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Abstract

Background—Dermatophagoides pteronyssinus (DP) and Dermatophagoides farinae (DF) are 

highly similar disease-associated mites with frequently overlapping geographic distributions. A 

draft genome of DP was assembled to identify candidate allergens in DP homologous to those in 

DF, investigate allergen isoforms, and facilitate comparisons with related Acari.

Methods—PacBio and Illumina whole genome sequencing was performed on DP. Assembly and 

reconstruction of the genomes were optimized for isoform identification in a heterogeneous 

population. Bioinformatic analyses of Acari genomes were peformed.

Results—The predicted size of the DP nuclear genome is 52.5 Mb. A predicted protein set of 

19,368 proteins was identified, including all 19 currently recognized allergens from this species. 

Orthologs for 12 allergens established for DF were found. The population of DP mites showed a 

high level of heterozygosity that allowed the identification of 43 new isoforms for both established 

and candidate allergens in DP, including a new isoform for the major allergen Der p 23. 

Reanalyzing the previous DF data assuming heterozygosity, 14 new allergen isoforms could be 

indentified. Some new isoforms were observed in both species suggesting that these isoforms pre-

dated speciation. The high quality of both genomes allowed an examination of synteny which 

showed many allergen orthologs are physically clustered but with species specific exon/intron 

structures. Comparative genomic analyses with other Acariformes mites showed that most of the 

allergen homologs are widely conserved within this Superorder.
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Conclusions—Candidate allergens in DP were identified to facilitate future serological studies. 

While DP and DF are highly similar genetically, species-specific allergen isoforms exist to 

facilitate molecular differentiation.
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Introduction

Sensitization to indoor allergens is often associated with extrinsic asthma [1]. The most 

common indoor allergens to which individuals are sensitized in the U.S. come from the 

house dust mites (HDM) Dermatophagoides pteronyssinus (DP) and Dermatophagoides 
farinae (DF) [2]. Both species have been identified in human dwellings worldwide, although 

regional patterns of one species predominanting are noted [3]. DP prefers higher relative 

humidity, and under optimal conditions has a faster growth rate than DF [4]. Determination 

of the DF genome aided in the identification of 7 new allergens in an Asian population [5]. 

There are now 31 known proteins comprising the DF allergome, that is, those proteins 

having been shown to be allergens in patients, while from DP, 19 proteins, all orthologs of a 

subset of the DF allergome, are officially recognized by the World Health Organization and 

International Union of Immunological Societies (WHO/IUIS) as allergens. Given this 

imbalance, the assembly and annotation of the genome of DP provides a valuable resource 

for allergists to rapidly assess candidate allergens in this species for their relative patient 

impact geographically, and the potential for species specific identificiation.

The contribution of genetic variation within the population of an allergy causing organism 

has been studied. For example in birch pollen there are 27 recorded variants of the major 

allergen Bet v 1, that have been variously assessed for allergic stimulation [6], IgE binding 

[7], and even natural ligand affinity [8]. Similarly, the polymorphisms in the group 1 and 2 

allergens from mites [9,10] have been studied for variations in antibody binding [11–13], 

and cytokine production in T-cells [14]. Variations in binding can be extremely important for 

exposure measurements that rely on antibody detection as well as standardizing patient 

diagnostics and treatments [15]. Our study presents a unique case where allergen isoform 

variation can be examined at the genomic level, as our genome was generated from a 

population of randomly breeding diploid dust mites that has been maintained as a colony for 

many years. While existing variation present in a protein within a population is likely not 

going to adversely affect the primary function of a given allergen, variation may affect the 

allergenicity of a protein as that is likely under neutral selection. This offers us the 

opportunity to examine the naturally occurring variation within a complete collection of 

allergen genes in an important disease-associated organism.

There exist thousands of common protein domains, although surprisingly, only a few of 

these are allergenic [16,17]. Within the proteome of DP less than 0.1% of the proteins are 

allergens [18]. This may be due to the cellular location of a protein within an organism 

and/or the persistence and stability of a protein in the environment [18]. Many allergens are 
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also members of gene families in which only one of the genes encodes an allergen (e.g. 

chitin binding domains, cysteine and serine proteases, amylases, and glutathione S 

transferases). Thus, the presence of a domain is not necessarily predictive of allergenicity. 

Our genome assembly and annotation allows us to compile collections of gene families of all 

known allergens. Subsequent analysis of these protein datasets may allow a better 

understanding of what makes only a small subset of the proteins in a gene family allergenic.

Methods

DP were captured in Ohio, USA and maintained in culture for many years. DP growth 

conditions were previously described [19]. DNA isolation from whole mite extract is 

detailed in the Supplemental Material. Explicit methods regarding genome assembly and 

protein prediction are also described in the Supplemental Material. All original sequence 

data used herein are deposited to Genbank under Bioproject PRJNA395246.

All multiple sequence alignments were generated using muscle within CLC Genomics 

Workbench.

Several genomes from Acari suborder, which includes mites and ticks, have recently been 

published including D. farinae [5], scabies mites Sarcoptes scabiei (SS) [20–22], the honey 

bee mite Tropilaelaps mercedesae [23], the spider mite Tetranychus urticae [24], which is 

preyed upon by the mite Metaseiulus occidentalis [25], Ixodes scapularis [26,27], and Varroa 
destructor [28]. Four mite genomes from the order Oribatida have also been sequenced: 

Achipteria coleoptrata, Platynothrus peltifer, Steganacarus magnus, and Hypochthonius 
rufulus [29]. Genomic data for these species was downloaded from GenBank (Table 1).

Results

Genome assembly

The genome of DP was assembled from 303,594 PacBio ccs (circular consensus sequencing) 

reads. After the removal of the microbiome containing contigs, this resulted in a 52.5 Mb 

genome assembly of 834 contigs with an N50 of 376 kb. A comparison to other available 

mite and tick genomes is shown in Table 1. This assembly is among the more complete 

available in terms of the N50 measurement. Judging by the comparison to the extended 

CEGMA dataset [30] results 97.7% (2686/2748) of these genes were represented in our 

main assembly, also suggesting a high level of completeness. Analysis with the BUSCO 

arthropod geneset of 2675 genes [31] found 53.4% complete genes in our genome. A recent 

summary of nine available arachnid genomes analyzed with BUSCO using this geneset 

found a mean of 51.4 % complete genes with a range of 13.7–82.3 %[25]. Details regarding 

the mitochondrial genome [32], microbiome composition, repeat content, and tRNA content 

and organization can be found in the Supplemental Material.

Allergen identification

Nineteen allergens have been curated from DP by WHO/IUIS, in contrast to 31 from DF. 

Within our predicted proteome we found orthologs of all 12 DF allergens that have yet to be 

tested in DP allergic patients (candidate DP groups 16, 22, 25–34). Nearly all were found as 
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full length proteins (Supplemental File 1). Of note, we did identify a full length version of 

Der p 4, for which only a partial version is listed at WHO/IUIS. We extended our search for 

conserved allergen orthologs to the other predicted mite proteomes; this is summarized in 

Supplemental Table 1. For ortholog identification of smaller datasets such as the allergens, 

we used orthoparahomlist.pl [21]. Twenty of the known allergens in the Dermatophagoides 
lineage have orthologs in all mites. Of these twenty conserved within mites, 18 were also 

found in Daphnia pulex and Drosophila melanogaster, suggesting a core group of proteins, 

that do, in some of these organisims, act as allergens, that are likely to be generally 

conserved within Arthropods, including the major allergen Der p 1. Only one, Der p 6, a 

serine protease, appears to be unique to the Dermatophagoides lineage. Also, a Der p 4 

ortholog was specifically missing from all three sequenced Sarcoptes scabiei genomes [20–

22].

Prediction of novel isoforms of known allergens

Isoforms are defined here as variants from the same genetic locus with one or more amino 

acid substitutions, insertions, or deletions. Within DP many isoforms have been identified 

for some of the major allergens such as Der p 1 and Der p 2 that have 24 and 15 isoforms, 

respectively, but for most others only one isoform has been identified and characterized as 

an allergen. Only for Der p 5, Der p 9, and Der p 15 have two isoforms been identified. All 

the sequence data that were generated in this study came from a single laboratory 

maintained population of randomly breeding DP. Initial characterization of this sequence 

data by kmer analysis suggested a high level of heterozygosity within this population 

(Supplemental Figure 1). This was useful for characterization of the genetic variation within 

this species and the identification of allergen isoforms, but technically presented a challenge 

in genome assembly (See Supplemental Methods).

To assess this variation within the predicted DP allergome, we searched several of our 

genome and transcriptome assemblies produced independently from different sequence 

collections using different algorithms. The assumption was that if new or multiple isoforms 

of a given protein were present in the population, different assemblies, generated from 

different sequence preparations and assembled with different algorithms, might differentially 

predict an isoform, at least for isoforms that are abundant in this population. Furthermore, 

independently generating these isoforms from different assemblies would give at least in 
silico validation of their existence. Two transcriptomes from our RNA-seq data (using either 

Trinity or soapdenovo-trans), two genome assemblies based on the Illumina dataset (using 

either Phusion or soapdenovo) and the primary genome assembly based on the PacBio data 

were used to query from the collection of known and candidate allergen proteins and protein 

predictions were assembled from these. An isoform of an allergen was considered to be new 

in cases which there is at least one amino acid substitution in any of various data assemblies.

In total, 43 new isoforms were found for 24 known and candidate allergens, including the 12 

candidate allergen isoforms in DP related to groups 16, 22 and 24–34 which had not 

previously identified (Table 2). Only existing isoforms were found for Der p 1 and Der p 2. 

This might be expected given the depth of the characterization of isoforms for these two 

major allergens. For 10 of the 19 described DP allergens we did find previously identified 
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isoforms, suggesting the validity of our approach. For the other 9 we found only new 

isoform(s). Most of these isoforms were found in more than one assembly, giving a higher 

confidence that their prediction is not due to some anomaly of sequence error or assembly. 

For 13 allergens, two different isoforms were found in the population and for 6 allergens 

three or four isoforms were found.

Only for DP groups 5, 13, 15, and 24 were no new isoforms found, suggesting that these 

proteins are well conserved and possibly subject to more functional selection constraint than 

the others. Der p 23 is a special case where we found two new candidates (cDer p 23b and 

cDer p23c). Genbank has five additional Der f 23 variants (Figure 1a), including one, 

KU166910, with a >60 amino acid insertion with seven copies of a seven amino acid 

repeating sequence. An examination of the DF genome for a KU166910-like sequence found 

a new Der f 23 isoform (cDer f 23b) as a single ORF that has a very similer extension 

containing eight copies of this repeating sequence (Figure 1a). The DP genome contains 

only the Der p 23 isoforms noted above, all without such extensions. Outside of the group 1 

and group 2 allergens, group 23 has the most described isoforms of any Dermatophagoides 

allergen.

Novel Isoforms in DF

A more confident validation of the new isoforms found above would be if the sequence 

variation could also be found in a related species as this would imply a vertical transmission 

of that isoform, not a confounding assembly or sequence error. A similar search for new 

isoforms was performed for the previously published DF genome, as heterozygosity was not 

previously addressed. From WHO/IUIS many isoforms for DF allergen groups 1, 2, 10, and 

17, are described, while only two isoforms for three other allergen groups, 20, 25, and 28 are 

listed. We obtained the DF protein predictions from the authors [5] and independently 

assembled their RNA-seq data (SRX367593) with Trinity and performed a protein 

prediction with this and an independent protein prediction with their genome sequence using 

SNAP [33]. We compared these protein predictions with the set of known DF allergens and 

with multiple sequence alignments compared the new allergen proteins to the known ones. 

We again found many examples of new isoform candidates for allergens, suggesting that the 

mite population used for sequencing the DF genome was from a diverse population also 

(Table 2). For 11 of the 31 known allergens a new isoform was found, including one for the 

most recently described Der f 34 allergen [34]. For 8 of these allergens only the novel form 

was found in any of the protein predictions, and for 6 allergens two isoforms were found. As 

described for DP, the DF groups 5, 13, and 24 contain only the originally described isoform 

emphasizing the hypothesis that these three are subject to more functional constraint.

In many cases, a new isoform was found in independent assemblies generated from different 

sequence preparations. To further validate these new isoforms in both species, multiple 

alignments were made between the orthologous allergens between the two 

Dermatophagoides species and for 16 allergens, some of the amino acid substitutions seen in 

new DP isoforms were observed also in a DF isoform suggesting that many of these 

differences pre-dated the speciation event from which these two mites resulted. Der p 3 is 

shown as an example in Figure 1b; L17 is seen in isoforms of both species, while a W17 
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isoform is seen only in DF. The most parsimonious explanation is that L17 is the ancestral 

state in both species and that W17 arose in DF after speciation. A similar explanation 

applies for for A138, but the opposite explanation would apply for D127. In this case D127, 

present in all Der p 3 isoforms, would be the ancestral amino acid while in DF, one isoform 

contains a sequence change resulting in N127. For nine of the allergens and candidate 

allergens, the ancestral state of specific amino acids could be determined (Table 2). In all, 

for 34 of the 43 newly identified DP allergen isoforms we could validate their existence by 

one of the above approaches. The 16 allergens for for which we found an isoform conserved 

between DF and DP are likely genuinely conserved differences as they are found in both 

species. For those isoforms for which validation is only by confirmation between 

assemblies, or which are only found in a single assembly, re-sequencing within this 

population would be an appropriate confirmation.

Genomic organization of allergens in Dermatophagoides

The completeness of the DF and DP genomes allowed a detailed analysis of the conservation 

of organization of the allergens in both genomes. All of the observed clustering of allergen 

genes in DP and DF is shown in Figure 2. Many cases of clustering of allergens were found, 

for instance groups 7 and 10, groups 16 and 32, among others displayed in Figure 2a. In 

most of these cases, synteny was conserved between the two mites, although this may be 

underestimated due to gaps in a genome assembly. For instance, Der f 25, Der f 28, and Der 

f 31 are linked within 350 kb in DF, but only Der p 25 and Der p 31 are linked in the DP 

assembly.

Some of the allergens that exist as part of larger gene families of proteins, were also found to 

be within clusters of two or more related genes, such as group 1 (cysteine protease), group 4 

(amylase), group 8 (glutathione-S transferase), group 23 (chitin binding domain protein, 

CBD) and group 27 (serpin), Figure 2b. Some of the gene families are extensive. There are 

48 CBD (major allergen group 23) proteins in DP (47 in DF) and 5 of these in DP, including 

Der p 23, are very closely linked within 4 kb while three, including Der f 23, are similarly 

linked in DF; all three of the latter have orthologous relationships between the two 

organisms. There are 17 serpins in DP, 6 of these are found within 13 kb, while 5 of 12 

serpin proteins are found within 10 kb in DF. Both Der p 1 and Der f 1 genes are part of the 

larger cysteine protease gene families and are adjacent to related cysteine protease genes in a 

tandem arrangement. Der p 1 has 55% identity at the amino acid level to DEPT_10908 while 

Der f 1 has 43 % to DEFA_073870. The allergens of group 5 and 21 are distantly related and 

present an interesting case of a linkage between related allergens. Each are physically close 

in both mites, and are in an inverted orientation with similar exon/intron structures. 

Although the Dermatophagoides groups 5 and 21 proteins have a low identity to each other 

in both species (30.71 % in DP and 36.96 % in DF) both are clearly related to the Blot 5 

allergen of the Blomia tropicalis mite. An examination of the allergen genes alone suggests a 

high level of conservation of synteny between DP and DF, given the conservation of the 

orientation of the linked genes and relatively similar distances between them. In the two 

more extensive gene families, the CBDs and serpins, there does appear to be differentiation 

between the two species as the cluster of 5 CBD genes in DP is a cluster of three in DF. This 

could be explained either by gene loss in DF or an expansion of the gene family in DP. 
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While the genomic organization of the above described allergens between DP and DF is well 

conserved, at the gene level there is little intragenic conservation at the exon/intron level. In 

only one of the linked pairs, Der 5 and Der 21 (the Blot 5 family) is the exon/intron structure 

conserved between both species in both allergens.

Comparative genomics of mites and ticks

For six of the species in Table 1, genome-wide protein predictions are available, including 

that of DP presented here. The biology of the Acari has not been well explored at the 

genomic level and this dataset allows us an opportunity for a variety of important 

comparisons between these species. We used OrthoVenn to examine the conservation and 

intersection of the proteomes of these six organisms (Figure 3) [35]. Table 3 shows the total 

number of proteins, clusters, and singletons in each species. 3224 gene clusters were 

conserved between all six species. The following summarizes a statistical analysis of GO 

terms associated with these gene clusters (data not shown). Only one GO term is over-

represented in this set by a hypergeometric test at a p-value < 0.05, which is GO: 0051539, 4 

iron, 4 sulfur cluster binding protein. A set of 1707 clusters are unique to the 

Dermatophagoides lineage. Within this set, three GO biological processes are over-

represented (p < 0.05): response to nitrosative stress (GO:0051409), cytoplasmic 

microtubule organization (GO:0031122), and cellular response to nutrient (GO:0031670). In 

contrast to this, 13 biological processes are over-represented within DP (Supplemental Table 

2). All of these involve enzymatic processes, including two peptidase activities, tripeptidyl-

peptidase activity (GO:0008240) and exopeptidase activity (GO:0008238) and four different 

polyphosphate processes. None of these are over-represented in DF in which cell 

differentiation processes are prominent. Within the central cluster common to all six mites, 

several types of cytochrome P450s, Glutathione S transferase-1, and an ABC transporter 

have undergone expansions, suggesting responses to environmental exposure is a common 

threat to all species. The protein ‘doublesex’ has also undergone an expansion. This and the 

presence of other insect sexual development proteins in the proteomes of all additional mites 

and ticks examined (Supplemental Table 3), suggests that there is some conservation in the 

sexual development strategy between these species and insects. Most conserved expansions 

are of proteins of known function.

Discussion

The quality of a genome assembly can be judged in a variety of ways. The N50 

measurement is often used as a proxy for the completeness of a genome [36]. As noted in 

Table 1 our assembly compares favorably to other related genomes. A good indication of 

this is that we found nearly all the syntenic relationships between allergens in both DF and 

DP to be conserved (Figure 1). Other measurements should also be considered. In our case, 

it was important to uncover as much information about known allergens as possible. 

Importantly we found full length versions of all known allergen genes, discovered new 

candidate isoforms of most, sixteen of which contain variations also seen in DF which thus 

represents a good evolutionary validation for this subset of isoforms. We also found a set of 

candidate sexual development genes identical to those found in other mites and ticks 

(Supplemental Table 3). The extended CEGMA dataset gives a measure of overall 
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eukaryotic gene content, these genes were represented extremely well in the DP assembly. 

The BUSCO analysis [31], which is a comparison to a collection of conserved arthropod 

genes, showed only average assembly coverage. Given that the mean BUSCO coverage of 

all mite and tick genomes was 51.4 % [25] this suggests that a more arachnid-centric dataset 

may need to be developed. Thus, at the level of specific gene sets of interest, and at an 

overall level, our genome is a good representation of DP. Other elements of a eukaryotic 

organisms’ genome were also well represented, including a complement of tRNA genes 

nearly identical to DF but with a very different organization; 40% of the tRNA genes in DF 

are within a cluster on a single sequence scaffold; in DP 53% of the tRNAs are clustered but 

only in small clusters of 2–5 tRNAs. We also found a complete version of a new 

mitochondrial haplotype for DP and a near full length (5 Mb) genome of Serratia 
marcescens, the dominant component of the DP microbiome. All data indicators suggest that 

the sequencing and assembly is high quality and we have accurately identified new isoforms.

Previously we reported that DP allergens represented 0.1% of the DP proteome based on the 

19 allergens in WHO/IUIS versus the 25,445 RNAseq transcripts [18]. Using the genome as 

a guide, we can now revise the total number of proteins from DP to be 19,368, and if we 

recalculate the percentage of allergens this still rounds to 0.1%. If the 12 DP candidate 

allergens identified herein have IgE reactivity, that could rise to 0.2%. While the allergens 

are rare in the genome, some like Der p 1 are highly expressed, which is why exposure 

measurements have focused on detecting this allergen [37]. However, using the genome as a 

guide and mass spectrometry techniques, we were able to identify peptides in house dust 

extract that were unique to DP from proteins that are not currently classified as allergens 

(data not shown). This indicates that exposure is not limited to allergens. The genome will 

therefore allow researchers to better catalogue the totality of human exposure which 

hopefully will help lead to a better understanding of why certain proteins are tolerated and 

some are allergenic.

Another utility of the genomic analysis is that while DP and DF are closely related 

organisms, there are hundreds of proteins that are species specific. These proteins may be 

useful molecular probes to accurately map the geographic range of the species and 

differentiate exposure.

Intriguingly, a Der p 4 ortholog is missing in SS. This absence of Der p 4 is significant 

because it has been reported that SS infected patients have a very high anti-Der p 4 IgE titer, 

on a par with the IgE titer to Der p 1 and Der p 2 [38]. Evidence for Der p 4 exists in either 

the genome or predicted protein set in all the other 10 mites and ticks and the two outgroups 

mentioned above, D. pulex and D. melanogaster. Furthermore, Der p 4 was not present in all 

three available SS genomes that have been sequenced, [20–22] suggesting that its absence is 

not simply due to the incompleteness of either a single SS genome or its’ protein 

predictions, but likely a true absence. Der p 4 is an amylase and three other amylases are 

also predicted in the two Dermatophagoides spp. protein sets; orthologs of these are also 

found in SS. However these other amylases in SS are low in sequence identity (< 26%) to 

Der p 4. Without a close homolog to Der p 4 in the SS genome, the reason for this 

abnormally high response to Der p 4 in scabies patients bears further investigation.
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A recent study on the major birch allergen Bet v 1 highlights many of the challenges in 

creating allergy reference standards [39]. The study demonstrated that in patient products 

used for immunotherapy from different manufacturers there is a high variability in allergen 

content [40,41], which has also been noted in cockroach extracts [42]. In addition, a direct 

comparison of two proposed ELISA standards for Bet v 1 detection showed some 

discrepancies that were attributed to isoform variations of Bet v 1. At the heart of the 

isoform variation is genetic diversity. This diversity we were able to describe in some detail 

from the population of DP mites in this study and a re-evaluation of the DF genomic data 

[5].

Among the known isoforms of the common Dermatophagoides allergens, many known 

isoforms have been described of the group 1 and 2 allergens [9,10]. Several studies have 

corroborated the Bet v 1 study above indicating that the isoform variations affect antibody 

binding to mite allergens [11–13]. We found the existence of multiple isoforms of many of 

the known allergens in DP. A more detailed analysis of the existing genomic data for DF 

found a similar level of variation. As both these HDM genomes were assembled from 

isolated populations of laboratory-maintained mites, this may underestimate variations in 

existing population structure in dust mite allergens worldwide, undermining the hope for a 

suitable reference standard. However, the data presented in Table 2 shows that at least some 

of the isoform variation predates the speciation event in Dermatophagoides spp. This 

suggests that with proper characterization and knowledge of existing isoforms, 

standardization should be possible.

The human genome has been analyzed for new drug targets for treating human disease and 

improving human health [43]. Arthropod genomes are also analysed for drug or pesticide 

targets, i.e. for essential mite molecules or mechanisms that can be targeted with lethal 

compounds [44]. In the same way the genetic revolution has also expanded to include the 

development of acaricides, for example in ticks [45] and spider mites [46]. Patients 

sensitized to mite allergens are encouraged to reduce allergen exposure in the home with 

multiple integrated strategies [47]. Current acaricide treatment using tannic acid or benzyl 

benzoate alone is generally regarded as ineffective in reducing allergen levels [48,49]. 

However, the singletons in Table 3 could be promising selective acaricide targets for mites 

because there are no relatives in current protein databases. This study of the DP genome may 

also be useful in the developement of acaricides with improved effectiveness.

Knowledge of the genomes and proteomes of multiple mite species will allow molecular 

allergologists to rapidly make comparisons of cross-reacitivty, species specificity, and 

exposure measurements as allergens are characterized. We identified multiple isoforms of 

many allergens within a single population of both DP and DF which suggests there is much 

more allergen variation yet to be discovered. The likelihood is that this genomic variation 

could contribute to differences in allergenicity between mite populations. This study should 

highlight the need to understand the interplay between human genetic variation and the 

genetic variation of the allergy causing organisms as being important in understanding 

allergies in general.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A multiple sequence alignment of the isoforms of groups 23 and 3
A) All known and newly identified isoforms of group 23 from both D. pteronyssinus and D. 
farinae are shown aligned. B) Both known and newly identified isoforms of group 3 from 

both species are included. The three residues boxed in red are examples of amino acid 

variation conserved between species. As L17, D127, and A138 are observed in both species, 

the most parsimonious assumption is that these are the ancestral amino acids at these three 

position and the other is derived after speciation. A list of conserved amino acid 

substitutions in all allergen isoforms is listed in Table 2.
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Figure 2. Conserved genomic organization of allergens
A) clusters of unrelated allergens that are conserved between D. pteronyssinus and D. 
farinae. B) Cartoon depiction of the organization of allergens that are part of gene families. 

In both, orientation of the genes is indicated by an arrow, and the approximate distance 

between linked genes is shown, not to scale. In parenthesis beside the gene name is the 

number of exons in a given gene. All chitin binding domain and serpin genes are single exon 

genes. Orthologous relationships, as defined by the orthoparahomlist.pl script, are 

highlighted in red. The percent identity between members of a gene family within a species 

is on the right of a given gene pair. The orthologous relationships between the members of 

the serpin gene family is inconclusive aside from the Der 27 allergens.
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Figure 3. Conserved orthologs in mite and tick genomes
Predicted proteomes from five publicly available mites and ticks, and D. pteronyssinus, were 

used. A Venn diagram showing the distribution of conserved ortholog clusters. A cluster is 

defined as a group of related proteins having a BLAST similarity of at least 10−05. The 

central overlap of all six species (3224 clusters) represents those proteins that have one or 

more orthologs in each of the six species at a BLAST cutoff of 10−05, whereas the various 

other overlapping groups contain clusters representing orthologs conserved between two or 

more species. The outer spikes (i.e., the D. pteronyssinus spike containing 334 clusters) 

represent clusters (gene families) of two or more proteins unique to a given species only. 

The area of the spikes are not proportional to the numbers of genes they contain.
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