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Abstract

Background: Dermatophagoides pteronyssinus (DP) and Der-
matophagoides farinae (DF) are highly similar disease-asso-
ciated mites with frequently overlapping geographic distri-
butions. A draft genome of DP was assembled to identify the
candidate allergens in DP that are homologous to those in
DF, investigate allergen isoforms, and facilitate comparisons
with related Acari. Methods: PacBio and Illumina whole-ge-
nome sequencing was performed on DP. Assembly and re-
construction of the genomes were optimized for isoform
identification in a heterogeneous population. Bioinformatic
analyses of Acari genomes were performed. Results: The
predicted size of the DP nuclear genome is 52.5 Mb. A pre-
dicted 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 popula-
tion of DP mites showed a high level of heterozygosity that
allowed the identification of 43 new isoforms for both estab-
lished and candidate allergensin 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 identified. Some new isoforms were observed in
both species, suggesting that these isoforms predated spe-
ciation. The high quality of both genomes allowed an ex-
amination of synteny which showed that many allergen or-
thologs are physically clustered but with species-specific
exon/intron structures. Comparative genomic analyses of
other Acariformes mites showed that most of the allergen
homologs are widely conserved within this Superorder. Con-
clusions: Candidate allergens in DP were identified to facili-
tate future serological studies. While DP and DF are highly
similar genetically, species-specific allergen isoforms exist to
facilitate molecular differentiation. © 2018 S. Karger AG, Basel

Introduction

Sensitization to indoor allergens is often associated
with extrinsic asthma [1]. The most common indoor al-
lergens to which individuals are sensitized in the USA are
from the house dust mites (HDM) Dermatophagoides
pteronyssinus (DP) and Dermatophagoides farinae (DF)
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[2]. Both species have been identified in human dwellings
worldwide, although regional patterns of one species pre-
dominating are noted [3]. DP prefers higher relative hu-
midity 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 popu-
lation [5]. There are now 31 known proteins comprising
the DF allergome, i.e., proteins that have been shown to
be allergens in patients. The DP allergome comprises 19
proteins, all orthologs of a subset of the DF allergome.
These are officially recognized by the World Health Or-
ganization and International Union of Immunological
Societies (WHO/IUIS) as allergens. Given this imbalance,
the assembly and annotation of the genome of DP pro-
vides a valuable resource for allergists to rapidly assess
candidate allergens in this species for their relative patient
impact geographically, and the potential for species-spe-
cific identificiation.

The contribution of genetic variation within the popu-
lation of an allergy-causing organism has been studied.
For example, in birch pollen, there are 27 recorded vari-
ants of the major allergen Bet v 1, that have been vari-
ously assessed for allergic stimulation [6], IgE binding [7],
and even natural ligand affinity [8]. Similarly, the poly-
morphisms 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]. Varia-
tions in binding can be extremely important for exposure
measurements that rely on antibody detection as well as
for standardizing patient diagnostics and treatments [15].

Our study presents a unique case where allergen iso-
form variation can be examined at the genomic level, as
our genome was generated from a population of random-
ly breeding diploid dust mites that has been maintained
as a colony for many years. While an existing variation
present in a protein within a population is likely not going
to adversely affect the primary function of a given aller-
gen, it may affect the allergenicity of a protein as this is
likely under neutral selection. This offered us the oppor-
tunity to examine the naturally occurring variation with-
in a complete collection of allergen genes in an important
disease-associated organism.

There are thousands of common protein domains, al-
though, surprisingly, only a few of these are allergenic [16,
17]. Within the proteome of DP, <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 al-
lergens are also members of gene families in which only
one of the genes encodes an allergen (e.g., chitin-binding
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domains, cysteine and serine proteases, amylases, and
glutathione-S transferases). Thus, the presence of a do-
main is not necessarily predictive of allergenicity. Our ge-
nome assembly and annotation allowed us to compile
collections of gene families of all known allergens. Subse-
quent 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, explicit methods regard-
ing genome assembly, and protein prediction are described in de-
tail in the online supplementary material (for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000481989). All original
sequence data used here have been deposited in GenBank under
Bioproject PRINA395246.

All multiple-sequence alignments were generated using MUS-
CLE within CLC Genomics Workbench.

Several genomes from the Acari suborder, which includes
mites and ticks, have recently been published, including D. farinae
[5], the scabies mite Sarcoptes scabiei (SS) [20-22], the honey bee
mite Tropilaelaps mercedesae [23], the spider mite Tetranychus ur-
ticae [24] , which is preyed upon by the mite Metaseiulus occiden-
talis [25], Ixodes scapularis [26, 27], and Varroa destructor [28].
Four mite genomes from the order Oribatida have also been se-
quenced: Achipteria coleoptrata, Platynothrus peltifer, Steganaca-
rus 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 re-
moval of the microbiome-containing contigs, this result-
ed in a 52.5-Mb genome assembly of 834 contigs with an
N50 of 376 kb. A comparison with other available mite
and tick genomes is shown in Table 1. In terms of the N50
measurement, this assembly is among the more complete
that are available. Judging by the comparison with the ex-
tended CEGMA dataset [30] results, 97.7% (2,686/2,748)
of these genes were represented in our main assembly,
also suggesting a high level of completeness. Analysis
with the BUSCO arthropod geneset of 2,675 genes [31]
found 53.4% complete genes in our genome. A recent
summary of 9 available arachnid genomes analyzed with
BUSCO using this geneset found a mean of 51.4% com-
plete genes with a range of 13.7-82.3% [25]. Details re-
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Table 1. Statistics for available mite and tick genomes

Species Genome Genome/ Scaffolds Predicted Genome NCBI
size scaffold N50 proteins® accession No.

D. pteronyssinus 52.5 Mb 376 kb 834 19,368

D. farinae 53.5 Mb 187 kb 515 16,376 GCA_000767015.1
Sarcoptes scabiei 56.3 Mb 11.2 kb 18,860 10,644 GCA_000828355.1
Achipteria coleoptrata 88.4 Mb 7.5kb 56,345 n.d. GCA_000988765.1
Platynothrus peltifer 100.5 Mb 1.6 kb 105,671 n.d. GCA_000988905.1
Steganacarus magnus 113.6 Mb 2.5kb 101,545 n.d. GCA_000988885.1
Hypochthonius rufulus 535 Mb 4.2 kb 140,449 n.d. GCA_000988845.1
Tetranychus urticae 90.8 Mb 212.8 Mb 641 15,054 GCA_000239435.1
Ixodes scapularis 1.76 Gb 2.94 kb 369,492 20,467 GCA_000208615.1
Varroa destructor 331.9 Mb 15.6 kb 20,448 ND GCA_000181155.1
Metaseiulus occidentalis 151.7 Mb 200.7 kb 2,211 18,338 GCA_000255335.1
Tropilaelaps mercedesae 352.5 Mb 12.7 kb 33,764 14,342 GCA_002081605.1

The 5 for which publicly available proteomes were available were used for all comparative genomics described here. n.d., no data.

2 The 11 publicly available genomes for the Acari are listed.

garding the mitochondrial genome [32], microbiome
composition, repeat content, and tRNA content and or-
ganization can be found in the online supplementary ma-
terial.

Allergen Identification

Nineteen allergens have been curated from DP by
WHO/IUIS, in contrast to 31 from DF. Within our pre-
dicted proteome, we found orthologs of all 12 DF aller-
gens that have yet to be tested in DP-allergic patients
(candidate DP groups 16, 22, and 25-34). Nearly all were
found as full-length proteins (online suppl. 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 online supplementary Table 1. For ortholog identifica-
tion 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 20 conserved within mites, 18 were also
found in Daphnia pulex and Drosophila melanogaster,
suggesting a core group of proteins that, in some of these
organisms, act as allergens that are likely to be generally
conserved within arthropods, including the major aller-
gen Der p 1. Only 1, Der p 6, a serine protease, appears to
be unique to the Dermatophagoides lineage. A Der p 4
ortholog was specifically missing from all 3 sequenced
S. scabiei genomes [20-22].
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Prediction of Novel Isoforms of Known Allergens

Isoforms are defined here as variants from the same
genetic locus with >1 amino acid substitutions, inser-
tions, 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, respec-
tively, but for most others, only 1 isoform has been iden-
tified and characterized as an allergen. Only in the case of
Der p 5, Der p 9, and Der p 15 have 2 isoforms been iden-
tified. All the sequence data that were generated in this
study came from a single laboratory-maintained popula-
tion of randomly breeding DP. Initial characterization of
this sequence data by kmer analysis suggested a high lev-
el of heterozygosity within this population (online suppl.
Fig. 1). This was useful for characterization of the genetic
variation within this species and the identification of al-
lergen isoforms, but technically presented a challenge in
genome assembly (see online suppl. Methods).

To assess this variation within the predicted DP aller-
gome, we searched several of our genome and transcrip-
tome assemblies produced independently from the dif-
ferent 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 prepara-
tions and assembled with different algorithms, might dif-
ferentially predict an isoform, at least in the case of iso-
forms that are abundant in this population. Furthermore,
independently generating these isoforms from different
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Table 2. Allergen isoforms identified in the genomes and proteomes of D. pteronyssinus and D. farinae

Allergen Function Isoform(s) Conserved substitutions Allergen Isoform(s) Published
1D (DP) 1D (DF)
Derp1l cysteine protease Der p 1.0105 Derf1 Der £1.0101 DEFA_073880
Derp2 lipid-binding Der p 2.0101, Der p 2.0103 Der 2 Der £2.0102 DEFA_057430
Derp 3 trypsin Der p 3.0101, cDer p 3b**, cDer p 3c** 17L>W,127N>D, 138A>S Derf3 cDer f 3b DEFA_036500
Der p 4 alpha amylase Der p 4.0101, cDer p 4b**, cDer p 4c**  523D/G Der f4 cDer f 4b* DEFA_092370
Derp 5 structural protein Der p 5.0101 Der f5 cDer 5% DEFA_009370
Derp 6 chymotrypsin Der p 6.0101, cDer p 6b** 84L>M Der f6 cDer f 6b* DEFA_160240
Derp7 unknown cDer p 7b, cDer p 7c, cDer p 7d** 331>V Derf7 cDer f 7b* DEFA_012670
Derp 8 glutathione-S transferase cDer p 8b*** 48Q/E, 162Y/N Derf8 cDer f 8b* DEFA_112610
Derp 9 serine protease cDer p 9¢*, cDer p 9d** 236S/A Der {9 Der £9.0101 DEFA_108510
Derp 10 tropomyosin cDer p 10b, cDer p 10c, cDer p 10d* 258H/Y,267T/A Der £ 10 Der £10.0101, DEFA_012620
cDer f 10b*
Derp 11 paramyosin cDer p 11b**, cDer p 11c*** 125Q>H,273E>D, Derf11 cDer f 11b* DEFA_029610
360T>A,382N>D
Derp 13 fatty acid-binding Der p 13.0101 Der f13 Der £13.0101 DEFA_016640
Der p 14 vitellogenin cDer p 14b**, cDer p 14c**, cDer p 14d* 580S>G,813A>S Derf14 cDer f 14b* DEFA_023480
Der p 15 chitinase Der p 15.0101, Der p 15.0102 Der f 15 cDer f 15b DEFA_127470
cDerp 16 gelsolin cDer p 16a**, cDer p 16b* 460D>G Derf16 Der p 16.0101, DEFA_053360
cDer f 16b*
Derp 18 chitinase cDer p 18b**, cDer p 18c*** 457T>A Derf18 Der £18.0101 DEFA_042810
Der p 20 arginine kinase Der p 20.0101, cDer p 20b, cDer p 20c 3541/V,3841/M Der £ 20 Der £20.0101 DEFA_122350
Der p 21 structural protein Der p 21.0101, cDer p 21b Der f21 Der £21.0101 DEFA_009360
cDer p 22 MD-2-related lipid recognition cDer p 22a*, cDer p 22b** 154H>Q Der f22 Der £22.0101 DEFA_072800
Der p 23 chitin-binding domain type 2 Der p 23.0101, cDer p 23b**, cDer p 23¢ Der f23 Der 23, DEFA_123860
cDer f23b
Der p 24 ubiquinol-cyt C reductase-binding Der p 24.0101 Der 24 Der £24.0101 DEFA_162130
cDer p 25 triose phosphate isomerase cDer p 25a*, cDer p 25b* Der f25 cDer f 25b* DEFA_001450
cDer p 26 myosin, light-chain cDer p 26a, cDer p 26b*** 126A>S Der f26 Der £26.0101 DEFA_126820
cDer p 27 serpin cDer p 27 Der f27 cDer f27b* DEFA_144510
cDer p 28 heat-shock protein cDer p 28 Der £ 28 Der £28.0101 DEFA_150350
cDer p 29 cyclophilin cDer p 29 Der f29 Der £29.0101 DEFA_018720
cDer p 30 ferritin cDer p 30a**, cDer p 30b*** 48N/D,58E/R,62D/H, Der £ 30 cDer f 30b* DEFA_057540
66K/E,74R/K,78L/F
cDer p 31 cofilin cDer p 31a**, cDer p 31b* insertion Der 31 Der £31.0101 DEFA_002000
cDer p 32 inorganic pyrophosphatase cDer p 32 Der {32 Der £32.0101 DEFA_053550
cDer p 33 alpha tubulin cDer p 33a*, cDer p 33b 125M/L,133A/S Der 33 Der £33.0101 DEFA_107410
cDer p 34 endoribonuclease cDer p 34a**, cDer p 34b 125A>T,144V>1,147A>Q Der f 34 cDer f 34b* DEFA_019630

All identified amino acid substitutions seen in both species are listed (conserved substitutions): those for which an ancestral state cannot be inferred appear as A/B; those for which

an ancestral state can be conferred appear as A>B, with A being the ancestral amino acid.

D. pteronyssinus (DP): allergen IDs denoted in bold type are newly identified candidate allergens. Any newly identified candidate allergens/isoforms are noted with the prefix “c”.
Newly identified isoforms are noted with an alphabetic suffix of b, ¢, d, etc. * Validation based on prediction in multiple assemblies; ** validation based on conserved amino acid sub-

stitutions between the 2 species; ***

validation of an isoform based on both of the above criteria.

D. farinae (DF): allergen IDs are genes for the allergens from either the DF predicted proteome (Table 1 of [5]) or those assigned as the ortholog to the appropriate DP allergen.
Those listed in bold are new isoforms that were identified in Chan et al. [5], but were not noted at the time; those not in bold are identical in sequence to the isoforms already defined.
* Confirmation by prediction in another DF transcriptome assembly. For Der f 34, DEFA_019630 is the candidate isoform in the published proteome, the isoform we identified is dis-

tinct from this and Der £ 34.0101 (online suppl. File).

assemblies would give at least an in silico validation of
their existence. Two transcriptomes from our RNA-seq
data (using either Trinity or SOAPdenovo-Trans), 2 ge-
nome assemblies based on the Illumina dataset (using ei-
ther Phusion or SOAPdenovo), and the primary genome
assembly based on PacBio data were used to query the
collection of known and candidate allergen proteins, and
protein predictions were assembled from these. An iso-
form of an allergen was considered to be new in cases in
which there was at least 1 amino acid substitution in any
of the data assemblies.

In total, 43 new isoforms were found for 24 known and
candidate allergens, including the 12 candidate allergen
isoforms in DP that were related to groups 16, 22, and
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24-34 which had not previously identified (Table 2).
Only existing isoforms were found for Der p 1 and Der
p 2. This is to be expected, given the depth of the charac-
terization of isoforms for these 2 major allergens. For 10
of the 19 DP allergens described, we did find previously
identified isoforms, confirming the validity of our ap-
proach. For the other 9, we found only new isoform(s).
Most of these were found in >1 assembly, conferring
greater confidence that their prediction was not due to
some anomaly of sequence error or assembly. For 13 al-
lergens, 2 different isoforms were found in the popula-
tion, and for 6 allergens, 3 or 4 isoforms were found.
Only for DP groups 5, 13, 15, and 24 were no new iso-
forms found, suggesting that these proteins are well-con-
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Fig. 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 3 residues boxed in red are examples of amino

served and possibly subject to more functional selection
constraint than the others. Der p 23 is a special case where
we found 2 new candidates (cDer p 23b and cDer p 23c).
Genbank has 5 additional Der f 23 variants (Fig. 1a), in-
cluding KU166910, with a >60 amino acid insertion with
7 copies of a 7-amino-acid repeating sequence. An ex-
amination of the DF genome for a KU166910-like se-
quence found a new Der f 23 isoform (cDer f 23b) as a
single ORF that has a very similar extension containing 8
copies of this repeating sequence (Fig. 1a). The DP ge-
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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 3 positions and
the other is derived after speciation. A list of conserved amino acid
substitutions in all allergen isoforms is listed in Table 2.

nome contained 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 iso-
forms of any Dermatophagoides allergen.

Novel Isoforms in DF

If the sequence variation could also be found in a re-
lated species, this would constitute a more confident val-
idation of the new isoforms found above, as it would im-
ply a vertical transmission of that isoform, not a con-
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founding assembly or sequence error. A similar search for
new isoforms was performed for the previously published
DF genome, as heterozygosity was not previously ad-
dressed. Many isoforms for DF the allergen groups 1, 2,
10, and 17, are described by the WHO/IUIS, but only 2
isoforms for 3 other allergen groups, 20, 25, and 28, are
listed. We obtained the DF protein predictions from the
authors [5], independently assembled their RNA-seq data
(SRX367593) with Trinity, and then performed a protein
prediction with this as well as an independent protein
prediction with their genome sequence using SNAP [33].
We compared these protein predictions with the set of
known DF allergens and compared the new allergen pro-
teins to the known ones with multiple-sequence align-
ments. Again, we found many examples of new isoform
candidates for allergens, suggesting that the mite popula-
tion used for sequencing the DF genome was also from a
diverse population (Table 2). For 11 of the 31 known al-
lergens, a new isoform was found, including 1 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, 2 isoforms
were found. As described for DP, the DF groups 5, 13, and
24 contained only the originally described isoform, em-
phasizing the hypothesis that these 3 are subject to more
functional constraint.

In many cases, a new isoform was found in the inde-
pendent assemblies generated from the different se-
quence preparations. To further validate these new iso-
forms in both species, multiple alignments were made
between the orthologous allergens between the 2 Derma-
tophagoides species and for 16 allergens. Some of the ami-
no acid substitutions seen in the new DP isoforms were
also observed in a DF isoform, suggesting that many of
these differences predated the speciation event from
which these 2 mites resulted. Der p 3 is shown as an ex-
ample in Figure 1b; L17 is seen in the isoforms of both
species, while a W17 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 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 whereas in DF, 1 isoform contains a sequence
change that results in N127. For 9 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 vali-
date their existence by 1 of the above approaches. The 16
allergens for which we found an isoform conserved be-

Draft Genome of D. pteronyssinus

tween DF and DP are likely genuinely conserved differ-
ences as they are found in both species. For the isoforms
for which validation was only by confirmation between
assemblies, or which are only found in a single assembly,
resequencing within this population would be an appro-
priate 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 cluster-
ing of allergen genes in DP and DF is shown in Figure 2.
Many cases of clustering of allergens were found, for in-
stance, in groups 7 and 10 and groups 16 and 32, among
others displayed in Figure 2a. In most of these cases, syn-
teny was conserved between the 2 mites, although this
may have been underestimated due to gaps in genome
assembly. For instance, Der £ 25, Der £ 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 >2 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) (Fig. 2b). Some of the gene families are
extensive. There are 48 CBD (major allergen group 23)
proteins in DP and 47 in DF, and 5 of these in DP (includ-
ing Der p 23) are very closely linked within 4 kb, while 3
(including Der £23) are similarly linked in DF; all of these
3 have orthologous relationships between the 2 organ-
isms. There are 17 serpins in DP, 6 of which are found
within 13 kb, while 5 of 12 serpin proteins are found with-
in 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 arrange-
ment. 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 groups 5 and 21 are distantly related and
present an interesting case of a linkage between related
allergens. Each is physically close in both mites, and con-
stitute an inverted orientation with similar exon/intron
structures. Although the Dermatophagoides group 5 and
group 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 Blo t 5 allergen of the Blomia tropi-
calis 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
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Fig. 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 aller-
gens that are a part of gene families. In both, orientation of the
genes is indicated by an arrow, and the approximate distance be-
tween linked genes is shown (not to scale). In parenthesis beside
the gene name is the number of exons in a given gene. All chitin-

the linked genes and the relatively similar distances be-
tween them. In the 2 more extensive gene families, the
CBDs and serpins, there does appear to be differentiation
between the 2 species, as the cluster of 5 CBD genes in DP
is a cluster of 3 in DF. This could be explained either by
gene loss in DF or an expansion of the gene family in DP.
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 1 of the linked pairs, the group
5 allergens, is the exon/intron structure conserved be-
tween both species in both allergens.

Comparative Genomics of Mites and Ticks

For 6 of the species in Table 1, genome-wide protein
predictions are available, including that of DP presented
here. The biology of Acari has not been well explored at
the genomic level, and this dataset provides us with an

142 Int Arch Allergy Immunol 2018;175:136-146

DOI: 10.1159/000481989

binding domain and serpin genes are single-exon genes. Ortholo-
gous 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 relationship between the members of the serpin gene
family is inconclusive, aside from the Der 27 allergens.

opportunity to make a variety of important comparisons
between these species. We used OrthoVenn to examine
the conservation and intersection of the proteomes of
these 6 organisms (Fig. 3) [35]. Table 3 shows the total
number of proteins, clusters, and singletons in each spe-
cies; 3,224 gene clusters were conserved between all 6 spe-
cies. The following summarizes a statistical analysis of
gene ontology (GO) terms associated with these gene
clusters (data not shown). Only 1 GO term is overrepre-
sented in this set by a hypergeometric test at p < 0.05, i.e.,
GO0:0051539, a 4-iron, 4-sulfur, cluster-binding protein.
A set of 1,707 clusters is unique to the Dermatophagoides
lineage. Within this set, 3 GO biological processes are
overrepresented (p < 0.05): the response to nitrosative
stress (GO:0051409), the cytoplasmic microtubule orga-
nization (GO:0031122), and the cellular response to nu-
trients (GO:0031670). In contrast to this, 13 biological
processes are overrepresented within DP (online suppl.
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Fig. 3. Conserved orthologs in mite and
tick genomes. Predicted proteomes from 5
publicly available mites and ticks and D.
pteronyssinus, were used. The Venn dia-
gram shows the distribution of conserved
ortholog clusters. A cluster is defined as a
group of related proteins having a BLAST
similarity of at least 107%°. The central over-
lap of all 6 species (3,224 clusters) repre-
sents those proteins that have >1 orthologs
in each of the 6 species at a BLAST cut-off
of 1079, whereas the various other overlap-
ping groups contain clusters representing
orthologs conserved between >2 species.
The outer spikes (i.e., the D. pteronyssinus
spike containing 334 clusters) represent
clusters (gene families) of >2 proteins
unique to a given species only. The areas of
the spikes are not proportional to the num-

bers of genes they contain.

. D. farinae
D. pteronyssinus

1,707 @ M. occidentalis

692
334 /
y
/

y
353
40
24

33 S. scabiei

//// 220 788 769

//

T. urticae

I. scapularis

Table 3. A summary of the ortholog analysis in Figure 3

teins in the proteomes of all additional mites and ticks

examined (online suppl. Table 3), suggests that there is

Species Proteins Clusters  Singletons some conservation in the sexual development strategy be-
D. pteronyssinus 19,368 0.496 8,082 tween these species and insects. qut conserved expan-
D. farinae 16.376 8.931 6.505 sions are of proteins of known function.

M. occidentalis 18,338 6,943 4,767

S. scabiei 10,473 7,330 2,506

I scapularis 20,486 7,420 9,140 Discussion

T. urticae 18,224 6,726 6,042

Table 2). All of these involve enzymatic processes, includ-
ing 2 peptidase activities, tripeptidyl-peptidase activity
(G0O:0008240) and exopeptidase activity (GO:0008238),
and 4 different polyphosphate processes. None of these is
overrepresented in DF, in which cell differentiation pro-
cesses are prominent. Within the central cluster common
to all 6 mites, several types of cytochrome P450, glutathi-
one-S transferase 1, and an ABC transporter underwent
expansions, suggesting that responses to environmental
exposure are a common threat to all species. The protein
“doublesex” also underwent an expansion. This, along
with the presence of other insect sexual development pro-

Draft Genome of D. pteronyssinus

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 re-
lated 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 (Fig. 1). Other measure-
ments should also be considered. In our case, it was im-
portant to uncover as much information about the
known allergens as possible. Importantly, we found full-
length versions of all known allergen genes, and discov-
ered new candidate isoforms of most of them, 16 of which
contain variations also seen in DF, thus representing a
good evolutionary validation for this subset of isoforms.
We also found a set of candidate sexual-development
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genes identical to those found in other mites and ticks
(online suppl. Table 3). The extended CEGMA dataset
gives a measure of overall eukaryotic gene content; these
genes were represented extremely well in the DP assem-
bly. 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 the specific
gene sets of interest, and at an overall level, our genome
is a good representation of DP. Other elements of a eu-
karyotic organism’s 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 se-
quence scaffold and 53% of the tRNA genes in DP are
clustered but only in small clusters of 2-5. We also found
a complete version of a new mitochondrial haplotype for
DP and a nearly full-length (5-Mb) genome of Serratia
marcescens, the dominant component of the DP micro-
biome. All data indicators suggest that the sequencing
and assembly was high quality and that we 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 re-
calculate the percentage of allergens, this still rounds oft
to 0.1%; if the 12 DP candidate allergens identified here
have IgE reactivity, this could rise to 0.2%. While the al-
lergens are rare in the genome, some like Der p 1 are high-
ly 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 HDM extract 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 al-
low researchers to better catalogue the totality of human
exposure, which, hopefully, will lead to a better under-
standing 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 hun-
dreds of proteins that are species-specific. These proteins
may be useful molecular probes to accurately map the
geographic range of the species and differentiate expo-
sure.

144 Int Arch Allergy Immunol 2018;175:136-146
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Intriguingly, a Der p 4 ortholog is missing in SS. This
absence of Der p 4 is significant because it has been re-
ported 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 2 outgroups mentioned above, D. pulex and
D. melanogaster. Furthermore, Der p 4 was not present in
any of the 3 available SS genomes that were sequenced,
[20-22] suggesting that its absence is not simply due to
the incompleteness of either a single SS genome or its pro-
tein predictions, but likely a true absence. Der p 4 is an
amylase, and 3 other amylases are also predicted in the 2
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 warrants further investigation.

A recent study on the major birch allergen Bet v 1 high-
lights many of the challenges in creating allergy reference
standards [39]. The study demonstrated that, in immu-
notherapy products 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 2 proposed ELISA standards for Bet
v 1 detection showed some discrepancies that were attrib-
uted to the isoform variations of Bet v 1. At the heart of
the isoform variation is genetic diversity. We were able to
describe this diversity in some detail from the population
of DP mites in this study and a reevaluation of the DF ge-
nomic data [5].

Among the known isoforms of the common Derma-
tophagoides allergens, many of the group 1 and 2 allergens
have been described [9, 10]. Several studies have corrobo-
rated 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 the variations in the exist-
ing population structure in dust mite allergens world-
wide, undermining the hope for a suitable reference stan-
dard. However, the data presented in Table 2 show that at
least some of the isoform variation predates the specia-
tion event in Dermatophagoides spp. This suggests that,
with proper characterization and knowledge of existing
isoforms, standardization should be possible.
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The human genome has been analyzed for new drug
targets for treating human disease and improving human
health [43]. Arthropod genomes are also analyzed 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 ex-
panded to include the development of acaricides, for ex-
ample in ticks [45] and spider mites [46]. Patients sensi-
tized to mite allergens are encouraged to reduce allergen
exposure in the home with multiple integrated strategies
[47]. Current acaricide treatment using tannic acid or ben-
zyl 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 da-
tabases. This study of the DP genome may also be useful in
the development of acaricides with improved effectiveness.

Knowledge of the genomes and proteomes of multiple
mite species will allow molecular allergologists to make
rapid comparisons of cross-reactivity, species specificity,
and exposure measurements, as allergens are character-
ized. We identified multiple isoforms of many allergens
within a single population of both DP and DF, which sug-
gests there is much more allergen variation yet to be dis-
covered. The likelihood is that this genomic variation
could contribute to differences in allergenicity between
mite populations. This study highlights the need to un-
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Supplemental Figure 2 D. pteronyssinus mt genome NC_012218.1
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Supplemental Figure 5

Microbiome content of D. pteronyssinus
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Methods

DP was cultured at room temperature on Diet A as described [1]. As food became depleted, mites of all
active life stages migrated onto the lids, were collected by aspiration onto a 38 mm stainless steel and
were killed by freezing. Once food was completely consumed, the spent culture was also killed by
freezing. Both mites and spent culture were lyophilized prior to use. Two aqueous mite extracts were
prepared from the mite material described above using methods adapted from [1]. Both extracts were
prepared in sterile Dulbecco’s Phosphate Buffered Saline. One extract was prepared in the presence of
HALT Protease Inhibitor Cocktail and EDTA (Thermo Scientific) according to the manufacturer’s
instructions. The second extract was prepared without these inhibitors. Mites were collected as
indicated above from culture lids and surface sterilized as described for scabies mites [2]. Genomic DNA
was isolated from mites of all active stages using the Wizard SV genomic DNA purification system. To
enable proper digestion of mite tissues using this kit, mites were ground in digestion buffer using a
Dounce homogenizer. RNA was isolated from surface-sterilized mites using the Direct-zol RNA MiniPrep
w/ TRI-Reagent The sample prep was similar to that for DNA with ~50 mg of live mites being ground in

500 ul of TriReagent on ice.
Genome Assembly

The genome assembled from 303,594 PacBio ccs reads generated by the NIH Intramural Sequencing
Center (NISC) using SPAdes 3.8.1 [3]. SPAdes assembles genomes using a range of kmers and the K127
genome was the most complete, as judged by having the fewest scaffolds and the highest N50 and was
used as the starting point for the final assembly. From the initial assembly of 2486 scaffolds, those under
300 bp were removed, resulting in a preliminary assembly of 879 scaffolds. Separately, 216,079,207
Illumina 126 bp paired end reads were assembled with Phusion [4], generating an approximately 70 Mb
assembly with an N50 of 8.7 kb. BLAST of both assemblies to an NCBI bacterial genome collection
showed that the predominant component of the microbiome was found to be Serratia marcescens. The
genome of S. marcescens WW4 (Genbank accession CP003959.1) was found to be the top hit. 55 contigs
with an E value of <= 1-30 were removed as potential bacterial contamination to result in a final
assembly of 834 contigs with an N50 of 376 kb and a genome size 52.5 kb with a GC content of 29.03 %.
Repeat content was determined using misa for microsatellites (default settings) [5] and Repeatmasker
[6].Dotplot alignments were performed with Gepard 1.4 (PMID: 17309896). All raw genomic data used

in this study has been submitted to either SRA as Bioproject PRINA395246.



Protein prediction and comparison

Whole organism RNA-seq data for DP was obtained as described [7]. 317,387,496 300 bp paired-end
reads were assembled using Trinity [8] and from this, Transdecoder predicted a set of 25,446 proteins
from which a non-redundant set of 14,409 proteins > 100 aa was obtained. To explore the genome for
proteins that may have not been identified in our RNA-seq sample, we used two algorithms, Augustus
2.2.5 [9] and SNAP (snap-2013-11-29) [10], to independently predict proteins sets from our genome
assembly. Of the available training sets for each, we empirically determined that the jewel wasp Nasonia
vitripennis training set was the most optimal available for protein prediction. Augustus predicted 9006
proteins; 3536 not in the RNA-seq dataset while SNAP predicted 17,876 proteins; 6480 not in the RNA-
seq dataset. Combined, these two algorithms predicted a total of 4959 proteins > 100 aa not previously
predicted. The final set contains 19,368 proteins (Supplemental file 1). We also used SNAP (same
training set as above) to make protein predictions for the five species in Table 1 for which there were no
publicly available predicted proteomes and other Sarcoptes scabiei (SS) genomes. We used BUSCO
v1.1b1 (ref; using the arthropod geneset) along with the extended CEGMA dataset of 2748 genes to
assess the completeness of our genome. For genome-level orthology prediction of proteomes of the six
mites and ticks for which we had publicly available protein predictions, we used Orthovenn, with an E
value of 1e-05 and an inflation of 1.5 [11]. For orthology prediction of specific classes of gene sets of

interest, we used the script orthoparahomlist.pl with a cutoff E = 1e-05 [2].



Results
Mitochondial DNA

The mitochondrial (mt) genome of DP has previously been published, and is approximately 14.2 kb in
size [12]. A full length mt genome of 14,680 bp was extracted from the PacBio data, this was 95.17 %
identical with, and co-linear with the published DP mt genome (Supplemental Figure 2) and contains the
same complement of 13 CDS and 22 tRNAs. The 12S ribosomal RNA in the our mt genome has a four bp
deletion and the 16S ribosomal gene has 7 SNPs and a single base pair deletion, both relative to the
published genome. The major difference between the two mt genomes is a largely AT rich region of 495
bp (Supplemental Figure 3). This insertion occurs within the D loop located at 11483-11768 of the
published mitochondrial genome. The D loop itself is a variable region itself involved in both replication

and the transcription of nearby genes [13].
Microbiome

The composition of some of the microbiome could be assessed because DNA was extracted from whole
mites. The Phusion genome assembly was examined using a collection of complete bacterial genomes
downloaded from NCBI for better quantification. Any contig with an E value of 1e-30 or lower was
considered to be bacterial contamination. Supplemental Table 4 and Supplemental Figure 5 shows that
the microbiome of DP is dominated by Serratia marcescens but a range of Bartonella species were also
present. The PacBio assembly was able to generate a nearly complete 5 Mb genome of S. marcensens;
this was most closely related to S. marcescens WW4. The microbiome has a very distinct GC content
from the D. pteronyssinus genome. For example, the reconstructed S. marcescens genome is 59 % GC,
consistent with published S. marcescens genomes, in contrast to 29 % for the DP genome. For
comparison, the DF genome is 29.5 % GC and the SS genome is 33.26 % GC. A dotplot alignment of these
is shown in Supplemental Figure 4. In contrast, the microbiome of DF was predominantly Enterobacter
species [14]. However, we note that the Wizard SV genomic DNA purification system used for DP was
not optimized for lysis of Gram + bacteria, so these results should be not be considered as a direct
analysis of the DP microbiome. For more information, a comprehensive review of the microbiomes of
143 mite species was recently published [15]. Consistent with our data, this review shows that the

microbiome of mites that have been examined are dominated by gram negative Enterobacteria.

Repeat Content



The repeat content of the DP genome was examined using several algorithms. Misa was previously used
to characterize the simple sequence repeat (SSR) content of SS [2,16,17], which, along with DF was
shown to have a much elevated level of SSRs (>2400 per Mb) compared to the other sequenced mite
genomes. Our analysis of SSRs within DP with Misa supported this as the total number of identified SSRs
is 103,106 and we see a level of just under 2000 SSR per Mb supporting the previous suggestion that the
Hypoorder of Astigmata is selecting for an elevated level of SSRs. RepeatMasker was used to assess the
general repeat content of D. pteronyssinus. The results of both these analyses are in Supplemental Table

5.

Transfer RNA

We used tRNAscan-SE (Supplemental Table 5) to identify the tRNAs within our assembly [18]. We found
68 tRNAs, a similar complement to that of DF (65 tRNAs) which we confirmed by re-running the
tRNAscan analysis on the DF genome. However, the genomic organization of the tRNAs may be quite
different between the two species. In DF, 26 of the tRNAs are located within 185 kb on a single genomic
scaffold (KN266225.1) while the tRNA complement of DP is much more widely dispersed; only one
scaffold contained five tRNAs. A caveat to this interpretation is that a different fragmentation of our
assembly could, in part, cause this difference; however, our genome N50 of 376 kb compares favorably
with that of the DF genome (187 kb). The exon/intron structure of the tRNA genes of these species differ
also in that 33 of the DF tRNAs, including all 26 on scaffold KN266225.1, are intronless while only 18 of

the 68 tRNAs in DP do not contain an intron.
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Supplemental Figure Legends

Supplemental Figure 1. Kmer analysis of D. pteronyssinus lllumina data

Kmer analysis of two of the lllumina datasets used in this study. A) MiSeq, B) HiSeq2500, C) lllumina
sequence from S. scabiei (Rider genome), D) unpublished sequence data from a haploid fungal genome.
Heterozygosity is indicated as blue line is the distribution of heterozygous kmers, green line homozygous

kmers

Supplemental Figure 2. Dotplot of mitochondrial genomes

On the horizontal axis is the sequence of the published D. pteronyssinus mitochondrial genome and on

the vertical axis is the mitochondrial genome assembled from the PacBio sequence used in this study.

Supplemental Figure 3. Multiple sequence alighment of the mitochondrial D loop region

The D loop region of both the published mitochondrial genome of D. pteronyssinus and our assembled

mitochondrial genome is highlighted.

Supplemental Figure 4. Dotplot of Serratia marcescens genomes

On the horizontal axis is the sequence from S. marcescens WW4 and on the vertical axis is the S.

marcescens genome assembled from the PacBio sequence used in this study.

Supplemental Figure 5. Predominant bacterial species in the DP microbiome

The relative percentage of the top ten species found in the DP microbiome is shown as a pie chart.



Supplemental Table 1: Conserved Allergen Orthologs

Orthologs

missing in all outside Dermatophagoides: 1, Derp6

conserved in all outside Dermatophagoides: 20, Derp1,3,8,10,11,13,14,15,16,20,24,25,26,27,28,29,30,31,32,33

D farinae Gene ID % ID

Derpl DEFA_073880 83
Derp2 DEFA_057430 87
Derp3 DEFA_036500 79
Derp4 DEFA_092370 88
Derp5 DEFA_009370 77
Derp6 DEFA_160240 81
Derp7 DEFA_012670 87
Derp8 DEFA_081580 70
Derp9 DEFA_108510 84
Derp10 DEFA_012620 98
Derpl1 DEFA_029610 98
Derp13 DEFA_016640 95
Derp14 DEFA_023480 88
Derp15 DEFA_127470 93
Derp16 DEFA_053360 90
Derp18 DEFA_042810 89
Derp20 DEFA_064710 96
Derp21 DEFA_009360 71
Derp22 DEFA_072800 76
Derp23 DEFA_123860 73
Derp24 DEFA_162130 75
Derp25 DEFA_001450 88
Derp26 DEFA_126820 91
Derp27 DEFA_144510 43
Derp28 DEFA_150350 98
Derp29 DEFA_018720 93
Derp30 DEFA_057540 83
Derp31 DEFA_002000 100
Derp32 DEFA_053550 90
Derp33 DEFA_107410 81
S scabiei Gene ID % ID

Derpl KPMO05040.1 45
Derp2 KPM02728.1 29
Derp3 KPMO04366.1 43




Derp7 KPM06925.1 37
Derp8 KPM11587.1 65
Derp9 KPM04162.1 35
Derp10 KPM09025.1 98
Derpll KPM04483.1 94
Derp13 KPMO07763.1 90
Derpl4 KPM11048.1 59
Derp15 KPM07813.1 44
Derp16 KPM04580.1 76
Derp20 KPMO07362.1 90
Derp24 KPM06595.1 93
Derp25 KPM10468.1 81
Derp26 KPM03769.1 99
Derp27 KPMO03560.1 99
Derp28 KPM03927.1 80
Derp29 KPM10308.1 85
Derp30 KPMO04725.1 83
Derp31 KPM08623.1 97
Derp32 KPMO05552.1 68
Derp33 KPM02536.1 99
Tetranychus urticae Gene ID % 1D

Derpl tetur12g01820.1 32
Derp3 tetur22g01230.1 38
Derp4 tetur11g04920.1 53
Derp8 tetur03g09230.1 50
Derp9 tetur01g02990.1 34
Derp10 tetur09g03350.1 71
Derpll tetur03g04010.1 79
Derp13 tetur04g05930.1 55
Derpl4 tetur03g09300.1 23
Derp15 tetur19g03220.1 47
Derp16 tetur05g02070.1 46
Derp18 tetur17g02930.1 29
Derp20 tetur11g04410.1 78
Derp24 tetur07g05320.1 46
Derp25 tetur04g06650.1 69
Derp26 tetur32g00200.1 72
Derp27 tetur20g01980.1 28
Derp28 teturl1g01700.1 86
Derp29 tetur01g12670.1 80




Derp30 tetur19g02170.1 68
Derp31 tetur35g01350.1 75
Derp32 tetur16g01440.1 58
Derp33 tetur03g00230.1 97
Ixodes scapularis Gene ID % 1D

Derpl ISCW017550-PA 30
Derp3 ISCW011961-PA 39
Derp4 ISCW006372-PA 43
Derp7 ISCW010031-PA 25
Derp8 ISCW022157-PA 55
Derp10 ISCW008202-PA 92
Derpll ISCW016446-PA 77
Derp13 ISCW015316-PA 45
Derpl4 ISCW009032-PA 27
Derp15 ISCW012986-PA 39
Derp16 ISCW007199-PA 37
Derp18 ISCW016746-PA 32
Derp20 ISCW021028-PA 67
Derp21 ISCW014231-PA 30
Derp22 ISCW005419-PA 24
Derp23 ISCW021741-PA 36
Derp24 ISCW012532-PA 41
Derp25 ISCW008869-PA 68
Derp26 ISCW001124-PA 37
Derp27 ISCW015204-PA 32
Derp28 ISCW017456-PA 88
Derp29 ISCW008497-PA 80
Derp30 ISCW023334-PA 64
Derp31 ISCW006326-PA 74
Derp32 ISCW000237-PA 61
Derp33 ISCWO003527-PA 97
Metaseiulus occidentalis Gene ID % ID

Derpl XP_003741376.1 31
Derp2 XP_003741573.1 30
Derp3 XP_003741728.1 39
Derp4 XP_003742001.1 33
Derp5 XP_003738455.1 27
Derp7 XP_003744979.1 22
Derp8 XP_003742682.1 49




Derp10 XP_003745222.1 86
Derpll XP_003744495.1 75
Derp13 XP_003748361.1 38
Derp14 XP_003742265.1 21
Derp15 XP_003739697.1 43
Derp16 XP_003737166.1 25
Derp18 XP_003743171.1 32
Derp20 XP_003743522.1 81
Derp22 XP_003745314.1 22
Derp23 XP_003742368.1 34
Derp24 XP_003737660.1 39
Derp25 XP_003744176.1 62
Derp26 XP_003746758.1 58
Derp27 XP_003748025.1 30
Derp28 XP_003740401.1 87
Derp29 XP_003744457.1 76
Derp30 XP_003740424.1 59
Derp31 XP_003741592.1 67
Derp32 XP_003745528.1 56
Derp33 XP_003741823.1 82
Daphnia pulex Gene ID % 1D

Derp1 EFX87400 30
Derp3 EFX80959 43
Derp4 EFX81580 51
Derp8 EFX88365 50
Derp10 EFX89938 82
Derp11 EFX65159 60
Derp13 EFX85386 45
Derp14 EFX88552 27
Derp15 EFX90412 43
Derp16 EFX88163 44
Derp20 EFX89163 73
Derp22 EFX84782 31
Derp24 EFX83282 43
Derp26 EFX86510 48
Derp27 EFX68557 28
Derp28 EFX70674 85
Derp29 EFX80656 77
Derp30 EFX74776 58
Derp31 EFX71219 51




Derp32 EFX69116 58
Derp33 EFX88974 82
Drosophila melanogaster Gene ID % 1D

Derpl FBpp0086763 28
Derp3 FBpp0311472 42
Derp4 FBpp0086263 48
Derp10 FBpp0088903 76
Derp11 FBpp0076321 59
Derp13 FBpp0099726 47
Derp14 FBpp0292877 22
Derp15 FBpp0071463 41
Derp16 FBpp0078607 37
Derp20 FBpp0076270 75
Derp22 FBpp0077492 27
Derp24 FBpp0084648 47
Derp25 FBpp0084949 64
Derp26 FBpp0084566 49
Derp27 FBpp0089193 29
Derp28 FBpp0082519 85
Derp29 FBpp0074017 81
Derp30 FBpp0073576 48
Derp31 FBpp0072097 55
Derp32 FBpp0072250 58
Derp33 FBpp0081153 83
Steganacarus magnus Gene ID % ID

Derpl LBFN01096833.1-Steganacarus.2 30
Derp2 LBFN01088795.1-Steganacarus.1 35
Derp3 LBFN01086154.1-Steganacarus.1 46
Derp4 LBFN01097791.1-Steganacarus.2 61
Derp7 LBFN01099527.1-Steganacarus.4 32
Derp8 LBFN01048479.1-Steganacarus.1 43
Derp10 LBFN01095513.1-Steganacarus.2 55
Derpl1 LBFN01091078.1-Steganacarus.4 84
Derp13 LBFN01095944.1-Steganacarus.1 47
Derp14 LBFN01080809.1-Steganacarus.1 26
Derp15 LBFN01082179.1-Steganacarus.1 47
Derp16 LBFN01089221.1-Steganacarus.1 43
Derp18 LBFN01098015.1-Steganacarus.1 43
Derp20 LBFN01054462.1-Steganacarus.1 85




Derp23 LBFN01078325.1-Steganacarus.1 61
Derp25 LBFN01087895.1-Steganacarus.1 59
Derp26 LBFN01053059.1-Steganacarus.1 30
Derp27 LBFN01082615.1-Steganacarus.2 29
Derp28 LBFN01097326.1-Steganacarus.1 64
Derp29 LBFN01044838.1-Steganacarus.2 66
Derp30 LBFN01071913.1-Steganacarus.1 73
Derp32 LBFN01094543.1-Steganacarus.5 64
Derp33 LBFN01097433.1-Steganacarus.1 83
Varroa Gene ID %1D

Derpl ADDGO01024948.1-Varroa.1 31
Derp3 ADDG01008081.1-Varroa.1 35
Derp8 ADDGO01001667.1-Varroa.1 42
Derp10 ADDGO01028318.1-Varroa.1 84
Derp11 ADDGO01041042.1-Varroa.1 74
Derp13 ADDGO01023963.1-Varroa.1 42
Derp15 ADDG01084696.1-Varroa.1 39
Derp16 ADDGO01005446.1-Varroa.1 29
Derp20 ADDG01001580.1-Varroa.1 66
Derp26 ADDG01077195.1-Varroa.1 35
Derp27 ADDGO01001747.1-Varroa.1 27
Derp28 ADDG01033659.1-Varroa.1 86
Derp29 ADDGO01150133.1-Varroa.1 62
Derp30 ADDGO01015535.1-Varroa.1 53
Derp31 ADDGO01043615.1-Varroa.1 39
Derp32 ADDGO01045790.1-Varroa.1 66
Derp33 ADDG01073340.1-Varroa.1 87
Hypochthonius Gene ID % 1D

Derpl LBFL01080588.1-Hypochthonius.1 29
Derp2 LBFL01132356.1-Hypochthonius.1 38
Derp3 LBFL01024592.1-Hypochthonius.3 46
Derp4 LBFL01002821.1-Hypochthonius.2 43
Derp7 LBFL01023569.1-Hypochthonius.1 33
Derp8 LBFL01001952.1-Hypochthonius.2 46
Derp10 LBFL01001323.1-Hypochthonius.3 86
Derpll LBFL01010485.1-Hypochthonius.8 83
Derp15 LBFL01022083.1-Hypochthonius.5 44
Derp16 LBFL01007633.1-Hypochthonius.7 36
Derp18 LBFL01009890.1-Hypochthonius.1 39




Derp20
Derp23
Derp25
Derp26
Derp27
Derp28
Derp29
Derp30
Derp32
Derp33

Platynothrus
Derpl
Derp2
Derp3
Derpd
Derp7
Derp8
Derp9
Derpll
Derp13
Derpl4
Derp15
Derpl6
Derp20
Derp21
Derp23
Derp25
Derp26
Derp27
Derp28
Derp29
Derp30
Derp32
Derp33

LBFL01038475.1-Hypochthonius.2
LBFL01048614.1-Hypochthonius.1
LBFL01017303.1-Hypochthonius.1
LBFL01001088.1-Hypochthonius.8
LBFL01009618.1-Hypochthonius.1
LBFL01012381.1-Hypochthonius.1
LBFL01002554.1-Hypochthonius.1
LBFLO1067974.1-Hypochthonius.1
LBFL0O1001011.1-Hypochthonius.1
LBFL01011273.1-Hypochthonius.5

Gene ID

LBFO01056876.1-Platynothrus.1
LBFO01085972.1-Platynothrus.1
LBFO01036856.1-Platynothrus.1
LBFO01037278.1-Platynothrus.1
LBFO01066228.1-Platynothrus.1
LBFO01104553.1-Platynothrus.3
LBFO01090592.1-Platynothrus.1
LBFO01087269.1-Platynothrus.1
LBFO01090415.1-Platynothrus.1
LBFO01093439.1-Platynothrus.2
LBFO01101302.1-Platynothrus.1
LBFO01097977.1-Platynothrus.1
LBFO01102491.1-Platynothrus.1
LBFO01104769.1-Platynothrus.1
LBFO01092702.1-Platynothrus.1
LBFO01092861.1-Platynothrus.1
LBFO01090133.1-Platynothrus.1
LBFO01105086.1-Platynothrus.2
LBFO01088396.1-Platynothrus.1
LBFO01081721.1-Platynothrus.1
LBFO01104688.1-Platynothrus.1
LBFO01096309.1-Platynothrus.3
LBFO01101372.1-Platynothrus.2

% 1D

72
42
69
73
29
86
53
75
63
83

29
39
44
50
23
51
46
87
56
27
42
41
79
32
38
73
34
32
64
86
80
65
80



Supplemental Table 2: GO terms associated with gene clusters

Enriched in
DP

GOID

G0:0003848

G0:0008240

G0:0008238

G0:0008976
G0:0004791
G0:0004592
G0:0046656
G0:0004612
G0:0004156
G0:0004150
G0:0006799
G0:0006797
G0:0009358

Name

2-amino-4-hydroxy-6-hydroxymethyldihydropteridine

diphosphokinase activity
tripeptidyl-peptidase activity

exopeptidase activity

polyphosphate kinase activity
thioredoxin-disulfide reductase activity
pantoate-beta-alanine ligase activity

folic acid biosynthetic process
phosphoenolpyruvate carboxykinase (ATP) activity
dihydropteroate synthase activity
dihydroneopterin aldolase activity

polyphosphate biosynthetic process
polyphosphate metabolic process

polyphosphate kinase complex

Top 20 Clusters Common to all 6 mites

Probable cytochrome P450 28c1

Lipase member K, putative
{EC0O:0000313|EMBL:EEC11220.1}
Glutathione S-transferase 1

Number of Swiss-Prot Hit
proteins

93

70  Esterase-5A

34

29

26  Cadherin-3

26  Deoxyribonuclease-2

25 Histone H2B

Namespace

molecular_function
molecular_function
molecular_function

molecular_function
molecular_function
molecular_function
biological_process
molecular_function
molecular_function
molecular_function
biological_process
biological_process

cellular_component

GO Annotation

p-value
0.033

0.033
0.033

0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033

Enriched in
DF

GOID

G0:0015020

G0:0045595

G0:0042684

G0:0006477
G0:0035223

Name

glucuronosyltransferase
activity

regulation of cell
differentiation
cardioblast cell fate
commitment

protein sulfation

leg disc pattern formation

Namespace

molecular_function
biological_process
biological_process

biological_process

biological_process

G0:0005783; C:endoplasmic reticulum; G0:0016020; C:membrane; G0:0020037; F:heme binding;

G0:0005576; C:extracellular region; GO:0052689; F:carboxylic ester hydrolase activity;

G0:0004806; F:triglyceride lipase activity; GO:0006629; P:lipid metabolic process;

GO0:0004364; F:glutathione transferase activity;

G0:0030054; C:cell junction; GO:0005737; C:cytoplasm; GO:0016021; C:integral component of membrane;

G0:0005622; C:intracellular; GO:0005764; C:lysosome; GO:0005634; C:nucleus; IMP:WormBase

G0:0005811; C:lipid particle; ISS:; GO:0000786; C:nucleosome; G0O:0005634; C:nucleus;

p-value
0.007

0.015
0.027

0.027
0.027



24

24

24
20
20
19

19
18

18
18
17
17

Phospholipase Al 2
Chorion class B protein M2807

N/A
N/A
Late histone H2A.2.1

Transcription factor Ken
{EC0:0000250|UniProtkB:077459}
Protein doublesex

Peroxisomal multifunctional enzyme type 2
{EC0O:0000303 | PubMed:21320074}
Acetylcholinesterase

Cuticle protein 16.8
Putative cytochrome P450 CYP13A2

N/A

G0:0005576; C:extracellular region; GO:0052740; F:1-acyl-2-lysophosphatidylserine acylhydrolase activity; GO:0008970;
F:phosphatidylcholine 1-acylhydrolase activity;

G0:0042600; C:chorion; GO:0005213; F:structural constituent of chorion; GO:0007304; P:chorion-containing eggshell
formation;

N/A

N/A
G0:0000786; C:nucleosome; GO:0005634; C:nucleus; GO:0003677; F:DNA binding;
G0:0005634; C:nucleus; GO:0003677; F:DNA binding; GO:0046872; F:metal ion binding;

G0:0005634; C:nucleus; GO:0003677; F:DNA binding; GO:0046872; F:metal ion binding;

G0:0005777; C:peroxisome; GO:0080023; F:3R-hydroxyacyl-CoA dehydratase activity; GO:0004300; F:enoyl-CoA hydratase
activity;
G0:0030054; C:cell junction; GO:0005576; C:extracellular region; GO:0005886; C:plasma membrane;

G0:0008061; F:chitin binding; G0O:0042302; F:structural constituent of cuticle;
G0:0020037; F:heme binding; ; GO:0005506; F:iron ion binding; ; GO:0004497; F:monooxygenase activity;
N/A



Supplemental Table 3: Conservation of genes in insect sexual development

D. melanogaster D. FPK | D. farinae FPK | S. scabiei T. urticae 1. scapularis V. destructor M. occidentalis = D. pulex
pteronyssinus M M
Sex lethal DEPT_13667 22.2 | DEFA_088490 7.5  KPMO06079.1 tetur05g00810.1 ISCW021980-PA ADDG01104496.1- Mocc_002464 EFX75395
(AA041638.2) (5e-44) (4e-27) (1e-41) (2e-43) (4e-36) Varroa.l (1e-28) (2e-44) (1e-62)
transformer Not Detected N/A | Not Detected N/A | Not Detected Not Detected Not Detected Not Detected Not Detected Not
(AAF49441.1) Detected
transformer-2 DEPT_14379 124. | DEFA_077550 149 | KPM11452.1 tetur12g02510.1 ISCW010309-PA ADDG01000316.1- Mocc_000614 EFX90042
(AAF58232.2) (6e-36) 9 | (1le-35) (1e-36) (3e-10) (1e-37) Varroa.l (6e-07) (8e-34) (2e-35)
dmrtllE DEPT_22290 34.4 | DEFA_059960 0.0 | KPMO06218.1 tetur10g00950.1 ISCW002258-PA ADDG01002179.1- Mocc_00398f EFX74782
(AAF48261.2) (2e-20) (8e-24) (6e-23) (4e-23) (1e-19) Varroa.l (4e-14) (1e-23) (2e-13)
doublesex DEPT_02151 1.0 | DEFA_123420 0.0 | KPM06218.1 tetur09g04250.1 ISCW007589-PA ADDG01114070.1- Mocc_0020f7 EFX84867
(AAF54169.1) (2e-12) (3e-12) (1e-12) (2e-13) (2e-13) Varroa.l (6e-13) (3e-13) (2e-13)
intersex DEPT_05843 7.6 = DEFA_024410 0.0 | KPM02401.1 tetur20g02150.1 Not Detected Not Detected Mocc_0012af EFX80823
(AAF58653.1) (7e-14) (2e-15) (1e-11) (4e-16) (4e-19) (2e-25)
Supplemental Table 4: Microbiome Sequences
Genbank ID Contigs Species Percentage

NC 020211.1 644 Serratia marcescens 86.7

NC 010161.1 17 Bartonella tribocorum 2.3

NC 014932.1 16 Bartonella clarridgeiae 2.2

NC 012846.1 13 Bartonella grahamii 1.7

NC_008783.1 12 Bartonella bacilliformis 1.6

NC_020301.1 11 Bartonella vinsonii 1.5

NC_005956.1 10 Bartonella henselae 1.3

NC_021659.1 8 Serratia plymuthica 1.1

NC_017639.1 7 Escherichia coli 0.9

NC 018533.1 5 Bartonella quintana 0.7



Supplemental Table 5: Transfer RNA Data

D. pteronyssinus

Sequence

Name
NODE_121_length_140161_cov_6.2817
NODE_82 length 215458 cov_9.55141
NODE_126_length_134430 cov_7.0447
NODE_256_length_24894 cov_4.54867
NODE_50_length 327162 cov_6.56616
NODE_256_length_24894 cov_4.54867
NODE_6_length 1335509 cov_10.0386
NODE_6_length_1335509 cov_10.0386
NODE_204_length_59224 cov_4.57969
NODE_256_length 24894 cov_4.54867
NODE_174_length_82258 cov_5.66399
NODE_201_length_60701 cov_4.25767
NODE_174_length_82258 cov_5.66399
NODE_238 length 36967 cov_2.44137
NODE_162 length 93710 cov_4.52414
NODE_37_length_405049 cov_10.3973
NODE_21 length 537647 cov_8.12628
NODE_123_length_138814 cov_7.81013
NODE_234 length_40232 cov_7.50959
NODE_62_length_270443_cov_8.00326
NODE_109_length_160280_cov_7.72601
NODE_91 length 193628 cov_8.07474
NODE_76_length_224417 cov_12.1388
NODE_104_length 167383 cov_11.8693

tRNA
Begin

126340
62551
43937
16154
66794
15889
11311
224443
52116
17200
63290
4941
69448
33794
83966
53431
312772
9505
10682
14503
16931
20183
25459
33142

Bounds
End

126267
62478
44010
16225
66721
15819
11381
224373
52033
17282
63363
5014
69534
33708
83894
53360
312700
9577
10808
14598
17083
20061
25566
33047

tRNA
Type
Arg
Arg
Asn
Asn
Asn
Cys
Gly
Gly
Leu
Leu
Met
Met
Ser
Ser
Thr
Val
Val
Val
Leu
Ala
Ser
Leu
Gly
Ala

Anti
Codon

Intron Bounds

Begin

O O 0O 0O 0 00O 0O 00O 0O 0O O oo o o

10720
14540
16968
20145
25495
33105

Cove
End

O O 0O 0O 0O 0O OO0 0O O o oo o o o

10766
14562
17038
20105
25531
33083



NODE_166_length 89217 cov_9.86487
NODE_48_length_337033_cov_8.5389
NODE_147_length_107316_cov_4.0667
NODE_76_length 224417 cov_12.1388
NODE_45_length_355045_cov_8.99001
NODE_163_length 90635 cov_4.07421

NODE_128 length_133363_cov_5.80674
NODE_124 length 138038 cov_8.88327

NODE_48 length 337033 cov_8.5389
NODE_88_length_198073_cov_9.89486
NODE_22 length 535680 cov_8.55032
NODE_34_length_414532_cov_10.0175
NODE_50_length 327162 cov_6.56616
NODE_96_length_185906_cov_8.08312
NODE_36_length_407118 cov_8.18279

NODE_133 length 128442 cov_10.2256

NODE_24_length 497719 cov_10.2388

NODE_107_length 162135 cov_6.38695

NODE_88_length_198073_cov_9.89486
NODE_82 length 215458 cov_9.55141
NODE_57_length 295260 cov_9.30942
NODE_48_length_337033_cov_8.5389

NODE_66_length 258107 cov_10.3146
NODE_37_length_405049 cov_10.3973
NODE_67_length 256035 cov_7.74746
NODE_20_length_548211_cov_8.31221
NODE_16_length_614163_cov_8.46035
NODE_62_length 270443 cov_8.00326
NODE_50_length_327162_cov_6.56616
NODE_21 length 537647 cov_8.12628

R NNR R R RRNRRRRRRRRRRRNWRRRRNRRR

34688
39564
42624
43693
50847
59664
74807
85759
96982
97171
110104
114015
121543
122128
126606
127703
139538
140373
149096
149100
167121
176992
180678
197074
200931
213954
220679
231561
325252
378876

34824
39698
42492
43596
50731
59575
74936
85935
96844
97023
109998
114135
121670
122254
126721
127805
139681
140501
148981
149201
166936
177161
180540
196870
201058
214180
220574
231744
325378
378753

His
Gln
Gln
Gly
Glu
Met
Gln
Pro
Cys
Arg
Asp
Met
Pro
Lys
Glu
Lys
Thr
lle
Val
Thr
Ser
Thr
Pro
Leu
Tyr
Leu
Arg
His
lle
Gly

GTG
TG

TG

GCC
TTC

CAT
CTG
TGG
GCA
CCG
GTC
CAT
TGG
TTT

CTC

TTT

CGT
AAT
AAC
AGT
GCT
TGT
AGG
CAA
GTA
CAG
CccT

GTG
AAT
TCC

34725
39601
42587
43657
50810
59627
74844
85795
96946
97134
110067
114051
121579
122166
126643
127741
139574
140410
149059
149138
167084
177028
180642
197036
200969
213992
220642
231598
325289
378839

34789
39663
42527
43631
50766
59610
74901
85899
96880
97059
110033
114099
121634
122219
126686
127769
139645
140465
149017
149165
166981
177125
180576
196916
201022
214133
220610
231710
325342
378788

58.58
71.93

65.4
74.68
66.67
59.57
60.53
61.87
67.75
51.58
69.04
61.83
67.18
57.93
66.97
70.97
65.64
74.02
83.88
74.95
76.25
69.11

69.2
61.57
67.35
60.68
62.28
48.14
7191
59.61



NODE_20 length 548211 cov_8.31221 2 | 391253 391497  Leu CAA
NODE_2_length_1922611_cov_10.9849 2 | 424212 424105  Asp | GTC
NODE_14_length_617406_cov_10.4945 1| 453426 453294 Pro | CGG
NODE_8 length 793838 cov_10.483 1 459641 459764 Leu | TAA
NODE_19_length_556627_cov_7.84241 1 553179 553292 Phe @ GAA
NODE_19 length_556627_cov_7.84241 2 553638 553521 Phe @ GAA
NODE_13_length_645311_cov_7.24388 1| 602947 @ 602792 | Ala CGC
NODE_6_length_1335509 cov_10.0386 2 | 691687 @ 691809 | Tyr GTA
NODE_3_length_1472047 cov_11.5404 2 694153 694044 Ala | TGC
NODE_6_length_1335509 cov_10.0386 3 987082 987184 | Lys TTT
NODE_6_length 1335509 cov_10.0386 4 | 1094531 | 1094414 | Lys CTT
NODE_3_length_1472047 _cov_11.5404 11115042 | 1115216 | Ser CGA
NODE_2 length 1922611 cov_10.9849 1 1601266 | 1601157 | Trp CCA
NODE_1_length_2378295_cov_10.3433 1 1905847 1905716 | Glu | TTC

D. farinae

Sequence tRNA Bounds  tRNA | Anti Intron Bounds | Cove

Name tRNA # | Begin End Type Codon | Begin End Score
KN266225.1 2 36125 | 36198 | Ala TGC 0 0 | 75.26
KN266225.1 21 502233 502160 | Ala GGC 0 0 74.47
KN266225.1 17 648874 | 648947 Arg | TCG 0 0 | 66.34
KN266225.1 22 | 467628 467557  Arg | CCT 0 0 64.81
KN266225.1 23 | 348408 348335 Arg | ACG 0 0 67.51
KN266225.1 15 | 545844 | 545917 | Asn GTT 0 0 86.68
KN266282.1 113959 | 114032 Asn | GTT 0 0| 79.68
KN266371.1 25771 | 25844  Asn GTT 0 0 79.68
KN266225.1 20 | 649744 649671 Asp | GTC 0 0 79.35
KN266225.1 26260 26331 GIn | TTG 0 0 | 59.88
KN266324.1 148163 | 148092 | Glu | TTC 0 0 | 62.59

391291
424175
453390
459679
553216
553601
602911
691725
694117
987120
1094492
1115079
1601230
1905810

391451
424140
453330
459718
553256
553557
602828
691773
694080
987148
1094450
1115171
1601193
1905751

56.45
66.82
7441
67.76
61.1
61.88
69.74
63.78
62.94
68.42
75.59
76
68.37
65.73



KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266297.1
KN266297.1
KN266225.1
KN266225.1
KN266324.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266225.1
KN266417.1
KN266694.1
KN266659.1
KN266642.1
KN266295.1
KN266352.1
KN266378.1
KN266713.1
KN266442.1

25

12

14

24
18

26

10
19
11

13
16

R R R R R R R R R

308954
349839
211631
309247
441024
145415
340394
511421
337101
718258
66738
56493
81436
32507
65671
349928
654135
351373
349727
441306
547030
46590
426
2074
4654
6317
6397
8540
11500
11529

309026
349911
211558
309329
441105
145487
340466
511495
337028
718330
66809
56422
81524
32419
65757
349999
654063
351445
349807
441380
547103
46518
661
2192
4753
6208
6552
8399
11600
11740

Gly
Gly
His
Leu
Leu
Lys
Met
Met
Met
Phe
Pro
Pro
Ser
Ser
Ser
Thr
Thr
Trp
Tyr
Val
Val
Val
Leu
Cys
Gly
Ala
Pro
Met
Trp
Glu

GCC
TCC
GTG
TAA
GAG
TTT
CAT
CAT
CAT
GAA
TGG
TGG
GGA
CGA
TGA
GGT
TGT
CCA
GTA
GAC
TAC
TAC
TAG
GCA
GCC
AGC
CGG
CAT
CCA
TTC

O O O 00O 0O 0O 0O 0O 0D 00O 0O 0O 0O 0O 0O OO0 0o o o

464
2110
4690
6280
6433
8504

11538
11566

O O OO0 0O 00000 OO 0O OO0 oo o o o

619
2156
4718
6244
6516
8435

11564
11705

74.25
71.55
69.72
70.51
40.13
78.08
74.03
72.13
84.38
63.16

73.8

73.8
59.51
42.33

56.3
77.58
79.18
61.77
53.52
68.83
77.92
79.88
50.01
61.88
72.02

61.3
67.47

57.9
65.18
59.37



KN266703.1
KN266554.1
KN266571.1
KN266389.1
KN266495.1
KN266387.1
KN266380.1
KN266471.1
KN266246.1
KN266240.1
KN266434.1
KN266427.1
KN266302.1
KN266231.1
KN266239.1
KN266268.1
KN266282.1
KN266286.1
KN266314.1
KN266268.1
KN266267.1
KN266232.1
KN266236.1
KN266226.1

RR R R R R RNNRRRRRRRRRRRRRRR

13311
14403
15442
16219
23441
36554
60210
62288
72145
72431
76579
84943
93468
102875
103273
104272
113362
128566
173391
173958
206995
248870
279918
432427

13411
14538
15326
16025
23576
36703
60348
62395
72015
72600
76461
85042
93671
102791
103087
104181
113214
128440
173559
173823
206873
248965
279819
432613

CCA
AAT
ACG
AAG
TTT

CTG
CTC

Ccct

TGT
TCT

TAT

GTC
CGT
TCG
GCT
CAC
AGA
AGC
AAC
TCC

GTG
GAA
GTC
CAA

13349
14440
15404
16181
23479
36592
60247
62325
72109
72469
76541
84980
93504
102838
103236
104236
113325
128529
173427
173921
206958
248908
279881
432466

13375
14502
15362
16069
23540
36668
60313
62359
72050
72564
76497
85007
93635
102827
103132
104217
113259
128476
173523
173858
206908
248929
279854
432567

67.65
79.73
66.25
51.95
67.05
52.05
56.24
65.54
64.12
76.44

59.9
62.35

65.8
65.64
79.05
57.43
77.59
65.37
58.84
74.64

48.5
68.45
64.15
61.44



Repeat Masker Statistics (Supplemental Table 5 continued)

sequences: 834
total length: 52471908 bp (52470720 bp excl N/X-runs)
GC level: 29.03%
bases masked: 4846039 bp (9.24 %)

number of length percentage

elements* occupied of sequence
SINEs: 2 123 bp 0.00%
ALUs 0 Obp 0.00%
MIRs 0 Obp 0.00%
LINEs: 122 7753 bp 0.01%
LINE1 12 722 bp 0.00%
LINE2 18 1032 bp 0.00%
L3/CR1 48 3049 bp 0.01%
LTR elements: 7 558 bp 0.00%
ERVL 1 42bp 0.00%
ERVL-MaLRs 0 Obp 0.00%
ERV_classl 6 516bp 0.00%
ERV_classll 0 Obp 0.00%
DNA elements: 81 6421 bp 0.01%
hAT-Charlie 31 2374 bp 0.00%
TcMar-Tigger 9 586 bp 0.00%
Unclassified: 10 807 bp 0.00%
Total interspersed repeats: 15662 bp 0.03%
Small RNA: 72 9807 bp 0.02%
Satellites: 0 Obp 0.00%
Simple repeats: 111737 4252224 bp 8.10%
Low complexity: 12161 570131 bp 1.09%

* most repeats fragmented by insertions or deletions
have been counted as one element

The query species was assumed to be homo sapiens
RepeatMasker version open-4.0.5 , default mode

run with rmblastn version 2.2.27+

RepBase Update 20140131, RM database version 20140131




Specifications MISA Statistics (Supplemental Table 5 Continued)

Microsatellites (unit size / minimum number of repeats): (1/10) (2/6) (3/5) (4/5) (5/5)
(6/5)

Maximal number of bases interrupting 2 SSRs in a compound 100
microsatellite:

RESULTS OF MICROSATELLITE SEARCH

Total number of sequences examined: 834
Total size of examined sequences (bp): 52471908
Total number of identified SSRs: 103106
Number of SSR containing sequences: 399
Number of sequences containing more than 1 SSR: 338
Number of SSRs present in compound formation: 28539

Distribution to different repeat type classes

Unit size Number of SSRs
39128
12715
46858
4139
222
44

AU WN
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