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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).

J ALLERGY CLIN IMMUNOL

VOLUME 135, NUMBER 2

CHAN ET AL 545
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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Supplementary methods 

Mite culture and purity check 

We employed a two-stage mite culture process . D. farinae mites were cultured at 25 °C in a 

small air-filtered room with 70% relative humidity. After 50 d in culture, the mites were enriched 

by placing the cultures under an incandescent light with a sieve (80 mesh) shielding the mites 

from direct light. After 15 d in the stage-two culture, the mites were enriched just as after the 

first stage. After washing with PBS and centrifugation to remove the culture media, the 

precipitated dust mites were observed under a light microscope. 

We tested varying proportions of three key components for mite culture medium (soybean 

powder [Nanfang Food Products Co.，China], inositol [Sigma], and vitamin tablets [Shanghai 

Bristol-Myers Squibb Co.]) and accepted the recipe proportions (described below) that best 

achieved the following criteria: (1) normal growth, development, and proliferation of dust mites 

could be observed reliably; and (2) minimization of nucleic acid contamination. The vitamin 

tablets used each contained vitamin A (5,000 IU), vitamin B1 (3 mg), vitamin B2 (3.4 mg), 

vitamin B6 (3 mg), vitamin B12 (9 g), vitamin C (90 mg), vitamin D (400 IU), vitamin E (30 

IU), nicotinamide (20 mg), folic acid (400 g), iron (27 mg), copper (2 mg), iodine (150 g), 

zinc (15 mg), magnesium (100 g), calcium (40 mg), phosphorus (31 mg), chromium (15 g), 

selenium (10 g), manganese (5 mg), chloroformate (7.5 mg), potassium (7.5 mg), pantothenic 

acid (10 mg), and biotin (30 g). 

 For the first stage, the medium was prepared as a mixture of 250 g soybean powder, 10 g 

inositol, and two ground-up vitamin tablets. To produce stage-two media, soybean powder was 

dissolved in a solution of 100–120 mM Tris, 150 mM NaCl, and 1 mM MgSO4. The solution 

was centrifuged (10,000 × g , 20min) and the resultant soluble DNA and RNA in the supernatant 
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was digested first with DNase I and then with RNase A. The mixture was then added (1:10 

vol/vol) into cold acetone to facilitate precipitation. The acetone was removed by lyophilization. 

The soluble portion of the soybean powder extract was mixed with inositol and vitamin tablets to 

produce media for the stage-two culture. To maximize elimination of possible nucleic acid 

contamination from the culture media, we treated the culture media with nuclease, separated the 

individual adult mites, and washed them. 

 

Scanning electron microscopy 

Dust mites were washed with distilled water twice to remove any superficial impurities. After 

drying at room temperature, twenty D. farinae mites (10 females, 10 males) were also 

anaesthetized with diethyl ether and attached to a sample tray under a scanning electron 

microscope (Zoom-stereomicroscope, JEOL JSM-6490, JEOL Ltd., Tokyo, Japan). The mite 

exoskeleton attaches easily. Dust mites were dried under a high vacuum. High-resolution images 

of the mites’ superficial morphological features were generated from secondary electron imaging 

signals (Fig 1,B). 

 

Culture purity checks  

Purity of the cultured dust mites was assessed by checking mite morphology and conducting 

PCR tests. We conducted two experiments to confirm that our mite cultures contained only D. 

farinae mites. In the first experiment, we conducted a study of dust mite morphology. Mites were 

placed on filter paper and washed with a small Chinese brush saturated with double distilled 

water. Individual animals were mounted on a slide (10 per slide) with a drop of mounting 

medium containing 5 g chloral hydrate, 30 g crystallized Arabic gum, and 20 ml of glycerin. 
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After application of a cover slip, the mite-loaded slides were heated on an ethanol lamp until the 

mounting medium was on the verge of boiling. Each mounted dust mite was observed under a 

light microscope when the slides had cooled to room temperature. A total of 1000 dust mites 

were mounted for observation. Each of them was identified according to the morphological 

characteristics of the D. farinae E1. (Photomicrograph of a live adult female D. farinae.taken with 

a ZEISS steREDiscovery V20 microscope see Fig 1,A). 

The second purity check experiment was a PCR examination of the mites’ genetics. Live 

dust mites were frozen immediately in liquid nitrogen in preparation for nucleic acid extraction. 

To detect possible contamination with D. pteronyssinus, genomic DNA was extracted from the 

mites and subjected to nested PCR amplification of Group I genes with primers specific to 

unique 5’ sequences of Def f 1 and Der p 1. The outer and inner primers (Table E1) used for 

PCR amplification have been demonstrated previously to distinguish successfully between D. 

farinae and D. pteronyssinus. The first round of nested PCR was performed at 95 °C for 5 min 

followed by 25 cycles at 94 °C for 50s, 68 °C for 50 s, and 72 °C for 50 s. The second round of 

nested PCR was performed at 95 °C for 5 min followed by 30 cycles at 94 °C for 50s, 55 °C for 

50 s, and 72 °C for 50 s using the first round PCR product as the template. The identities of the 

amplified DNA fragments were confirmed by Sanger DNA sequencing. The sequencing results 

confirmed that the amplified DNA fragments had 100% identity with the Der f 1 in the GenBank 

database (Accession No.: emb|X65196.1). No bands could be amplified by using the Der p 1 

primers (Fig E1), which indicates that the genomic DNA samples had no contamination with Der 

p genomic DNA. 

 

D. farinae genomic DNA sample preparation 
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Dust mites were washed with 1×PBS and homogenized to a fine power with a pestle and liquid 

nitrogen in a mortar. Genomic DNA was extracted from the homogenate with a Genomic DNA 

Extraction Kit (Qiagen, GmbH. Hilden, Germany) , using a tissue lysis protocol in accordance 

with the manufacturer’s instructions. The integrity of genomic DNA was determined by agarose 

gel (0.5%) electrophoresis and the purity of the extracted genomic DNA was assessed initially by 

calculating the ratio of absorbance at 260 nm versus 280 nm (Fig E3,A). Because soybean 

material is a major component of the medium used in our dust mites cultures, the following three 

soybean genes were amplified by PCR to evaluate possible contamination with soybean genomic 

DNA: chalcone synthase (CHS), phenylalanine ammonia-lyase (PAL), and Nod-factor receptor 

1A (NFR1A). To assess the quality of our dust mite genomic DNA, three allergen genes (Der f 1, 

Der f 3, and Der f 6) were selected for PCR amplification. The primer sequences are reported in 

Table E2. PCR experiments were performed with AmpliTaq Gold DNA Polymerase (Applied 

Biosystems, Foster City, CA). The identities of the purified PCR products were confirmed by 

DNA sequencing. The existence of bacteria living within dust mites was also checked for by 

PCR amplification of the 16S and 23S ribosomal RNA genes. The PCR results showed that the 

extracted dust mites genomic DNA contained no soybean genomic DNA, but did contain 

bacterial DNA (Fig E2).  

 

D. farinae RNA sample preparation, cDNA synthesis, and polymerase chain reaction (PCR) 

Dust mites were washed with 1×PBS, placed in Trizol (Invitrogen), and homogenized in an 

Ultra-Turrax T25 Homogenizer (IKA, GMBH, HUMBOLDSTRABE 8, Konigswinter 53639, 

Nordrhein-Westfalen, Germany) at a speed of 13,500 rpm. Total RNA was isolated from the 

homogenate with Trizol following the manufacturer’s instructions. The integrity of the total 
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RNA sample was checked by 1.5% denaturing agarose gel electrophoresis (1× MOPS 

electrophoresis buffer with 8% formaldehyde) (Fig E3,B) followed by analysis with a 

Bioanalyzer (model, vendor). Double-stranded cDNA was synthesized with a SMARTerTM 

PCR cDNA Synthesis Kit (Clontech Laboratories, Inc.) following the manufacturer’s protocol. 

Briefly, 1 μg total RNA in 3.5μl double-distilled H2O was mixed with 1 μl 3’ SMART CDS 

Primer IIA and then incubated serially at 72 °C for 3 min and at 42 °C for 2 min. The reaction 

was transferred to a 5.5-μl aliquot of master mix containing 2 μl 5× First-strand buffer, 0.25 μl 

DTT (100 mM), 1 μl dNTP (10 mM), 1 μl SMARTer IIA oligonucleotide (12 μM), 0.25 RNase 

inhibitor, and 1 μl SMARTScribeTM reverse transcriptase (RT, 100 U). The RT reaction was 

allowed to proceed at 42 °C for 1 h, followed by heating at 70 °C for 10 min, and then a transfer 

to a 90-μl aliquot of PCR master mix containing 10 μl 10× Advantage 2 PCR buffer, 2 μl 50× 

dNTP (10mM), 2 μl 5’ PCR Primer2A (12 μM), and 2 μl 50× Advantage 2 polymerase. The 

PCR conditions were as follows: 95 °C for 1 min followed by 15 cycles at 95 °C for 15 s, 65 °C 

for 30 s, and 68 °C for 3 min. The quality of double-stranded cDNA was determined by our 

Bioanalyzer. A smear from 0.7 kb to 10 kb, with areas of higher intensity at ~1.5 and ~3 kb, was 

observed, which indicated good integrity for Illumina Solexa DNA sequencing (Fig E3,B). 

 

Genome assembly 

Genome assembly was performed in several steps, beginning with reconstruction by 

SOAPdenovoE2. Four libraries were tested for assembly with a range of K-mers (from 15 to 39).  

After comparing N50, the number of scaffolds, and the lengths of the longest scaffolds, K-mer 

19 was selected as the backbone reference for gap-filling and assembly error-correction. The de 

novo assembly programs ALLPATHS-LGE3 and VelvetE4 were used to assemble more accurate 
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but smaller contigs, which were then used to replace the gap regions and mis-assembly regions in 

the SOAPdenovo results when the flanking regions were significantly similar to each other (E-

value cutoff, 1e-10). Reads from different libraries were further mapped to the draft genome with 

BWAE5 software.  Paired-end information was used for further gap filling and joining of contigs.  

Finally, the draft genome was compared to microbial RefSeq databases. The results were 

manually curated based on the BLAST results against the microbial RefSeq database and the 

bacterial scaffolds were isolated from the draft genome and used in subsequent analysis (KEGG 

study).  To further determine the relative abundance of bacteria in the microbial composition, 

reads from the two genome sequencing libraries were extracted and compared with the microbial 

RefSeq database with BLAST (e-value, 1e-50). All the best matches were then extracted and the 

reads were further classified into genera in accordance with a stringent unique-read-mapping 

selection process; a read was considered a true match only when all of its best matches mapped 

to the same genus.   

 

Transcriptome assembly 

A de novo transcriptome was assembled using TrinityE6 with a K-mer of 25 and a minimum 

contig size of 200 bp. Likely coding regions were extracted with the 

“transcripts_to_best_scoring_ORFs.pl” Trinity script. The resulting coding DNA sequences were 

subjected to BLAST searches versus the NCBI nr database and the results were integrated into 

the genomic annotation. The assembled transcripts were also employed in the allergen gene 

recovery process and in our proteomic analysis with the Mascot program as a protein database. 

Final gene sets were established by combining results from different computational 

methods. The experiments for ab initio gene prediction (GeneMark-ESE7 and 2 runs of 



S7 
 

GlimmerHMME8) were conducted to predict protein-coding genes with the C. elegans and T. 

urticae genomes as models. The results obtained with each method were compared against NCBI 

non-redundant databases and transcriptome assembly results. Sequences with significant hits (E-

value cutoffs, 1e-10 for nr and 1e-20 for transcriptome; identity cutoff, 80%; length of overlap 

cutoff, 80%) were kept in the final gene sets. The predicted open reading frames (ORFs) that 

remained were compared to one another. Those ORFs that were predicted by at least two 

methods were designated as hypothetical proteins. Functional annotation, including GO and the 

KEGGE9 pathway, was carried out with a local BLAST2GOE10 program; the GOslimE11 utility 

was used to reduce the number of GO terms and enable a broad view of the GO distribution to be 

obtained. tRNAscan-SEE12 was used to predict tRNAs with default eukaryote parameters. rRNAs 

were identified by RNAmmerE13. The snoRNA genes (including C/D box snoRNAs and H/ACA 

box snoRNAs) were predicted by snoSeekerE14 with default parameters. 

  

D. farinae KEGG pathway analysis, phylogenetic analysis, and metabolic pathway comparison 

to T. urticae  

The dust mite genome and bacterial scaffolds were subjected to pathway-based analysis using 

the KEGG database. Protein sequences representing 322 of the 396 delineated pathways (74 

pathways contained only compound information or an overview) were extracted and BLAST 

searched against the annotated genes of the dust mite genome and the microbiome. Genes with 

an e-value < 1e-50 were extracted and classified into the following three categories: (1) shared by 

the dust mite genome and microbiome, (2) unique to the dust mite genome, and (3) unique to the 

microbiome. 
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The 25 available genome sequences for Arachnida, Branchiopoda, and Insecta species 

were downloaded and subjected to phylogenetic comparative analysis versus our D. farinae draft 

genome (Table E7). The C. elegans’ genome sequence was downloaded to be used as the out-

group organism reference. The core eukaryotic genes (CEGs) were obtained from CEGMA 

pipeline. The protein sequences of the CEGs in D. farinae were aligned with those from the 25 

comparison species with the MAFFTE15 program and then edited in the GblocksE16 program. 

Edited sequences were concentrated and used to construct a maximum likelihood tree in 

MEGA5E17; the phylogenetic tree was inferred in MEGA5 with the maximum likelihood method 

based on the JTT matric-based model and the bootstrap consensus tree was inferred from 500 

replicates representing the evolutionary history of the taxa analyzed. The evolutionary analysis 

involved 27 amino acid sequences with a total of 14,585 positions in the final dataset. 

T. urticae protein sequences were downloaded and GO annotation was performed in the 

same way as was done for D. farinae. The chi-squared test was used to detect whether GO term 

differences between two genomes were significant. Sequences of proteins involved in metabolic 

processes were extracted and compared to one another by BLAST searching (E-value cutoff, 1e-

10). 

 

Allergen gene cloning and proteomic identification 

Serum sample were obtained at the First Affiliated Hospital of Guangzhou Medical College 

(Guangzhou, China) from 40 patients (mean age, 14.5 years; range, 6–17 years) who presented 

with allergic rhinitis and/or asthma and were examined for dust mite allergies, and from 40 

healthy individuals (mean age, 13.5 years; range, 6–18 years) who served as negative controls. 

Seven pollen-allergic patients’ serum samples (not mite allergy, Table E11) were also used in 
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IgE western blotting experiments of UCRCB-like protein.The patients consented to and the 

hospital Ethics Committee approved the use of these clinical materials for research purposes. 

Dust mite bodies were washed and homogenized in liquid nitrogen to extract their proteins. 

The final concentration of total protein was adjusted to 1.5 μg/μl. 2D-PAGE was performed in 

duplicate (300 μg sample of total protein per gel). One gel was used for IgE-blot analysis to 

locate dust mite antigens and the second gel was stained with Coomassie blue (Sigma, St. Louis, 

MO) and used for spot cutting of the most likely allergen candidates for submission to matrix-

assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MS). For 

the first dimension of the 2D-PAGE experiment, the samples were first subjected to isoelectric 

focusing onto two immobilized pH gradient strips (pH 3.0–10.0 and pH 4.0–7.0). The proteins 

were separated according to their molecular mass in the second dimension in 12% SDS-PAGE 

gels. The proteins on the first 2D gel were transferred to a PVDF membrane and blocked with 

3% bovine serum albumin (BSA) at 4 °C overnight. The blocked membrane was incubated with 

pooled sera (dilution ratio, 1/5) from 20 patients with dust mite allergies. Biotin-labeled anti-

human secondary antibody was applied. IgE-bound spots were enhanced with streptavidin-

conjugated horseradish peroxidase and developed with 3,3’-diaminobenzidine (DAB). Spots in 

another parallel Coomassie blue stained gel were excised according to the corresponding position 

of the IgE-bound spots. After trypsin digestion, the excised protein samples were analyzed by 

MALDI-TOF MS.   

De novo sequencing was performed using Peaks Studio 5.1 software (Bioinformatics 

Solutions Inc., Waterloo, Canada). Five de novo sequences were proposed for each spectrum. 

The results of the database search were loaded into the Progenesis LCMS program (version 2.5; 
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Nonlinear Dynamics Ltd, Newcastle, UK), where the data files were aligned and feature 

selection was performed. 

Our custom database consists of translated protein sequences based on our assembled D. 

farinae genome and transcriptome. It was queried using the MASCOT Peptide Mass Fingerprint 

tool (Matrix Science Inc, Boston, MA). The identification criterion was a protein score 

confidence interval > 95%. Allergen candidate cDNAs were synthesized and subcloned into E. 

coli vectors (pET-His). The purified recombinant proteins were detected by IgE-western blotting 

with sera samples from HDM-allergic individuals and non-allergic healthy controls. 

Canonical allergen genes were cloned and analyzed. According to the NCBI database 

(Table 1), genes representing 20 canonical HDM allergen gene groups (all groups except 12, 17 

and 19) were cloned using specific primers (primer sequences see Table E8) and inserted into 

pMD18-T vectors by In-Fusion or TA cloning methods. DNA-sequencing showed that all of the 

cloned genes overlapped sections of DNA in our assembled D. farinae genome (locus tags listed 

in Table 1). 

Upon searching mite allergens in the WHO/IUIS Allergen Nomenclature Sub-committee’s 

official webpage (http://www.allergen.org/search.php?TaxOrder=Astigmata), we found that 

neither D. pteronyssinus nor Blomia tropicalis contains Group 17 allergens. Der f 17 was 

reported previously by Tategaki et al. in the Allergen Nomenclature webpag in 2000; yet the 

sequence of Der f 17 is not published and little is known about it beyond apparently having a 

calcium-binding EF hand domain and a deduced molecular weight of 53 kDa. We extracted the 

PFAMs that account for the calcium binding EF hand domain (pfam09068, pfam09069, 

pfam13202, pfam13405, pfam13499, pfam13833) and performed CDD-BLAST against all CDS 

data of D. farinae. CDSs with e-values < 1e-10 were extracted and a total of 7 CDSs were found 
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to contain the calcium-binding EF hand domain. Their molecular weights were deduced to be in 

the range of 20–222 kDa. Since we could not pinpoint Der f 17 with the minimal information 

available, we eventually decided not to report a Der f 17 sequence in this manuscript.  

One of these allergen candidates, ubiquinol-cytochrome c reductase binding protein 

(UQCRB)-like protein (locus tag DEFA_162130),  which was  found in Spot No. 3 of 2D-PAGE  

pH3.0-10.0, was cloned from the D. farinae genomic DNA using specific primers (CTF368 

INF :5’- GGATCCTCTAGAGATTGGAACGTTTCTATACAC ATCG-3’; CTF368 INR:5’-

CTGCAGGTCGACGATTCGATGACATTGACAAGTGAC-3’). The cloned gene was inserted 

into a pMD19-T vector with an In-Fusion® HD Cloning Kit (Clontech Code No. 639633) and 

sequenced by the Sanger sequencing method. 

          Mite allergen candidates were identified as non-canonical allergens by searching the non-

canonical allergen protein sequences in other species with amino acid sequence similarity to 

sequences in our in our assembled D. farinae genome (41.5~90.5%) (Table E9). The allergen 

candidate genes were obtained using specific primers (Table E8) and cloned into pMD19-T 

vectors with an In-Fusion® HD Cloning Kit. Following confirmation of the genomic sequences 

of these genes by Sanger dideoxy sequencing, we mapped the RNA reads to genomic sequences 

using the BowtieE5 aligner program. Their splice sites were identified with the SplicemapE18 tool 

and confirmed by manual curation. The gene structures were visualized with FancygeneE19, 

employing post-modification for aesthetic purposes, and mapped (Fig E6, Fig E7). 

 

IgE-binding assay and skin prick test for recombinant UQRCB-like protein 

The allergenicity of recombinant UCRCB-like protein was tested in in vitro and in vivo 

experiments. For the experiments, serum samples were obtained from 40 patients (mean age, 
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14.5 years; range, 6–17 years) who presented with allergic rhinitis and/or asthma and were 

examined for dust mite allergy, and from 40 healthy individuals (mean age, 13.5 years; range, 6–

18 years) who served as negative controls. Both the patients and the Hospital Ethics Committee 

agreed on the use of these clinical materials for research purposes only. 

          The purified recombinant UQRCB-like protein (3g) resolved by 15% SDS-PAGE was 

transferred onto nitrocellulose membrane (NCM) and the NCM strips were blocked with BSA, 

washed with PBS, and incubated overnight at 4 °C with serum samples from the 18 HDM-

allergic patients and the 18 non-allergic healthy controls respectively. Test sera were diluted 1:10 

in TBS containing 5% BSA. After washing, the strips were incubated with anti-human IgE 

peroxidase (1:1000 v/v; Sigma) for 3 h at 37 °C and developed with DAB to reveal selective 

reactivity of the recombinant UQRCB-like protein with sera from dust mite allergic patients.  

In another experiment, levels of anti-UQRCB-like protein IgE were determined in 22 

mite-allergic hypersensitive patients’ serum samples (individually) and 22 healthy non-allergic 

control subject serum samples by an ELISA. A 96-well microtiter plate was coated with rDer f24 

(0.4 g of protein per well) in sodium bicarbonate buffer (0.1 mol/L, pH 9.5). Each well was 

blocked in a solution of bovine serum albumin (2%) and trehalose (5%) dissolved in phosphate-

buffered saline. Ten-microliter serum samples were diluted to a final volume of 100 l and 

added to each blocked well. The well was thoroughly washed with PBST buffer and incubated 

for 2 hours with biotin-conjugated mouse anti-human IgE (×2000, SouthernBiotech, 

Birmingham, AL). The wells were then washed again with PBST buffer and incubated for 1.5 

hours with peroxidase conjugated streptavidin (×4000, SouthernBiotech, Birmingham, AL). A 

100-l aliquot of substrate solution [0.11 M sodium acetate (pH 5.5), 0.1 mg/ml TMB (Sigma), 

and 0.009% hydrogen peroxide (Sigma)] was added to each well and allowed to react for 15 min. 
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The reactions were ceased with the addition of sulphuric acid (3 M, 50 l/ well). The plates were 

placed in an ELISA reader (Thermo, Sweden), and absorbance at 450 nm was recorded. The OD 

values from the IgE-ELISA experiments were tested for normal distributions with the Shapiro-

Wilk test. Group comparisons between non-normally distributed groups were performed with the 

Wilcoxon’s rank-sum test and p values <0.05 were considered significant. SAS 9.1 for Windows 

software (SAS Institute, Cary, North Carolina, USA) was used for all analyses. 

Skin prick tests were performed with recombinant UQCRB-like protein (10 g/ml) and 

standardized D. farinae extract (ALK Abello, Denmark) in 10 patients with allergic rhinitis 

and/or asthma and 10 healthy controls (Table E12). Ethics approval was obtained from the First 

Affiliated Hospital of Guangzhou Medical College. 

 

E. cloacae immunohistochemistry and cloning of the 13.8-kDa bacteriolytic enzyme gene  

One hundred live mites were collected with a brush under a stereomicroscope. The mite bodies 

were fixed in 4%(w/v) paraformaldehyde for 16 h at room temperature, washed three times in 

PBS (10 min each) to remove the paraformaldehyde, dehydrated through graded alcohols, and 

then subjected to two xylene washes. The dehydrated, clarified specimens were embedded in 

paraffin (melting point, 54 °C) and allowed to harden overnight at room temperature. The mite 

bodies were sliced transversally into 7-µm serial sections. All sections were collected serially on 

poly-L-lysine–coated glass slides. Several consecutive sections (3–5) were collected on each 

slide. 

The sections on every third slide were dewaxed, rinsed in tap water, and stained with 

haematoxylin and eosin (H&E) for morphological examination of the mite gut. Slides were 

selected randomly for anti-E. cloacae immunochemistry. The sections were dewaxed, rinsed in 
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tap water, and then placed in PBS. The sections were incubated in PBS containing 5%(v/v) sheep 

serum for 20 min at room temperature to block nonspecific binding and then incubated overnight 

in anti-E. cloacae monoclonal antibody (Clone No. 10C92, US Biological, Salem, MA) diluted 

1:1000 in PBS at 4 °C. After being washed in PBS three times (2 min each), the sections were 

incubated for 30 min with biotin-conjugated sheep anti-mouse IgG (Sigma-Aldrich, St.Louis, 

MO) diluted 1:100 in PBS at room temperature. The biotin-labeled sections were then washed in 

PBS (2 min) and incubated with fluorescent isothiocyanate (FITC)-strepavidin complex (Sigma-

Aldrich, St. Louis, MO) diluted 1:100 in PBS for 30 min. After being washed in PBS, the 

sections were counterstained with 0.01% Evans blue (Sigma-Aldrich, St. Louis, MO) for 5 min 

at room temperature. Finally, the sections were mounted in buffered glycerol. The anti-E. 

cloacae primary antibody was replaced with normal mouse serum for the negative control 

sections. All incubations were carried out in a humid chamber. E. cloacae immunoreactivity in 

the mite guts was examined under a fluorescence microscope (Olympus model BX51, Tokyo, 

Japan). 

A sequence (Locus tag DEFA_122470) homologous to the 13.8-kDa bacteriolytic enzyme 

from D. pteronyssinus (GenBank: AF409109.1) was cloned using the following specific primers:  

CTF129-11F  5’GGATCTTCCAGAGATTCCATGATATTGATTACAATGTTGG-3’;  

CTF129-11R     5’-CTGCCGTTCGACGATTCGATGGTCATCATTCTTGTG-3’). 

 The cloned gene was inserted into a pMD19-T vector by way of an In-Fusion® HD Cloning Kit 

(Clontech Code No. 639633) and then sequenced by the Sanger sequencing method. 
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Supplementary discussion 

Our MALDI-TOF MS results were reported in Table E10. Briefly, we obtained 18 IgE 

immunoreaction positive spots, including 4 canonical allergen proteins (Der f 1, Der f 2, Der f 11, 

and Der f 14) and 12 other proteins. There are four plausible contributory reasons why other 

canonical allergens were not identified with this experimental setup. Firstly, there is much less 

HMD allergen specific IgE antibodies than specific antibodies of other isotypes, e.g. IgG in 

HMD-allergic serum. Therefore, detection sensitivity for specific IgE antibodies in the 

immunoblotting experiment would be reduced by the interference from the other isotypes 

antibodies. Secondly, since Der f 1 and Der f 2 are the two major mite allergens, their specific 

IgE antibodies had already contributed to the majority of D. farinae-specific IgE antibodies. 

Thirdly, the expression levels of other mite allergens may be too low for clear detection in 2D-

PAGE. For example, the FPKM value of Der f 9 is only 4.37, while Der f 1 is 840.51 (Table 1). 

Finally, due to inherent technological limitations, the spots on the parallel Coomassie blue-

stained gel used for excision may have been offset slightly from the corresponding spots on the 

other IgE-bound gel, potentially leading to some IgE-bound spots being missed.  

In addition, we selected 6 of the 12 proteins for production of recombinant proteins in E. 

coli based on their size and signal intensity (UQCRB-like protein, myosin alkali light-chain 

protein, secreted inorganic pyrophosphatase, DFP2, cofilin, and ferritin heavy chain like protein) 

(Table E10). These six recombinant proteins were used for probing of allergenicity in sera from 

HDM allergic patients, and among them, only the recombinant UQCRB-like protein bound mite 

allergen specific IgE antibodies strongly. The other two recombinant proteins (cofilin and 

secreted inorganic pyrophosphatase) yielded very week IgE-binding activities (data not shown). 

The exact reason for the lack of clear binding of the other three recombinant proteins was unclear. 
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It could have been due to the insolubility of E. coli expressed proteins, incorrect protein folding, 

the absence of eukaryotic post-translational modifications, or technological limitations etc. For 

example, one recent publication did show that the native ferritin heavy-chain-like protein 

purified from mite bodies bound to its specific IgE antibodies E21. However, our recombinant 

ferritin heavy-chain-like protein purified from E. coli did not bind to the specific IgE of HDM 

allergic sera (data not shown). 
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Supplementary tables 
 
 

TABLE E1. Primers used in nested PCR of Der p 1 (GenBank Accession No.  X65197) and Der 

f 1 (GenBank Accession No. X65196) genes for discrimination between D. farinae and D. 

pteronyssinus.          

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Primer names Sequences 

Outer-Derf-F1  5’ CAAGCGCTTGCCGTATCAATTCGGTTAACGTT 3’ 

Outer-Derf-R1  5’ ATGTTGCGAATTTGGTCGTCGGCATTGTTGT 3’ 

Inner-Derf-F2  5’ GGAATTGGATTTACGATCAC 3’ 

Inner-Derf-R2  5’ GTATGGATAGCTTCTTTCTTC 3’ 

Outer-Derp-F1  5’ CTGAAACTAACGCCTGCAGTATCAATGGAAAT 3’ 

Outer-Derp-R1  5’ TGTGCATTTGGTCGTCGGCATGATTGTTCCTA 3’ 

Inner-Derp-F2  5’ GAAATGCTCCAGCTGAAATC 3’ 

Inner- Derp-R2  5’ TCGATAGTAGCTTTCTTGGA 3’ 
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TABLE E2. Primers used in PCR tests for quality checking of genomic DNA samples extracted 

from D. farinae mite cultures.  

 

Gene origin 
Primer 
names 

Sequences (5’–3’) Reference genes  

 
 
 
Soybean 

NFR1A-F CGCGATAAGAAGTGGTTTGTTGGCA Nod-factor receptor 1A,  
GenBank Accession No. 
DQ219805.1 NFR1A-R CACGGACGCCTTGCTTGTTTGAA 

CHS-F AGCGGTGTGGACATGCCTGGTG  Chalcone synthase,  
GenBank Accession No. S46989.1 CHS-R CCAAAACCGAACAACACACCCCATT  

PAL-F GCAAAGCGCGGAGCAACACAA Phenylalanine ammonia-lyase,  
GenBank Accession No. S46988.1 PAL-R GCAATGCTGTCCCCAACTCCTCTCT  

 
 
 
D. farinae  

C4Df6-F CGGTTGATGCACGATTTCCACGC Allergen Der f6, 
GenBank Accession No. FJ436106 C4Df6-R GGCCACCAACAACACCGGCAATA 

C5Df3-F CCCGTACCATTGCCACCACAAGG Allergen Der f3, 
GenBank Accession No. FJ436101.1 C5Df3-R CGACATCACCGCCGCAAATCATA 

Df1-F CCGAAACAAGCGCTTGCCGTATC Allergen Der f1, 
GenBank Accession No. EU095368.1 Df1-R TTCAGTTGCGGCGACACCAGAGA 

 
 
Bacteria 

16s-F CGTGCCAGCAGCCGCGGTAATA rrsB 16S ribosome RNA,  
Gene ID: 4531791 16s-R CGCCCGCACGCCCACAGTTAA 

23s-F CCGGGGTAAGCCTGTAGGGAGTC rrsB 23S ribosome RNA,  
Gene ID: 4531788 23s-R GGGCCGTGTATGTCCTCGCTAGA 
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TABLE E3. Summary of D. farinae genome and transcriptome sequencing dataset 

characteristics.  

 

Sample Libraries 
Insert 
sizes  
(bp) 

Read 
lengths 

(bp) 

No. of 
reads 

Throughput  
(Gb) 

DNA 

Lib_D1 200 95 100,000,000 9.5 

Lib_D2 500 97 100,464,316 9.7 

Lib_D3 2,000 49 48,000,000 2.4 

Lib_D4 5,000 49 48,000,000 2.4 

RNA Lib_R1 200 90 63,997,470 5.8 
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TABLE E4. Total read count (TRC) and unique read count (URC)* of top 50 genera in the 

microbiome of D. farinae.  

 

Genus TRC URC Genus TRC URC 

Enterobacter 180221 71408 Pantoea 8306 22 

Staphylococcus 561341 19908 Mycobacterium 2023 19 

Escherichia 664480 5536 Acidovorax 792 19 

Rhizobium 18319 4390 Thiomicrospira 362 18 

Klebsiella 80408 3156 Parachlamydia 18 17 

Bartonella 38152 1940 Streptococcus 5231 16 

Endophytic 1660 1640 Roseibium 5492 14 

Bacillus 12018 1362 Xanthomonas 2155 13 

Salmonella 155903 906 Stenotrophomonas 636 13 

Citrobacter 28028 624 Erwinia 8844 11 

Yersinia 31789 208 Micavibrio 381 11 

Pseudovibrio 13707 199 Brucella 294150 8 

Acinetobacter 14786 167 Ochrobactrum 10010 8 

Propionibacterium 832 71 Flavobacterium 189 8 

Yokenella 2855 68 Agrobacterium 23992 7 

Pseudomonas 9006 62 Methylobacterium 8364 7 

Pelagibacterium 522 59 Dickeya 5806 7 

Candidatus 5128 55 Rhodospirillum 963 7 

Fulvimarina 1590 53 Magnetospirillum 893 7 

Cronobacter 9092 39 Octadecabacter 856 7 

Mesorhizobium 11938 37 Loktanella 215 7 

Serratia 14522 35 Rhodobacter 4629 6 

Delftia 136 29 Brevundimonas 957 6 

Shigella 77997 26 Sodalis 876 6 

Rhodopseudomonas 2603 25 Anaplasma 476 6 
*URC indicates reads that mapped only to the specified genus, and did not appear in any other genus. Because 
a majority of the reads mapped to multiple genera, creating bias would significantly skew the analysis. Genera 
with a URC ≤5 were not shown.  
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TABLE E5. Summary of D. farinae draft genome data excluding the microbiome. 

 

Parameter Value 

Nuclear genome size 53.5 Mb 

Mitochondrial genome size 14.3 kb 

Scaffold number 516 

Scaffold N50 186.8 kb 

Scaffold N90 44.2 kb 

%GC  29.5% 

Protein-coding gene number 16,376 

tRNA gene number 87 

rRNA gene number 5 
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TABLE E6a. Evaluation of the completeness of D. farinae draft genome by CEGMA based on 

Korf’s 248 Core Eukaryotic Genes (CEGs)c.  

 

Group 
Predicted proteinsb Complete proteinsc 

No. % No. % 

1 62 93.94 62 93.94 

2 56 100.00 54 96.43 

3 60 98.36 59 96.72 

4 64 98.46 64 98.46 

Total 242 97.58 239 96.37 
aCEGs were separated into four groups based on level of protein 
sequence conservation. For information on CEGs, see 
http://korflab.ucdavis.edu/Datasets/genome_completeness/ 
bCombines partial and complete proteins. 
cRefers to those predicted proteins with >70% of protein length 
sequences that could be aligned to the HMM of the KOG for that 
protein family. Proteins that were not complete but exceeded a 
precomputed minimum alignment score were considered partial 
proteins. 
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TABLE E6b. Evaluation of the completeness of T. urticae draft genome by CEGMA based on 

Korf’s 248 Core Eukaryotic Genes (CEGs)c.  

 

Group 
Predicted proteinsb Complete proteinsc 

No. % No. % 

1 63 95.45 61 92.42 

2 56 100 53 94.64 

3 60 98.36 59 96.72 

4 64 98.46 63 96.92 

Total 242 97.98 236 95.16 

 

T. urticae draft genome was published in Nature 2011 Nov 23; 479:487-92. 
aCEGs were separated into four groups based on level of protein 
sequence conservation. For information on CEGs, see 
http://korflab.ucdavis.edu/Datasets/genome_completeness/ 
bCombines partial and complete proteins. 
cRefers to those predicted proteins with >70% of protein length sequences that could be 
aligned to the HMM of the KOG for that protein family. Proteins that were not complete but 
exceeded a precomputed minimum alignment score were considered partial proteins. 
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TABLE E7. Genomes for CEGMA and phylogenetic analysis. 

 

Organism Common name #CEGs URL 

A. echinatior Leaf-cutter ants 246 http://hymenopteragenome.org/acromyrmex/?q=geno
me_consortium_datasets 

A. cephalotes Leaf-cutter ants 243 http://hymenopteragenome.org/atta/?q=genome_cons
ortium_datasets 

A. gambiae Mosquitoes 240 
ftp://ftp.ncbi.nih.gov/genbank/genomes/Anopheles_g
ambiae/Assembly_scaffolds 

A. mellifera 
Western honey 

bees 
229 http://hymenopteragenome.org/beebase/?q=downloa

d_sequences 

A. aegypti Mosquitoes 240 http://aaegypti.vectorbase.org/GetData/Downloads/ 

A. pisum Pea aphid 243 http://www.aphidbase.com/aphidbase/downloads 

B. mori Silkworm 230 http://www.silkdb.org/silkdb/doc/download.html 

C. quinquefasciatus 
Southern house 

mosquito 
229 http://www.vectorbase.org/Help/Current_release 

C. floridanus 
Florida carpenter 

ant 
243 http://hymenopteragenome.org/camponotus/?q=geno

me_consortium_datasets 

D. pulex Water flea 241 http://genome.jgi.doe.gov/Dappu1/Dappu1.download
.ftp.html 

D. melanogaster Fruit fly 243 http://flybase.org/static_pages/docs/datafiles.html 

H. saltator Jumping ant 243 http://hymenopteragenome.org/harpegnathos/?q=gen
ome_consortium_datasets 

H. melpomene Postman butterfly 229 http://butterflygenome.org 

L. humile Argentine ant 246 http://hymenopteragenome.org/linepithema/?q=geno
me_consortium_datasets 

M. destructor Hessian fly 212 http://www.hgsc.bcm.tmc.edu/projects/Mdestructor/ 

M. rotundata 
Alfalfa leaf-cutter 

bee 
245 

http://0-
www.ncbi.nlm.nih.gov.ilsprod.lib.neu.edu/Traces/wg
s/?val=AFJA 

M. occidentalis 
Western 

predatory mite 
244 http://www.hgsc.bcm.tmc.edu/collaborations/insects/

dros_modencode/GAsm/mite 

N. vitripennis Jewel wasp 238 
http://www.hgsc.bcm.tmc.edu/ftp-
archive/Nvitripennis 

P. humanus corporis Body louse 242 http://phumanus.vectorbase.org/GetData/Downloads/ 

P. papatasi Sand fly 207 
http://genome.wustl.edu/pub/organism/Invertebrates/
Phlebotomus_papatasi/assembly/Phlebotomus_papat
asi-2.0 

P. barbatus Red harvester ant 246 http://hymenopteragenome.org/pogonomyrmex/?q=g
enome_consortium_datasets 

R. prolixus Kissing bug 229 http://rprolixus.vectorbase.org/GetData/Downloads?t
ype=Genome 

S. invicta 
Red imported fire 

ant 
237 http://hymenopteragenome.org/solenopsis/?q=genom

e_consortium_datasets 

T. urticae Red spider mite 238 http://bioinformatics.psb.ugent.be/webtools/bogas/ov
erview/Tetur 

T. castaneum Red flour beetle 238 http://www.beetlebase.org/?q=download_settings 
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TABLE E8. Primers used in PCR cloninga of canonical allergen genes and non-canonical 

allergen homolog in D. farinae.  

 

Target gene 
Locus 
tagb 

Primer name Sequence (5’–3’) 
Product 
length 

Der f 1 
DEFA_
073880 

Derf-1F AGGTGAAGGGCAATTAGACG 
3 kb 

Derf-1R CACTAAACCGAAGGTCAAATC 

Der f 2 
DEFA_
057430 

Derf-2inF GGATCTTCCAGAGATTCGCTTTCGGTATCATATCATC 2.5 kb 
 Derf-2inR CTGCCGTTCGACGATTCAATCAACGCATGGCAACAAT 

Der f 3 
DEFA_
036500 

Derf-3F TGTGTGTCGGGCAAGAGAAA 
3 kb 

Derf-3R AAGCAGGTTGGAGTTGGCAT 

Der f 4 
DEFA_
092370 

Derf4-inF GGATCTTCCAGAGATTAATCCTGTTTAACCATGGTTG 
3.6 kb 

Derf4-inR CTGCCGTTCGACGATTTCATTTTCTATGACTGTATACAG 

Der f 5 
DEFA_
009370 

Derf-5F TCAAGGCACCACGCAAATAG 
2.5 kb 

Derf-5R AACCGCCACCATTTTCAGAG 

Der f 6 
DEFA_
160240 

Derf-6F GGGCACTCGACTTGGTTTTG 
2.9 kb 

Derf-6R GGGCACTCGACTTGGTTTTG 

Der f 7 
DEFA_
012670 

Derf-7F TATCTGGGGCTAATTGGACC 
2.5 kb 

Derf-7R ATTCGGTACTTTTGTTCGTTTC 

Der f 8 
DEFA_
112610 

Derf-8F ATTTTCAGTCAAGGCCATTATC 
2.5 kb 

Derf-8R TGTTGGTTTCCGGGGTTTGT 

Der f 9 
DEFA_
108510 

Derf-9F ATGGTGCCACTAATAAATAAATG 
2.9 kb 

Derf-9R ACATATGAATGGAATGGAATGG 

Der f 10 
DEFA_
012620 

Derf-10F CCAATCCCAAATTAGTCCAAG 
4 kb 

Derf-10R TGGTTGTGTATGGAGGTTGTC 

Der f 11 
DEFA_
029610 

Derf-11F TTCGTTATTGTGCAGGGACC 
4.6 kb 

Derf-11R CCGATGATTTGGAATCCGAAC 

Der f 13* 
DEFA_
016640 

Outer-Derf-13F AATGCTGCTGCTGTTGTGGT 

2.4 kb 
Outer-Derf-13R CTCTCCATCCTCTTCCACAT 

Inner-Der-13F1 GTGGTGGTGGTCAATGTTGT 

Inner-Der-13R1 CGAATCACATTCATCCAGCC 

Der f 14 
DEFA_
023480 

Derf-14inF CTGCCGTTCGACGATTGGACAGGATCATGACATGGT 
7.3 kb 

Derf-14inR GGATCTTCCAGAGATTGACCACTCGAGGATCACAAT 

Der f 15 
DEFA_
127470 

Derf-15inF GGATCTTCCAGAGATTGCCGTTCTTTGATTATCTCCG 
4.7 kb 

Derf-15inR CTGCCGTTCGACGATTTTACAAACGTCATTATTGCCTAA 

Der f 16* 
DEFA_
053360 

Outer-Derf-16F AAATGTGCTGGAGCACCACA 

4 kb 
Outer-Derf-16R GACACAATCACCCACCCAC 

Inner-Derf-16F1 AAGGTGTCCGAGATCAAACG 

Inner-Derf-16R1 CTAGGAGATATTCACCATGGTT 

Der f 18 DEFA_ Derf-18inF GGATCTTCCAGAGATTCAATTTCATTGATCATGGCCG 3.3 kb 
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aThe three target genes notated with a superscript * were cloned with nested PCR; all others were cloned with 

standard PCR. 
bGene locus tags are indicated in our assembled D. farinae draft genome. 

 
 
 

042810 Derf-18inR CTGCCGTTCGACGATTAGAGATCGTCTACTATAGTTGC 

Der f 20 
DEFA_
122350 

Derf-20-1inF GGATCTTCCAGAGATTTTCTCCCCTTTGCCTCTCT 
3 kb 

Derf-20-1inR CTGCCGTTCGACGATTTTTGTCCGTTGTCAACCGTG 

Der f 21 
DEFA_
009360 

Derf-21inF GGATCTTCCAGAGATTAATTCAGGCCAACCAAAAAGG 
2.4 kb 

Derf-21inR CTGCCGTTCGACGATTCACCGTCGATCAGTGCAATA 

Der f 22 
DEFA_
072800 

Derf-22F ATCGCGTCTCAAAGTGTCCA 
2.5 kb 

Derf-22R AATGAATTCGGCAAATAGACAG 

Alpha-tubulin 
1 
homologue 

DEFA_
107410 

CTF129-1inF GGATCTTCCAGAGATTCATCAAGGACAGAAAGAGGTG 
3 kb 

CTF129-1inR CTGCCGTTCGACGATTGGGATGTTGATGAATATTGTG 

Cathepsin  
homologue 

DEFA_
098190 

CTF129-2inF GGATCTTCCAGAGATTGGCCACAAAAGCCAGAATTAC 
3.7 kb 

CTF129-2inR CTGCCGTTCGACGATTACCAAATTGGACACCGTTTGG 

Mala s 6 
homologue* 

DEFA_
128990 

Outer-CTF129-5F GATCCCTAGAACACAACCGA 

2.2 kb 

Outer-CTF129-5R AGTTGTTACTGCTGCTGCT 

Inner-CTF129-
5inF1 

GGATCTTCCAGAGATTCCGTGTACTGCGATCTATTC 

Inner-CTF129-
5inR1 

CTGCCGTTCGACGATTCCGTTGCTGTTTCCATTGTTC 

Profilin 
homologue 

DEFA_
029120 

CTF129-6F GGATCTTCCAGAGATTGTGAACCAGACATCATCATCA 
2.7 kb 

CTF129-6R CTGCCGTTCGACGATTCGTCGAAGTGAATTCGAGTCA 

Aldehyde 
dehydrogenase 
homologue 

DEFA_
095270 

CTF129-7F GGATCTTCCAGAGATTCGTTGATTGGTAACCAAGACG 
2.2 kb 

CTF129-7R CTGCCGTTCGACGATTGTGGGTAACAATCAGATACC 

Enolase 
homologue 

DEFA_
132640 

CTF129-9F GGATCTTCCAGAGATTGGAACTGATTGCTGACAATCA 
1.8 kb 

CTF129-9R CTGCCGTTCGACGATTGTCATTGAGCAAACTGCCTC 

Alt a 6 
homologue 

DEFA_
097280 

CTF129-12F GGATCTTCCAGAGATTTTGTCGTTATTATTGTATTGACG 
2.5 kb 

CTF129-12R CTGCCGTTCGACGATTATGAATAATAGAGGTGTACACG 



S30 
 

TABLE E9. Gene structures of non-canonical allergen homologs in D. farinae identified by 

searching the non-canonical allergen protein sequences in other species and confirmed by Sanger 

sequencing. 

Homolog 
gene name 

Locus 
taga 

Biochemical 
function 

No. of 
exons 

No. of 
deduced 

amino acids 
FPKMb 

Homolog 
 (% similarity)/species 

Profilin 
DEFA_
029120 

Actin 
binding 

3 130 517.45 P25816 (52.6%)/  
Betula pendula 

Alt a 6  
DEFA_
097280 

Ribosomal 
protein P2 

2 114 1295.80 AAB48041 (73.9%)/ 
Alternaria alternate 

Alpha-
tubulin 1 

DEFA_
107410 

Structural 
molecule  

1 461 29.10 CAD20979 (90.5%)/ 
Lepidoglyphus destructor 

Cathepsin 
DEFA_
098190 

Lysosomal 
aspartyl 
protease 

2 401 121.95 P54958 (41.5%)/ 
Blattella germanica 

Mala s 6  
DEFA_
128990 

Peptidyl-
prolyl 

isomerase B 
2 227 225.63 2CFE_A (50.4%)/ 

Malassezia sympodialis 

Aldehyde 
dehydro-
genase 

DEFA_
095270 

Aldehyde 
dehydro-
genase 

4 490 271.21 P42041 (65.1%)/ 
Alternaria alternata 

Enolase 
DEFA_
132640 

Phospho-
pyruvate 
hydratase 

5 433 145.20 AAP30720 (79.5%)/ 
Rhodotorula mucilaginosa 

aindicated in our assembled D. farinae genome.  
bFragments per kb of transcript per million mapped reads. 
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TABLE E10. MALDI-TOF MS analysis of 18 circled spots from 2D-PAGE of D. farinae mite 

total protein extract determined by IgE-immunoblotting with HDM-allergic sera. 

Spot 
no. 

Protein name 
Locus 
tag a 

No. 
peptides 

Protein 
score 

(CI %) 

Cover-
age (%)

Theoretical Observed 

MW 
(kDa) 

pI 
MW 
(kDa) 

pI 

1 
ATP synthase D 
chain 

DEFA_
031670 

4 98.57 29 18.15 5.98 17 8.3 

2 Cofilin 
DEFA_
002000 

11 100 61 16.85 5.95 15 6.3 

3 UQCRB 
DEFA_
162130 

10 100 77 14.45 5.92 12.8 5 

4 Cytoplasmic actin 
DEFA_
159520 

7 100 34 41.6 5.22 38 4.8 

5 Der f 1 allergen 
DEFA_
073880 

5 97.919 16 36.39 5.66 34.5 5.6 

6 
Secreted inorganic 
pyrophosphatase 

DEFA_
053550 

11 100 48 33.97 5.54 38 5.4 

7 
Major abundant 
protein BTP1 

DEFA_
160180 

6 100 35 19.64 8.22 15 7.8 

8 
Myosin alkali light 
chain protein 

DEFA_
126820 

10 100 67 18.1 4.71 14.7 4.1 

9 
DFP1 most 
abundant protein 

DEFA_
152440 

2 100 31 10.21 9.44 11.5 9.6 

10 DFP2 
DEFA_
119500 

3 99.74 12 50.13 7.06 13 9.4 

11 DFP2 
DEFA_
119500 

4 100 9 50.13 7.06 13.5 9.6 

12 DFP2 
DEFA_
119500 

4 100 37 50.13 7.06 40 8.5 

13 
Ferritin heavy chain 
like protein 

DEFA_
057540 

11 100 73 17.45 5.18 17 5.2 

14 Der f 2 allergen 
DEFA_
057430 

3 100 32 15.8 6.87 14.5 6.6 

15 Der f 11 allergen 
DEFA_
029610 

10 100 11 102.5 5.59 26 5.8 

16 Der f 14 allergen 
DEFA_
023480 

13 100 18 
191.4

2 
7.87 21 6.2 

17 
Protein disulfide 
isomerase 

DEFA_
137400 

12 100 37 57.7 5.32 61 5.6 

18 Troponin T 
DEFA_
017720 

14 100 31 49.75 4.85 37 6.1 
aLocus tags are included in our assembled D. farinae genome. 
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TABLE E11. ImmunoCAP specific IgE test results for seven patients’ sera reactivities to pollen 

allergensa.  

Patient 
no. 

Sexb/ 
Age 

 
Clinical 
historyc 

Pollen allergend 

 Artemisia 
 vulgaris 

Juniperus 
scopulorum 

Betula 
 pendula 

1 M/24 AR+BA 
17.2 kU A /l 

3+ 
- - 

2 M/47 AR 4.56 kU A /l 3+ - - 

3 F/33 AR+BA 11.3 kU A /l 3+ - - 
4 F/47 AR 9.33 kU A /l 3+ - - 

5 M/58 AR+BA 
>100 kU A /l 

6+ 
                - - 

6 F/52 AR - 
12.8 kU A /l 

3+ 
- 

7 F/25 AR - - 
18.2 kU A /l 

3+ 
a All seven patients showed no IgE binding reactivities to both D. farinae and D. pteronyssinus allergens. 
b M, male; F, female; 
c AR, allergic rhinitis; BA, bronchial asthma. 
dkU A /l indicates the specific IgE concentration to the pollen allergen; 3+ or 6+ indicates class;- , negative. 
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TABLE E12. Skin reactivity to D. farinae extract and recombinant UQCRB-like protein (10 

g/ml) with normal saline as a negative control and histamine as a positive control. Negative 

results were from ten healthy individual controls.  

Patient  
no. 

Sex/age 
Clinical 
historya 

Skin test reactivityb 
D. farinae 

extract 
UQCRB-like 

protein 

1 Male/27 AR 3+ 3+ 

2 Male/20 AR+BA 3+ 4+ 

3 Female/16 AR+BA 4+ 2+ 

4 Female/28 AR 3+ - 

5 Female/28 AR 3+ - 

6 Female/17 AR 3+ - 

7 Female/17 AR+BA 3+ 3+ 

8 Female/13 AR+BA 3+ 2+ 

9 Female/34 AR+BA 3+ - 

10 Female/19 AR 4+ - 
aAR, allergic rhinitis; BA, bronchial asthma.  
bSkin reaction ≥ 2+ considered positive; - , negative result. 
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TABLE E13. HDM allergens reported in An et al. (Mol Cell Proteomics 2013 ;12:1818-28 ) can 

all be recovered in the D. farinae genome 

 

Allergens reported in An et. al. 
Accession 

No. 
Locus Tag 
(Similarity) 

# exons 
# of amino 

acid 
(deduced) 

NPC2 family 1XWV_A  DEFA_057430 (98%) 2 146 

Chitinase AAD52672  DEFA_127470 (97%) 4 556 

Ferritin heavy chain AAG02250  DEFA_057540 (94%) 2 177 
Peptidyl-prolyl cis-trans 
isomerase AAP35065  

DEFA_018720 
(100%) 4 306 

Serpin AAP35082  DEFA_144510 (99%) 1 427 

Glutathione S-transferase AAX37327  DEFA_081580 (96%) 3 217 

Unknown allergen ABG35122  
DEFA_072800 
(100%) 2 155 

Arginine kinase ABU97470  
DEFA_064710 
(100%) 6 387 

Translation elongation factor 2 ABX75376  DEFA_072440 (95%) 4 844 

Heat shock protein 70 ACI90341  DEFA_150350 (93%) 3 661 

Triosephosphate isomerase ACY45526  DEFA_001450 (83%) 4 247 

alpha-actinin (unknown) AGC56214  DEFA_009720 (90%) 9 909 

Glutathione S-transferase AGC56215  DEFA_112610 (82%) 2 221 

Triosephosphate isomerase AGC56216  DEFA_001450 (92%) 4 247 

Translation elongation factor 2 AGC56217  DEFA_072440 (99%) 4 844 

Heat shock protein 70 AGC56218  DEFA_150350 (83%) 3 661 

Ferritin AGC56219  DEFA_057540 (93%) 2 177 

Tropomyosin BAA04557  DEFA_012620 (99%) 5 284 

Heat shock protein 70 DAA34064  DEFA_150350 (96%) 3 661 
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Supplementary figures 

 

FIG E1. Differentiation of D. farinae from D. pteronyssinus mites by group I allergen gene 

amplification. Lane 1: PCR positive result with Der f 1 primers and the DNA template 

extracted from a D. farinae mite culture. Subsequent DNA sequencing results also 

confirmed that the PCR product was from the D. farinae genome. Lane 2: PCR negative 

result with Der p1 primers and the DNA template extracted from a D. farinae mite 

culture. 

 

 

FIG E2. Quality check on genomic DNA extracted from D. farinae mite cultures. (A) Cultured 

D. farina genomic DNA on a 0.5% (w/v) agarose gel.(B) Agarose gel results showing 

PCR amplification of soybean genes (CHS, NFR1A, and PAL) using D. farinae culture 

and soybean genomic DNA as templates, with negative and positive results respectively; 

H2O served as a negative control.(C) Agarose gel results showing positive PCR results 

for three D. farina mite genes (Der f 1, Der f 3, and Der f 6) and bacterial ribosomal 

RNA genes (16S and 23S) using genomic DNA extracted from a D. farina mite culture 

as the template. 

 

 

 

FIG E3. Quality check on total RNA extracted from D. farinae mite cultures and the 

corresponding double stranded cDNA. (A) Dust mite total RNA separated in a 1.5% (w/v) 
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denaturing agarose gel. The sharp band of ribosomal RNA indicated good integrity of the 

sample. (B) Demonstration of the quality of the synthesized double-stranded cDNA by a 

Bioanalyzer. A smear from 0.7 kb to 10kb, with areas of higher intensity at around 1.5 

and 3 kb, was observed, indicating good integrity and purity of the double-stranded 

cDNA. 

 

 

FIG E4.  Comparison of GO distribution of D. farinae and T. urticae. Distribution (level 2) of 

GO terms in three different domains: (a).biological processes;(b).cellular components;  

(c).molecular function.The GO distribution of D. farinae was found to be similar to that 

of the T. urticae. 

 

 

FIG E5. (a) Most of genes in the phototransduction system pathway, highlighted in pink, were 

recovered from the dust mite genomic composition. (b)  The ORF encoded by the 

DEFA_098690 gene in our assembled D. farinae genome was found to be 83.7% 

homologous with the transmembrane domain of a rhodopsin family photoreceptor protein 

(aa 84–206; GenBank Accession No. XP_002430048) of Pediculus humanus corporis 

(common name: body louse). 

 

 

FIG E6. Gene structures of canonical D. farinae allergens. Arrow indicates the direction of 

transcription. 
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FIG E7. Gene structures of non-canonical allergen homologs in D. farinae. Arrow indicates the 

direction of transcription. 

 

 

FIG E8. Analysis of D. farinae mite protein extracts by 2D-PAGE and IgE-immunoblot (pI 

range 4.0-7.0). (A) 2D-PAGE image (B). Corresponding IgE-immunoblot image.  

MALDI-TOF MS analysis results for each spot can be found in Table E10.  The pI range

（4.0–7.0) was used for isolation and resolution of the total dust mite protein extracts. 

The pI ranges and marker-indicated molecular weights are indicated on the top and left 

edge of image, respectively. 13 spots (red circles) recognized by IgE-immunoblotting 

using HDM-allergic sera were analyzed and identified by MALDI-TOF MS using a D. 

farinae database constructed with genomic and transcriptomic data from this study. 

 

 

FIG E9. (a) The sequence of synthesized DNA with E. coli biased codons encoding mite 

UQCRB-like protein(Der f24) for expression in E. coli. The 1–51 nt (encoding 6His tag) 

and 418–429 nt pieces of the DNA were from the pET-His vector. (b) SDS-PAGE 

analysis of expressed recombinant mite UQCRB-like protein. Left panel: Lane 1: 

expression in E. coli BL21(DE3)pLysS; Lane 2: expression in E. coli BL21(DE3)pLysS 

/pET-HisUQCRB before induction; Lane 3: expression in E. coli BL21(DE3)pLysS 

/pET-HisUQCRB after induction; Lane 4: purified UQCRB-like protein after Chelating 
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Sepharose FF. Right Panel: Further purification of the UQCRB-like protein. Lane 1: 

purified UQCRB-like protein after Superdex 75. (c) An immunoblot experiment 

confirmed the IgE-binding activity of recombinant (r) Der f 1 and Der f 24 (the UQCRB-

like protein). M, protein molecular weight marker; Lane 1, rDer f 1+18 pooled allergic 

patients sera; Lane 2, rDer f 24+18 pooled allergic patients sera; Lane 3, rDer f1+18 

pooled healthy control sera; Lane 4, rDer f24+18 pooled healthy control sera.  

 

 

FIG E10. IgE-binding assay of recombinant UQCRB-like protein.(a) UQCRB-like protein was 

not bound by IgE antibodies in sera obtained from any of the 18 non-allergic healthy 

controls. (b) The UQCRB-like protein was also not bound by IgE antibodies in sera 

obtained from any of seven pollen-allergic individuals. 

 

FIG E11. Newly discovered UQCRB-like protein in D. farinae. (A) Gene structure of the D. 

farinae UQCRB-like protein. The gene locus tag for the gene in our assembled D. farinae 

genome is DEFA_162130.(B)  Phylogenetic tree of UQCRB proteins from 20 species.  

 

FIG E12. Genes identified in the thiamine metabolism pathway. The genes encoding the 

proteins highlighted in green were recovered only from the microbiome composition and 

the gene encoding the protein highlighted in purple was present in both the dust mite and 

the microbiome composition.  
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FIG E13. Genes identified in the phenylalanine, tyrosine, and tryptophan biosynthesis pathways. 

The tryptophan synthesis pathway constituents (and several other constituents) could 

only be retrieved from the microbiome composition (highlighted in green). Genes for 

downstream proteins in the remaining two sub-pathways (for phenylalanine and tyrosine 

synthesis) were represented partly in both compositions (highlighted in purple) and 

represented partly in the dust mite genomic composition only (highlighted in pink).  

 

FIG E14. Genes identified in the valine, leucine, and isoleucine biosynthesis pathways. 

Genes encoding proteins highlighted in green were found only in the microbiome and genes 

encoding proteins highlighted in pink were found only in the dust mite genomic 

composition.  

 

 

FIG E15. Genes in the lipopolysaccharide biosynthesis pathway identified in the D. farinae 

microbiome. The genes encoding the proteins highlighted in green were recovered solely 

from the microbiome composition. 
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