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Background: A sequenced house dust mite (HDM) genome
would advance our understanding of HDM allergens, a common
cause of human allergies.
Objective: We sought to produce an annotated
Dermatophagoides farinae draft genome and develop a
combined genomic-transcriptomic-proteomic approach for
elucidation of HDM allergens.
Methods: A D farinae draft genome and transcriptome were
assembled with high-throughput sequencing, accommodating
microbiome sequences.The allergen gene structureswere validated
by means of Sanger sequencing. The mite’s microbiome
composition was determined, and the predominant genus was
validated immunohistochemically. The allergenicity of a ubiquinol-
cytochrome c reductase binding protein homologue was evaluated
with immunoblotting, immunosorbent assays, and skin prick tests.
Results: The full gene structures of 20 canonical allergens and 7
noncanonical allergen homologues were produced. A novel
major allergen, ubiquinol-cytochrome c reductase binding
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protein–like protein, was found and designated Der f 24. All 40
sera samples from patients with mite allergy had IgE antibodies
against rDer f 24. Of 10 patients tested, 5 had positive skin
reactions. The predominant bacterial genus among 100
identified species was Enterobacter (63.4%). An intron was
found in the 13.8-kDa D farinae bacteriolytic enzyme gene,
indicating that it is of HDM origin. The Kyoto Encyclopedia of
Genes and Genomes pathway analysis revealed a
phototransduction pathway in D farinae, as well as thiamine and
amino acid synthesis pathways, which is suggestive of an
endosymbiotic relationship between D farinae and its
microbiome.
Conclusion: An HDM genome draft produced from genomic,
transcriptomic, and proteomic experiments revealed allergen
genes and a diverse endosymbiotic microbiome, providing a tool
for further identification and characterization of HDM allergens
and development of diagnostics and immunotherapeutic
vaccines. (J Allergy Clin Immunol 2015;135:539-48.)

Key words: House dust mite, allergen, genome, microbiome,
transcriptome, proteome, ubiquinol-cytochrome c reductase binding
protein, Der f 24, Enterobacter species

Allergic diseases, which affect 30% to 40% of the world’s
population and are increasing in prevalence internationally,
particularly among young people, have negative effects on
patients’ work and social lives and have become a costly global
health problem.1,2 House dust mites (HDMs) are predominant
sources of inhalant allergens, with more than 50% of allergic
disease cases being attributed to them.3-5 Decades of research
have revealed 23 HDM allergen groups, with the canonical group
1 and 2 allergens being the most clinically important because they
possess IgE-binding activity in most sera of patients with mite
allergy.5-7 Group 1 and 2 allergens induce TH2 immune responses
by encoding cysteine proteases and by facilitating Toll-like
receptor 4 signaling, respectively.8,9

It remains a perplexing question why HDMs are seemingly
teeming with allergenic components. The identities of the full
spectrum of HDM allergenic components are not yet known.
Allergen-specific immunotherapy represents the only currently
available therapy that has long-lasting effects on allergic
diseases.10 HDM allergen vaccines are generally made from
extracts of purified mite bodies, which include components of
microbes that inhabit mites.11,12 It is difficult to ensure the
lot-lot consistency of the vaccine because of its complex
components. Distinguishing the effective components of vaccines
539
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biquinol-cytochrome c reductase binding protein
from those that produce side effects would enable more potent
and safe vaccines to be developed.

Having knowledge of the HDM genome and its endosymbiotic
microbiome will be pivotal to resolving the aforementioned core
scientific and clinical issues in the field of allergy. The closest
species to the HDM for which a genome draft has been produced
is the spider mite Tetranychus urticae,13 which is a cause of
occupational allergic disease in agricultural workers.14 However,
despite their prominent role as allergen sources, the genomes of
the HDMs Dermatophagoides pteronyssinus and Dermatopha-
goides farinae have yet to be resolved, restricting more in-depth
research on HDM allergens and the mechanisms underlying their
allergenicity. Here, we combined genomic and transcriptomic
approaches to produce a D farinae draft genome that can provide
insights into the identities of the full array of D farinae allergens
and the mechanisms mediating their allergenicity, including the
potential role of the microbiome. We applied our draft genome
in combination with proteomic and comparative analyses to
uncover a novel major allergen and examine the genes underlying
physiologic and metabolic processes.
METHODS

Mite culture and purity check
D farinae mites were isolated from indoor dust samples from Shenzhen

City in southern China.2 The mite culture and purity check methods

are described in the Methods section in this article’s Online Repository at

www.jacionline.org.
Genome and transcriptome sequencing
D farinae genomicDNA andRNA samples were prepared as described in the

Methods section in this article’s Online Repository. Four paired-end sequencing

libraries with insert sizes of 200, 500, 2000, and 5000 bp, respectively, were

constructed by usingD farinaewholeDNAand then sequencedwith an Illumina

HiSeq2000Sequencer.A total of 24gigabase (Gb)pairs of sequencing datawere

generated. D farinae cDNAs were sequenced with the Illumina HiSeq 2000

Sequencer; 5.8 Gb of paired-end sequencing data (insert size, approximately

200 bp) was generated for transcriptome analysis.
Genome assembly and annotation using

transcriptome data
Genome assembly began with reconstruction by using SOAPdenovo,15

ALLPATHS-LG,16 and Velvet17 (see the Methods section in this article’s

Online Repository). Protein-coding genes were predicted with the use of 2

ab initio gene prediction tools: GeneMark-ES18 and GimmerHMM.19

Annotation of noncoding RNA genes was done with tRNAscan-SE20 and

RNAmmer.21 Transcriptome sequencing data were assembled by using Trinity,22

and the assembled transcripts were used to refine the annotations by using

GeneMark-ES and GlimmerHMM. Splice junctions and relative abundance of

RNA sequencing reads were determined with TopHat,23 SpliceMap,24 and
Cufflink.25 Finally, we evaluated the completeness of our draft genome relative

to the Core Eukaryotic Genes Mapping Approach (CEGMA) set of 248 core

eukaryotic genes (CEGs) with the CEGMA pipeline.26
Microbiome analysis
Because of the possibility of symbiotic relationships between mites and

microorganisms that might preclude entirely sterile culture conditions, mite

sequencing data were separated from microbiota sequences by means of

manual curation based on BLAST searches in the microbial database. The

assembled draft genomewas comparedwith microbial databases, as described

in detail in the Methods section in this article’s Online Repository, to

distinguish between D farinae and microbial genomes. Briefly, we searched

the microbial RefSeq database using genomic sequencing reads with a

high-stringency cutoff (E-value <_ 1e250); matches for each read must map

to the same genus.

The following aspects are described in the Methods section in this article’s

Online Repository: mite culture and purity check; Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway and phylogenetic analyses and

metabolic comparison to Tetranychus urticae; allergen gene cloning

and proteomic identification; IgE-binding assay and skin prick tests; and

Enterobacter cloacae immunohistochemistry and bacteriolytic enzyme gene

cloning.
RESULTS

Mite culture purity
Morphologic inspections and PCR experiments confirmed the

purity of the D farinae species in our cultures. There was no
contamination from D pteronyssinus. After the culture medium
had been digested with nuclease, the genomic DNA sample was
confirmed to be contamination free (Fig 1, A and B, and see
Figs E1-E3 and Tables E1 and E2 in this article’s Online
Repository at www.jacionline.org).
Mite genome draft
High-throughput sequencing (see Table E3 in this article’s

Online Repository at www.jacionline.org) yielded 24 Gb of
genome sequences or roughly 380-fold coverage of the estimated
genome size. After building a de novo draft assembly and
applying gap filling, 4 sequencing libraries were assembled into
554 scaffolds (total length, 61 Mb; N50 length, 197 kb). Because
the sample included nucleic acids attributable to the mite’s micro-
biome, we examined its microbial composition (see Table E4
in this article’s Online Repository at www.jacionline.org).
Separation of microbial DNA resulted in a 53.5-Mb D farinae
draft genome with 516 nuclear genome scaffolds (N50 5 187
kb) and a 14.3-kb mitochondrial genome (see Table E5 in this
article’s Online Repository at www.jacionline.org). The draft
genome was submitted to the National Center for Biotechnology
Information (NCBI) BioProject (ID: PRJNA17406, accession
no.: ASGP00000000).

Our draft genome included 242 (97.58%) of 248 CEGs, with
239 (96.58%) of 248 complete CEGs (see Table E6 in this article’s
Online Repository at www.jacionline.org), indicating good
completeness.22 We retrieved 264 nucleotide sequences and 189
amino acid sequences of D farinae from the NCBI (April 2012)
and confirmed that 261 (98.8%) of the nucleotide sequences
and 182 (96.3%) of the amino acid sequences were present in
the draft genome (E-value cutoff: 1e26).

The guanine-cytosine contents of the coding DNA sequences
and whole genome were 34.4% and 29.5%, respectively.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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FIG 1. HDM morphology and phylogeny. A, Photomicrograph of a live adult female D farinae mite.

B, Scanning electron microscopic image of an adult female D farinae mite. C, GO distribution of D farinae.

D, Phylogenetic tree of D farinae with 25 other arthropod species.
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GeneMark-ES, GimmerHMM run 1 (with Caenorhabditis
elegans), and GimmerHMM run 2 (with T urticae) predicted
13,475, 20,165, and 14,156 gene models, respectively.
Another 3,265 gene models were inferred with TopHat and
Cufflinks transcriptome sequence analysis. Altogether, 16,376
gene models were obtained, including 9,142 that were
supported by RNA sequencing results. Gene annotation with
Blast2GO yielded 8,201 genes with significant hits (E-value
cutoff: 1e210) in the NCBI nonredundant database. Among
them, 7,348 were assigned at least 1 gene ontology (GO) term
(Fig 1, C).

Using tRNAscan-SE, we identified 65 annotated transfer RNA
genes within the D farinae nuclear genome. The rRNA genes
(18S, 5.8S, and 28S) that were experimentally identified in
D farinae previously were found within our D farinae genome
draft (see Table E5). Both 18S and 28S were predicted in their
entirety by using RNAmmer.
Phylogenetic analysis
A phylogenetic tree was constructed from the protein

sequences of 101 CEGs that are shared among 25 Arachnida,
Branchiopoda, and Insecta species (see Table E7 in this article’s
Online Repository at www.jacionline.org) to reveal D farinae’s
phylogenetic relationships with other arthropods. A comparison
of D farinae’s genome annotations with those of T urticae, to
which our maximum likelihood tree showed D farinae to be
phylogenetically close (Fig 1, D), revealed similar GO
distributions (see Fig E4 in this article’s Online Repository
at www.jacionline.org).23 Regarding genes associated with
metabolic processes, 662 of 3,029 genes in D farinae and 476
of 2,492 genes in T urticae did not correlate with each other.
Transcriptome and KEGG pathway analysis
We assembled 5.8 Gb of paired-end sequencing data,

annotating a total of 16,376 genes, with only 9,142 (55.8%)
being supported by RNA sequencing data, probably because of
developmental variation of gene expression profiles. Functional
annotation for GO and the KEGG27 pathway database using the
BLAST2GO28 program mapped 7,348 protein-coding genes to
GO project categories (Fig 1, C). We identified most constituents
of the KEGG phototransduction pathway in the D farinae
annotated genes (see Fig E5, A, in this article’s Online
Repository at www.jacionline.org) with high homology, with
the exception of rhodopsin. One candidate gene
(DEFA_098690) encoding a 7-transmembrane domain protein
with 83.7% similarity to the rhodopsin family transmembrane
receptor domain (aa 84–206; XP_002430048 in GenBank) of
Pediculus humanus corporis was annotated as a class

http://www.jacionline.org
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FIG 1. (Continued).
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A rhodopsin–like G protein–coupled receptor, GPRadr2 (see
Fig E5, B).
Identification of HDM allergen genes
We retrieved complete gene sequences and structures of 20

reported HDM allergens,8,9 including Der f 1 to Der f 23, except
forDer f 17, Group 12, andGroup 19, fromour assembled genome
with support from transcriptomic analysis (Table I and see Fig E6
in this article’s Online Repository at www.jacionline.org) and
determined their relative expression levels in adult D farinae
mites in terms of fragments per kilobase of transcript per million
mapped reads (Table I). Der f 4 is reported here for the first time.
We also identified the complete sequences of 7 noncanonical
allergen candidates (profilin, Alt a 6, a-tubulin 1, cathepsin,
Mala s 6, aldehyde dehydrogenase, and enolase homologues)
with amino acid sequence homology (approximately 41.5% to
90.5%) to experimentally validated allergens in other species
(see Fig E7 and Tables E8 and E9 in this article’s Online
Repository at www.jacionline.org). The structures of these 20
cloned canonical and 7 noncanonical allergen genes weremapped
(see Figs E6 and E7) and their sequences were confirmed to be
identical to sequences in our assembled D farinae genome,
confirming they were of mite, rather than microbial, origin.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry analysis of protein spots reactive to

http://www.jacionline.org
http://www.jacionline.org


TABLE I. Gene structures of canonical D farinae allergens confirmed by means of Sanger sequencing

Gene Locus tag* Biochemical function No. of exons

Deduced no. of

amino acids FPKM

Homologuey
(% similarity)

Der f 1 DEFA_073880 Cysteine protease 6 321 840.51 BAC53948 (100%)

Der f 2 DEFA_057430 Lipid binding 2 146 97.27 Q00855 (100%)

Der f 3 DEFA_036500 Trypsin 2 259 36.79 P49275 (99%)

Der f 4 DEFA_092370 a-Amylase 3 526 12.99 AAD38942 (88%)�
Der f 5 DEFA_009370 Structural protein 2 132 410.29 ABO84970 (100%)

Der f 6 DEFA_160240 Chymotrypsin 3 279 24.83 ABG23667 (100%)

Der f 7 DEFA_012670 Unknown 2 213 481.87 ACK76298 (99%)

Der f 8 DEFA_112610 Glutathione transferase 2 221 353.39 AAP35080 (96%)�
Der f 9 DEFA_108510 Serine protease 4 272 4.37 AAP57077 (92%)

Der f 10 DEFA_012620 Tropomyosin 5 284 1532.23 Q23939 (99%)

Der f 11 DEFA_029610 Paramyosin 11 876 321.77 AAO73464 (98%)

Der f 13 DEFA_016640 Fatty acid binding 2 131 1772.53 2A0A_A (100%)

Der f 14 DEFA_023480 Vitellogenin: egg yolk storage 6 1666 130.84 AAM21322 (88%)�
Der f 15 DEFA_127470 Chitinase 4 556 40.83 AAD52672 (96%)

Der f 16 DEFA_053360 Gelsolin: actin binding 7 480 147.91 AAM64112 (99%)

Der f 18 DEFA_042810 Chitinase 3 462 88.28 AAM19082 (100%)

Der f 20 DEFA_122350 Arginine kinase 5 356 342.86 AAP57094 (99%)

Der f 21 DEFA_009360 Structural protein 2 136 943.53 AAX34048 (100%)

Der f 22 DEFA_072800 MD-2–related lipid recognition 2 155 820.98 ABG35122 (100%)

Der f 23 DEFA_123860 Chitin-binding domain type 2 3 91 31.67 ACB46292.1 (84%)

FPKM, Fragments per kilobase of transcript per million mapped reads.

*Locus tags are included in our assembled D farinae genome.

�Analyzed relative to the NCBI database (by BLAST algorithm); GenBank accession numbers are listed.

�Partial.
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pooled sera from 20 patients with HDM allergy with our
integrated-omics approach (circled spots in Fig 2, A and B, and
see Fig E8, A and B, in this article’s Online Repository at
www.jacionline.org) revealed 4 known canonical allergens
(Der f 1, Der f 2, Der f 11, and Der f 14) and 12 other
proteins (see Table E10 in this article’s Online Repository at
www.jacionline.org). The gene sequences of these 12
homologues were confirmed by using the Sanger method to
be identical to sequences within our assembled D farinae
genome. These sequencing data confirmed that these genes
were from the mite genome.

On the basis of protein size and signal intensity, we selected 6
of these 12 proteins for production of recombinant proteins for
probing of allergenicity: ubiquinol-cytochrome c reductase
binding protein (UQCRB)–like protein; myosin alkali
light-chain protein; secreted inorganic pyrophosphatase; DFP2;
cofilin; and ferritin heavy-chain-like protein. Only recombinant
UQCRB-like protein (see Fig E9 in this article’s Online
Repository at www.jacionline.org) was strongly bound by IgE
in separate serum samples from 18 of 18 patients with HDM
allergy and not bound by IgE antibodies in sera obtained from
any of 18 nonallergic healthy control subjects and 7 patients
with pollen allergy (Fig 2, E, and see Fig E10 and Table E11 in
this article’s Online Repository at www.jacionline.org). The
other 2 recombinant proteins (cofilin and secreted inorganic
pyrophosphatase) yielded very weak positive responses, whereas
the remaining 3 recombinant proteins did not show any
IgE-binding activities (data not shown). The gene encoding the
UQCRB-like protein was cloned, and its gene structure was
mapped (see Fig E11, A, in this article’s Online Repository at
www.jacionline.org). An IgE-ELISA demonstrated strong
IgE binding to recombinant UQCRB-like protein (Z 5 5.6702,
P < .0001) in 22 (100%) of 22 sera from patients with mite
allergy (Fig 2, F). In vivo testing showed skin reactivity in 5 of
10 patients with mite allergy (see Table E12 in this
article’s Online Repository at www.jacionline.org). This
novel major allergen was designated as Der f 24 by the World
Health Organization/International Union of Immunological
Societies Allergen Nomenclature Sub-committee (http://www.
allergen.org/viewallergen.php?aid5772).
Microbiome
Of the approximately 112,000 genomic sequencing reads that

we linked to 100 microbial species (Fig 3, A, and see Table E5),
71,000 (63.4%) mapped uniquely to Enterobacter species, most
predominantly to E cloacae and Enterobacter hormaechei;
Staphylococcus (17.8%) and Escherichia (4.9%) species were
the next most predominant genera (Fig 3, A, and see Table E5).
Bartonella species accounted for only 1.7% of the reads. Our
immunohistochemistry experiment confirmed the abundant
presence of enterobacteria in the guts of D farinae (Fig 3, B).

We examined whether the genes encoding KEGG pathway
enzymes were present in theD farinae genome or its microbiome
fraction and identified 3 pathways wherein the majority of genes
were from the microbiome: thiamine biosynthesis (see Fig E12 in
this article’s Online Repository at www.jacionline.org) and
aromatic and aliphatic amino acid biosynthesis (see Figs E13
and E14 in this article’s Online Repository at www.jacionline.
org). Additionally, by combining the DNA and RNA sequence
information, we determined from our draft genome that an
intron is present in the 13.8-kDa D farinae bacteriolytic enzyme
(Fig 3, C).
DISCUSSION
We produced a 53.5-Mb D farinae draft genome with 516

scaffolds and a complete 14.3-kb mitochondrial genome. Its

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.allergen.org/viewallergen.php?aid=772
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FIG 2. Proteomics discovery of UQCRB-like protein and IgE-binding assays. A, Two-dimensional polyacryl-

amide gel electrophoresis (isoelectric point range, 3.0-10.0) demonstrating 13 IgE-immunopositive spots

(red circles). Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry analysis results

for each spot can be found in Table E10. B, Corresponding IgE-immunoblot image. C, Tandem mass spec-

trometry (MS/MS) spectrum of spot no. 3 matching peptide fragment YGLYYDDFYDYTDAAHLEAVR of the

mite UQCRB-like protein; charts show intensity (relative abundance) of motifs as a function of m/z. D,

Another MS/MS spectrum of spot no. 3 identical to peptide fragment LPPDLYDQHTYR of the mite

UQCRB-like protein. E, Deduced amino acid sequence of the mite UQCRB-like protein (GenBank accession

no.: KC669700). Boxes indicate the 2 fragments inMS/MS spectrums. F, Binding of recombinant UQCRB-like

protein by IgE in sera from 18 of 18 patients with HDM allergy. MW, Molecular weight. G, ELISA demon-

strating IgE binding to recombinant UQCRB-like protein (Z 5 5.6702, P < .0001) in 22 (100%) of 22 sera

from patients with HMD sensitization (red circles) and 22 nonallergic subjects (blue squares) as controls.
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completeness was assessed by means of application of CEGMA
to identify the existence of 248 CEGs that are present in a wide
range of taxa.26 As shown in Table E6, A and B, the number of
complete proteins encoded was similar to that of T urticae,13

with both reaching more than 95% completeness. Notably, we
identified 3 additional complete proteins in our draft genome
(see Table E6).

A draft genome provides a framework for an organism’s DNA
fragment assembly and allows up to 95% of genes to be identified.
However, compared with a complete genome, it does have
limitations. The first limitation is the potential omission of
repetitive sequences in some introns or intergenic regions.
Second, there might be a lack of correlation among scaffolds.
However, these limitations will not affect most researchers who
plan to do functional studies ofD farinae genes. The draft genome
can be further verified and filled out by means of physical
mapping with recently developed optical mapping and
mate-pair sequencing techniques,29 as well as gap filling with
traditional Sanger sequencing.

We confirmed that our D farinae genome draft includes 20
reported allergen genes from Der f 1 to Der f 23, except for
Der f 17, Group 12, and Group 19, and verified 7 noncanonical
allergen homologue genes within it. Der f 17 was reported by
Tategaki et al in the Allergen Nomenclature Web page in
2000.30 However, the sequence for Der f 17 has not been
published. Thus far, no studies have reported Group 12 and
Group 19 allergens in D pteronyssinus or D farinae. Using Blo
t 12 and Blo t 19 as reference sequences, we performed BLAST
searches in both the transcriptome and genome ofD farinae, and
no significant hits were identified. The lack of a hit could be due
to the nonexistence of Group 12 and 19 allergens in D farinae or
the incompleteness of our assembled draft D farinae genome
(see Table E6, A). In addition, all 20 of the D farinae allergens
described by An et al31 were also confirmed to be located in
our draft genome, and their full gene sequences and structures
were recovered (see Table E13).

Furthermore, we found that the draft genome encoded a
novel allergen, Der f 24, which is a UQCRB-like protein
homologue that produced a strong reaction in all patients with
HDM allergy who were tested. Our BLAST analysis and
segregation of microbial DNA revealed Enterobacter species
as the predominant bacterial genus inhabiting the mite. Our
phylogenetic analysis revealed a strong correspondence
between D farinae and T urticae genes encoding for metabolic
processes. The divergence we observed (21.8% in D farinae
and 19.1% in T urticae without a cross-species match) is likely



FIG 2. (Continued).
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related to the species’ differing living conditions. Our draft
genome included annotated genes for a full phototransduction
pathway, excepting rhodopsin, as well as a candidate gene
(DEFA_098690) encoding a class A rhodopsin-like GPRadr2.
Recovery of the GPRadr2 protein completed the phototrans-
duction pathway, providing support for Furumizo’s assertion
that D farinae might have photoreceptors responsive to light
in the 500- to 575-nm range.32 Further investigation might
provide molecular targets for the development of more
effective acaricides to control HDM propagation.33,34

Elucidating the full spectrum of allergens from D farinae and
D pteronyssinus, the most prevalent mite species, including
determination of their biochemical function, gene structures,
complete cDNA sequences, localization, content, epitope,
IgE-binding activity, and skin test activity, is important for
obtaining a good understanding of mite allergies.5,6 The present
D farinae draft genome and transcriptome could propel research
in the HDM allergy field forward by serving as an essential
resource for proteomic identification of novel allergens and
enabling efficient and reliable identification of full-length
allergen genes. Here, by using the D farinae transcriptome
database, we were able to identify a novel allergen, namely Der
f 24 (Fig 2). The observed molecular weight of Der f 1 in our
2-dimensional gel (spot no. 5 in Fig 2, A) was about 35 kDa.
We expect that it is the proform or preproform of Der f 1 rather
than the mature 25-kDa form. The IgE reactivity of pro–Der f 1
would be expected to be lower than that of mature Der f 1, and
mature Der f 1 is hardly refolded after heating or denaturation.35

Our observed molecular weights for Der f 11 and Der f 14 in
2-dimensional gels were much less than the theoretic weights
(see Table E10), perhaps because of degradation during protein
extraction. Except for Der f 1, Der f 2, Der f 11, andDer f 14, other
canonical allergens were not identified in these proteomic
experiments. The plausible contributory reasons are discussed
in theMethods section in this article’s Online Repository. In addi-
tion, because of inherent technological limitations (eg, minimum
mass requisite), 68 of 86 IgE-reactive spots in the 2-dimensional
gels could not be analyzed by means of mass spectrometry in our



FIG 3. Endosymbiotic microbes and bacteriolytic enzyme. A, Distribution of bacterial genera living in D

farinae. Endophytic, Unclassified bacteria. B, Distinctive labeling of gut contents with anti–E cloacae

antibody (left) and no-antibody controls (right). C, Structure of the D farinae gene (DEFA_122470) encoding

13.8-kDa bacteriolytic enzyme (2 exons and 1 intron). UTR, Untranslated region.
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study (Fig 2, B, and see Fig E8, A). These uncircled IgE-reactive
spots might be worth investigating in the future (Fig 2, B).

This is the first report of UQCRB-like protein as a major
allergen. No protein with a similar biochemical function has been
implicated as an allergen; UQCRB-like protein likely represents a
new major allergen class. In our phylogenetic analysis (see
Fig E11, B) D farinae UQCRB-like protein clustered with
proteins of other arthropods but branched away from the cluster,
underscoring its uniqueness.

Here we confirmed that the internal HDM body is host to more
than 100 bacterial species (see Table E4). The dominant presence
of Enterobacter species in the D farinaemicrobiome, rather than
Bartonella species, as previously suggested, is noteworthy given
their potential clinical importance; enterobacteria are isolated in
approximately 10% of nosocomial respiratory tract infections,
with 60% to 70% of those being E cloacae.36-39 The HDMsmight
serve as an intermediate host for enterobacteria and contribute to
their transmission. Additionally, it should be noted that the
distribution of sequence reads obtained in this study might be
biased toward mite genomic DNA rather than bacterial DNA.
The preparation of the mite genomic library was not optimized
for bacterial genomic DNA isolation, which could require
extended protease, SDS, and lysozyme treatments, particularly
for gram-positive species. Both the prior and present studies
have reported 24 groups of dust mite allergens not of microbial
origin. Our 2-dimensional polyacrylamide gel electrophoresis
immunoblot experiment revealed 18 IgE-binding spots
originating from D farinae but not its microbiota. Nembrini
et al40 found that airborne microbial products could suppress
allergic inflammation through a multicomponent immunoregula-
tory mechanism. This finding might explain, at least in part, why
bacterial proteins in dust mite bodies are not allergenic.

Previously, Mathaba et al41 isolated a 13.8-kDa bacteriolytic
enzyme from D pteronyssinus mite extracts and suggested it
was derived from bacteria. Erban et al42 cloned a homologous
cDNA inD farinaemites with an oligo-dT primer, which implied
that the bacteriolytic enzymewas of mite origin. Our data indicate
that the gene that encodes this enzyme, DEFA_122470, contains
an intron, which should not be in bacterial genes (Fig 3, C),
supporting a mite origin. Such gut enzymes might lyse bacteria,
enabling mites to obtain nutrition from them.43 The mites died
when exposed to ampicillin in culture (data not shown), indicating
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that they depend on their microbiome. Given the mite’s reliance
on bacteria for some essential nutrients, such as thiamine and
aromatic amino acids (see Figs E12-E14), our observations
support the view that there is a symbiotic relationship between
D farinae and its gut microbes.

From our isolated microbial scaffolds, we identified 20 of the
30 genes known to encode enzymes involved in LPS biosynthesis
(see Fig E15 in this article’s Online Repository at www.
jacionline.org). The presence of these genes in the D farinae
microbiome supports the inclusion of bacterial endotoxins in
mite allergen vaccines.11 House dust endotoxin levels have been
associated with increased asthma severity.44 Conversely, because
endotoxin is a potent inducer of TH1-type cytokines, early indoor
endotoxin exposure might protect infants against allergen
sensitization.45 Given the abundance of microbial life in the
D farinae gut and the observation that D farinae’s digestive
system constitutes approximately 70% of its body size,46 we
believe it will be important to take the HDM’s microbiome into
consideration to elucidate HDM biology, allergenicity, and
immunotherapy mechanism.

In conclusion, a D farinae genome draft that revealed the full
gene structures of 20 canonical mite allergens and 7 noncanonical
allergen homologues was produced. The metagenomic landscape
of the mite shown in our results revealed Enterobacter species as
the predominant genus of the D farinae gut microbiome. The
genome draft enabled us to pursue a multi-omic approach in
which we identified Der f 24, a UQCRB homologue, as a novel
major allergen. This draft genome provides a tool for future
identification and characterization of HDM allergens and will
be of use to developers of diagnostics and immunotherapeutic
vaccines.

Key messages

d A D farinae genome draft was produced and revealed the
full gene structures of 20 canonical mite allergens and 7
noncanonical allergen homologues.

d Enterobacter species is the predominant genus in the D
farinae gut microbiome.

d The genome draft enabled efficient identification of a
UQCRB homologue, a novel major allergen designated
Der f 24, through a multi-omic approach.
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