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ARTICLE INFO ABSTRACT

The allergen repertoire of the house dust mite, Dermatophagoides farinae, is incomplete despite most mite al-
lergens having been described in this species. Using proteogenomics, we aimed to compare proteins and aller-
gens between sexes and provide a foundation for the identification of novel allergens. Overall, 6297 protein hits
were identified, and 2899 and 886 were male- and female-specific, respectively. Removal of trace results nar-
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g: ;is rowed the dataset to 3478 hits, including 275 and 157 male- and female-specific hits, respectively. All 34 WHO/
Der £ 38 IUIS-approved D. farinae allergens (omitting Der f 17) were identified, and we also identified homologs of the yet

undescribed Der f 9 and 38. Der f 27/serpin exhibited the largest sex-dependent difference and was dominant in
females. Using official protein sequences, Der f 11, 14, 23, 28 and 30 were identified with low success. However,
identification success of Der f 11 and 14 was greatly increased by using longer/complete sequences. Der f 30 is
characterized by the same tryptic digests as the more abundant Der f 30 (isoform) identified here. Der f 23
appears to be of low abundance in mite bodies. Der f 28.0101 and Der f 28.0201 were detected at low abundance
and in trace amounts, respectively.

Significance: In this work, we performed a proteogenomic annotation of the house dust mite, Dermatophagoides
farinae, which is the most important source of house dust allergens. The proteogenomic analysis performed here
provides a foundation for not only understanding the biology of the mite but also the identification of novel
allergens. This study generated a robust proteomic dataset for D. farinae and reviewed existing and candidate
allergens in this species. We stress some pitfalls of high-throughput analyses, especially that improper headers of
allergen protein records provided in databases can lead to confusion. Using partial sequences in proteomic
identification and quantification can lead to low identification success (low signal intensity or MS/MS counts).
Thus, we individually curated the protein sequences for proper identification and quantification. The discovered
sex differences can be one factor affecting allergen/immunogen variations in mite extracts. Overall, this work
provides a benchmark for accurate identification of mite immunogenic proteins using proteomics.

1. Introduction

Allergy to house dust mites (HDMs) affects millions of people
worldwide, mostly asthma sufferers. In the latter category, 85% of
people have asthma induced by HDMs [1,2]. According to the World
Health Organization (WHO) and International Union of Immunological
Societies (IUIS) allergen nomenclature subcommittee website (WHO/
IUIS) [3], 101 (100 if omitting Der f 17) allergens from 10 astigmatid
mite species (Acari: Astigmata or Acaridida) have been officially

identified and categorized into 39 biochemically distinct allergen
groups. Dermatophagoides farinae Hughes, 1961 is the mite species with
the largest number (34 if omitting Der f 17) of known allergens.
However, one allergen group (Der f 17) appears to be represented by an
incomplete record in the database; although it has been reported in the
literature [4,5], the actual sequence has never been published (see
WHO/IUIS [3]). Mass spectrometry-based proteomic (MSP) approach
including targeted analysis employing multiple reaction monitoring
(MRM) is a useful and beneficial strategy for quality control and
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standardization of allergenic extracts [6].

The MSP approach has been widely used in recent years for protein
identification. For this purpose, whole-genomic sequence data greatly
facilitate high-throughput proteomic analyses by providing large-scale
datasets annotated with information on protein functions [7]. Another
possibility is to use de novo transcriptomes to construct a database for
proteomic identification [8]. For D. farinae, there are several proteomic
studies involving allergen analysis using different sources for proteomic
identification, i.e., publicly available sequences [9-14] or tran-
scriptomes [15,16].

Currently, the National Center for Biotechnology Information
(NCBI) has several hundred protein sequences of D. farinae, many of
which are nonredundant (nr) and inferred from deduced protein se-
quences. Two draft genomes of D. farinae are also available. The first
reported draft genome (size: 53.5 Mb) was sequenced using an [llumina
platform (BioProject No. PRJNA174061) [17]. The second draft
genome (size: 91.9 Mb) was assembled using both PacBio and Illumina
data (BioProject No. PRINA379991) [18]. These draft genomes can be
used to construct databases for proteomic data evaluation. Conversely,
the combination of proteomics and genomics, known as proteoge-
nomics, can be used to facilitate de novo assemblies of genomes [19].
For proteogenomic annotations, multiple tissues of animals are com-
monly analyzed [19]; however, astigmatid mites, including HDMs and
stored product mites (SPMs), are microscopic, making it virtually im-
possible to obtain specific mite tissues [20]. Furthermore, for accurate
proteomic analysis, it is necessary to use high-quality samples that are
free from contaminants, such as environmental particles of debris or
fungal mycelia adhering to the mite cuticle or setae.

Extracts of HDMs are used for allergy diagnostics as well as for
immunotherapy. For this reason, the HDM extracts must not contain
impurities, and the allergen levels must be standardized. However,
studies have shown that mite extracts may differ in their composition,
which mainly depends on the method of cultivation and the method of
sample processing prior to allergen extraction [21-25]. In addition,
allergen composition changes over time with development of the mite
culture [26-28]. In another important HDM species, Dermatophagoides
pteronyssinus (Trouessart, 1898), expression of some allergens (as de-
termined using qPCR) is influenced by mite developmental stage, mite
sex and the environment [29]. As another example, a sex bias in al-
lergen expression has been shown for the cat allergen Fel d 1, which is
more abundant in male cats than in female cats [30]. Importantly, the
sex ratio in D. farinae varies with culture development, and according to
Hodgson [31], males become dominant in older cultures [31]. We
therefore hypothesize potential sex-dependent differences in allergen
production in mite cultures.

Here, we performed a proteogenomic annotation of D. farinae. We
used separate samples of male and female mites for label-free quanti-
tative proteomic analyses employing nanoliquid chromatography cou-
pled with a state-of-the-art Orbitrap Fusion Tribrid mass spectrometer
(nLC-MS/MS). We hypothesized that a sex-specific analysis would im-
prove proteogenomic annotation and that the differences in expression
levels between sexes would have implications for allergen/immunogen
production. Finally, we provide a curated list of D. farinae allergens,
give sequences for allergens yet to be described at the protein level that
identify allergen-like proteins for future allergenicity evaluation, and
point out inaccurate sequence headers in public databases.

2. Materials and methods
2.1. Mites
A culture of D. farinae was obtained from Prof. K. Solarz in Poland

and since then has been maintained at the Crop Research Institute for
ca. 15years. This mite culture has been used by us in a number of
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previous studies; for this work, culture maintenance was performed as
described previously [12,32-34]. The culture was periodically checked
for contamination by identifying a subsample of mites using mor-
phology.

For genomic analyses, we used D. farinae from a pure laboratory
culture maintained at the University of Michigan Museum of Zoology
(BMOC 05-0812-001) started from specimens collected from a skeleton-
cleaning culture of Dermestes maculatus (Coleoptera: Dermestidae) in
Ann Arbor, MI, USA, in 2005. Fish flakes were used as food. Slide-
mounted mites were identified using morphology, and the identifica-
tion was confirmed by GenBank expressed sequence tag (EST) database
sequences and multiple mitochondrial genes. The colony was used in
several previous studies, including those that produced a complete
mitochondrial genome [35,36] and whole-genomic and short RNA se-
quence data [18].

2.2. Collection of mites

Females and males of D. farinae were collected from healthy cultures
(large proportion of live mites and low rate of mite death) and in-
creasing population sizes. Mite cultures were maintained in tissue cul-
ture flasks [12,32-34]. Live mites that were similarly sized and free of
food particles were collected individually from a glass Petri dish using a
thin paintbrush with a sharp tip under a dissecting microscope (Carl
Zeiss, Jena, Germany). Then, the mites were placed directly into a 2-mL
Potter-Elvehjem tissue grinder with a Teflon pestle (Kartell, Labware
division, Noviglio, Italy) kept in a box with dry ice. Each of the four
biological replicates for male and female mite samples of D. farinae
consisted of 1000 individual mites.

2.3. Proteomic analysis using label-free nLC-MS/MS analyses

To the Potter-Elvehjem homogenizers with 1000 D. farinae males or
females, 1 mL of 100 mM triethylammonium bicarbonate buffer (TEAB;
Cat No. 17902, Fluka, Sigma-Aldrich, St. Louis, MO, USA) containing
2% w/v sodium deoxycholate (SDC; Cat No. 30970, BioXtra, Sigma-
Aldrich) was added. Next, the samples were processed and analyzed
using nLC-MS/MS as described elsewhere [37]. Each of the replicates
per sex was analyzed twice; thus, a total of 16 consecutive nLC-MS/MS
analyses were performed. The data were analyzed and quantified with
label-free quantification (LFQ) algorithms in MaxQuant v1.6.3.3 [38]
and the Andromeda search engine [39]. The false discovery rate (FDR)
parameter was set to 1% for both proteins and peptides. The enzyme
specificity of trypsin was set as C-terminal to Arg and Lys. MethylThio
was the fixed modification, while N-terminal protein acetylation and
methionine oxidation were variable modifications. The data were
searched against a database created by us.

2.4. Search database creation

For the proteogenomic analysis, we performed a six-frame transla-
tion using MaxQuant v1.6.3.3. The draft genome available in NCBI
under BioProject No. PRJNA379991 was used, and we selected a
minimal length of 50 amino acids as an output. The resulting sequences
were further annotated using Blast2GO 4 (Biobam, Valencia, Spain)
against the NCBInr Arthropoda database available in the Blast2GO
cloud in April 2018. The resulting dataset of annotated proteins was
enriched for existing protein sequence records related to D. farinae
taxonomy in NCBInr, which consisted of 315 sequences downloaded on
21 Oct 2018; we added the “gi” accession numbers to the sequences for
easier comparison with previous studies. The database that we created
is available for download along with the raw dataset used in our ana-
lyses. To detect contaminant sequences, we used the MaxQuant stan-
dard dataset and a dataset of 7918 sequences of yeast, Saccharomyces
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cerevisiae, downloaded from UniProt on 30 Oct 2018. The latter data-
base should be able to detect the level of food-derived contamination
because yeasts constituted part of the mites' diet.

2.5. Overall proteomic data evaluation

The LFQ intensities from MaxQuant [38] were analyzed in Perseus
v1.6.2.3 [40]. The dataset was log2-transformed. Potential con-
taminants, hits identified only by site and reverse hits were filtered out.
The data were evaluated as the total number of 16 nLC-MS/MS runs
since it was beneficial to see the positives in each of the analyses. The
normal distribution of the data was inspected through histograms (Fig.
S1). Protein hits that contained three or fewer valid values in the 16
nLC-MS/MS runs were filtered out, the data before and after this step
were averaged via the median (of the valid values), and the data were
evaluated using a two-sample t-test (p < 0.05). Both matrices were
then arranged based on the difference between the averages of males
and females, and the protein hits that were not detected in any of
analyses in the males or females were colored.

During data evaluation, we worked with all 16 analyses and did not
average the results of technical replicates since averaging analytical
replicates within biological replicates does not mathematically affect
the final result. We considered the qualitative results to be either truly
qualitative or below the detection limit. Two heatmaps visualizing male
vs. female proteome differences were generated. To produce the heat-
maps, the missing values were replaced as follows: (a) missing values
were replaced by the constant O, or (b) missing values were replaced
based on a normal distribution (width: 0.3; down shift: 1.7; total ma-
trix). The second option was additionally normalized through the Z-
score. Finally, the data were averaged via the mean in both cases, and
the heatmaps were generated (Euclidian distance; 300 clusters; 10
iterations). The resulting heatmaps were adjusted to grayscale. To vi-
sualize the differentially expressed proteins between the sexes, we also
performed two volcano plot analyses (t-test; number of randomizations:
250; FDR: 0.05; SO: 0.1) of data processed analogously to the heatmap
data.

2.6. Identification of allergens, allergen isoforms, homologs, analogs, and
proteins of allergen potency

We identified the official WHO/IUIS-approved mite allergens, iso-
forms, and homologs or analogs. Although there are additional data-
bases of allergenic molecules, such as Allergome [41], we restricted our
analysis to the D. farinae allergens approved by the WHO/IUIS Allergen
Nomenclature Subcommittee [3]. The sequences that correspond to
proteins of interest were found through individual examination of the
list of protein hits. Identification of the protein hits corresponding to
allergens in our dataset facilitated the inclusion protein sequences of
NCBI in the search database. Every official allergen is listed in the
WHO/IUIS database; therefore, we verified via individual inspection
which results of our analysis exactly corresponded to the allergen
Protein Access No. provided in the WHO/IUIS database. When only the
Nucleotide Access No. was provided in the WHO/IUIS database, we
found the protein sequence ID.

Because the major mite allergens include various proteases and
proteins with chitinase/chitin-binding domains, we focused on these
proteins as potential new immunogens/allergens. In addition, we se-
lected hits corresponding to vitellogenin because of its domain simi-
larity to Der f 14 and because vitellogenin is an official allergen in other
organisms (i.e., Api m 12 and Ves v 6). Selected results were then in-
spected individually and verified using BLASTP [42] and the conserved
domains (CCDs) [43,44]. For data evaluation, we also used the WHO/
IUIS allergen database [3], with which we individually verified allergen
sequences and related references. Selected proteins were aligned using
Clustal Omega v1.2.4 [45] and visualized using Jalview v2.10.5 [46].
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3. Results
3.1. Overall proteogenomic data evaluation

Our proteogenomic analysis produced 6297 protein hits for both
sexes of D. farinae (Table S1); 2899 and 886 hits were specific to males
and females, respectively. Reducing the matrix to at least three positive
results of the 16 total nLC-MS/MS runs narrowed the dataset to 3478
hits, and the numbers of male- and female-specific hits were reduced to
275 and 157, respectively (Table S2). Thus, we consider the 2819
proteins excluded by the threshold of at least three positives to be of
very low abundance or trace amounts in the proteome. Most of the trace
protein hits were detected in only females. Protein hits that could be
identified using the current records of NCBInr-protein (containing a
“gb” identifier) are highlighted in Table S2. The two heatmaps
(Fig. 1AB) and volcano plots (Fig. 2AB; Tables S3 and S4) created using
two different algorithms illustrate the large proteome dissimilarity be-
tween sexes. The volcano plot in Fig. 2A nicely separates the relatively
high-intensity protein hits that were detected in only one sex. An in-
spection of these groups of proteins specific to males or females in Table
S3 revealed that all the hits with a -log(p-value) > 20 (see also Fig. 2A)
were detected in all eight nLC-MS/MS runs in only one of the sexes.
Furthermore, all of these proteins were newly identified. The data
created from the Z-score-subtracted dataset (Figs. 1B and 2B) provide
different outputs because the data being rounded to accommodate the
processing method, that is, the key qualitative differences are not as
easily identifiable in the chart.

3.2. Identified allergens of D. farinae and homologs of allergens

All 34 D. farinae allergens currently listed in the WHO/IUIS data-
base (and for which sequences are available) were identified (Table 1;
Tables S2 and S5). Furthermore, we identified proteins homologous to
allergens described in other mites, especially D. pteronyssinus, but not
yet identified in D. farinae. Thus, we provide evidence at the protein
level for as yet undescribed allergens Der f 9 and 38 (Table 1: entries
marked by an exclamation mark). However, we were not successful in
identifying Der f 12 and 19; finally, Der f 17 could not be identified
because the corresponding sequence was not available (Table 1: Der f
12, 17 and 19 are marked by a question mark). Table 1 provides a
quantitative comparison of allergens (WHO/IUIS approved or predicted
by us) between the sexes, while Table S5 summarizes the selected
proteins in more detail, including actual sequences, individual BLASTP
searches and notes from our analyses. Table 2 provides simplified in-
formation for additional proteins investigated in Table S5.

3.3. The serpin allergen Der f 27 exhibited a large difference between sexes,
and additional serpins were identified

Among the official WHO/IUIS allergens, the largest quantitative
difference between sexes was found for Der f 27 (serpin; serpin SMSB3a
variant). Der f 27 was more abundant in females, and the log2 fold
change was 4.95, one of the largest differences observed. We found two
isoforms of Der f 27, which were also serpin SMSB3a variants, and both
were detected in all samples. Interestingly, one isoform
(scaffold138|size173686_True_144872; query coverage of 89% and
identity of 32.65% to Der f 27) was more abundant in males (log2 fold
change of —1.69), unlike Der f 27. The third protein hit of serpin
(scaffold1|size1740722 False 942723 serpin SMSB3a variant; query
coverage of 94% and identity of 28.93% to Der f 27) was also sig-
nificantly more abundant in males, but the log2 fold change was only
—0.54. Finally, we identified a serpin B1O-like protein
(scaffold13|size626939_True_484469). While the overall intensity and
MS/MS counts indicated a relatively high abundance of the three
SMSB3a variant serpins, serpin B10-like appeared to be of low abun-
dance.
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Fig. 1. Two heatmaps demonstrating the large proteome difference between D. farinae males and females. A) A resulting heatmap after the missing values were
replaced by the constant “0” and a mean was calculated. The heatmap clearly shows the missing values or qualitative differences (in white). B) A heatmap was
generated after the missing values were replaced according to a normal distribution and the data were normalized through Z-score. This heatmap appropriately
represents the data comparison for proteins that were steadily detected among the samples, but the qualitative result is less visible.

3.4. Low identification success for some allergens when using the WHO/
IUIS database

The allergens Der f 11, 14, 23, 28, and 30 were detected with low
success (low intensity and MS/MS counts) using sequences provided in
the WHO/IUIS database (Table 1, Table S5). Therefore, these allergens
appeared to be of low abundance. To verify this result, we further
searched hits similar to Der f 11, 14, 23, 28, and 30 in our dataset
(Table S2). Our investigation revealed alternative protein hits to the
official WHO/IUIS Der f 11 and Der f 14 protein records: AAK39511
and BAA04558, respectively. In particular, Der f 11 (AAK39511, 692
aa) provided only 42 MS/MS counts in the entire analysis, while the
results related to the longer/complete paramyosin sequence
(AIO08864; 876 aa) provided a much larger number of MS/MS counts
(2784). We observed a similar situation for the Der f 14 allergen
(Table 1 and Table S2). While the official WHO/IUIS Der f 14 entry
(BAA04558; 349 aa) provided only eight MS/MS counts and was
identified in only one of the 16 nLC-MS/MS runs, the longer sequence
of apolipophorin (BBD75204; 1666 aa) had much higher identification
success, resulting in a large number of MS/MS counts (4275), and the
identification was successful in all 16 nLC-MS/MS runs. Note that in the
shorter WHO/IUIS sequence of Der f 11, there is one missing amino acid
compared to the longer sequence, while the shorter WHO/IUIS se-
quence of the Der f 14 allergen is identical to the corresponding part of
the sequence record BBD75204.

For Der f 23, we did not find alternative protein hits. Thus, based on
this result, we may consider Der f 23 a low-abundance allergen in mite
bodies.

The protein hit corresponding to the official WHO/IUIS ferritin/Der
f 30 sequence (AGC56219) provided identification in only one analysis
in males with a total MS/MS count of only 17. However, in our dataset,
we found additional matches representing two ferritin isoforms: (i)
scaffold39|size422454 False 409955 and scaffold211|size71058 False_
20376 of the same protein sequence, which we denoted for use in this
study as Der f 30 (isoform), and (ii) a short ferritin isoform,
scaffold24|size505992 _False_78980, which we denoted Der f 30-like.
The identification success for Der f 30 (isoform) and Der f 30-like was
substantially higher than that for the ‘official’ Der f 30. Moreover, we
found that Der f 30 was similar to Der f 30 (isoform), with a 98% query
coverage and an 83% identity between them, while Der f 30-like was a
short form, probably a light chain, sharing a sequence coverage of 78%
and an 83% identity with Der f 30. Importantly, we found that Der f 30
and Der f 30 (isoform) produce analogous tryptic digests (Fig. 3). Thus,
we hypothesized that these isoforms could be confused in studies
through MSP identification because the sequence of Der f 30 (isoform)
was not available prior to this study. We checked previously published
studies that identified ferritin/Der f 30 using an MSP approach. In our
previous 2D-E-MS/MS study focusing on the proteome/allergome of
mite feces, we provided MS/MS-identified peptides [12], and therefore,
we were able to recover the MS/MS-identified peptides LADYITNLER
and TVNQALLDLHAVATK that matched ferritin/Der f 30. Next, in a
study by Choopong et al. [11], ferritin/Der f 30 was identified by the
peptides LADYITNLER, TVNQALLDLHAVATK and IVLDDIHKPQQQD-
WSSGLEAMR (see Table S3 in [11]). The two former peptides were the
same in both studies. Furthermore, in a study by An et al. [9], two
peptides, namely, NDAQFADFIETHYLTEQVEAIK and
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Fig. 2. Volcano plots showing proteome differences between D. farinae males and females when A) the missing values were replaced by zeroes or B) the dataset was
normalized through Z-scores. The first plot clearly identifies protein hits identified in one sex at a relatively high abundance and not detected in the other sex.
Moreover, the allergen that showed the largest quantitative difference (Der f 27/serpin — marked as 1) is shown. Furthermore, we highlight the other serpin isoforms,
cathepsins L, serine protease 27, vitellogenins and apolipophorins. Data for Fig. 2A and B are given in Tables S3 and S4, respectively.

1) gi|685432794|gb|AI008851.1| Der f 27 allergen; 2) scaffold138|size173686_True_144872 serpin SMSB3a variant; 3) scaffold1|size1740722 _False_942723 serpin
SMSB3a variant; 4) scaffold33|size445179_True 225812 serine protease 27; 5) scaffold90|size237115_True_117857 vitellogenin 1; 6) scaffold90|size237115 -
True_117574 vitellogenin-like protein; 7) scaffold90|size237115_True_122408 vitellogenin, putative; 8) scaffold90|size237115_True_118681 vitellogenin-like pro-
tein; 9) scaffold368|size33359_True_18656 cathepsin L1-like; 10) scaffold195|size88217_True_14968 cathepsin L1-like; 11) scaffold89|size238932 True_ 235616
cathepsin L1-like; 12) scaffold168|size125973 False 51957 Group 14 mite allergen-like protein (Apolipophorin-like); 13) scaffold40|size417961 False 203038
Apolipophorin-like protein; 14) scaffold40|size417961 _False_203757 Apolipophorin-like protein; 15) scaffold168|size125973 _False_51293 Apolipophorin-like pro-
tein; 16) scaffold38|size423637_True_361700 putative bifunctional chitinase/lysozyme.

MAANPESTTKTSRVR (N-terminus), matched ferritin/Der f 30 (see (Fig. 3).

Supplement 1 Fig. S2H in An et al. [9]). Together, we found that the Finally, the Der f 28 allergen isoform Der f 28.0101 (AGC56218.1)
four peptides of the three abovementioned studies (LADYITNLER, was identified in only three analyses in both females and males, with
TVNQALLDLHAVATK, IVLDDIHKPQQQDWSSGLEAMR and NDAQFA- similar abundances in both sexes. In addition, in the dataset in which
DFIETHYLTEQVEAIK) are identical in both Der f 30 and Der f 30 trace results were excluded, we were unable to find the second WHO/
(isoform) (Fig. 3); therefore, these peptides, resulting from trypsin di- IUIS Der f 28 isoform, Der f 28.0201 (AI0O08848.1) (Table S2); however,

gestion, identify the two isoforms with the same probability. Note that we found it in the full dataset with a positive result in only one out of 16
the N-terminal sequence MAANPESTTKTSRVR highlighted in An et al. performed analyses (Table S1). Thus, both Der f 28 isoforms appear at a
[9] predicts trypsin digestion at three cleavage sites (10, 13 and 15; as low abundance, with the latter isoform appearing only in trace amounts
analyzed in [47]), and the authors [9] reportedly performed sequencing in mite bodies. Furthermore, the WHO/IUIS provides a comment on
using Edman degradation. Thus, the N-terminal peptide sequence of these two isoforms posted on 5 Nov 2014: “The overall identity match
Der f 30 should not be included in the comparison of peptides for MSP of Der f 28.0101 and Der f 28.0201 is ~ 57 %, which is beyond the
identification. Overall, this result shows that the two ferritin isoforms normal range for isoallergens in WHO/IUIS, however, the first 3/4 of
with a mutual query coverage of 98% and an identity of 83% (Fig. 3) the sequences are of much higher identity, warranting the designation”.
could be mistaken in the MSP identification; however, results of this Der f 28 is a heat shock protein 70, and in our dataset, we found five

study show that Der f 30 (isoform) is considerably more abundant in protein hits that we denoted here as Der f 28-like. All of them had a
mite bodies. The third, shorter ferritin variant (Der f 30-like) identified higher identification success than the official WHO/IUIS sequence for
in all our analyses contained different peptides for identification Der f 28. All of the sequences corresponding to Der f 28-like appear to
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be of lower molecular weight than Der f 28. Two of the isoforms were
denoted as Mag 29 allergens [48,49]; however, our protein sequences
derived from the draft genome annotation are identical but longer than
those entries (see Table S5, i.e., P39674.1 MAG29 _DERFA vs scaf-
fold96|size232027_True_55359; AAP35066.1 Der f Mag 29 allergen vs
scaffold96|size232027_True_52373).

False_20376
e; **** _ gcaffold88|size239338_True_146363 troponin C

3.5. Troponin C aka Der f 39

CBM_14

We found the two following entries corresponding to troponin C (Der f
39.0101; nucleotide: MK419032): scaffold88|size239338_True 146363
and scaffold88|size239338 _True_ 146033 (Table 2 and Table S5). Both
protein hits were found to be present at higher abundances in males than
in females (log2 fold change males-females was 1.22 and 1.59, respec-
tively). The BLASTP [42] analysis showed that both these sequences had
parts identical to the deduced protein sequence of Der f 39 (QBF67841.1);
however, the sequences can be considered different and are both shorter
than QBF67841.1.

14

Conserved domains (CCDs)
Spr s.f.

Cc2
CBM_14;
PTZ00184 s.f.

3.6. Allergen-like proteins and other selected important proteins

We identified a number of allergen-like proteins that represent al-
lergen isoforms or potential novel immunogens (Table 2 and Table S5).
Furthermore, we selected protein hits with potential allergenic prop-
erties by domain architecture and predicted enzymatic activity, i.e.,
proteases, chitinases/chitin-binding proteins or those with similar ac-
tion, such as lysozyme, and apolipophorin and vitellogenin/vitello-
genin-like proteins. These proteins, along with their BLAST hits, iden-
tification properties, and protein IDs, are listed in Table S5.

We detected qualitative and/or quantitative sex-dependent differ-
ences in other proteins with allergenic/immunogenic potential
(Table 2). For example, among proteases, three cathepsin Ls and serine
protease 27 (Fig. 2) were detected only in males. Furthermore, putative
bifunctional chitinase/lysozyme (Fig. 2) was detected in females only.
A substantial difference was found for vitellogenins and apolipophorins,
whose isoforms qualitatively or quantitively dominated in females
(Fig. 2).

Der p 38 described, we provide the sequence for Der f 38.

Our sequence has 98.36% identity to QBF67839.
We found two hits with similar sequences.

Note

protein
ATI08931
QBF67839**
QBF67841 %%+

3.7. Identification of misleading sequence headers of proteins
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We found that some proteins are denoted as “allergen” in NCBI
despite not being proven D. farinae allergens (Table 3). Furthermore,
we identified FASTA headers of allergen sequences officially provided
in the WHO/IUIS database (linked to NCBI) that do not exactly identify
allergens of D. farinae (Table 4).

WHO/IUIS Representative GenBank

No
No
Ye

Yes
g2 fold change difference between male and female LFQ intensities; s.f. — superfamily; + — a T-test found significant differences between male and

4. Discussion

Der f 38 (!)

Allergen
designation
Der f 36
Der f 37
Der f 39

We made publicly available the raw data that obtained here by 16
consecutive nLC-MS/MS runs. These data were evaluated using the LFQ
MaxQuant algorithms [38] through our constructed database of the
Blast2GO [50] annotated six-frame translated D. farinae draft genome
[18], which we enriched for the current species-specific NCBInr se-
quences. Using this approach, we identified a very large number (6297)
of protein hits in both sexes and, consequently, were able to easily re-
cognize the previously and newly identified proteins. By contrast, a
recent study that claimed to extend the D. farinae allergome identified
326 proteins using nLC-MS/MS and a transcriptome database [16].
Thus, our work represents a very substantial improvement, providing a
large protein catalog for D. farinae.

A separate proteomic analysis of males and females facilitated
proteogenomic annotation, illustrating the number of proteins detected
in only males or females. In addition, the separate analyses of males and
females enabled comparison of the abundances of proteins, including
allergens, between the sexes. The large differences between sexes are
illustrated in the heatmaps and volcano plots, both created from the

T-test
DF _f - DF_m - the lo

+
+

DF.m
0.61
0.23

DF.m DFf-
27

29.35 2890 0.45
25.1

DF_f
25.7
27.2

count

224
106
77
- D. farinae male; DF_f — D. farinae female;

Intensity MS/MS

1E+10
1E+09
3E+09

Details on the protein IDs and FASTA headers of each allergen are given in Tables S1, S2, and S5. For accurate identification of the Der f 11 and 14 allergens, sequences longer (complete) than those (partial) provided in
the official WHO/IUIS allergen database should be used. We also suggest that the Der f 30 allergen can actually be represented by the most abundant isoform that we identified here (while previous works linked a low-

abundance isoform to this allergen). Our study provides a sequence for the yet undescribed allergen Der f 38.
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The corresponding DNA sequences to the above proteins can be found in the following genomic scaffolds (GenBank BioProject No. PRINA379991).

ferritin; ** — scaffold105|size208323_False_49412 flocculation protein FLO11;

and scaffold88|size239338_True_146033 troponin C (see Table 2).

Table 1 (continued)

DF_m


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=ATI08931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=QBF67839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=QBF67841
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Fig. 3. The alignment of ferritins. The official WHO/IUIS sequence of Der f 30 (AGC26219), the Der f 30 (isoform) (scaffold39|size422454 False_409955 and
scaffold211 |size71058_False_20376), and a short ferritin variant (Der f 30-like) (scaffold24|size505992_False_78980) are aligned. The alignment clearly shows that
peptides (A-D) are the same in Der f 30 and Der f 30 (isoform) discovered here; therefore, the same peptides can identify different isoforms at different abundances.
The third, shorter ferritin variant (Der f 30-like) identified in all our analyses contains different peptides for identification.

A-D - the four peptides that identified ferritin using MSP in previous studies [9,11,12].

dataset normalized through Z-scores or by replacement of the missing
values by zeroes. It appears that the two methods of data evaluation
have some advantages for the data of this study, and the replacement of
the missing values by zeroes appears to be beneficial when qualitative
differences are observed (see [51,52]).

We reviewed and verified the identification of all WHO/IUIS-ap-
proved allergens, the sequences of which are linked to the NCBI re-
pository. We show, that one of the most questionable aspects appears to
be the presence of partial/incomplete sequences in databases. Use of
these incomplete sequences for data evaluation can negatively affect
the accuracy of proteomic identification and especially quantification.
In addition, some entries contain misleading headers, such as the word
“allergen” provided in the header despite the entry not being a WHO/
[UIS-approved allergen. In addition, in some headers, the allergens are
named differently than the official allergen. Thus, it would be useful if
the headers in the publicly available database are renamed according to
the official allergen. Such a change would prevent these misleading
entries, which provide incorrect allergen identification, from being
used when using the publicly available database as the source for data
evaluation. Currently, for proper identification, a manually curated
database should be used, or the data need to be individually inspected.

We also completed the allergen list of D. farinae by including the
yet-uncharacterized allergens with sequences homologous to confirmed
allergens of other mites; these allergens include Der f 9 and 38. In ad-
dition, our comprehensive proteomic analysis enabled the identification
of new candidate immunogenic proteins and/or allergen isoforms in D.
farinae. We found significant differences in the expression of allergens
between the sexes and this result has potentially practical significance
as a factor affecting the differences in the allergen levels observed in
commercially produced allergen extracts [21-28,53].

We demonstrated that the MSP approach, consistent with the

Table 3

previous suggestion [6], is useful for the standardization of allergenic
extracts. The challenge for the future is to apply our results to a targeted
analytical method, such as selected monitoring reaction (SRM) analysis,
to detect proteins of interest. However, it is crucial to use correct/ap-
propriate sequences to construct a reference database for these
methods.

4.1. The importance of biological material purity and sample analysis

Dermatophagoides farinae, similar to other domestic mite species, is
microscopic [20]; therefore, obtaining pure representative material is
difficult. In previous studies utilizing proteomic analyses, mites were
mostly obtained by flotation (salt solution) combined with sieving
[15,16], or the procedure of mite harvesting was not described in detail
[9-11]. Transcriptomic and genomic sequencing also involved mites
collected by flotation in salt solutions [16-18], although in the latter
study, this was the case only for the PacBio data, while Illumina se-
quencing was based on hand-picked female mites [18]. From a meth-
odical standpoint, requirements for DNA data collection are not as strict
as those for proteomics. Previously, we showed that it is possible to
collect highly pure live D. farinae mites by contactless processing
[12,54]. In this study, we collected pools of 1000 individually collected,
verified and sex-sorted individuals per biological replicate, and we
ensured that each of the mites included in the analysis was alive, free of
contaminants and of a specific size at the time of collection. The se-
parate analyses of males and females enabled us to compare the pro-
teome and allergome between the mite sexes.

4.2. Completion of the list of D. farinae allergens

The WHO/IUIS database currently lists 39 allergen groups present

Misleading allergen FASTA headers. Using these sequences can lead to incorrect allergen identification or give a false impression that the allergen was identified

correctly, although its sequence actually does not represent a proven allergen.

Official in WHO/  Comment in WHO/  Confusing FASTA header Reason
IUIS IUIS
No No gb|AAP35070.1| Der f 7 allergen [Dermatophagoides farinae] Only 18.22% identity with Der f 7 (gb|AAB35977.1)
No No gb|AAP35074.1]| Der f 13 allergen [Dermatophagoides farinae] Only 50.78% identity with Der f 13 (gb|AAP35078.1)
No No gb|AAX34048.1| Der f 5.02 allergen [Dermatophagoides farinae] The sequence relates to Der f 21 allergen.
No No sp|L7UZ85.1|ACTN_DERFA RecName: Full = Alpha-actinin; AltName: The sequence does not characterize Der f 24.
Full =F-actin cross-linking protein; AltName: Allergen=Der f 24 However, a-actinin was tested for allergy [84].
No No gb|AIO08856.1| Der f 26 allergen [Dermatophagoides farinae) The sequence relates to the Der f 29 allergen.
Yes No gb|AAP35065.1| Der f Mal f 6 allergen [Dermatophagoides farinae] Der f 29 allergen (100% identity to above).
No Yes (Der f 29) gb|AIO08866.1| Der f 29 allergen [Dermatophagoides farinae] It is not Der f 29, the sequence relates to profilin.
Yes Yes (Der f 26) gb|AI008852.1| Der f 30 allergen [Dermatophagoides farinae] The sequence relates to the Der f 26 allergen.
Yes No dbj|BAX34757.1| group II allergen [Dermatophagoides farinae] It is the Der f 35 allergen.
No No gb|AAP35081.1]| Der f Alt a 10 allergen [Dermatophagoides farinae] Not a proven allergen.
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Table 4
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FASTA headers of allergen sequences officially provided in the WHO/IUIS database that do not exactly identify allergens of D. farinae. For the majority of
sequences, allergen names are not provided in these FASTA headers. The allergens Der f 26, 29 and 35 were misidentified in the FASTA headers (see also

Table 3).
Allergen FASTA header
Der f 8 8i|442565870|gb|AGC56215.1| glutathione S-transferase, partial [Dermatophagoides farinae]
Der f 10 8i|1359436|dbj|BAA04557.1| Mag44, partial [Dermatophagoides farinae]
Der f 11 gi|13785807|gb|AAK39511.1| paramyosin-like allergen, partial [Dermatophagoides farinae]
Der f 14 8i|1545803|dbj|BAA04558.1| Mag3, partial [Dermatophagoides farinae)
Der f 15 8i|5815436|gb|AAD52672.1|AF178772_1 98kDa HDM allergen [Dermatophagoides farinae]
Der f 20.0201 8i|156938897|gb|ABU97470.1| arginine kinase [Dermatophagoides farinae]
Der f 22 8i|109629736|gb|ABG35122.1| allergen [Dermatophagoides farinae]
Der f 24 8i|477541860|gb|AGI78542.1| ubiquinol-cytochrome ¢ reductase binding protein-like protein [Dermatophagoides farinae]
Der f 25.0101 gi|442565872|gb|AGC56216.1| triose-phosphate isomerase [Dermatophagoides farinae]
Der f 26 8i|685432796|gb|AI008852.1| Der f 30 allergen [Dermatophagoides farinae]
Der f 28.0101 8i|442565876|gb|AGC56218.1| heat shock protein 70 [Dermatophagoides farinae)
Der f 29 8i|685432804|gb|AI008856.1| Der f 26 allergen [Dermatophagoides farinae]
Der f 30 8i|442565878|gb|AGC56219.1| ferritin [Dermatophagoides farinae]
Der f 34 8i|1098871171|dbj|BAV90601.1| enamine/imine deaminase [Dermatophagoides farinae]
Der f 35 8i|1187443130|dbj|BAX34757.1| group II allergen [Dermatophagoides farinae]

in astigmatid mites; however, Der f 9, 12, 19, and 38 have not yet been
described/approved [3]. Furthermore, the Der f 17 allergen, a putative
EF-hand calcium-binding protein, was cited in the original submissions
as an allergen [4,5], but the corresponding sequence has never been
deposited in a public database (see also a note on the WHO/IUIS site
[31). Therefore, we referred to allergen group 17 of the mite as an
‘empty’ group, although our dataset included EF-hand calcium-binding
proteins, one of which may be that referred to as Der f 17 [4,5]. Thus,
our proteomics approach successfully identified 34 allergens, and we
found reliable matches for the yet undescribed allergens Der f 9 and 38.
However, we could not find protein hits corresponding to the group 12
and 19 allergens described in only B. tropicalis. Thus, we suggest that
these two groups of allergens are not expressed in Dermatophagoides, a
conclusion that is also supported by the absence of these allergen
groups in D. pteronyssinus. Blo t 12 (AAA78904.1), including isoaller-
gens, is similar to a number of the mite allergens produced only as
recombinants [55-57]. A protein similar to Blo t 12 was also found in
Lepidoglyphus destructor (AAQ55550.1; query coverage 100% and
identity 93.06% to AAA78904.1). Therefore, a possible explanation for
the fact that we did not find a homolog to Blo t 12 in D. farinae is that B.
tropicalis is phylogenetically distant from Dermatophagoides. Proteomic
identification is an important piece of evidence supporting the existence
of a protein at the protein level. Thus, it should also be of interest that
by using proteogenomics, we identified D. farinae proteins with some
similarity to the Blo t 12 domain in terms of the domain architecture. In
the case of Blo t 19, the domain architecture (AHG97583, Anti-
microbial25 s.f. domain) [43,44] indicates its high similarity to anti-
microbial peptides found in nematodes. Thus, in future research, the
origin of Blo t 19 should be verified.

Here, we provided evidence for Der f 38 because we found se-
quences homologous to the corresponding approved allergen Der p 38
that was recently deposited in the WHO/IUIS database [3]. However, it
will be necessary to confirm the immunogenicity of Der f 38. Compared
to Der f 38, the sequences related to Der f 9 were available in NCBI at
the time of our analysis. It is a similar situation for Der f 5, which was
recently added to the WHO/IUIS list of allergens [3]. It is quite sur-
prising that Der f 5 and 9 have not earlier or yet, respectively, been
confirmed/approved as allergens since their homologs in D. pter-
onyssinus, i.e., Der p 5 and 9, respectively, were described a long time
ago [58-60]. Note that Der f 5 was claimed by Le Mao et al. [61] ac-
cording to the location of spots in 2D-E. Here, we found the following:
(i) both Der f 5 and 9 were present in males and females, (ii) Der f 5 was
more abundant than Der f 9, and (iii) there were no significant sex
differences in Der f 9 abundance, while Der f 5 was more abundant in
females. The sequence record AAP35067.1/2 for Der f 9 was provided
by a research group [62] that also provided several sequences for Der f
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5 (i.e., ABO84970.1, ABO84974.1, and ABO84975.1). Another research
group provided the Der f 5 allergen sequence AIO08857.1. Further-
more, Bordas-Le Floch et al. [16] recently retrieved the partial coun-
terpart sequences that matched Der f 5 (ATI08933.1) and Der f 9
(ATI08934.1) (see Table S3 in [16]). However, we found that in addi-
tion to the sequences that correctly denoted Der f 5, NCBI included the
record AAX34048.1 Der f 5.02 allergen [Dermatophagoides farinae],
which in fact relates to the group 21 allergen. Thus, the header of the
Der f 5.02 allergen is misleading and should be renamed accordingly to
avoid confusion in the future. We suggest that this pitfall could be
caused by the fact that both groups 5 and 21 have the Blo-t-5 domain.
Thus, multiple sequences that characterize the same protein/allergen
exist in NCBI, but some of them can lead to incorrect identification (see
also the last section of the Discussion).

In our previous study, we suggested that the group 9 allergen con-
stitutes an important difference between D. farinae and D. pteronyssinus
fecal proteomes because we failed to detect it in D. farinae, while D.
pteronyssinus Der p 9 was detected in the acidic isoelectric point (pI) of
2D-E [34]. Subsequently, Cui et al. [63] produced a recombinant Der f 9
and tested it for allergenicity [63]. Thus, considering all of these results
together, it is important that we detected/confirmed Der f 9 at the
protein level here, although it seems that this protease allergen is less
important from a quantitative point of view than its homolog Der p 9 in
D. pteronyssinus [34].

4.3. New candidate allergens and other important proteins of D. farinae

The 34 WHO/IUIS currently approved allergens, together with the
likely allergens Der f 9 and 38, make D. farinae a very diverse source of
allergens; however, there are a number of additional proteins of po-
tential immunogenic importance in this species. Therefore, we selected
proteins with primary structures similar to those of known allergens,
denoted here as allergen-like proteins. For a subset of these proteins,
one can at least suggest that they are allergen isoforms. We then se-
lected proteins that are candidate allergens based on their function,
domain architecture and/or enzyme activity. In general, for each al-
lergen or a newly considered allergen compound, it is important to
consider its abundance in the environment, especially whether the
protein is defecated/excreted and thereby quantitatively dominates
other proteins present only in the mite body [12,34,64]. However, the
abundance of the allergen in the mite body is also important, especially
if mite bodies are used for antigen preparation.

In general, one of the most potent groups of proteins provoking
allergies are mite proteases, which can have a dual allergen function.
Proteases such as Der f 1 can affect epidermal barrier structure and
function, stimulate protease-activated receptor 2 (PAR-2) [65-69] and/
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or inactivate PAR-1 [69]. Although the very important protease al-
lergen groups 1, 3, 6 and 9 are already known, additional proteases can
also affect both the epidermal barrier and PAR-1/2. Here, we identified
a number of additional serine and cysteine proteases that may be potent
allergens directly or at least due to their mechanism of action. Fur-
thermore, the synergic or cumulative effect of the wide spectra of
proteases can contribute to allergy manifestation.

The next group of proteins that can generally be considered to
provoke allergies are chitinases or proteins with a similar mode of ac-
tion. Diverse protozoan and metazoan pathogens use chitinases through
infection and thereby induce diseases in humans and animals [70]. In
HDMs, there are two recognized chitinase-like allergen groups, but the
allergenic properties of groups 15 and 18 have been confirmed for dogs
only [71,72]. Both Der f 15 and Der f 18 share the GH18_chitinase-like
s.f. domain and have a second ChtBD2 and CBM_14 domain, respec-
tively. Moreover, among the HDM allergens, group 23 allergens have a
ChtBD2 domain, and a more recently described group 37 allergen has
two CBM_14 domains. The CBM_14 (Chitin-binding Peritrophin-A) do-
main also characterizes the Blo t 12 allergen; therefore, among the
proteins of Dermatophagoides with a similar domain architecture, one
can also find a Blo t 12 homolog/analog. Overall, proteins with the
chitin-binding domain and/or chitinase activity can be considered po-
tential allergen analogs to those that have already been described. Fi-
nally, we previously identified exochitinases of the bacterium Bacillus
cereus in fecal extracts from the mite Tyrophagus putrescentiae [64].
Thus, the bacterial exochitinases, if present within the mites, can con-
tribute to the allergy directly by their enzyme activity [64], which is in
principle similar to the action of the proteases.

Another member of the canonical mite allergens is Der f 14, which is
an apolipophorin. Der f 14 has the LPD N (Vitellogenin N s.f.) and
DUF1943 s.f. domains. Furthermore, vitellogenin with the
Vitellogenin N, DUF1943, and VWD s.f. domains is a proven allergen,
specifically, Api m 12 and Ves v 6 of Apis mellifera and Vespula vulgaris,
respectively [73]. Thus, proteins with apolipophorin/vitellogenin-like
domain architecture are of potential immunogenic interest in mites.
Finally, the results showed that an abundance of vitellogenins exhibit a
large difference between the sexes, dominating in females of D. farinae.

Another group of allergens of importance that we focus on here are
serpins. Serpins are highly conserved proteins with the principal func-
tion of protease inhibitor activity [74]. Their immunogenic potential
was first characterized in Schistosoma haematobium [75], long before the
Der f 27 allergen was characterized in D. farinae [76]. Interestingly, the
sex-dependent difference in Der f 27 expression found in our study
mirrored that observed for a serpin in the tick Amblyomma americanum
[74]. Overall, our results suggest that Der f 27 may have a higher al-
lergy potential than previously suggested. However, we identified two
other serpin isoforms similar to Der f 27 as SMSB3a variants, but they
shared low similarity with Der f 27. Both of these isoforms were more
abundant in males, but the difference was not as large as that for Der f
27. Furthermore, a serpin B10-like protein was identified in D. farinae,
and it also may be of interest.

4.4. Explanation of the low identification success for some allergens

The abundance of an immunogen in the environment affects its al-
lergy potential [77]. We observed a low identification success for the
allergens Der f 11, 14, 23, 28 and 30 when the official WHO/IUIS se-
quences were used for identification. Therefore, we investigated whe-
ther these allergens are truly at a low abundance in mite bodies or
whether there is some other explanation for the low identification
success. Our investigation provided support that Der f 23 is a low-
abundance allergen in D. farinae mite bodies, which can be explained by
it being localized to the peritrophic membrane. In contrast, the mite
allergen group 23 is excreted with feces, as found for Der p 23 in D.
pteronyssinus [78]. The low abundance of Der f 23 in the mite bodies
determined here by label-free proteomics is consistent with that
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reported for its homolog Der p 23 in D. pteronyssinus [79]. Moreover, for
the two allergens, Der f 11 and Der f 14, we found that the identification
success was higher when a sequence longer than the partial official
WHO/IUIS sequence was used to identify the protein hit. Thus, partial
sequences inaccurately characterize the allergen and should be replaced
in the database, at least for the use in MSP identification.

A more complicated investigation was necessary for the Der f 30
allergen (i.e., ferritin), for which we found that D. farinae expresses
more isoforms, which were reported here as three separate protein hits.
We revealed that the isoform denoted here as Der f 30 (isoform) pro-
vides the same tryptic digests as the official WHO/IUIS sequence of Der
f 30 (AGC56219.1). Furthermore, the results of our investigation sug-
gest that the ferritin/Der f 30 identified in earlier analyses employing
MSP [9,11,12,14] may actually have been Der f 30 (isoform), the se-
quence of which was not known/available at the time. This suggestion
is based on the fact that according to our results, Der f 30 appears to be
a very-low-abundance protein/allergen in mite bodies.

Finally, our results showed that Der f 28.0101 (AGC56218.1) and
Der f 28.0201 (AIO08848.1) are of low abundance, and the latter Der f
28 isoform we found only in the trace dataset. Der f 28 is a heat shock
protein 70, and this group of proteins is usually very abundant in or-
ganisms; however, the low abundance of the two WHO/IUIS approved
isoforms of Der f 28 allergen [3] decreases their importance from a
quantitative point of view. In our dataset, we found a variety of Der f
28-like protein hits, including those denoted as Mag 29 allergens
[48,49], and they were identified with higher identification success
despite being characterized by shorter sequences than Der f 28.0101
and Der f 28.0201. Future studies with detailed sequence identification
analyses will be necessary to fully explain the quantitative ambiguity of
Der f 28.

4.5. Sex-dependent allergen expression and its practical significance

There was a large difference between the male and female pro-
teomes. Furthermore, there were series of protein hits detected in only
males or females. Therefore, it is important to carefully consider the
significance of this difference, and the threshold for assessing sub-
stantial importance can be approximately + 1 on a log2 fold scale. The
key qualitative differences were revealed in the volcano plot analysis,
especially when missing values were replaced by zeroes. Sex-related
differences were also observed at the quantitative level (protein was
detected in both sexes). There were sex-dependent LFQ differences in
various allergens, reaching an approximate difference of = 1 on a log2
fold scale; however, there was one allergen, Der f 27 (serpin; see [76]),
whose difference between females and males was the most substantial
(approximately 5 on the log2 fold scale). Moreover, the overall in-
tensities or MS/MS counts suggest that Der f 27 is a highly abundant
protein in mite bodies, especially in females. Other potential im-
munogens of D. farinae discussed above exhibited important differences
between sexes.

Considering the fact that we demonstrated sex-biased differences in
allergens and that variation in the sex ratio with culture age was pre-
viously observed [31], the allergen levels in differently aged cultures
should also impact the appropriate proportion. Thus, the differences in
allergens between males and females can at least partially explain the
observed variations in the composition of (commercial) mite allergen
extracts [21-28,53]. However, there are additional factors that can
greatly influence the production of proteins/allergens. Therefore, it is
important to consider the role of the mite strain and associated bacterial
microbiome [80] and cultivation method, including differences in the
diet used [53,81,82]. Further work will be needed to demonstrate the
level at which the changes in the sex ratio can affect the allergen
composition in allergen extracts.

The sex differences in proteomes could also be notably influenced
by proteins from the unlaid eggs of females. To prove this suggestion
and show its significance, it will be necessary in the future to compare
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the proteomes of eggs and mature females with unlaid eggs. In the
future, the impact of the composition of different life stages in the mite
culture on the total proteome and allergome of the culture should also
be studied. Although our analysis can be considered comprehensive,
some proteins and allergens might be missed or underestimated in the
analysis because of the restriction to adult males and females.

4.6. Misleading sequence headers can lead to inaccuracies in MSP allergen
identification

Recent high-throughput “omic” methods have become very effec-
tive tools in the analysis of complex data and biomarker discovery;
however, such complex analyses contain pitfalls that can result in in-
accurate data interpretation. In the case of MSP, researchers usually
work with large databases used to search the MS data. Furthermore,
many sequences provided in public databases are not verified or are
redundant. Thus, for proper interpretation, in some cases, it is appro-
priate to individually verify the sequences and their corresponding
headers. For example, in our previous study [83], automatic evaluation
wrongly identified the VP3 structural protein of deformed wing virus
because the sequence in fact related to a different part of the virus [83].
Here, we identified a set of headers from NCBI entries that can easily
lead to improper identification of allergens because they contain the
word “allergen”, which is misleading for unproven allergens. Thus, it is
important to be aware of these entries.

The sequence records of D. farinae that we found to be misleading
need to be properly considered until they are renamed or the sequence
containing the word “allergen” is verified as a true allergen approved
by WHO/IUIS [3]. We stress that among the astigmatid mites, the al-
lergen groups 5 and 21 can easily be confused due to incorrect sequence
designation. For example, confusion is probable due to the sequence
AAX34048.1 of D. farinae having the header Der f 5.02 allergen, al-
though the sequence was actually identified as Der f 21. Furthermore,
the official WHO/IUIS sequence record for Blo t 21 (AAX34047.1) has
the header Blo t 5.02 allergen [Blomia tropicalis]. Similarly, the entry
BAX34757.1 has the header group II allergen [Dermatophagoides far-
inae], but the entry in fact characterizes the allergen Der f 35.

On the WHO/1IUIS site, comments are provided for some allergen
sequences. In particular, a comment had been posted on 06 Nov 2014
for the Der f 26 allergen stating that “the sequence entries should be
amended”, but we found that the correction has not been made in NCBI.
Furthermore, for Der f 29, the WHO/IUIS notes that “NCBI and UniProt
show "Der f 29" as profilin, but that entry (AIO08866.1) was not sub-
mitted to IUIS and is illegitimate”. In fact, the heading of AI008866.1 is
Der f 29 allergen, but it is not in that allergen group, which actually
refers to peptidyl-prolyl cis-trans isomerase (cyclophilin) rather than
profilin. It is also of importance that the entry L7UZ85.1, which is the
putative mite allergen a-actinin [84], does not characterize Der f 24 as
incorrectly indicated in the header. Thus, if in the future a-actinin is
approved by WHO/IUIS as an allergen, it will be necessary place this
protein in another group of allergens.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2019.103535.
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Fig. S1 Histograms after the 16 nLC-MS/MS runs. A) before and B) after the matrix

was filtered to proteins that contained at least three valid values in total.
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