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Blood-feeding adaptations and virome assessment
of the poultry red mite Dermanyssus gallinae guided
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Dermanyssus gallinae is a blood-feeding mite that parasitises wild birds and farmed poultry. Its
remarkably swift processing of blood, together with the capacity to blood-feed during most
developmental stages, makes this mite a highly debilitating pest. To identify specific adap-
tations to digestion of a haemoglobin-rich diet, we constructed and compared transcriptomes
from starved and blood-fed stages of the parasite and identified midgut-enriched transcripts.
We noted that midgut transcripts encoding cysteine proteases were upregulated with a blood
meal. Mapping the full proteolytic apparatus, we noted a reduction in the suite of cysteine
proteases, missing homologues for Cathepsin B and C. We have further identified and
phylogenetically analysed three distinct transcripts encoding vitellogenins that facilitate the
reproductive capacity of the mites. We also fully mapped transcripts for haem biosynthesis
and the ferritin-based system of iron storage and inter-tissue trafficking. Additionally, we
identified transcripts encoding proteins implicated in immune signalling (Toll and IMD
pathways) and activity (defensins and thioester-containing proteins), RNAI, and ion chan-
nelling (with targets for commercial acaricides such as Fluralaner, Fipronil, and lvermectin).
Viral sequences were filtered from the lllumina reads and we described, in part, the RNA-
virome of D. gallinae with identification of a novel virus, Red mite quaranjavirus 1.
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birds!. The poultry red mite (D. gallinae) is a global pest in

layer houses for both domestic and commercial-intensive
egg production®~4, part of an important and ever-increasing global
market®. D. gallinae mites have a very short life cycle, going from
juvenile to mature adult stages within one week. The necessity to
blood feed for most developmental stages and the swift reproduc-
tive dynamics makes D. gallinae a highly irritating and troublesome
pest. During blood-feeding, D. gallinae mites can transmit several
significant animal pathogens to their hosts®, including some that
are zoonotic’. Although a large number of viruses and bacteria
have been found associated with D. gallinae, its capacity to act as a
vector or reservoir has been supported experimentally for only a
few pathogens®-10, This is especially alarming for transmission of
Salmonella spp.'0, causing egg-associated salmonellosis and fowl
typhoid disease!! 12

The Dermanyssus mites are blood-feeding ectoparasites of

, as well as the spread of avian influenza A virus!.
D. gallinae has also been associated with several other bacterial and
viral species, with proof awaiting experimental confirmation of its
vectorial capacity>10:13:14,

Despite general knowledge of the global impact of mite infes-
tation on hen welfare in egg-laying production, our under-
standing of molecular processes enabling swift and repetitive
blood-feeding, blood digestion, development, and reproduction
remains scarce. Previous transcriptomic studies described tran-
scriptomes of whole bodies of D. gallinae mites, mostly in a
developmental stage- or feeding-status-specific manner!>-18, To
further increase our knowledge, we aimed to identify midgut-
specific transcripts encoding proteins that are key for successful
blood feeding and digestion. To achieve that, we compared newly
sequenced and assembled transcriptomes, with subsequent
selection for transcripts enriched in blood-fed over unfed mites,
with clear gut-specific expression. Special attention was paid to
processes inherent for successful blood-feeders, including enzy-
matic digestion of host blood proteins, haem and iron biology,
vitellogenesis, and innate immunity. The RNA-seq data were then
verified by RT-qPCR on cDNA sets prepared from multiple
independent biological replicates. In addition, we complemented
the RNA-seq data analysis with several bioassays, whereby small-
molecule inhibitors were introduced to the mite by ex vivo
membrane feeding or microinjection into its haemocoel in order
to understand the importance of selected molecules and path-
ways. Additionally, Illumina reads of viral origin was filtered out
and used for a partial assembly of the mite RNA virome.

Results

D. gallinae transcriptome assembly and data availability.
Transcriptome composition of four developmental stages of thirty
individuals of D. gallinae mites or their micro-dissected midguts
were investigated in this work (Fig. 1a) by de novo assembly of
Iumina RNA-seq reads. Specifically, we constructed five RNA-seq
libraries derived from whole bodies of unfed protonymphs (UP,
starved individuals) and blood-fed protonymphs (FP), i.e. the only
developmental stage that has both naive unfed and blood-fed
individuals, allowing the assessment of transcript regulation in
response to host blood feeding (Fig. 1b). These were complemented
by fed deutonymphs and adults, and midguts dissected from blood-
fed adults (Fig. 1b). For each library, >54 M reads with Phred
Scores of Q30 >93.90% were obtained, and these were assembled
into 85,117 contigs (Supplementary Table S1). Following their
annotation, bacterial contaminants were removed (Supplementary
Table S2). As D. gallinae mites were fed chicken blood, consisting
of nucleated white and red cells, 4% of total reads were of chicken
origin, out of which (79%) were found, as expected, in the midgut
transcriptome (Supplementary Fig. S1). The identified chicken
sequences were filtered out and excluded from the following

analyses. A total of 18,101 D. gallinae-specific contigs were
deposited at the NCBI server as BioProject PRJNA597301 and
Transcriptome Shotgun Assembly (TSA) GIFZ00000000 and are
accessible through NCBI BLAST of the TSA database. The contigs
are also listed in a hyper-linked Excel sheet (see “Data availability”)
with available encoded predicted protein characteristics, annota-
tions of assembled contigs according to a particular database, dif-
ferential expression statistics, and predicted cellular processes. To
assess the completeness of the transcriptome, we ran a BUSCO
analysis of the proteome, the result of which exhibited a yield of
91.8% complete BUSCOs. The heat map generated from D. galli-
nae-specific contigs clearly indicated differences between tran-
scriptomes of immature and adult stages and also highlighted
differences in the abundance of transcripts in blood-fed over unfed
mites (Supplementary Fig. S1).

Blood-feeding stimulates the expression of midgut-specific
proteases and extracellular matrix proteins. To identify blood-
feeding-associated transcripts, we have compared transcriptomes of
blood-fed and UP (Fig. 2a), which developed from non-feeding
larvae, i.e. a developmental stage that has not yet come into contact
with blood. To identify transcripts that encode proteins key for the
blood-feeding of mites, we filtered transcripts that were at least 16
times more abundant in blood-FP than in UP. These totalled 906
transcripts (Fig. 2a). These transcripts were further enriched for
those having at least an FPKM value of 1 in the midgut tran-
scriptomic library. In this way, we identified 264 transcripts (Fig. 2a),
which we believe encode blood-feeding-associated proteins. Gene
ontology indicates enrichment in signalling, nuclear regulation of
expression, and proteostasis, with the extracellular matrix and sig-
nalling comprising the most abundant transcripts (Fig. 2b). Among
the most differentially expressed transcripts (DETs) are secreted
metallocarboxypeptidase (M14 protease), cysteine proteases
(Cathepsin L5 and Legumain 4), serine protease (Stubble), and
extracellular structural glycoproteins, such as cuticle protein, mucin,
and peritrophins (Fig. 2c). To render transcript expression FPKM
values amenable for statistically meaningful quantitative comparison,
the transcriptomes were validated by real-time quantitative PCR
(RT-qPCR) from independent templates of at least four biological
replicates (see below). RT-qPCR analysis confirmed blood-feeding
regulation, with most of the transcripts being significantly upregu-
lated in blood-fed compared to unfed mites (Fig. 2¢’). To gain further
insight into midgut-specific processes, we selected differentially
expressed midgut transcripts displaying a fold change in midgut
expression FPKM values over adult whole bodies. Transcripts with
the most profound midgut-specific expression are those encoding
proteases, ferritin 2 (iron-binding protein), ferrochelatase (a terminal
enzyme of haem biosynthesis), and haemolymph transporting
lipoglycoprotein (Fig. 2d). These DETs were again confirmed by
independent RT-qPCR (Fig. 2d’). These data underscore proteoly-
tical digestion and metal homeostasis (metallostasis) as key to the
success of blood-feeding of D. gallinae mites.

The digestive proteolytic system of D. gallinae is based on
Cathepsin L and Cathepsin D. Midgut proteases clearly represent
a major enzymatic suite that enables swift blood processing. To
disclose a full repertoire of the D. gallinae digestive proteolytical
system, we mined the transcriptomic libraries and identified
transcripts encoding proteases of individual protease clans and
families. Cysteine proteases (mainly the papain family) were found
to be encoded by the majority of midgut reads identified,
accounting for ~62% of all protease-encoding reads (Supplemen-
tary Fig. S2). Among the 10 cysteine proteases identified, six
encoded cathepsin-L-like molecules (clan CA, C1 family) and four
encoded legumains (asparaginyl endopeptidases; clan CD, C13
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Fig. 1 Experimental workflow and illustration of used D. gallinae mite's developmental stages. a Schematic illustration of the experimental workflow
undertaken in this work. b Photomicrographic illustration of representative individuals sorted by developmental stage.

family) (Fig. 3a, b). Cathepsin L5 and Legumain 4 were strongly
upregulated by blood-feeding and appeared to be primarily
expressed in the midgut of adult D. gallinae, indicating their direct
involvement in host blood digestion in the mite midgut. Three
aspartyl proteases (AP) of cathepsin-D type (clan AA, Al family
Al) were identified, with a midgut-enriched expression pattern
(Fig. 3b). Interestingly, no homologues of key papain-like proteases
cathepsins B and C (dipeptidyl peptidase I), which participate in
blood digestion in ticks and other blood-feeding parasites!?20, were
identified in the D. gallinae transcriptomes (Fig. 3a). Their absence
seems to be a common trait among mesostigmate mites (Fig. 3a),
indicating an emergence of blood feeding in D. gallinae mites on
the molecular background of an enzymatic-repertoire devoid of
Cathepsin B and C, ie. enzymes initially thought to be indis-
pensable for blood digestion in parasitic species?!.

D. gallinae operates haem biosynthesis and encodes both
cytosolic and secreted ferritin. Apart from being protein-rich, host
blood is also a rich source of haem- and non-haem iron. Midgut-
specific expression of transcripts that encode proteins implicated in
haem or iron biology, e.g. ferrochelatase, ferritin 2 (Fig. 2d, d’),
supports their importance for the maintenance of metallostasis in the
midgut of D. gallinae mites. Unlike ticks, which cannot synthesise
haem de novo and must take haem from host blood haemoglobin??,
D. gallinae mites clearly displayed the capacity to synthesise haem de
novo. We identified transcripts encoding a full enzymatic profile for
haem biosynthesis, including the midgut-enriched ferrochelatase
transcript (Fig. 4a). To further demonstrate the activity of this
pathway, we identified in homogenates of non-fed stages of D. gal-
linae, stable intermediate products of haem biosynthesis, either by
standards (Fig. 4b) or by accurate mass determination

(coproporphyrinogen III; Supplementary Fig. S3a). The final product
of the pathway, haem b, was identified by comparison with the
haemin standard, with [M 4 2] as a diagnostic ion within its mass
spectrum (Supplementary Fig. S3b), indicating a fully active haem
biosynthetic pathway (Fig. 4c). Additionally, D. gallinae mites pro-
duce colourless eggs lacking deposits of maternal haem (Fig. 4d),
favouring the concept of active haem biosynthesis over somatic
distribution and deposition of dietary haem as operated in ticks?2.
This provides another layer of evidence for a difference in the haem
biology of ticks?> and D. gallinae mites, despite both being phylo-
genetically related obligatory blood-feeders.

Similarly to ticks and other mites??, D. gallinae mites do not
code for haem oxygenase (Fig. 4a), a haem-cleaving enzyme that
liberates bioavailable iron from the porphyrin ring. Acquired
dietary iron must thus be of non-haem origin. Upon uptake, iron
gets sequestered by intracellular iron binders. We identified two
D. gallinae transcripts encoding large iron-binding ferritin
complexes. The transcript of ferritin 1 (ferl) has a conserved
iron-responsive element in the 5'UTR region (Supplementary
Fig. S4), suggesting its post-translational regulation dependent on
iron bioavailability. Additionally, we identified a second ferritin
transcript (fer2) encoding ferritin protein with a predicted signal
peptide (DeepLoc: 0.77) at the N-terminus (Supplementary
Fig. S4), indicating its role in iron inter-tissue trafficking. Only
a single homologue of insect type 2 transferrins (melanotrans-
ferrins) was identified in the D. gallinae transcriptome (Fig. 4a).

Comparison of adult and immature stages reveals transcripts
involved in vitellogenesis and reproduction. We identified 7252
coding sequences (65.2%) shared across developmental stages
(Fig. 5a), and these represent the transcriptomic core of D.
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Fig. 2 Comparative transcriptomics, with RT-qPCR validation, to identify blood digestion-associated transcripts. a Venn diagrams show an overlap of
composition with transcripts enriched in fed protonymphs >16x FPKM values over unfed protonymphs and with transcripts of FPKM > 1 in midguts. b The
bar graph shows protein classes encoded by individual transcripts enriched by blood-feeding. Transcripts were sorted according to encoded protein class.
The number of transcripts from each subclass and their FPKM values are shown. ¢ The table shows top differentially expressed transcripts (DET) enriched,
>16x FPKM values, in transcriptomes of blood-fed protonymphs (FP) over transcriptomes of unfed protonymphs (UP). Individual accession IDs are
available in Supplementary Table S3. ¢' RT-gPCR validation of DETs identified by RNA-seq data shown in panel (¢). Data were obtained from cDNA sets
synthesised from three independent RNA isolates of unfed and blood-fed mites (n = 3) and normalised to elongation factor 1 (efla). Means and SEMs are
shown. d The table shows DETs enriched in transcriptomes of midguts over transcriptomes of whole bodies, with filters applied: Eval < e=60,
coverage > 90%, FPKMaquits = 2. Individual accession IDs are available in Supplementary Table S4. d' RT-gPCR validation of DETs identified by RNA-seq
data shown in panel (d). Data were obtained from cDNA sets synthesised from at least four independent RNA isolates of adult females and micro-
dissected midguts of adult females (n > 4) and normalised to efla. Means and SEMs are shown. t-Test analyses: *p = 0.05-0.07; **p = 0.01-0.007;
***p=0.0008; ****p < 0.0001; n.s. not significant. For the source data behind the graphs, see Supplementary Data S1.

gallinae mites. Indeed, immature stages (protonymphs and deu-
tonymphs) shared more transcripts with each other than any of
the immature stages with adults (Fig. 5a). Each stage expressed
4.4-5.5% of unique idiosyncratic transcripts (Fig. 5a). Libraries of
adult mites were characterised by highly abundant transcripts

encoding proteins that participate in energy maintenance (argi-
nine kinase) and nutrient storage/distribution (vitellogenins and
vitellogenin receptor; Fig. 5b). Using protein primary sequences
of I. ricinus vitellogenin 1 and 2 as tBlastN queries, we identified,
within the adult D. gallinae transcriptome, two vitellogenin
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Fig. 3 Proteases-encoding transcripts within the D. gallinae transcriptomes. a Identification of digestive protease homologues in Dermanyssus gallinae
(Dg) transcriptome (highlighted by a red dashed rectangle) and representatives of Chelicerates; Lp, Limulus polyphemus; Pt, Parasteatoda tepidariorum (a
representative of Araneae); Tu, Tetranychus urticae; Ss, Sarcoptes scabiei; Is, Ixodes scapularis; Rm, Rhipicephalus microplus; Mo, Metaseiulus occidentalis; Vd,
Varroa destructor; Nc, Neoseiulus cucumeris. Green rectangles indicate the presence, and white rectangles indicate the absence of homologue identification
with threshold E-values set to >1e—30. Details of Blast search set-ups and outcomes are shown in Supplementary Fig. S2. b A list of selected proteases and
expression values (FPKM) of their mRNA transcripts across libraries derived from individual developmental stages of D. gallinae. Individual accession IDs
are available in Supplementary Table S5. UP unfed protonymphs, FP fed protonymphs, FD fed deutonymphs, WB whole bodies. The expression variance for

each transcript is indicated by colours ranging from low (blue) to high (red).

transcripts encoding the homologues of tick vitellogenins?2, but
also an additional vitellogenin transcript (vitellogenin 1-like).
All three transcripts clearly displayed enhanced levels within the
transcriptomes of adult mites, with virtually no mRNA present
in the transcriptomes of juvenile stages (Fig. 5b, b’). The addi-
tional transcript encoding distinct vitellogenin seems to be unique
for Dermanyssoidea mites and is denoted here as Vgl-like
(Fig. 5c, Supplementary Table S8). Phylogenetic analysis of
arthropod vitellogenins produced several vitellogenin clades
reflecting their arthropod taxonomic grouping, i.e., parasitiform
ticks and mites, acariform mites, spiders, scorpions, horseshoe
crabs, insects, and crustaceans (Fig. 5¢). The acarids split into two
well-supported clades containing homologues from the Para-
sitiformes (ML/BI = 95/1.00) and the Acariformes (ML/BI = 84/
0.98). Parasitiform sequences clustered within the well-supported
Vgl and Vg2 lineages (both ML/BI =100/1.00), each comprising
two ticks and two to three mite homologues. The D. gallinae
mite Vgl (transcript IrSigP-350331_FR2_207-2055, Protein ID:
MBD2876257.1), Vgl-like (transcript IrSigP-349783_FR3_1-
1870, Protein ID: MBD2876000.1) and Vg2 (Dg-9795_FR3_189-
2089, Protein ID: MBD2876256.1) grouped with their respective
mite vitellogenin orthologues within the corresponding Vg
lineages (Fig. 5¢).

To assess whether D. gallinae mites convey feeding status
through a TOR-mediated transduction cascade, using Caenor-
habditis homologues as query sequences?4, we have mined our
transcriptomes and identified expression of the TOR-complex
system and insulin/IGF signalling?®> being expressed across
developmental stages (Supplementary Fig. S5a). We further
evaluated the impact of TOR-mediated signalling on the post-

feeding viability of mites, using an ex vivo membrane feeding
system?%, by feeding adult D. gallinae mites with chicken blood
supplemented with Torin2, an inhibitor of TOR complexes?’. The
resulting data show that Torin2 caused a clear dose-dependent
post-blood-feeding lethality at high inhibitor dosage (Supple-
mentary Fig. S5b), indicating a possible post-feeding activity of
this pathway in adult mites.

Cataloguing of ligand-gated ion channels and probing sensi-
tivities to commercial acaricides. The majority of commercially
available acaricides, as well as insecticides, target invertebrate
nervous systems, usually by interaction with an allosteric site of
ionotropic receptors, also called ligand-gated ion channels
(LGICs)?8. Members of this family have a high degree of primary
sequence similarity, forming a ligand-binding site for neuro-
transmitter molecules and an ion-conducting pore. LGICs can be
categorised into four major families?®, one of which entails a
series of validated acaricidal/insecticidal targets, i.e. the penta-
meric cys-loop family, which shares a highly characteristic motif,
a 15-aa cys loop in the protein N-terminus®®3!l. The cys-loop
receptors (cysLGICs) are both cation-permeable, such as nicotinic
acetylcholine receptors (nAChRs)3?, serotonin receptors, and also
receptors that conduct anions, such as y-amino butyric acid
(GABA)-gated ion channels33, glycine receptors, and chloride
channels gated by glutamate (GluCls), histamine343°> or zinc3°.
The last two, histamine- and zinc-gated chloride channels, were
not identified in the D. gallinae transcriptome (Supplementary
Data S2). Unlike some pentameric ligand-gated ion channels,
homologues of RDL(resistance to dieldrin)-GABA receptors?®
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Fig. 4 Determination of full haem biosynthesis and identification of two distinct ferritin transcripts. a Table of proteins participating in haem (left) or
iron (right) homoeostasis, together with their expression values (FPKM) of their mRNA transcripts across libraries derived from individual developmental
stages of Dermanyssus gallinae. Accession numbers are available in Supplementary Table S6. UP unfed protonymphs, FP fed protonymphs, FD fed
deutonymphs. alas, 5-aminolevulinate synthase; pbgs, porphobilinogen synthase; hmbs, hydroxymethylbilane synthase; uros, uroporphyrinogen synthase;
urod, uroporphyrinogen decarboxylase; cpox, coproporphyrinogen oxidase; ppox, protoporphyrinogen oxidase; fech, ferrochelatase; ho, haem oxygenase; fer,
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chromatograms for the D. gallinae samples are shown on top, with reconstructed chromatograms for their analytical standards below. ¢ A schematic of
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and GluCls are unique to invertebrates3’. RDL-GABA and GluCls
can be targeted by negative modulators, such as Fipronil, or
positive modulators, such as Ivermectin®®. We have mined our
transcriptome (E-value < e~19, using Pediculus sp.>® and Tetra-
nychus sp.40 as queries) and reconstructed a phylogenetic tree of
cys-loop receptors, having identified 29 transcript-encoding
members of the cys-loop family (Fig. 6a). The D. gallinae tran-
scripts clustered with their respective homologues from arthro-
pods and vertebrates into nine clades and in an additional clade
that exclusively united the Acari-specific glutamate-gated chloride
channel-like proteins. Looking at the midgut/whole body ratio,
we filtered out four more transcripts with a midgut-enriched
presence of mRNA transcripts (Fig. 6b), one encoding the pH-
sensitive chloride channel protein and three encoding Acari-
specific chloride channel-like proteins. We next identified four
transcripts encoding GluCls, two of which displayed midgut-
specific expression (Fig. 6¢), but with all transcripts sharing a core
of GluCls with the Cys-Loop region and mostly four trans-
membrane domains (Supplementary Fig. $6). The amino acid
sequence analysis of GluCls demonstrated the conservation of
most of the amino acid residues required for Ivermectin

association with the C. elegans GluCl alpha channel*! (Supple-
mentary Fig. S6). The assembly of the four GluCl homologues
was supported by multiple reads, except for the encoded
C-terminus of the IrSigP-571488 transcript, which is composed of
uniquely assigned reads (Supplementary Fig. S7). To confirm the
sensitivity of D. gallinae mites to acaricides targeting GluCl
channel(s), as exemplified by Fipronil, Ivermectin, and Fluralaner,
we experimentally determined dose-dependent survival after
microinjection of the respective compounds into adult mites
(Fig. 6¢’). While Ivermectin and Fluralaner elicited clear lethal
effects within a couple of days upon microinjection of a 10 uM
solution, Fipronil caused only negligible lethality even when
injected at 100 uM (Fig. 6¢’).

Mining of immune signal transduction pathways and char-
acterisation of their immune elicitors. Innate immunity is
highly conserved in metazoans, spanning both vertebrates and
invertebrates*?. The humoral part of invertebrate immunity
comprises the sensing of microbial non-self, which is followed by
signal transduction, mainly through Toll and Imd signalling
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Fig. 5 Enriched transcripts in adult mites and phylogenetic reconstruction of arthropod vitellogenins. a Venn diagrams show the stage-specific
transcriptomic idiosyncracies as well as the transcriptomic core shared across ontogeny. b The table shows the top transcripts enriched in transcriptomes
of adult mites. These were filtered by >16x FPKM values in the transcriptome of adults over transcriptomes of both mite juvenile stages, protonymphs and
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see Supplementary Table S8.

pathways that operate, to some extent, independently*3. In our
work, we mined the D. gallinae transcriptome and reconstructed
a complete Toll pathway, suggesting full functionality in D. gal-
linae (Fig. 7a). The only missing components were Gram-negative
bacteria-binding proteins (GNBPs) and transcription factor DIF.
Peptidoglycan recognition proteins (PGRPs) were present in two
different variants with uncertain classification. Nine Spitzle
proteins and eight Toll receptors were identified. The Imd
pathway was significantly reduced, as most components were
missing, including IMD and Relish. Defensins are probably the
most widely spread antimicrobial peptides of 3-5kDa, broadly
distributed in the animal and plant kingdoms** and are effector

molecules regulated by both the Toll and IMD pathways*>. We
searched for defensin-like molecules in the D. gallinae tran-
scriptome using data from the tick Ixodes scapularis genome that
encodes multiple defensin-related molecules, divided into two
major families: (i) scapularisins, structurally related to the ancient
invertebrate-type defensin and (ii) scasins, which are only dis-
tantly related to the canonical defensins*®. While we failed to find
any transcript related to the I scapularis scasin (Gen Bank
EEC18782), we identified several defensin-like molecules related
to the scapularisins with the highest homology displayed to
scapularisin-6 (GenBank EEC08935) annotated as defensin-2 in
the I scapularis genome (VectorBase ISCW005928). Sequences of
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Fig. 6 Glutamate-gated chloride channels as acaricidal targets. a Maximum likelihood phylogenetic tree of the arthropod and vertebrate cysLGIC subunit
protein sequences. The bootstrap supports above 50% are shown at the main nodes. Dermanyssus gallinae: Dg and IrSig (indicated in red), Tetranychus
urticae: Tu, Drosophila melanogaster (D or other), Apis mellifera (Amel), Tribolium castaneum (Tcas), Homo sapiens (Hs), Danio rerio (Dr), Bos taurus (Bt), Equus
caballus (Ec), Sus scrofa (Ss), and Gallus gallus (Gg). For accession numbers, see Supplementary Data S1. b FPKM values of individual Acari-specific (Ac)
and pH-dependent (pH) chloride channels (Cls) and their midgut/whole body (WB) ratio of adult mites. UP unfed protonymphs, FP fed protonymphs, FD
fed deutonymphs. ¢ FPKM values of individual GluCls and their midgut/whole body ratio of adult mites. ¢' Dose-dependent viability assays after
microinjection of GluCls agonists dissolved in DMSO and diluted to 1% of the solvent. Each data point represents a mean, and SEM of n = 24 or 25 mites
per tested concentration. For the source data behind the graphs, see Supplementary Data S1.

eight D. gallinae transcripts encoding putative defensins aligned
with scapularisin-6 (Fig. 7b) revealed that D. gallinae defensins
could be divided into two major types: (i) Type I defensins
lacking the canonical furin cleavage motif (RVRR)#’ and (ii) Type
IT defensins having the furin site conserved. Based on the FPKM
values, Type I defensins seem to be much more expressed in all
stages (Fig. 7b).

The principal role in cellular and humoral innate immunity of
vertebrates, as well as invertebrate metazoan organisms, is played
by the complex complement system?8. The central effector
molecules of vertebrate and invertebrate complement systems are
proteins belonging to the thioester-containing protein (TEP)

family, formerly referred to as proteins of a,-macroglobulin
superfamily*8->0, In invertebrates, the TEP family is formed from
up to four major phylogenetically distinct groups comprising
pan-protease inhibitors of the a2-macroglobulin type (a2M), C3-
like complement components (C3), insect-type TEPs (iTEPs),
and macroglobulin-complement related (MCRs)>1-23,

Here, we examined the D. gallinae transcriptome with full
sequences of nine well-annotated members of the I. ricinus TEP
family representing all four groups of invertebrate TEPs>2->4,
BlastP mining, and the following phylogenetic analyses with other
selected representatives of invertebrate TEPs, revealed that D.
gallinae expressed only one a2-macroglobulin molecule, which
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scapularis scapularisin-6 (GenBank EEC08935) and expression values (FPKM) of defensin transcripts across libraries derived from individual
developmental stages of D. gallinae. The amino acid residues of the Furin cleavage site are shown in red letters. UP unfed protonymphs, FP fed

protonymphs, FD fed deutonymphs.

was encoded by at least five splicing variants (DgA2M(sv1-5)
(Supplementary Fig. S8) within the protease-sensitive ‘bait-
region’. Further, the D. gallinae transcriptome contained one
molecule clearly belonging to the insect-type TEP (D¢TEP), one
C3-complement like molecule (DgC3) and three molecules
belonging to the group of macroglobulin-complement-related
proteins (DgMCR-1,2,3) (Supplementary Fig. S8). DgMCR-3
appears to be phylogenetically quite distant from the other two,
DgMCR-1, and DgMCR-2, yet its membership within the MCRs
is supported by its stable phylogenetic positioning inside the
MCR clade and by the presence of the signature low density
lipoprotein receptor domain in the central part of the
molecule®?>4, Taken together, D. gallinae possesses representa-
tives of all major groups of invertebrate TEPs, most of which
display substantial differences in their expression pattern
(Supplementary Fig. S8).

Arthropods®?, similarly to higher organisms®®, are armed with
an RNA-based mechanism of anti-viral immunity called RNA
interference (RNAi). This pathway is functional against both
RNA and DNA viruses in insects®”>>8, Both in silico predictions
and experimental validation support the presence of a functional
RNAi pathway in D. gallinae®®. We confirmed (Supplementary
Fig. S9) the in silico analysis®® and identified most transcripts
encoding RNAIi proteinaceous components, with the exception
of an R2D2 homologue (Eval cut off < 0.00001; query Drosophila
R2D2: NP_001285720.1). R2D2, a dsRNA binding protein,
is reported to be essential for the loading of siRNAs into
effector Ago-RISC complexes®?, This is in line with a compre-
hensive phylogenetic analysis that determined the existence
of R2D2 homologues only in orders of winged insects (Pterygota)
but their absence in non-insect arthropods (ticks, mites,
crustaceans)®!.
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Description of the RNA-virome in D. gallinae mites. As a part
of our aim to characterise the complete RNA component of D.
gallinae, we oriented our search using a standard pipeline of
arthropod virus discovery to detect potential viral like sequences in
our red mite RNA-seq samples. The presence of viral sequences in
libraries of UP (not exposed to host blood feeding) or dissected
midguts (dissected interior tissue) demonstrated a genuine D.
gallinae virome, consisting of red mite picorna-like virus, red mite
densovirus, red mite virga-like virus, red mite associated cyclovirus,
red mite associated hypovirus, and red mite associated cystovirus
(Fig. 8a). Additionally, several putative transcripts were identified
with significant homology to viral proteins, such as that of a 1.5 kb
transcript with resemblance to the hemagglutinin protein (HA) of
Wellfleet Bay virus (WFBV, 33.85% identity, E-value 9e%%)
(Fig. 8a). In additional tblastN searches using all available quar-
anjavirus proteins as queries, we detected four further transcripts
resembling all the typical core genome segments of orthomyx-
oviruses. This included a sequence homologous to a 1.8 kb tran-
script of the nucleoprotein (NP) of Quaranfil quaranjavirus

(QRFV, identity 30.20%, E-value 6e~>7). Besides these structural
proteins, we found three transcripts ranging from 2.4 kb to 2.5 kb
with best hits to the multipartite RNA-dependent RNA polymerase
subunit proteins PB1 (Tjuloc virus, identity 50%, E-value 0), PB2
(QRFV, identity 28.90%, E-value 9e~4) and PA (Tjuloc virus,
identity 50%, E-value 0). These transcripts were polished and
curated using the filtered reads of each library to generate con-
sensus sequences of each genome segment, supported by a mean
coverage ranging from 13.5x to 47.5x. The putative genome seg-
ments of the expected size were further annotated and, as antici-
pated, each presented a single ORF in their complementary RNA+
strand coding for the structural and functional proteins of a typical
quaranjavirus, flanked by untranslated regions (Fig. 8b). The
translated polymerase subunit proteins PB1, PB2 and PA presented
with conserved domains Flu_PB1 (pfam00602, E-value 3.62e~0),
Flu_PB2 (5D98_F, E-value 8.2e¢121), and Flu PA (4WRT_A,
E-value 4.9¢=%7), respectively. The NP showed a Flu_NP domain
(3TJO_B, E-value 7.5e8!), and the putative surface HA protein
harboured a typical Baculovirus gp64 envelope glycoprotein
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domain (Bac_gp64, E-value 4.64e~48), a signal peptide (SP) at the
N terminus for transmembrane passage and a C terminal domain.
We then surveyed the diverse libraries of D. gallinae to assess the
presence of those genome segments that were detected in all
libraries following symmetrical expression patterns, based on
FPKMs and supporting the possibility that the segments corre-
sponded to the same virus (Fig. 8a). Expectedly, expression values
of the structural segments were higher than the nonstructural ones
in each library, which is indirect evidence of active infection
(Fig. 8a). Based on these genomic data, genetic distance, functional
and structural annotation, and expression profiles, we suggest that
these genome segments correspond to a novel virus; a putative
member of a new species within the genus Quaranjavirus that we
tentatively named Red mite quaranjavirus 1 (RMQV1). To enter-
tain this hypothesis, we generated evolutionary insights based on
the phylogenetic analysis of PB1 and NP proteins of RMQV1 and
diverse orthomyxoviruses. The resulting tree indicated clearly that
RMQV1 clustered within the quaranjavirus clade (Fig. 8c). In
summary, a diverse and complex red mite virome was detected and
characterised for D. gallinae, including novel viral species of several
families of viruses, having potentially important effects on the
biology and health of their hosts. Future studies aimed at deter-
mining the epidemiological, ecological and veterinary effects of
these viruses are warranted.

Discussion

Blood feeding has evolved several times in Acari®?. The blood-
feeding arthropods display a remarkable capacity for rapid pro-
teolysis of host blood, which is a very rich source of proteins (90%
dry weight). The haemoglobinolytic apparatus in their digestive
tracts was suggested to be shared among phylogenetically related
blood-feeding parasites and was highlighted as promising anti-
parasite targets®3. Although ticks and dermanyssoid mites belong
to the same order Acarina (class Arachnida), and both represent
blood-feeding ectoparasites, the data obtained here support the
hypothesis of the independent appearance of blood-feeding. This is
substantiated by their clear differences in digestive proteolytic
machinery. While both hard (I. ricinus) and soft ticks (Ornitho-
doros moubata) rely on cathepsin B as the major haemoglobinolytic
peptidase®®, which also holds true for Acariform mites®, we did
not identify any cathepsin B-like or cathepsin C-like protease-
encoding transcripts in transcriptomes of D. gallinae (Mesos-
tigmata mites). The blood digesting proteolytic apparatus of D.
gallinae mites thus seems to rely mainly on acidic lysosomal pro-
teases (legumain, cathepsin L, and cathepsin D), which account for
the majority of all protease-encoding reads in the adult D. gallinae
midgut. This finding confirms the earlier observation, showing a
clear capacity of D. gallinae homogenate to digest haemoglobin at
an acidic pH, with activity being inhibited by E-64 and pepstatin A,
indicating the participation of cysteine and aspartic proteases®.
Tick digestive cathepsin L (IrCL1) is known to display clear hae-
moglobinolytic and albuminolytic activities, with a peak at pH 3.5,
indicating its acidic mode of operation within the endolysosomal
vesicles of tick gut cells®. It is, therefore, reasonable to speculate
that the engagement of D. gallinae Cathepsin L proteases might
serve in the analogous biological process of host blood protein
digestion, possibly also within intracellular acid-lysosomes. Addi-
tionally, transcripts for Cathepsin L5 and Legumain 4 show a clear
midgut-specific up-regulation with blood-feeding similarly to
ticks®8, indicating their direct involvement in digestion of host
blood proteins. However, a detailed mapping of proteolytic activ-
ities present in D. gallinae midguts, based on specific substrates and
inhibitors, remains an experimental challenge for upcoming
research in the field. In summary, after less-than-an-hour of on-
host feeding®®, during which time mites increased their body

weight by ~ ten fold’, rapid off-host digestion followed. In the
close relative dermanyssoid mite Ornithonyssus sylviarum, about
half of the imbibed erythrocyte content was digested within
4-8 h71. Similarly to ticks and acariformes mites’?, parasitiformes
blood-feeding mites (D. gallinae)® appear to digest host blood
intracellularly, using a multi-enzyme complex of mainly acidic
endolysosomal proteolytic enzymes, yet they lack any cathepsin B
and C homologues.

It is now clear that D. gallinae mites code for full haem bio-
synthesis. Yet, the heterogeneity of expression profiles of individual
transcripts encoding haem biosynthetic enzymes does not fully
identify at what developmental stage the biosynthetic pathway
might be active, showing very little of a developmental stage- or
feeding-status-dependent expression pattern. Transcript encoding
ferrochelatese, the final haem-biosynthetic enzyme, was shown to be
significantly enriched in midguts, similarly to partially-fed ticks’3,
raising a question of the need for this enzyme in this space and time
since the tissue is flooded by cupious amounts of haem. Given the
lack of haem deposits in D. gallinae eggs, maternally acquired haem
probably does not play a key role in embryogenesis and reproduc-
tion, as it does in ticks?2. This is also clearly evidenced by the lack of
colour in deposited eggs, which contain estimated subpicomol levels
of haem b per mg of eggs-rich sample; this contrasts starkly with
about a nanomol of haem b deposited in the eggs of ticks?2.

Similarly to ticks’47>, D. gallinae appears to contain two
separate ferritin genes that encode cytosolic and secreted ferritins.
Expression of transcripts encoding both of these ferritins in D.
gallinae indicates their key role in iron homoeostasis in their
midguts. We assume that ferritin 1, possessing the iron-
responsive element in its 5 UTR and lacking the signal peptide,
functions as an intracellular iron storage protein. The secretory
ferritin 2, in contrast, has a clear N-terminal signal sequence,
suggesting its role in iron export from the midgut and thus
facilitating the somatic distribution of midgut-acquired iron
similar to ticks and insects”>7%. Both D. gallinae ferritins possess
a conserved ferroxidase di-iron centre (facilitating rapid Fe?* to
Fe3* oxidation), as well as a ferrihydrite nucleation centre (pro-
moting nucleation and storage of Fe3*); these represent signature
motifs for Heavy-chain (H) and Light-chain (L) ferritins,
respectively. Thus D. gallinae ferritins are apparently hybrids of
H- and L-types, similarly as experimentally demonstrated for the
crustacean ferritin’? and reported for tick ferritins 1 and 278.
RNAI studies performed by others demonstrated that both fer-
ritins were essential for the survival and reproduction of D. gal-
linae mites”. Secretory ferritin (denoted as Dg-Ferl in that
study) has also been shown to be a potent target conferring
antibody-mediated protection against D. gallinae mites in hens
when used as a recombinant antigen’®. The dietary source of iron,
loading both cytosolic and secretory ferritin, is not clear. How-
ever, in D. gallinae, given the absence of genetic coding for haem
oxygenase, an enzyme liberating iron from the porphyrin ring of
haem, the bioavailable pool of iron is likely acquired from host
blood transferrin, as experimentally determined for ticks280.

The immune sensing and signalling Toll and IMD pathways, as
well as immune elicitors, were reconstructed here based on the
presence/absence of known homologues. While we could mine
the full Toll pathway, the Imd pathway was significantly reduced,
with key components missing, such as IMD and Relish. The
retained members identified in D. gallinae mites, which are also
integrated into the IMD pathway of insects, were Caspase
(DREDD, Cysteine-dependent ASPartyl-specific proteASE) and
Serine/Threonine Kinase (TAK1 and IKKp). The absence (not
identified in our transcriptome, nor in the genome with an Eval
cut off =0.0001) of a critical component of the pathway, tran-
scription factor Relish, indicated the non-functionality of the
IMD pathway in D. gallinae mites, similar to the phylogenetically
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related mites, Varroa (Parasitiformes; Eval cut off < 10e—3) and
Metaseiulus (Acariformes)®!. Mining of the D. gallinae tran-
scriptome for components of the primordial complement system,
represented by thioester-containing proteins, revealed that this
mite, similarly to other chelicerates such as ticks, spiders, and
even the horseshoe crab®1:52:82.83 possesses all major TEP groups,
namely a,-macroglobulin, C3-like complement component,
insect-type TEP, and macroglobulin-complement related
(MCRs). However, some of these groups were apparently lost
during evolution, for example, C3-like molecules from Crusta-
ceans and Hexapods or a,Ms from some insect lineages such as
fruit flies or mosquitoes®!. The single a,M found in the D. gal-
linae transcriptome is diversified within the “bait region” by
alternative splicing, presumably to extend the portfolio of target
proteases inhibited by the mechanism of molecular entrapment54,
as previously reported for tick a,Ms88°.

Apart from silicone dioxide dusting, chemically synthesised
anti-parasitics are used in commercial egg-laying to control
populations of D. gallinae mites. Most of the commercially suc-
cessful acaricides target ion-gated chloride channels, leading to
the limitation or elimination of D. gallinae mites in poultry
houses®”. Using micro-injection of selected commercial acaricides
suspended in DMSO and subsequent 100x dilution with sterile
PBS, we assessed the dose-dependent survival of D. gallinae mites.
While we could see clear time- and dose-dependent lethality of
mites post micro-injection of Fluralaner and Ivermectin, similarly
to previous studies exploiting a different route of
administration®”:8%, we did not observe the acaricidal effect of
Fipronil administered through micro-injection. This observation
may be in line with previously reported lower and heterogenous
sensitivity of D. gallinae mites to topical exposure to Fipronil
solution®. While we have no knowledge of Acari-specific
chloride channels, an increasing body of work is available on
pH-sensitive chloride channels in other invertebrates. Interest-
ingly, the pH-sensitive chloride channel from Bombyx mori is
sensitive to Ivermectin, but non-responsive to Fipronil??, which is
reminiscent of our data from viability assays upon microinjection
of agonists. This may suggest that pH-dependent chloride chan-
nels could be key targets for channel agonists like Ivermectin in
eliciting acaricidal activity.

Conclusion

D. gallinae is a global and highly debilitating poultry pest. With
recent seminal foundations!”-2091 for its detailed molecular
understanding, novel acaricidal targets, possibly inherent in
blood-feeding mites, might be identified and validated. Here, we
have sequenced and assembled new D. gallinae transcriptomes,
comparing blood-fed and unfed mites, as well as whole bodies
and micro-dissected midguts. These represent key informative
datasets enabling insights into molecular adaptions of this ecto-
parasite to its obligatory blood-feeding lifestyle. It also provides us
with a catalogue of potential targets suitable for target-based
acaricide development. The sequences of assembled contigs,
annotations, and respective expression values are available
through a user-friendly one-piece hyper-linked Excel sheet (see
Data availability). Unlike previous studies, our RNA-seq-based
work is complemented by viability assays performed through the
artificial membrane feeding platform, haemocoel microinjection,
and also by mass spectrometry metabolite identification. Finally,
we have identified the D. gallinae-specific RNA virome and have
highlighted viruses of possible concern. This work presents an
integrative assessment of assembled and curated Illumina-
originating data, describing the molecular traits inherently
linked to the blood-feeding lifestyle of D. gallinae, and reveals its
emerging role as a reservoir of new viral variants.

Materials and methods

Collection of mites, RNA extraction, and library preparation. Mites were col-
lected by brushing cages of egg-producing hens in the International Poultry Testing
Ustrasice (MTD Ustrasice, Czech Republic). Mites were briefly anaesthetised with
CO, using a FlyPad (Flystuff.com) and were separated into three developmental
stages: protonymphs, deutonymphs, and adults. Protonymphs were further sepa-
rated into unfed and blood-fed mites. Midguts were micro-dissected from the adult
stages. Mites were placed on a double-sticky tape, ventral side down, decapitated
with a razor, and midguts were pulled out into a drop of diethylpyrocarbonate
(DEPC)-treated phosphate-buffered saline (PBS). Whole mites of different devel-
opmental stages (each n = 30) were homogenised with an eppi pestle, and midguts
(n =40) were homogenised using a 29 G insulin syringe needle. Total RNA was
extracted from the homogenates with a NucleoSpin RNA kit (Macherey Nagel) and
eluted into RNase-free water, with a yield of 2-7 pg of total RNA. An Agilent 2100
BioAnalyser evaluated the quality of RNA, with RIN values > 9. A non-stranded
cDNA library was prepared by NEBNext® Ultra™ RNA Library Prep Kit for Illu-
mina® and sequenced on NovaSeq600 by Novagene Co., Ltd. as 150 bp paired-
end reads.

Transcriptome assembly, data deposition, filtering of outputs. Transcriptome
assembly and coding sequence extraction was carried out as described previously®2.
Briefly, reads were stripped of their contaminating primers, and bases with equal
values < 20 were trimmed using the programme Trim Galore (Krueger F. Trim
Galore: a wrapper tool around Cutadapt and FastQC. Trim Galore. 2012). Clean
reads were assembled using the Abyss®? and Trinity?* assemblers. These assemblies
were merged using a parallelised pipeline of blastn and cap3 assembler®” as
described previously”®. We extracted all open reading frames larger than 200
nucleotides, and those matching known proteins or having a signal peptide were
retained. The resulting peptide and coding sequences were mapped to a hyper-
linked spreadsheet, including blastp and rpsblast matches to several databases, as
well as an indication of the signal peptide’, transmembrane domains®® and
O-galactosylation sites”®. Transcripts assigned to a given developmental stage were
filtered by a 16-fold change factor, i.e. to denote a transcript “adult-specific”, its
FPKM values were >16 fold over its FPKM values in the transcriptome of FP, and
at the same time, in the transcriptome of fed deutonymphs (see “Data availability”).
In order to list transcripts enriched in the transcriptome of fed over UP, only
transcripts with clear annotations (E-value < e~ 100), coverage > 10%, and FPKM in
FP > 5 were considered. The transcripts were then listed according to the highest
fed/unfed ratios.

cDNA synthesis and RT-qPCR. We prepared total RNA samples, as above, in 3-5
independent biological replicates. Thirty mites (whole bodies) or midguts from
forty adult mites were used for RNA extractions, yielding around 1 ug of RNA per
extraction, with the exception of samples of adults (whole bodies), which yielded
around 8 pg of RNA per extraction. Single-stranded cDNA was reverse-transcribed
from 0.2 ug of total RNA using the First Strand cDNA Synthesis Kit (Roche) with
oligo(dT)18 primers. For RT-qPCR, cDNA was diluted 10 times in nuclease-free
water, with 10 pmol of each primer, and run in 10 uL reaction in 384-well plates
(MicroAmp™ Optical 384-Well Reaction Plate, Thermo Fisher Scientific, USA),
using FastStart Universal SYBR Green Master (Rox) (Roche Life Sciences), in
QuantStudio™ 6 Flex Real-Time PCR system (Thermo Fisher Scientific, USA).
Primers used in this study are listed in Supplementary Tables S3, S4, and S7.

Phylogenetic analyses. The dataset used for the phylogenetic analyses of
arthropod vitellogenins consisted of 67 amino acid sequences representing
homologues from ticks, mites, acarids, spiders, scorpions, horseshoe crabs, insects
and crustaceans, with the latter being an outgroup (Supplementary Table S8). The
vitellogenin sequences were retrieved as GenBank annotated entries or were mined
from the genome/ transcriptome assemblies available in GenBank using the tBlastN
algorithm and E-value cutoff < 10~5. The structurally similar haem-lipo-
glycoproteins of ticks (e.g., GenBank: ABK40086 and ACF35055) and their related
tick sequences annotated in GenBank as vitellogenins (e.g., GenBank: AXP34688,
BAJ21514, AXP34687, XP_029826448) were not included in the analysis because
these proteins are not true vitellogenin homologues. Vitellogenin sequences were
aligned in MAFFT (v 7.017)'90 implemented in Geneious Prime v2019.0.41%! using
an automatic selection of the alignment strategy and default parameters for the gap
opening penalty (1.53) and the offset value (0.123). We trimmed non-homologous
regions of the alignment, using GBlocks v0.91b'02 under default parameters except
with minimum block length set to 5 and with half the gapped positions allowed, so
the final alignment comprised 3578 amino acid positions comprising the three
structural domains typical for vitellogenins (i.e., the vitellogenin N-terminal region,
the domain of unknown function [DUF1943], and von Willebrand factor type D
domain). The phylogenetic tree was reconstructed by the maximum likelihood
(ML) method in IQ-TREE v1.6.12193 using the LG + F + R6 protein model selected
by ModelFinder!%4. Bootstraps were based on 1000 replicates. Bayesian inference
(BI) analysis was performed in MrBayes v3.2.7al9> implemented in CIPRES Sci-
ence Gateway v3.3196 using four simultaneous MCMC chains sampled at intervals
of 100 trees and posterior probabilities estimated from 2 million generations. The
WAG + F + G4 model of evolution was selected by ModelFinder. The burn-in
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period represented 10% of all generations. The tree was visualised in Geneious
Prime v2019.0.4 and graphically modified in Adobe Illustrator CS5.

For the phylogenetic analysis of the cys-loop ligand-gated ion channel gene
family, we used a dataset consisting of 121 amino acid sequences that corresponded
to the dataset of Dermauw et al.*0 and were enriched for the homologues from D.
gallinae (Supplementary Data S1). The sequences retrieved from GenBank
annotated entries were aligned and treated as described above for the vitellogenin
dataset. The final alignment comprised 502 amino acid positions. The ML-based
phylogenetic tree and its nodal supports were calculated using the LG + I+ G4
protein model as described for the vitellogenins.

For the phylogenetic analysis of the thioester-containing protein (TEP) family, the
dataset contained 29 amino acid sequences of D. gallinae TEPs and its invertebrate
homologues from the fruit fly D. melanogaster, the hard tick I. ricinus, and the
horseshoe crab L. polyphemus (Supplementary Fig. S8). The sequences were aligned
and treated as described above for the vitellogenin dataset. Final alignment of full
amino acid sequences (~1500 residues) comprised 2737 amino acid positions. The
ML-based phylogenetic tree and its nodal supports were calculated using the
BLOSUMBG62 + G protein model as described for the vitellogenins.

Metabolomic analysis of haem b and its biosynthetic intermediates. For
metabolomic analysis, mites collected in a poultry house by brushing were stored in
a 1 L bottle with a paper lid at 21 °C in the dark. The next day, a mixture of eggs,
larvae, and UP was sorted out as described above. Then the sample of unfed stages
(to prevent detection of haem intermediates of host origin), with a predominant
fraction of UP from 21.4 mg mites, was extracted with 150 uL of a cold extraction
medium, MeOH:ACN:H,O (2:2:1 v/v/v), containing an internal standard,
4-fluorophenylalanine (100 pL of 0.5 ng/uL). The sample was then homogenised
using a Tissue Lyser II (Qiagen, Prague, Czech Republic) at 50 Hz, 0 °C for 5 min.
The mixture was then centrifuged at 7000 RPM and 5 °C for 10 min, and the
supernatant was filtered through a 0.2 um PVDF mini-spin filter (HPST, Prague,
Czech Republic) at 8000 RPM and 5 °C for 10 min. Finally, a 50 pL aliquot of the
supernatant was used for liquid chromatographic-high-resolution mass spectro-
metric analysis (LC-HRMS). The LC-HRMS methods were described in detail
earlier! 97108 Briefly: A Q Exactive Plus Orbitrap mass spectrometer coupled with a
Dionex Ultimate 3000 liquid chromatograph (all Thermo Fisher Scientific, San
Jose, CA, USA) was used for profiling intermediates of haem biosynthesis. Meta-
bolites were separated on a 150 mm x 4.6 mm i.d., 5 um, SeQuant ZIC-pHILIC
(Merck KGaA, Darmstadt, Germany) with a mobile phase flow rate of 450 uL/min,
an injection volume of 5 pL, and a column temperature of 35 °C. The mobile phase
was: A = acetonitrile, B =20 mmol/L aqueous ammonium carbonate (pH = 9.2;
adjusted with NH,OH); gradient: 0 min, 20% B; 20 min, 80% B; 20.1 min, 95% B;
23.3 min, 95% B; 23.4 min, 20% B; 30.0 min 20% B. The Q-Exactive settings were:
Mass range 70-1000 Daltons; 70,000 resolution (m/z 200; 3 x 106 Automatic Gain
Control (AGC) target and maximum ion injection time (IT) 100 ms; electrospray
operated in positive mod: 3000 kV spray voltage, 350 °C capillary temperature,
sheath gas at 60 au, aux gas at 20 au, spare gas at 1 au, probe temperature 350 °C
and S-Lens level at 60 au. Data were processed using XcaliburTM software, version
4.0 (Thermo Fisher Scientific, San Jose, CA, USA). Compounds used in the study:
Deionized water was prepared using a Direct Q 3UV purification system (Merck,
Prague, Czech Republic). Methanol and acetonitrile (OptimaTM grade) were
purchased from Fisher Scientific (Pardubice, Czech Republic); ammonium carbo-
nate, 25% ammonia solution, 4-fluorophenylalanine, 5-aminolevulinate, haemin,
porphobilinogen and protoporphyrin IX from Merck (Prague, Czech Republic).
The amount of haem b was estimated based on the peak area of the standard.

Ex vivo artificial membrane feeding. Mites were collected and stored as described
above. After 14 days, vital individuals were selected and used for ex vivo feeding
experiments. The feeding unit was a plastic cylinder (17 mm in diameter, 70 mm in
length) horizontally divided into two equal chambers by a membrane (silicone-
impregnated Goldbeater’s skin). The upper chamber contained 2 mL of fresh, defi-
brinated (by mixing with 4 mm glass beads) chicken blood supplemented with the
inhibitor Torin2 (Sigma-Aldrich, catalogue number SML1224). The lower chamber of
the membrane feeding device contained the mites. The feeding unit was placed in the
dark in an incubator set at 41 °C. After 5 h, fed individuals were collected and stored in
1.5 mL microcentrifuge tubes (10 individuals in each) in an incubator set at 21 °C. Mite
viability and vitality were monitored every 24 h for 7 days. Torin2 was dissolved in
DMSO and further diluted to final concentrations: 500, 250, 100, 10, and 1 uM. DMSO
stocks were diluted in the blood meal to 1% v/v DMSO in the blood meals.

Microinjection. Mites were collected as described above, and freshly fed adult
females were sorted. Mites were immobilised on an adhesive tape, and a volume of
13.8 nL of tested compound (<1% v/v DMSO) was microinjected into the mite’s
haemocoel (Drummond, USA). After 10 min, injected mites were collected into
1.5 mL microcentrifuge tubes (5 individuals in 5 eppi tubes or 8 individuals in 3
eppi tubes for each concentration) and stored in the incubator set at 21 °C. The
viability and vitality of the mites were monitored every 24 h for 7 days. Compounds
used in the study: Fipronil (Sigma-Aldrich Supelco, catalogue number 16785),
Fluralaner (Cayman Chemical, item number 22061), Ivermectin (Sigma-Aldrich,
catalogue number 18898).

Virus RNA identification and analyses. Virus discovery, detection and char-
acterisation were implemented as described elsewhere!%%. In brief, we used tran-
scriptome assemblies generated in this work as the input for virus discovery. The
complete NR release of viral protein sequences was retrieved from https://www.
ncbi.nlm.nih.gov/protein/?term=txid10239[Organism:exp]. The integrated Red
mite RNA assembly was assessed by multiple tBlastN searches (max E-

value = 1 x 107°) using, as a probe, the complete predicted non-redundant viral
proteins in a local server. Significant homologies were screened manually, and
redundant contigs were discarded. Potential virus-like sequences were curated by
iterative mapping of reads using Bowtie 2 v2.4.4!10, Open reading frames (ORF)
were predicted by ORFfinder. Predicted proteins were subjected to BlastP searches
at NCBI and to domain-based Blast searches against the Conserved Domain
Database (CDD) v3.19 implemented in https://www.ncbi.nlm.nih.gov/Structure/
cdd/cdd.shtml and supplemented with SMART http://smart.embl-heidelberg.de/,
Pfam http://pfam.xfam.org/, PROSITE http://prosite.expasy.org/ and HHPred
https://toolkit.tuebingen.mpg.de/tools/hhpred to characterize more divergent
functional domains. Signal and membrane peptides were assessed with SignalP
v4.1'11, Viral RNA levels were calculated with Cufflinks http://cole-trapnell-lab.
github.io/cufflinks/ or alternatively with the Geneious suite 8.1.9 (Biomatters Inc.)
as Fragments Per Kilobase of virus transcript per million mapped reads (FPKM).
Evolutionary insights were resolved by MAFTT (v 7.310)10 alignments of amino
acid sequences of the predicted viral polymerases or capsid proteins, which were
used for phylogenetic analyses based on FastTree approximately maximum-
likelihood phylogenetic trees http://www.microbesonline.org/fasttree/ with stan-
dard parameters. Support for individual nodes was assessed using an approximate
likelihood ratio test with the Shimodaira-Hasegawa-like procedure. Tree topology,
support values and substitutions per site were based on 1000 tree resamples. Most
sequence analysis results were integrated and visualised using the Geneious suite
8.1.9 (Biomatters Inc.). Virus genome diagrams were designed using Adobe Pho-
toshop C3 version 10.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data are available as BioProject PRINA597301, including nt and aa fasta files, and a
hyperlinked Excel sheet is available to download at https://proj-bip-prod-publicread.s3.
amazonaws.com/transcriptome/Dermanyssus_gallinae/Derm_gallinae.zip. Viral
sequences were deposited at the NCBI with the following GenBank accession numbers:

RMACTV1-L,0N160022;RMACTV1-S,0N160023;RMQV1-HA,0N160024;RMQV1-
NP,ON160025; RMQV1-PA,ON160026;RMQV1-PB1,0N160027;RMQV1-
PB2,0N160028;RMDIV1,0N160029; RMIV1,
ON160030;RMDEV1,0N160031;RMVLV1,0N160032;RMVLV2,0N160033;RMACY-
V1,0N160034;RMAHV1,0N160035.

Raw data used for generating Fig. 4b were deposited at the Figshare repository with the
following DOISs: https://doi.org/10.6084/m9.figshare.22658317.v1, https://doi.org/10.
6084/m9.figshare.22658338.v1, https://doi.org/10.6084/m9.figshare.22658386.v1, https://
doi.org/10.6084/m9.figshare.22658458.v1.

Received: 20 May 2022; Accepted: 3 May 2023;
Published online: 13 May 2023

References

1. Roy, L. & Chauve, C. M. Historical review of the genus Dermanyssus Duggs,
1834 (Acari: Mesostigmata: Dermanyssidae). Parasite 14, 87-100 (2007).

2. Sigognault Flochlay, A. et al. Poultry red mite (Dermanyssus gallinae)
infestation: a broad impact parasitological disease that still remains a
significant challenge for the egg-laying industry in Europe. Parasites Vectors
10, 357 (2017).

3. Sparagano, O. et al. Prevalence and key figures for the poultry red mite
Dermanyssus gallinae infections in poultry farm systems. Exp. Appl. Acarol.
48, 3-10 (2009).

4. Kasburg, C. R. et al. Activity of Some Brazilian Isolates of Entomopathogenic
Fungi against the Poultry Red Mite Dermanyssus gallinae De Geer (Acari:
Dermanyssidae). Rev. Bras. Ciéncia Av.icola 18, 457-460 (2016).

5. Mottet, A. & Tempio, G. Global poultry production: current state and future
outlook and challenges. World’s Poult. Sci. ]. 73, 245-256 (2019).

6. Valiente Moro, C. et al. Vectorial role of some dermanyssoid mites (Acari,
Mesostigmata, Dermanyssoidea). Parasite 12, 99-109 (2005).

7. Pritchard, J. et al. Understanding the biology and control of the poultry red
mite Dermanyssus gallinae: a review. Avian Pathol. 44, 143-153 (2015).

8. Raele, D. A. et al. First report of Coxiella burnetii and Borrelia burgdorferi
sensu lato in poultry red mites, Dermanyssus gallinae (Mesostigmata, Acari),

COMMUNICATIONS BIOLOGY | (2023)6:517 | https://doi.org/10.1038/s42003-023-04907-x | www.nature.com/commsbio 13


https://www.ncbi.nlm.nih.gov/protein/?term=txid10239
https://www.ncbi.nlm.nih.gov/protein/?term=txid10239
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://smart.embl-heidelberg.de/
http://pfam.xfam.org/
http://prosite.expasy.org/
https://toolkit.tuebingen.mpg.de/tools/hhpred
http://cole-trapnell-lab.github.io/cufflinks/
http://cole-trapnell-lab.github.io/cufflinks/
http://www.microbesonline.org/fasttree/
https://proj-bip-prod-publicread.s3.amazonaws.com/transcriptome/Dermanyssus_gallinae/Derm_gallinae.zip
https://proj-bip-prod-publicread.s3.amazonaws.com/transcriptome/Dermanyssus_gallinae/Derm_gallinae.zip
https://doi.org/10.6084/m9.figshare.22658317.v1
https://doi.org/10.6084/m9.figshare.22658338.v1
https://doi.org/10.6084/m9.figshare.22658338.v1
https://doi.org/10.6084/m9.figshare.22658386.v1
https://doi.org/10.6084/m9.figshare.22658458.v1
https://doi.org/10.6084/m9.figshare.22658458.v1
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04907-x

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

related to urban outbreaks of dermatitis in Italy. N. Microbes N. Infect. 23,
103-109 (2018).

George, D. R. et al. Should the poultry red mite Dermanyssus gallinae be of wider
concern for veterinary and medical science? Parasites Vectors 8, 178 (2015).
Valiente Moro, C. et al. The poultry red mite (Dermanyssus gallinae): a
potential vector of pathogenic agents. Exp. Appl. Acarol. 48, 93-104 (2009).
Cocciolo, G. et al. Evidence of vector borne transmission of Salmonella
enterica enterica serovar Gallinarum and fowl typhoid disease mediated by the
poultry red mite, Dermanyssus gallinae (De Geer, 1778). Parasites Vectors 13,
513 (2020).

Sommer, D. et al. Rolle der Roten Vogelmilbe (Dermanyssus gallinae) bei der
Ubertragung von avidrem Influenza-A-Virus. Tierdrztliche Praxis Ausg G
Grosstiere Nutztiere 44, 26-33 (2017).

Brannstrom, S. et al. Experimental study on possible transmission of the
bacterium Erysipelothrix rhusiopathiae to chickens by the poultry red mite,
Dermanyssus gallinae. Exp. Appl. Acarol. 50, 299-307 (2009).

De Luna, C. J. et al. The poultry red mite Dermanyssus gallinae as a potential
carrier of vector-borne diseases. Ann. N. Y. Acad. Sci. 1149, 255-258 (2008).
Huang, Y. et al. De novo assembly and discovery of genes related to blood
digestion in the transcriptome of Dermanyssus gallinae (Acari:
Dermanyssidae). Vet. Parasitol. 286, 109246 (2020).

Schicht, S. et al. Whole transcriptome analysis of the poultry red mite
Dermanyssus gallinae (De Geer, 1778). Parasitology 141, 336-346 (2013).
Bartley, K. et al. Transcriptomic analysis of the poultry red mite, Dermanyssus
gallinae, across all stages of the lifecycle. BMC Genomics 22, 248 (2021).
Fujisawa, S. et al. Transcriptome dynamics of blood-fed and starved poultry
red mites, Dermanyssus gallinae. Parasitol. Int. 78, 102156 (2020).

Horn, M. et al. Hemoglobin digestion in blood-feeding ticks: mapping a
multipeptidase pathway by functional proteomics. Chern. Biol. 16, 1053-1063 (2009).
Kasny, M. et al. Chapter 4 peptidases of trematodes. Adv. Parasitol. 69,
205-297 (2009).

Sojka, D. et al. Profiling of proteolytic enzymes in the gut of the tick Ixodes
ricinus reveals an evolutionarily conserved network of aspartic and cysteine
peptidases. Parasites Vectors 1, 7 (2008).

Perner, J. et al. Acquisition of exogenous haem is essential for tick
reproduction. eLife 5, e12318 (2016).

Perner, J. et al. Haem biology in metazoan parasites—The Bright Side of
Haem’. Trends Parasitol. 35, 213-225 (2019).

Blackwell, T. K. et al. TOR signaling in Caenorhabditis elegans development,
metabolism, and aging. Genetics 213, 329-360 (2019).

Kozelkovd, T. et al. Functional characterization of the insulin signaling pathway
in the hard tick Ixodes ricinus. Ticks Tick. Borne Dis. 12, 101694 (2021).
Nunn, F. et al. An improved method for in vitro feeding of adult female
Dermanyssus gallinae (poultry red mite) using Baudruche membrane
(goldbeater’s skin). Parasites Vectors 13, 585 (2020).

Liu, Q. et al. Characterization of Torin2, an ATP-Competitive Inhibitor of
mTOR, ATM, and ATR. Cancer Res. 73, 2574-2586 (2013).

Jones, A. K. Genomics, cys-loop ligand-gated ion channels and new targets for
the control of insect pests and vectors. Curr. Opin. Insect Sci. 30, 1-7 (2018).
Meriney, S. D. & Fanselow, E. E. Ionotropic Receptors. (Synaptic Transmission,
Elsevier Academic Press, Cambridge, MA, 2019).

Raymond-Delpech, V. et al. Ion channels: molecular targets of neuroactive
insecticides. Invertebr. Neurosci. 5, 119-133 (2005).

Ortells, M. O. & Lunt, G. G. Evolutionary history of the ligand-gated ion-
channel superfamily of receptors. Trends Neurosci. 18, 121-127 (1995).
Jones, A. K. & Sattelle, D. B. Diversity Insect Nicotinic Acetylcholine Receptor
Subunits. In: Thany, S. H. (eds) Insect Nicotinic Acetylcholine Receptors.
Advances in Experimental Medicine and Biology. vol 683, 25-43 (Springer,
New York, NY., 2010).

Buckingham, S. D. et al. Insect GABA receptors: splicing, editing, and targeting
by antiparasitics and insecticides. Mol. Pharmacol. 68, 942-951 (2005).
Gisselmann, G. et al. Two cDNAs coding for histamine-gated ion channels in
D. melanogaster. Nat. Neurosci. 5, 11-12 (2001).

Zheng, Y. et al. Identification of two novel Drosophila melanogaster histamine-
gated chloride channel subunits expressed in the eye. J. Biol. Chem. 277,
2000-2005 (2002).

Redhai, S. et al. An intestinal zinc sensor regulates food intake and
developmental growth. Nature 580, 263-268 (2020).

Wolstenholme, A. J. Glutamate-gated chloride channels. J. Biol. Chem. 287,
40232-40238 (2012).

Atif, M. et al. The effects of insecticides on two splice variants of the
glutamate-gated chloride channel receptor of the major malaria vector,
Anopheles gambiae. Br. J. Pharmacol. 177, 175-187 (2019).

Lamassiaude, N. et al. The molecular targets of ivermectin and lotilaner in the
human louse Pediculus humanus humanus: new prospects for the treatment of
pediculosis. PLOS Pathog. 17, 1008863 (2021).

Dermauw, W. et al. The cys-loop ligand-gated ion channel gene family of
Tetranychus urticae: Implications for acaricide toxicology and a novel

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

mutation associated with abamectin resistance. Insect Biochem. Mol. Biol. 42,
4552465 (2012).

Hibbs, R. E. & Gouaux, E. Principles of activation and permeation in an
anion-selective Cys-loop receptor. Nature 474, 54-60 (2011).

Hultmark, D. Drosophila immunity: paths and patterns. Curr. Opin. Immunol.
15, 12-19 (2003).

Nishide, Y. et al. Functional crosstalk across IMD and Toll pathways: insight
into the evolution of incomplete immune cascades. Proc. R. Soc. B Biol. Sci.
286, 20182207 (2019).

Shafee, T. M. A. et al. Convergent evolution of defensin sequence, structure
and function. Cell. Mol. Life Sci. 74, 663-682 (2016).

De Gregorio, E. The Toll and Imd pathways are the major regulators of the
immune response in Drosophila. EMBO J. 21, 2568-2579 (2002).

Wang, Y. & Zhu, S. The defensin gene family expansion in the tick Ixodes
scapularis. Dev. Comp. Immunol. 35, 1128-1134 (2011).

Molloy, S. S. et al. Intracellular trafficking and activation of the furin
proprotein convertase: localization to the TGN and recycling from the cell
surface. EMBO J. 13, 18-33 (1994).

Ricklin, D. et al. Complement: a key system for immune surveillance and
homeostasis. Nat. Immunol. 11, 785-797 (2010).

Blandin, S. A. et al. Antimalarial responses in Anopheles gambiae: from a
complement-like protein to a complement-like pathway. Cell Host Microbe 3,
364-374 (2008).

Shokal, U. & Eleftherianos, I. Evolution and function of thioester-containing
proteins and the complement system in the innate immune response. Front
Immunol. 8, 759 (2017).

Sekiguchi, R. & Nonaka, M. Evolution of the complement system in
protostomes revealed by de novo transcriptome analysis of six species of
Arthropoda. Dev. Comp. Immunol. 50, 58-67 (2015).

Buresova, V. et al. Functional genomics of tick thioester-containing proteins
reveal the ancient origin of the complement system. J. Innate Immun. 3,
623-630 (2011).

Schneider, D. et al. Identification of Drosophila gene products required for
phagocytosis of Candida albicans. PLoS Biol. 4, e4 (2005).

Fogaga, A. C. et al. Tick immune system: what is known, the interconnections,
the gaps, and the challenges. Front. Immunol. 12, 628054 (2021).
Bronkhorst, A. W. & van Rij, R. P. The long and short of antiviral defense:
small RNA-based immunity in insects. Curr. Opin. Virol. 7, 19-28 (2014).
Han, Q. et al. Mechanism and function of antiviral RNA interference in mice.
mBio 11, €03278-19 (2020).

Mueller, S. et al. RNAi-mediated immunity provides strong protection against
the negative-strand RNA vesicular stomatitis virus in Drosophila. Proc. Natl
Acad. Sci. USA 107, 19390-19395 (2010).

Bronkhorst, A. W. et al. The DNA virus Invertebrate iridescent virus 6 is a
target of the Drosophila RNAi machinery. Proc. Natl Acad. Sci. USA 109,
E3604-E3613 (2012).

Chen, W. et al. RNAi gene knockdown in the poultry red mite, Dermanyssus
gallinae (De Geer 1778), a tool for functional genomics. Parasites Vectors 14,
57 (2021).

Marques, J. T. et al. Logs and R2D2 act sequentially in the siRNA pathway in
Drosophila. Nat. Struct. Mol. Biol. 17, 24-30 (2009).

Dowling, D. et al. Phylogenetic origin and diversification of RNAi pathway
genes in insects. Genome Biol. Evolut. 8, 3784-3793 (2017).

Liu, Q. et al. Comparative analysis of mite genomes reveals positive selection
for diet adaptation. Commun. Biol. 4, 668 (2021).

Sojka, D. et al. New insights into the machinery of blood digestion by ticks.
Trends Parasitol. 29, 276-285 (2013).

Franta, Z. et al. Dynamics of digestive proteolytic system during blood feeding
of the hard tick Ixodes ricinus. Parasites Vectors 3, 119 (2010).

Santamaria, M. E. et al. Digestive proteases in bodies and faeces of the two-
spotted spider mite, Tetranychus urticae. J. Insect Physiol. 78, 69-77 (2015).
Nisbet, A. J. & Billingsley, P. F. A comparative survey of the hydrolytic enzymes
of ectoparasitic and free-living mites. Int. J. Parasitol. 30, 19-27 (2000).
Franta, Z. et al. IrCL1—the haemoglobinolytic cathepsin L of the hard tick,
Ixodes ricinus. Int. ]. Parasitol. 41, 1253-1262 (2011).

Hartmann, D. et al. Multiple legumain isoenzymes in ticks. Int. J. Parasitol. 48,
167-178 (2018).

Mul, M. et al. Control methods for Dermanyssus gallinae in systems for laying
hens: results of an international seminar. World’s Poult. Sci. J. 65, 589-600 (2019).
Balashov, Y. S. Interaction between blood-sucking arthropods and their hosts,
and its influence on vector potential. Annu. Rev. Entomol. 29, 137-156 (1984).
DeLoach, J. R. & DeVaney, J. A. Northern fowl mite, Ornithonyssus Sylviarum
(Acari: Macronyssidae), ingests large quantities of blood from white leghorn
hensl. J. Med. Entomol. 18, 374-377 (1981).

Filimonova, S. A. Morphological aspects of blood digestion in a parasitic mite
Bakericheyla chanayi. Arthropod Struct. Dev. 42, 265-276 (2013).

Hajdusek, O. et al. Tick iron and heme metabolism—new target for an anti-
tick intervention. Ticks Tick Borne Dis. 7, 565-572 (2016).

COMMUNICATIONS BIOLOGY | (2023)6:517 | https://doi.org/10.1038/542003-023-04907-x | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04907-x

ARTICLE

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Hajdusek, O. et al. Knockdown of proteins involved in iron metabolism limits tick
reproduction and development. Proc. Natl Acad. Sci. USA 106, 1033-1038 (2009).
Perner, J. et al. Independent somatic distribution of heme and iron in ticks.
Curr. Opin. Insect Sci. 51, 100916 (2022).

Gorman, M. J. Iron Homeostasis in Insects. Annu. Rev. Entomol. 68, 51-67 (2023).
Masuda, T. et al. The first crystal structure of crustacean ferritin that is a
hybrid type of H and L ferritin. Protein Sci. 27, 1955-1960 (2018).

Zhao, Y. et al. Cloning, expression, and function of ferritins in the tick
Haemaphysalis flava. Ticks Tick Borne Dis. 13, 101892 (2022).

Xu, X. et al. Two ferritins from Dermanyssus gallinae: characterization and
in vivo assessment as protective antigens. Pest Manag. Sci. 78, 561-571 (2021).
Perner, J. et al. Inducible glutathione S-transferase (IrGST1) from the tick
Ixodes ricinus is a haem-binding protein. Insect Biochem. Mol. Biol. 95, 44-54
(2018).

Palmer, W. J. & Jiggins, F. M. Comparative genomics reveals the origins and
diversity of arthropod immune systems. Mol. Biol. Evolut. 32,2111-2129 (2015).
Simpson, S. D. et al. The draft genome and transcriptome of the atlantic
horseshoe crab, Limulus polyphemus. Int. J. Genomics 2017, 1-14 (2017).
Zhou, Y. et al. The draft genome of horseshoe crab Tachypleus tridentatus
reveals its evolutionary scenario and well-developed innate immunity. BMC
Genomics 21, 137 (2020).

Sottrup-Jensen, L. a-Macroglobulins: structure, shape, and mechanism of
proteinase complex formation. J. Biol. Chem. 264, 11539-11542 (1989).
Saravanan, T. et al. Molecular cloning, structure and bait region splice variants
of a2-macroglobulin from the soft tick Ornithodoros moubata. Insect
Biochem. Mol. Biol. 33, 841-851 (2003).

Buresova, V. et al. IrAM—An a2-macroglobulin from the hard tick Ixodes
ricinus: Characterization and function in phagocytosis of a potential pathogen
Chryseobacterium indologenes. Dev. Comp. Immunol. 33, 489-498 (2009).
Brauneis, M. D. et al. The acaricidal speed of kill of orally administered
fluralaner against poultry red mites (Dermanyssus gallinae) on laying hens and
its impact on mite reproduction. Parasites Vectors 10, 594 (2017).

Xu, X. et al. Acaricidal efficacy of orally administered macrocyclic lactones
against poultry red mites (Dermanyssus gallinae) on chicks and their impacts on
mite reproduction and blood-meal digestion. Parasites ¢ Vectors 12, 345 (2019).
Guerrini, A. et al. Evaluation of the acaricidal effectiveness of fipronil and
phoxim in field populations of Dermanyssus gallinae (De Geer, 1778) from
ornamental poultry farms in Italy. Vet. Sci. 9, 486 (2022).

Nakatani, Y. et al. Ivermectin modulation of pH-sensitive chloride channels in
the silkworm larvae of Bombyx mori. Pestic. Biochem. Physiol. 126, 1-5 (2016).
Burgess, S. T. G. et al. Draft genome assembly of the poultry red mite,
Dermanyssus gallinae. Microbiol. Resour. Announc. 7, €01221-18 (2018).
Ribeiro, J. M. C. et al. An insight into the sialome of the frog biting fly,
Corethrella appendiculata. Insect Biochem. Mol. Biol. 44, 23-32 (2014).
Birol, I et al. De novo transcriptome assembly with ABySS. Bioinformatics 25,
2872-2877 (2009).

Grabherr, M. G. et al. Full-length transcriptome assembly from RNA-Seq data
without a reference genome. Nat. Biotechnol. 29, 644-652 (2011).

Huang, X. & Madan, A. CAP3: a DNA Sequence Assembly Program. Genome
Res. 9, 868-877 (1999).

Karim, S. et al. A deep insight into the Sialotranscriptome of the Gulf Coast
Tick, Amblyomma maculatum. PLoS ONE 6, €28525 (2011).

Nielsen, H. et al. Machine learning approaches for the prediction of signal
peptides and other protein sorting signals. Protein Eng. Des. Sel. 12, 3-9 (1999).
Sonnhammer, E. L. et al. A hidden Markov model for predicting
transmembrane helices in protein sequences. Proc. Int. Conf. Intell. Syst. Mol.
Biol. 6, 175-182 (1998).

Hansen, J. E. et al. NetOglyc: prediction of mucin type O-glycosylation sites based
on sequence context and surface accessibility. Glycoconj. J. 15, 115-130 (1998).
Katoh, K. et al. MAFFT online service: multiple sequence alignment,
interactive sequence choice and visualization. Brief. Bioinforma. 20,
1160-1166 (2019).

Kearse, M. et al. Geneious Basic: an integrated and extendable desktop
software platform for the organization and analysis of sequence data.
Bioinformatics 28, 1647-1649 (2012).

Castresana, J. Selection of conserved blocks from multiple alignments for their
use in phylogenetic analysis. Mol. Biol. Evolut. 17, 540-552 (2000).
Trifinopoulos, J. et al. W-IQ-TREE: a fast online phylogenetic tool for
maximum likelihood analysis. Nucleic Acids Res. 44, W232-W235 (2016).
Kalyaanamoorthy, S. et al. ModelFinder: fast model selection for accurate
phylogenetic estimates. Nat. Methods 14, 587-589 (2017).

Ronquist, F. et al. MrBayes 3.2: efficient Bayesian phylogenetic inference and
model choice across a large model space. Syst. Biol. 61, 539-542 (2012).

106. Miller, M. A. et al. Creating the CIPRES Science Gateway for Inference of

Large Phylogenetic Trees, Gateway Computing Environments Workshop

(GCE). pp. 1-8 (New Orleans, LA, USA, 2010).

Moos, M. et al. Cryoprotective metabolites are sourced from both external diet

and internal macromolecular reserves during metabolic reprogramming for

freeze tolerance in drosophilid fly. Chymomyza costata Metab. 12, 163 (2022).

Skodové-Sverakové, 1. et al. Highly flexible metabolism of the marine

euglenozoan protist Diplonema papillatum. BMC Biol. 19, 251 (2021).

. Scarpassa, V. M. et al. An insight into the sialotranscriptome and virome of

Amazonian anophelines. BMC Genomics 20, 166 (2019).

Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.

Methods 9, 357-359 (2012).

. Nielsen, H. Predicting secretory proteins with SignalP. Methods Mol. Biol.
1611, 59-73 (2017).

107.

108.

10

o

110.

11

—

Acknowledgements

This work was primarily supported by the ZETA programme of the Technology Agency of
the Czech Republic grant no: TJ02000107 to J.P., and additionally by the Czech Science
Foundation grant Nos. 22-18424M to J.P., 20-05736S and 21-08826S to P.K,, and by the
“Centre for Research of pathogenicity and virulence of parasites” (No. CZ.02.1.01/0.0/0.0/
16_019/0000759) funded by the European Regional Development Fund (ERDF) and
Ministry of Education, Youth, and Sport (MEYS). JMCR was supported by the Intramural
Research Programme of the National Institute of Allergy and Infectious Diseases (Vector-
Borne Diseases: Biology of Vector Host Relationship, Z01 AI000810-20). This work utilised
the computational resources of the NIH HPC Biowulf cluster (http://hpc.nih.gov). We
thank Dr. Martina Hajduskova (www.biographix.cz) for the graphical visualisation. We are
also grateful for the constructive criticism of manuscript reviewers.

Author contributions

Conceptualisation (D.H., P.K,, J.P.), Methodology (J.M.R., D.H., P.B.S., H.D., M.M., PS.,
J.E., M.P., M.K.), Validation (D.H., P.B.S., M.M.), Formal analysis (.M.R., D.H., P.B.S.,
H.D., MM, O.H, DS, PK, J.P.), Investigation (J.M.R., D.H.), Resources (J.M.R., H.D.),
Data Curation (J.M.R., H.D.), Writing—Original Draft (J.P.), Writing—Review & Editing
(JM.R, D.H, P.BS, HD, MM, P.S, O.H,, D.S,, P.K, J.P.), Visualisation (J.M.R., D.H.,
PBS, HD, MM, O.H, DS, PX, J.P.), Project administration (J.P.), Funding acqui-
sition (J.M.R,, P.X,, J.P.).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-023-04907-x.

Correspondence and requests for materials should be addressed to Jan Perner.

Peer review information Communications Biology thanks Ben Mans, Han Xia and the
other anonymous reviewer(s) for their contribution to the peer review of this work.
Primary Handling Editor: Luke R. Grinham.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
2 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS BIOLOGY | (2023)6:517 | https://doi.org/10.1038/s42003-023-04907-x | www.nature.com/commsbio 15


http://hpc.nih.gov
http://www.biographix.cz
https://doi.org/10.1038/s42003-023-04907-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Blood-feeding adaptations and virome assessment of the poultry red mite Dermanyssus gallinae guided by RNA-seq
	Results
	D. gallinae transcriptome assembly and data availability
	Blood-feeding stimulates the expression of midgut-specific proteases and extracellular matrix proteins
	The digestive proteolytic system of D. gallinae is based on Cathepsin L and Cathepsin D
	D. gallinae operates haem biosynthesis and encodes both cytosolic and secreted ferritin
	Comparison of adult and immature stages reveals transcripts involved in vitellogenesis and reproduction
	Cataloguing of ligand-gated ion channels and probing sensitivities to commercial acaricides
	Mining of immune signal transduction pathways and characterisation of their immune elicitors
	Description of the RNA-virome in D. gallinae mites

	Discussion
	Conclusion
	Materials and methods
	Collection of mites, RNA extraction, and library preparation
	Transcriptome assembly, data deposition, filtering of outputs
	cDNA synthesis and RT-qPCR
	Phylogenetic analyses
	Metabolomic analysis of haem b and its biosynthetic intermediates
	Ex vivo artificial membrane feeding
	Microinjection
	Virus RNA identification and analyses

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




