric proteins with monomers of  Mr ~ 54 kDa and are 
members of the ALDH enzyme family, which cata-
lyze the oxidation of aldehydes to carboxylic acids 
and are found across multiple prokaryote and eukary-
ote species (Shortall et  al. 2021). ChMDH is also a 

member of a broadly represented superfamily of mul-
timeric enzymes (i.e., short-chain dehydrogenases/
reductases (SDR) superfamily) that catalyzes the oxi-
dation and reduction of various alcohols in multiple 
organisms (Kavanagh et al. 2008).

To explore the three-dimensional structure of 
these orphan allergens at the molecular level, puri-
fied ChALDH and ChMDH were used for screening 
of protein crystallization conditions. Diffraction qual-
ity crystals of ChALDH and ChMDH were obtained, 
and their X-ray crystal structures were determined by 
molecular replacement (Table  1). The 3.18  Å reso-
lution structure of ChALDH revealed a tetrameric 
structure (Fig.  2A), which corresponded with the 
size-exclusion chromatography analysis of the puri-
fied protein (Supplementary Figure 1). The secondary 
structure domains of ChALDH have high similarity to 
those of other ALDH, including the catalytic residues 
in the active site and the nucleotide cofactor binding 
site (Supplementary Figure  2). Each monomer unit 
of ChALDH retains the canonical ALDH domain 

Fig. 1  Network visualization of the 2020 COMPARE Aller-
gen database. Visualized centrally are clusters (families) of 
allergens with multiple members. Around the periphery are 
singlet and small cluster allergens that do not share sufficient 
sequence similarity with large numbers of other allergens in 
the database. The three genes utilized in this study are cir-
cled and labeled and displayed as diamond symbols. The inset 
magnifies the cluster of five MDH proteins listed as allergens. 

From left to right they are identified in the 2020 COMPARE 
(2022) database as AAO91800.1, P0C0Y4.2, ACB55491.1, 
the utilized gene AAO91801.1, and COMPARE55. Nota-
bly the sequence for ChMDH is present in the 2020 COM-
PARE (2022) database under the accession AAO91801.1, 
and its underlying amino acid sequence is identical to that of 
P0C0Y5.1 which was expressed in this study
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organization of catalytic, NAD(P)(H) binding, and 
oligomerization domains (Supplementary Figure 2D). 

Although no ligand was bound in the ChALDH struc-
ture, amino acid residues formed interactions where 

Fig. 2  Structural analysis 
of ChALDH. A The tetra-
meric structure of ChALDH 
is shown as a ribbon dia-
gram with each subunit dif-
ferentially colored with the 
N- and C- termini labeled. 
B Pairwise structural 
comparisons of ChALDH, 
which is colored white in 
each overlay, with ALDH 
from Alternaria alternata 
(homology model template 
PDB: 5FHZ), Zea mays 
(corn/maize; PDB: 4PXL), 
Spinacia oleracea (spinach; 
PDB: 4A0M), and Solanum 
lycopersicum (tomato; 
PDB: 4I9B). Structurally 
related proteins were identi-
fied using the DALI server 
(http:// ekhid na. bioce nter. 
helsi nki. fi/ dali_ server/). 
The structural alignment 
was performed in PyMol 
(Schrödinger) based on 
 Cα-positions. The statistics 
of pairwise structural com-
parison with ChALDH are 
in Supplementary Table 1A. 
C Electrostatic surface 
of each ALDH monomer 
was generated using the 
APBS plugin in PyMol 
(red = acidic; blue = basic). 
D Hydrophobicity of 
each ALDH monomer 
was calculated using the 
Color-h script based on the 
Eisenberg hydrophobicity 
scale in PyMol with darkest 
red indicating strongest 
hydrophobicity and white 
the most polar

http://ekhidna.biocenter.helsinki.fi/dali_server/
http://ekhidna.biocenter.helsinki.fi/dali_server/
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a computationally docked  NADP+ molecule is in the 
active site (Supplementary Figure 2F). The active site 
of ChALDH would form extensive van der Waals 
interactions with the adenine ring and nicotinamide 
ring of the cofactor, which is proximate to the cata-
lytic cysteine (Cys296). Hydrogen bonds between the 
adenine-ribose ring and Ile161 and Lys187, as well 
as Trp163 and Ser241 interacting with the cofactor 
phosphate groups (Supplementary Figure 2F). Over-
all, these interactions are commonly found across the 
structures of the ALDH family (González-Segura 
et al. 2015).

The overall fold of the ChALDH monomer shares 
structural similarities with other ALDH family mem-
bers from both prokaryotes and eukaryotes, which 
range in sequence identity from 32 to 57% and with 
root mean square deviations (r.m.s.d.) of 0.8–1.6  Å 
for 460–469  Cα-atoms (Supplementary Table  1A). 
The human mitochondrial ALDH [PDB: 4FR8; (Lang 
et  al. 2012)] shared the highest structural similarity 
with ChALDH (57% amino acid sequence identity; 
0.8 Å r.m.s.d. for 469  Cα-atoms aligned) in a DALI 
search of the PDB. In addition, ALDH from multi-
ple food sources not typically associated with aller-
gies were also identified as related to ChALDH (Sup-
plementary Table  1A). These included the cytosolic 
ALDH RF2C from Zea mays (Korasick et al. 2019), 
betaine aldehyde dehydrogenase from Spinacia oler-
acea (Díaz-Sánchez et  al. 2012), and ALDH from 
Solanum lycopersium (Kopečny et al. 2013).

Given that ChALDH and AaALDH are puta-
tive orphan allergens, the structural features of these 
enzymes were examined in comparison with other 
non-allergenic ALDH from common food sources. 
Although diffraction quality crystals of AaALDH 
were not obtained, a homology model was con-
structed for AaALDH with Swiss-Model using the 
three-dimensional structure of ChALDH, which 
shares ~ 80% amino acid sequence identity with 
AaALDH, as a template (Fig. 2B). The pairwise com-
parison between ChALDH and AaALDH indicates a 
conserved three-dimensional fold with similar elec-
trostatic and hydrophobicity patterns on the surfaces 
of each molecule (Fig.  2C, D). Not unexpectedly, 
structural alignment of ChALDH with the ALDHs 
from maize (51% identity), spinach (43% identity), 
and tomato (51% identity) shows the conservation of 
the overall three-dimensional fold of these enzymes 
(Fig. 2B). In addition, there is little variation in either 

the surface electrostatics (Fig. 2C) or surface hydro-
phobicity (Fig.  2D) between ChALDH, AaALDH, 
and the representative ALDHs from maize, spinach, 
and tomato.

The three-dimensional structure of ChMDH (the 
third orphan allergen selected for study) in com-
plex with  NADP+ was determined at 2.04 Å resolu-
tion (Fig. 3A). ChMDH is a tetrameric protein in the 
X-ray crystal structure (Fig. 3A) and in size-exclusion 
chromatographic analysis (Supplementary Figure 1). 
In both sequence (Supplementary Figure  3A) and 
three-dimensional structure (Fig.  3B; Supplemen-
tary Figure  3B-C), the monomeric unit of ChMDH 
is defined by the Rossmann-fold observed in multiple 
nicotinamide-dependent enzymes, which is conserved 
across members of the SDR enzyme superfamily, 
that includes MDH from various species (Kavanagh 
et  al. 2008). Clear electron density for  NADP+ in 
the ChMDH·NADP+ complex (Supplementary Fig-
ure 3C) was observed and identified the active site in 
the enzyme. The residues of the nicotinamide cofac-
tor binding site in ChMDH (Supplementary Fig-
ure 3C, D) are highly conserved with other SDR fam-
ily members.

The three-dimensional structure of ChMDH 
was used in a DALI search of the PDB to identify 
structurally related proteins. As expected, ChMDH 
showed the highest similarity with other members 
of the SDR enzyme family, which ranged in amino 
acid sequence identity from 26 to 45% with 1.1 to 
1.7  Å r.m.s.d. for 237–264  Cα-atoms (Supplemen-
tary Table 1B). Two of the structurally related SDRs 
are from foods common to the human diet: porto-
bello mushroom (Agaricus bisporus NADP(H)-
dependent MDH; PDB: 1H5Q; r.m.s.d.: 1.5  Å; 34% 
amino acid sequence identity; (Hörer et al. 2001) and 
canola (Brassica napus β-keto acyl carrier protein 
reductase; PDB: 1EDO; r.m.s.d.: 1.1  Å; 31% amino 
acid sequence identity; (Fisher et al. 2000)). In addi-
tion, an SDR endogenous to humans, i.e., estradiol 
17β-dehydrogenase (PDB: 4CQM; r.m.s.d.: 1.5  Å; 
34% amino acid sequence identity; (Venkatesan et al. 
2014)) was also identified. Although the amino acid 
sequence of ChMDH shares low sequence identity 
(~ 30%) with the SDR family members from porto-
bello mushroom, canola, and human, the pairwise 
structural comparisons between ChMDH and these 
enzymes underscores the evolutionary conservation 
of the protein fold in each (Fig. 3B). Comparison of 
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the surface features of ChMDH and the representative 
SDRs from portobello mushroom, canola, and human 

reveals some variation in the electrostatic potentials 
of the proteins, especially in the oligomerization 

Fig. 3  Structural analysis 
of ChMDH. A The tetra-
meric structure of ChMDH 
is shown as a ribbon dia-
gram with each subunit dif-
ferentially colored. The N- 
and C- termini are labeled. 
B Pairwise structural 
comparisons of ChMDH, 
which is colored white in 
each overlay, with structur-
ally related SDR family 
members from Agaricus 
bisporus (portobello mush-
room; PDB: 1H5Q), Bras-
sica napus (canola; PDB: 
1EDO), and Homo sapiens 
(human; PDB: 4CQM). 
Structurally related proteins 
were identified using the 
DALI server (http:// ekhid 
na. bioce nter. helsi nki. fi/ 
dali_ server/). The structural 
alignment was performed 
in PyMol (Schrödinger) 
based on  Cα-positions. 
The statistics of pairwise 
structural comparison with 
ChMDH are in Supplemen-
tary Table 1B. C Electro-
static surface of each MDH 
monomer was generated 
using the APBS plugin in 
PyMol with red = acidic and 
blue = basic. D Hydropho-
bicity of each MDH mono-
mer was calculated using 
the Color-h script based on 
the Eisenberg hydrophobic-
ity scale in PyMol. Darkest 
red indicates strongest 
hydrophobicity to white as 
the most polar

http://ekhidna.biocenter.helsinki.fi/dali_server/
http://ekhidna.biocenter.helsinki.fi/dali_server/
http://ekhidna.biocenter.helsinki.fi/dali_server/
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interfaces, (Fig.  3C) but are similar in their surface 
hydrophobicity (Fig. 3D).

Overall, examination of the X-ray crystal struc-
tures of ChALDH and ChMDH and a homology 
structure model of AaALDH did not identify any dis-
cernable putative structural epitopes that distinguish 
these proteins that are included in allergen databases 
from their protein relatives that are not listed in those 
databases.

Clinical skin prick testing (SPT) of orphan allergen 
mold proteins ChALDH, AaALDH, and ChMDH

Although ChALDH, AaALDH, and ChMDH have 
been reported as allergens by different groups (Achatz 
et  al. 1995; De Vouge et  al. 1998; Schneider et  al. 
2006; Simon-Nobbe et  al. 2006), they are unrelated 
to the large protein allergen families that predominate 
databases, such as AllergenOnline (2021) and COM-
PARE (2022) (Fig. 1). Instead, ChALDH, AaALDH, 
and ChMDH are structurally homologous to ubiq-
uitous protein families in which their protein rela-
tives are not listed in allergen databases (Figs. 2, 3). 
ChALDH, AaALDH and ChMDH were identified as 
putative allergens predominantly through IgE blots, 
with only limited, if any, additional confirmatory 
clinical and biological data in the published reports 
(Achatz et al. 1995; De Vouge et al. 1998; Schneider 
et al. 2006; Simon-Nobbe et al. 2006).

Typically, SPT testing is used to complement phy-
sician diagnosed allergy that is based on a clinical 
history of allergy-related symptoms, while serum-
specific IgE has added value when assessing whole 
allergen extracts or particular components (Ansotegui 
et  al. 2020). Therefore, clinical SPT studies were 
conducted to characterize the biological allergenic 
potential of recombinantly produced versions of these 
three orphan allergens to better understand the pub-
lished allergy data that was the basis for inclusion of 
these proteins in allergen databases. In addition, two 
homologs of the three putative orphan allergen pro-
teins that are not listed in allergen databases were 
included in each SPT: Zea mays ALDH (ZmALDH) 
and Pseudomonas syringae indole-3-acetaldehyde 
dehydrogenase (PsAldA). Also tested were com-
mercial extracts from the source allergenic fungi 
(C. herbarum and A. alternata), a second species of 
Cladosporium, C. cladosorium. as well as a com-
mercial extract of the yeast, Candida albicans, which 

is not associated with eliciting allergenic reactions 
[although C. albicans can cause inflammatory sensi-
tization similar to SPT(+) reactions (Fukutomi and 
Taniguchi 2015)].

Over 18  months, 27 individuals were enrolled as 
study participants. Eleven of the 27 subjects elicited 
wheal diameters of ≥ 3  mm to the negative control 
[phosphate buffered saline (PBS) with 50% (v/v) 
glycerol] (Supplementary Table 3). This observation 
is consistent with clinical experience with SPT in 
which dermographia or other non-specific cutaneous 
inflammatory reactions can complicate diagnosis of 
clinically relevant allergic reactivity (Ansotegui et al. 
2020). Therefore, for each study participant, SPT 
reactions to test materials were scored positive only 
when their wheal diameter was ≥ 3  mm larger than 
the wheal diameter reaction to the saline/glycerol 
negative control of that participant. The individual 
SPT results for all 27 participants to all 16 materials 
in the Test Kits are shown in Supplementary Table 3. 
Out of the 27 study participants, 19 were determined 
to elicit usable SPT results by showing SPT(+) reac-
tivity to the positive control, histamine.

Of the 19 participants with interpretable SPT 
results, either the low and/or high dose of AaALDH 
and ChALDH elicited SPT(+) reactions in only 
one (5%) and two (11%) individuals, respectively 
(Table 3). This level of SPT(+) response was compa-
rable to the level of SPT(+) responses to two related 
proteins, ZmALDH and PsAldA, that elicited SPT(+) 
reactions in one (5%) and none (0%) of the partici-
pants, respectively. However, neither ZmALDH nor 
PsAldA are reported in COMPARE (2022) as known 
allergens, unlike AaALDH and ChALDH that are 
both reported in this database as allergens.

By comparison, 9 of the 19 participants elic-
ited SPT(+) reactions to one or both of the com-
mercial extracts from A. alternata or C. herbarum, 
which are the source organisms of AaALDH and 
ChALDH, respectively. Six (32%) of these study 
participants elicited SPT(+) reactions to both A. 
alternata and C. herbarum. With the exception of 
one subject’s SPT(+) reaction to a high dose of 
ChALDH, all other participants that were SPT(+) 
to extracts of one or both of these mold species 
were SPT(-) to both test doses of AaALDH and 
ChALDH. It is noteworthy, therefore, that the pre-
sent results are not aligned with the conclusion that 
AaALDH and ChALDH are allergens (Achatz et al. 
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1995) that resulted in them being included in aller-
gen databases.

In contrast, 10 of the 19 validated study partici-
pants (53%) showed SPT(+) reactions to ChMDH 
(either low and/or high doses, Table  3; Supplemen-
tary Table 3), results consistent with previous reports 
that ChMDH is a major allergen for C. herbarum 
allergic patients (Simon-Nobbe et  al. 2006). The 
large number of SPT(+) responses to the two doses of 
ChMDH contrasted with the very limited number of 
SPT(+) reactions to the two ALDH proteins, that are 
listed in allergen databases. Interestingly, the num-
ber of study participants eliciting SPT(+) reactivity 
to ChMDH was the largest number of SPT(+) reac-
tions of all test materials, including the extract from 
its source fungal species, C. herbarum.

Commercial extracts from C. cladosorum and  
C. albicans each produced SPT(+) reactions in three 
(16%) of the 19 participants. C. cladosorum is associ-
ated with clinical allergies (Simon-Nobbe et al. 2008), 

while the yeast, C. albicans, although not associated 
with elicitation of clinical allergies, can cause inflam-
matory sensitization consistent with SPT(+) reactions 
(Fukutomi and Taniguchi 2015).

Discussion

How are protein allergens classified into families?

Many of the proteins that induce allergic reactions 
can be classified into families according to structural 
similarities that explain cross-reactivity. For instance, 
in oral allergy syndrome individuals sensitized by res-
piratory exposure to the Bet v 1 protein found in birch 
pollen, allergic symptoms can be elicited upon expo-
sure (either respiratory or digestive) to cross-reacting 
proteins from other sources (Biedermann et al. 2019). 
Nearly 30 major groups of cross-reactive proteins 
have been identified; pathogenesis-related proteins 

Table 3  Summary of clinical skin prick test (SPT) results

SPT results for 19 participants that had validated positive responses, defined as positive to histamine. For the five purified protein 
tests, if a participant had a SPT(+) to either (or both) the low or high dose, they were included in the calculation of the percent of the 
19 participants showing a SPT(+) response to that test material
1 A total of 27 individuals tested, with 19 having validated SPT(+) reactions to the positive control, histamine
2 SPT reactions were scored positive when the wheal diameter was ≥ 3 mm larger than the reaction to the negative control (phosphate 
buffered saline (PBS) with 50% (v/v) glycerol), therefore, by definition, all negative control tests were scored negative
3 Listed as a putative allergen in both AllergenOnline (2021) and COMPARE (2022)
4 Not listed as a putative allergen in both AllergenOnline (2021) and COMPARE (2022)

SPT test material Number of positive SPT 
 reactions1

% Positive individuals

Histamine positive control 19 100
PBS + 50% Glycerol Negative 

Control
02 0

Alternaria alternata 6 32
Cladosporium herbarum 6 32
Cladosporium cladosorum 3 16
Candida albicans 3 16

Low dose
(0.1 mg/mL)

High dose
(0.25 mg/mL)

AaALDH3 1 0 5
ChALDH3 1 1 11
ChMDH3 6 7 53
ZmALDH4 0 1 5
PsAldA4 0 0 0
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such as Bet v 1, enzymes (e.g., proteases, glycolytic 
enzymes), and others (e.g., transport proteins, pro-
tease inhibitors, regulatory proteins, structural and 
storage proteins) (Ferreira et  al. 2004; Hauser et  al. 
2010; McClain 2017).

Unlike the cross-reactive allergens where many 
protein family members are allergenic, the present 
study defines orphan allergens as unique members 
of large protein families in which all other members 
are not included in allergen databases. The aldehyde 
dehydrogenase (ALDH) family of proteins (PF00171) 
in PFAM v34.0 (Pfam 2021b) was shown in 2019 to 
encompass 117,129 sequences stemming from 8467 
species (El-Gebali et  al. 2019). Similarly, the man-
nitol dehydrogenases (MDH) family (PF01232) in 
PFAM v34.0 (http:// pfam. xfam. org/) is also large, 
encompassing 6035 sequences stemming from 3467 
species (El-Gebali et  al. 2019). However, only a 
small number of ALDH and MDH family members 
(Achatz et  al. 1995; Schneider et  al. 2006; Simon-
Nobbe et  al. 2006; Nakazawa et  al. 2007; Cui et  al. 
2016; Huerta-Ocampo et al. 2020) are listed in aller-
gen databases. One example of an ALDH listed 
as an allergen is from C.  herbarum (aka D. tassi-
ana), ChALDH (Achatz et  al. 1995), and the other 
is from A. alternata, AaALDH (Achatz et al. 1995). 
ChALDH and AaALDH share 80% identity and 94% 
similarity spanning their complete lengths. In addi-
tion to ChALDH and AaALDH, three other members 
of the ALDH family are described as allergens in 
publications (Nakazawa et al. 2007; Cui et al. 2016; 
Huerta-Ocampo et al. 2020), however these three are 
not currently included in allergen databases, such as 
COMPARE (2022).

In the large family of MDH proteins, one exam-
ple of an orphan allergen is sourced from C.  her-
barum (ChMDH) (Simon-Nobbe et  al. 2006). Two 
other  MDH orphan allergen examples are from A. 
alternata (Schneider et al. 2006), although since these 
two sequences differ by a single amino acid, they are 
isoforms of the same protein. In addition to these 
three MDH proteins, the 2020 COMPARE (2022) 
database contains a short chain dehydrogenase (Gen-
Bank accession ACB55491.1, also known as “glucose 
and ribitol dehydrogenase-like protein”) and a small 
peptide closely related to ACB55491.1 (COMPARE 
database ID: COMPARE055) that share weak iden-
tity (29%) with MDH.

The working hypothesis for this study was that 
the three orphan allergens, ChALDH, AaALDH and 
ChMDH, possess unique structural feature(s) that 
serve as IgE epitopes that are absent in their more 
prevailing protein relatives that are not listed in aller-
gen databases. The IgE binding structures could be 
associated with either a sequential uninterrupted 
amino acid string that is elusive to identify using pri-
mary sequence-based bioinformatic methods, or as a 
discontinuous distribution throughout the larger pro-
tein sequence (McClain 2017).

What structure characteristics are needed for a 
protein to be an allergen?

The inclusion of ChALDH, AaALDH and ChMDH 
in allergen databases is fitting for further assessment, 
as in the present studies, because closely related pro-
teins that are not included in allergen databases are 
present in molds, such as Penicillium camemberti, 
Botrytis cinerea, and Baudoinia panamerican, that 
have a long history of consumption of foodstuffs and/
or from the environment (Simon-Nobbe et  al. 2008; 
Twaroch et al. 2015; Williams et al. 2016). The afore-
mentioned three organisms contain genes that encode 
ALDH and MDH proteins that have 72–90% identity 
with ChALDH, AaALDH and ChMDH but have not 
been identified as allergens themselves. The high lev-
els of identity observed in apparently non-allergenic 
homologs of ALDH and MDH found B. cinerea, P. 
camemberti, and B. panamericana portend not only 
retained structure in the protein core but also on the 
protein surface, the region of allergenic proteins that 
most typically display IgE-binding domains.

By comparison, surface similarity accounts for 
the cross reactivity among Bet  v 1 group allergens, 
for instance soybean Gly m 4 displays 47% identity 
and 60% surface similarity with Bet v 1 (Jenkins et al. 
2005). Given the high level of identity of B. panamer-
icana ALDH and MDH with ChALDH and ChMDH, 
90% and 87% respectively, one could reasonably 
expect sufficient levels of surface similarity to sup-
port cross-reactive IgE-binding. In such a scenario, 
ALDH and MDH should, presumably, not be orphan 
allergens but be members of a protein family with 
additional, if not plentiful, cross-reacting allergens.

Diffraction quality crystals of ChALDH and 
ChMDH were obtained, and their X-ray crystal struc-
tures were determined by molecular replacement. At 

http://pfam.xfam.org/
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the 2.04 to 3.18  Å resolution structure of ChALDH 
and ChMDH, respectively, no discernable putative 
structural epitopes are evident that distinguish these 
orphan allergens from their more prevailing protein 
relatives that are not listed in allergen databases. 
Similarly, although diffraction quality crystals of 
AaALDH were not obtained, a homology model con-
structed for AaALDH with Swiss-Model using the 
three-dimensional structure of ChALDH, also did not 
identify any discernable putative structural epitopes 
that are distinct from protein relatives that are not 
listed in allergen databases.

How are allergens and allergies assessed clinically?

Clinical diagnosis of allergy requires multiple lines 
of evidence, with the most important coming from 
physician-diagnosed allergy based on a clinical his-
tory of allergy-related symptoms. Skin prick testing 
(SPT) and serum IgE testing are the most frequently 
used clinical laboratory tools (Muraro et  al. 2014). 
SPT testing is typically used to complement physi-
cian diagnosis of a history of allergy-related symp-
toms, while serum-specific IgE helps to assess whole 
allergen extracts or specific components (Ansotegui 
et  al. 2020). Although these types of lab tests can 
identify “sensitization”, a positive result is insuffi-
cient, by itself, to diagnose clinical allergy (Sicherer 
and Sampson 2018), corroborating the importance of 
adequate clinical history.

SPT is known to be highly variable, even under 
the best controlled conditions (Hamilton and Adkin-
son 2003; Carr et al. 2005; Simon-Nobbe et al. 2008; 
Ansotegui et  al. 2020). One source of SPT variabil-
ity is that several types of SPT devices and reagents 
provide different degrees of sensitivity and specificity 
(Carr et al. 2005). A second source of SPT variability 
is associated with differences in cutaneous reactivity 
across study participants, including dermographia and 
non-specific local inflammatory reactions (Ansotegui 
et  al. 2020). A third challenge with SPT studies is 
that many medications can cause false negative SPT 
reactions including: H-2 antagonists, such as famo-
tidine used for dyspepsia; tricyclic anti-depressants, 
such as amitriptyline; topical corticosteroids, such as 
hydrocortisone; and local anesthetics, such as lido-
caine (Ansotegui et  al. 2020). Although the candi-
dates in the present study were asked to discontinue 
use of antihistamines, such as diphenhydramine and 

loratadine, they were not asked to discontinue these 
other widely used medications. Furthermore, it is 
understandable that participants would not be aware 
that some of their other medications, such as over-the-
counter sleep-aids, contain antihistamines. A fourth 
source of variability in SPT reactivity, especially to 
some of the positive controls used in this study, is that 
significant variability exists between commercial sup-
pliers of mold extracts in Europe and the USA, and 
no standardized extracts are available (Simon-Nobbe 
et al. 2008). A number of these documented sources 
of SPT variability most likely contributed to the vari-
ability in responses to the positive histamine control. 
This variability is also likely the reason that, even 
though all participants in the present study had con-
firmed clinical mold allergy (including prior positive 
SPT reactivity to commercial extracts of C. herbarum 
and A. alternata), only 10 of the 19 participants with 
usable reactivity to the positive control, histamine, 
elicited a positive SPT reaction to the batches of com-
mercial mold extracts used during the conduct of this 
study.

In the present study, to facilitate interpretation of 
SPT responses, negative controls were used to guide 
clinical reading of reactivity to the test materials. 
It was observed that 11 of the 27 subjects elicited 
wheal diameters of ≥ 3  mm to the saline/glycerol 
negative control (Supplementary Table  3). There-
fore, each participant served as their own control to 
facilitate interpretation of SPT reactions to the three 
putative orphan allergens, two related proteins not 
included in allergen databases, histamine, and com-
mercial extracts of four mold species. The SPT reac-
tions to each of these materials were scored positive 
when their wheal diameter was ≥ 3  mm larger than 
the wheal diameter for the respective saline/glycerol 
negative control (Eigenmann and Sampson 1998). All 
SPT(+) reactions presented in Table 3 have been nor-
malized relative to the variability in wheal reaction 
to the negative control to minimize reporting of false 
positive SPT reactions that might occur due to non-
specific traumatic reactivity or dermographia (Hamil-
ton and Adkinson 2003).

Only three of the 19 study participants that were 
SPT(+) to histamine elicited SPT(+) reactions to 
AaALDH or ChALDH, and none of these three 
showed SPT(+) reactions to their respective source 
organism, A. alternata or C. herbarum, raising a 
question about whether AaALDH and ChALDH are 
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associated with allergic reactions to these mold organ-
isms. Additionally, of three elicited SPT(+) reactions 
to AaALDH and ChALDH, two were elicited only 
by the low test dose, but not also by the higher test 
dose of the respective protein, inconsistent with these 
two proteins being allergenic. It is reasonable to con-
clude, therefore, that these few SPT(+) reactions to 
AaALDH and ChALDH, just like the single SPT(+) 
reaction to ZmALDH (a protein that is not listed in 
allergen databases), is a result of dermographia or 
non-specific local inflammatory reactions.

The published data suggesting that AaALDH and 
ChALDH are allergens is from a single study that 
used IgE sera from mold-allergic patients obtained 
from three local allergy clinics (Achatz et al. 1995). A 
total of 194 sera were tested, with 60% of the subjects 
having tested positive by radioallergosorbent (RAST) 
test to A. alternata and C. herbarum, the rest tested 
positive to a commercial mixed mold allergen RAST. 
In this Austrian study, out of 98 IgE serum samples 
that were reactive by immunoblot to A. alternata 
extracts, only two of these IgE sera were reactive to 
AaALDH (Alt a 10). This low level of IgE reactivity 
to AaALDH appears to be consistent with the present 
study’s SPT results in which reactivity to AaALDH 
was no different than reactivity to ZmALDH, a pro-
tein that is not listed in allergen databases. Likewise, 
in the present study reactivity of AaALDH was less 
than the SPT reactivity to C. albicans, a yeast that is 
not associated with elicitation of clinical allergies but 
is known to cause inflammatory sensitization consist-
ent with SPT(+) reactions (Fukutomi and Taniguchi 
2015).

In the same study (Achatz et  al. 1995), IgE sera 
from 62 patients were reactive by immunoblot to C. 
herbarum extracts, with 22 (36%) of these IgE sera 
reactive to ChALDH (Cla h 3). However, the results 
with ChALDH in the present SPT studies do not sup-
port a conclusion that ChALDH is an allergen for 
the same reasons as mentioned above for AaALDH. 
The fact that the present SPT results were unable to 
confirm that ChALDH is an allergen, suggests the 
need for further study of whether or not ChALDH is 
allergenic.

Unlike the SPT results for the two ALDH proteins, 
10 of the 19 validated SPT participants were SPT(+) 
to ChMDH, making this orphan allergen the most 
reactive material tested in this SPT study and produc-
ing results consistent with the report (Simon-Nobbe 

et  al. 2006) that supported inclusion of ChMDH 
in allergen databases. Five of the six individuals 
that were SPT(+) to C. herbarum were SPT(+) to 
ChMDH, with four mold-allergic individuals reac-
tive at both test doses of ChMDH. However, the other 
50% of the individuals SPT(+) to ChMDH were not 
SPT(+) to the commercial extract of C. herbarum, 
a result most likely attributable to variability in SPT 
reactivity to commercial mold extracts (Simon-Nobbe 
et al. 2008). The study that first identified ChMDH as 
a putative allergen from C. herbarum found that 12 
(57%) of 21 individuals allergic to C. herbarum had 
IgE sera reactive to ChMDH (Simon-Nobbe et  al. 
2006), leading the authors to conclude that ChMDH 
is the major allergenic protein for C. herbarum. This 
report also included an image of positive SPT reac-
tivity to ChMDH for a single subject that was aller-
gic to C. herbarum. However, although the present 
clinical results with ChMDH continue to support this 
protein being a major allergen for individuals allergic 
to C. herbarum, the structural studies were unable to 
identify the immunologically reactive epitope(s) of 
ChMDH that are distinct from other MDH proteins 
that are not identified as allergens, warranting future, 
more detailed, structural research.

Considerations for interpreting alignments with 
orphan allergens

The data regarding orphan allergens presented to this 
point suggest a re-consideration of whether all pro-
tein allergens in allergen sequence databases should 
be considered equally when assessing the allergenic 
potential of proteins under review for introduction 
into the diet. Databases of allergen sequences rep-
resent a spectrum of protein families, in terms of 
allergenic propensity. At one end of the spectrum 
of protein families in allergen databases is the Bet 
v 1 family, in which Bet v 1 is a strong sensitizer, 
and many other members are elicitors that display a 
continuum of cross-reactivity (Roulias et  al. 2014; 
Blankestijn et  al. 2017; Biedermann et  al. 2019). At 
the other end of the spectrum is the ALDH protein 
family with > 117,000 total members, and yet only 
five members are reported as allergens (Achatz et al. 
1995; Nakazawa et al. 2007; Cui et al. 2016; Huerta-
Ocampo et al. 2020), most associated with exposure 
to fungi, such as Alternaria and Cladosporium. Addi-
tionally, unlike the robust allergic reactivity to Bet v 1 
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and related allergens, the present SPT results, com-
bined with previously reported IgE serum screening 
(Achatz et  al. 1995), consistently show single digit 
percentages of reactivity with AaALDH, and margin-
ally greater with ChALDH.

The MDH protein family is another example on 
the end of the spectrum shared with ALDH. Only 
three of the thousands of MDH protein family mem-
bers are reported as allergens, with ChMDH showing 
strong allergenic potential in this study and previously 
(Simon-Nobbe et al. 2006). The other two MDH pro-
teins reported as allergens are actually isoforms of 
the same protein from A. alternata (Schneider et  al. 
2006), since they differ by only a single amino acid. 
Noteworthy is that the rest of > 6000 members of 
the MDH protein family are not reported as aller-
gens. Therefore, this highly diverse spectrum of the 
prevalence of allergens in protein families, from the 
highly allergenic Bet v 1 family to the sparsely aller-
genic MDH family, underscores the complexities in 
drawing conclusions from bioinformatic analysis of 
protein sequences that are being considered for intro-
duction into the diet (NAS 2016; Ribeiro et al. 2018; 
FDA 2019; Abdelmoteleb et  al. 2021; De Marchi 
et al. 2021; Montanari et al. 2021).

Currently, scientists and regulators evaluating 
proteins in foods derived from modern biotechnol-
ogy follow guidance found in Codex (2009). This 
guidance states that any expressed protein is con-
sidered a potential allergen if it exceeds a threshold 
of greater than 35% sequence identity in a window 
of at least 80 amino acids for any sequence in an 
allergen database. This threshold is meaningful 
for novel sequences aligning with the Bet v 1 fam-
ily of proteins, since this approach will identify 
even distant homologs (and there is a reasonable 
hypothesis that they might cross-react). However, 
the Codex threshold is far less informative when 
applied to alignments with orphan allergens, such as 
AaALDH, ChALDH and ChMDH. If an expressed 
protein meets the threshold of 35% identity in an 80 
amino acid window with allergenic orphans, such as 
ALDH and MDH, it also meets the threshold with 
many thousands of family members that have never 
been identified as allergens. Many of the family 
members not identified as allergens have significant 
opportunity for human exposure, as discussed above 
for Penicillium camemberti, Botrytis cinerea, and 
Baudoinia panamerican (Simon-Nobbe et al. 2008; 

Twaroch et  al. 2015; Williams et  al. 2016). How-
ever, the vast majority of proteins in the ALDH and 
MDH families, while sharing much higher levels of 
identity with putative allergenic proteins, such as 
ChALDH, AaALDH and ChMDH, are present in 
species that have a long history of safe consumption 
as foodstuffs and/or from the environment. For this 
latter situation related to these putative orphan aller-
gens, the end result of using a single bioinformatics 
threshold to identify potential allergens leads to a 
false positive conclusion that the expressed protein 
under review is likely to be an allergen. Negative 
results from additional testing, such as IgE-binding 
studies or SPT, are required before it’s possible to 
reverse the conclusion that “…IgE cross-reactivity 
between the newly expressed protein and a known 
allergen should be considered a possibility when 
there is more than 35 percent identity in a segment 
of 80 or more amino acids…” (Codex 2009). There-
fore, while the inclusion criteria of sequences in 
databases of allergenic proteins should cast a broad 
net, the evidence supporting the conclusion that the 
database member is an allergen, and its relationship 
to other allergens and other non-allergenic family 
members, must be taken into consideration when 
interpreting alignment data.

In summary, two of the three orphan allergens in 
this study, AaALDH and ChALDH, did not elicit 
SPT(+) reactions consistent with inclusion in allergen 
databases, like COMPARE (2022). By comparison, 
ChMDH elicited SPT(+) reactions consistent with 
previously published results that identified it as an 
allergen. The present study, however, was unable to 
identify structural feature(s) of any of these putative 
orphan allergens suggestive that the feature(s) are the 
immunologically reactive epitope(s) that are distinct 
from other members of these two large protein fami-
lies, ALDH and MDH, that are not identified as aller-
gens. With the ubiquity of large protein families, such 
as ALDH and MDH, in which most protein mem-
bers are not included in allergen databases, bioinfor-
matic methods designed to assess protein allergenic-
ity need to advance beyond the current “one size fits 
all” approach. Updates to bioinformatic methods that 
bring to bear full knowledge related to the complete 
range of allergens, from pan allergens to orphan aller-
gens, along with their non-allergenic family mem-
bers, would facilitate more effective selection of safe 
newly expressed food proteins.
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