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Abstract

Background: RNA interference (RNAi) is a highly conserved, sequence-specific gene silencing mechanism present
in Eukaryotes. Three RNAi pathways are known, namely micro-RNA (miRNA), piwi-interacting RNA (piRNA) and short
interfering RNA (siRNA). However, little knowledge exists about the proteins involved in these pathways in Acari.
Moreover, variable successes has been obtained in gene knockdown via siRNA pathway in their functional
genomics and management. We hypothesized that the clue may be in the variability of the composition and the
efficacy of siRNA machinery among Acari.

Results: Both comparative genomic analyses and domain annotation suggest that all the analyzed species
have homologs of putative core proteins that mediate cleaving of targeted genes via the three RNAi
pathways. We identified putative homologs of Caenorhabditis elegans RNA-dependent RNA polymerase (RdRP)
protein in all species though no secondary Argonaute homologs that operate with this protein in siRNA
amplification mechanism were found, suggesting that the siRNA amplification mechanism present in Acari
may be distinct from that described in C. elegans. Moreover, the genomes of these species do not encode
homologs of C. elegans systemic RNAi defective-1 (Sid-1) protein that mediate silencing of the mRNA target
throughout the treated organisms suggesting that the phenomena of systemic RNAi that has been reported
in some Acari species probably occur through a different mechanism. However, homologs of putative RNAi
spreading defective-3 (Rsd-3) protein and scavenger receptors namely Eater and SR-CI that mediate
endocytosis cellular update of dsRNA in C. elegans and Drosophila melanogaster were found in Acari genomes.
This result suggests that cellular dsRNA uptake in Acari is endocytosis-dependent. Detailed phylogenetic
analyses of core RNAi pathway proteins in the studied species revealed that their evolution is compatible
with the proposed monophyletic evolution of this group.

Conclusions: Our analyses have revealed the potential activity of all three pathways in Acari. Still, much
experimental work remains to be done to confirm the mechanisms behind these pathways in particular those
that govern systemic/parental RNAi and siRNA amplification in Acari. Disclosure of these mechanisms will
facilitate the development of new and specific management tools for the harmful species and enrichment of
the beneficial species.
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Background
With over 55,000 described species, Acari (mites and ticks)
are the most speciose group of organisms within the sub-
phylum Chelicerata, which is considered to be the second
most diverse group of terrestrial organisms after the sub-
phylum Hexapoda to which insects belong [1]. This appar-
ently monophyletic group is subdivided into two lineages
(super-orders) based on their morphological characteristics,
feeding habits and ecological niches namely: the Parasiti-
formes and Acariformes [2, 3]. While many Acari species
provide important ecosystem services, others are known to
impose serious economic and health problems to humans,
managed crops, wild and domestic animals [2, 4, 5]. Harm-
ful Acari cause direct and indirect damages on their hosts
through their feeding activities and transmission of deadly
pathogens, respectively. Although, many strategies have
been successfully implemented to manage these pests,
chemical treatment with synthetic acaricides remains the
topmost management option that is currently used [6–8].
The economic losses to global food and animal production
due to these harmful Acari and expenditure on acaricide
usage to manage them worth billions of dollars [5, 9, 10].
Growing evidence indicates loss of efficacy to these chemi-
cals as mites developed resistance to most of them [8, 11].
Moreover, synthetic acaricides are notorious to the envir-
onment and non-target organisms. Therefore, new manage-
ment options for harmful Acari are required.
RNA interference (RNAi) has been widely explored in

the management of harmful Acari as well as in func-
tional genomics [12, 13]. The ability for sequence-
specific gene silencing by this molecular tool is known
to be highly conserved in eukaryotic organisms [14, 15].
So far, three pathways for RNAi have been described in
Eukaryotes, namely: The micro-RNA (miRNA), the piwi-
interacting RNA (piRNA) and the short interfering RNA
(siRNA) [16–18]. Although these pathways differ in a
number of ways, interactions between them are known
to occur [17, 19]. Firstly, while siRNA pathway can be
exo- and endogenously triggered, the other two path-
ways are strictly endogenously triggered [17]. Secondly,
both siRNA and miRNA pathways are triggered by small
interfering RNAs (siRNAs) and microRNAs (miRNAs),
respectively, transcribed from double-stranded RNAs
(dsRNAs) that depend on the Dicer proteins in the cyto-
plasm for their biogenesis [17, 19]. In contrast, the
piRNA pathway is triggered by piwi-interacting RNAs
(piRNAs), transcribed from single-stranded RNA
(ssRNA) precursors that are independent of Dicer pro-
teins for their biosynthesis [19, 20]. Thirdly, all the three
pathways depend on the proteins of the Argonaute
superfamily for silencing the target genes, but the active
Argonaute protein family differs between the pathways.
Both siRNA and miRNA pathways depend on the Ago
family Argonautes whereas the piRNA pathway depends

on the Piwi family Argonautes [20–22]. Lastly, these
pathways can cross-regulate each other as reported in a
few eukaryotic organisms [17].
The experimental application of RNAi for gene silencing

in arthropods including Acari exploits the siRNA pathway,
which is activated mainly via the exogenous administra-
tion of specific synthetic dsRNAs [12, 13, 23–25]. In
principle, three molecular processes are expected to define
the success of gene silencing: the uptake of dsRNA by the
target cell, the amplification of the siRNAs and the trans-
port of the latter to distant cells to induce gene silencing
throughout the treated organism, a phenomenon re-
ferred to as systemic RNAi [23]. These processes are
chains of reactions involving a number of essential
proteins. However, information on the number of
proteins involved, their structure and function is still
scanty in Acari [13, 26].
The first step following the administration of the trig-

ger dsRNA molecule is its cellular uptake, which occurs
either via a transmembrane channel-mediated mechan-
ism and/or an endocytosis-mediated mechanism [23]. In
the nematode- Caenorhabditis elegans, dsRNA uptake
within somatic and germline cells involves both mecha-
nisms. The cellular uptake of dsRNAs via the transmem-
brane channel mechanism is facilitated by a conserved
systemic RNAi defective 1 (Sid-1) protein [27, 28].
Meanwhile, the uptake via the endocytosis mechanism is
facilitated by the conserved RNAi spreading defective-3
(Rsd-3) protein [29]. In addition, other proteins namely:
Rsd-2 and Rsd-6 mediate cellular dsRNA uptake only in
C. elegans germline cells [30]. In D. melanogaster, cellu-
lar uptake of dsRNA is mediated predominantly by scav-
enger receptor endocytosis proteins: Eater and SR-CI
[31, 32] and Rsd-3 [33]. The siRNA amplification
process has been described in plants, fungi, C. elegans and
a few other organisms and requires the action of RNA-
dependent RNA polymerase (RdRP) [18, 23, 34, 35]. In C.
elegans, the secondary siRNAs produced by RdRPs from
primary siRNAs following Dicer cleavage associate with a
specific group of Argonaute proteins of the Wago family
to direct target gene cleavage [34, 36, 37]. In C. elegans,
the Sid-1 protein already mentioned above is involved
in systemic RNAi [27, 28]. Homologs of this protein
have been reported in other organisms including in-
sects [33], but not yet in Acari. However, apparently
the systemic spread is not entirely dependent on this
protein, as organisms lacking this gene are still able
to show systemic RNAi [33].
Even though successful gene silencing and systemic

RNAi have been reported in some Acari species using
siRNA pathway, failure or variable success in gene knock-
down has also been reported (reviewed in [13, 26]). The
reasons for the variable success or failure in gene silencing
could be partly due to difference among the species in the
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proteins that are involved in either of its processes as was
suggested for similar problems in insects (reviewed in
[38]). Given the complexity and the interactions between
the RNAi cascades, siRNA pathway efficacy may be con-
nected to the structure and function of the other two
RNAi pathways, which are also rarely described in Acari.
In order to shed some light on the possible pathways that
may be involved in Acari, we searched for putative homo-
logs of proteins involved in the three RNAi pathways as
well as those involved in cellular uptake of dsRNAs,
siRNA amplification and systemic RNAi in the genome
assemblies of five species of Parasitiformes and four spe-
cies of Acariformes annotated at the protein levels.

Results
Proteins involved in biosynthesis of the small RNAs
The proteins such as Drosha, Pasha, Exportin1, 2 and 5, Lo-
quacious, R2D2 and Dicer are the first in the biosynthesis
of miRNAs and siRNAs in eukaryotes [17, 19, 37, 39].
In miRNA pathway, the RNase III enzyme Drosha asso-
ciates with a dsRNA binding protein, Pasha to generate
pre-miRNAs in the nucleus [17, 19]. Subsequently, the
pre-miRNAs are exported into the cytoplasm by nu-
clear export receptors, Exportin1, 2 and/or 5 for further
processing by Dicer [37, 39]. Also, Dicer is the first pro-
tein that is required in the siRNA biogenesis to cleave
long dsRNA precursors into short siRNAs capable of
regulating anti-viral responses and transposable ele-
ments [17]. In D. melanogaster two Dicer proteins are
known: Dicer1 partners with a dsRNA binding protein,
Loquacious to generate the miRNAs and Dicer2 part-
ners with another dsRNA binding protein, R2D2 to
generate siRNAs [40].

Using the orthology detection tool called Proteinortho5
[39] and/or Blastp against the NCBI protein database, we
found homologs of Drosha, Pasha, Exportin1 and Expor-
tin2 in the genomes of ecto-parasitic mites: Varroa de-
structor, V. jacobsoni and Tropilaelaps mercedesae, the
predatory mite: Metaseiulus occidentalis and the black-
legged tick: Ixodes scapularis. All of these species belong
to Parasitiformes. Proteins similar to Exportin5 were also
found in the genomes of these species, except T. mercede-
sae. Using the same search approaches, we also found ho-
mologs of all these proteins in Acariformes species that
include the dust mites: Dermatophagoides pteronyssinus,
Euroglyphus maynei, the two-spotted spider mite: Tetra-
nychus urticae and the scabies mite: Sarcoptes scabiei. As
presented in Table 1, multiple copies of Drosha, Pasha,
Exportin1 and 5 homologs were found only in the ge-
nomes of V. destructor, V. jacobsoni, T. urticae, D. ptero-
nyssinus, E. maynei and I. scapularis. Using InterProScan
[40], HmmScan [41] and the online motif search tool
(https://www.genome.jp/tools/motif/), we further con-
firmed the presence or absence of known conserved do-
mains in homologs of these proteins identified in all these
Acari species (Table 1).
With the same search approaches mentioned above,

we identified homologs of Dicer1 (Dcr1) and Dicer2
(Dcr2) proteins in the genome assemblies of all the stud-
ied Acari species. The phylogenetic analysis revealed that
homologs of Dicer1 and Dicer2 in Acariformes species
clustered separately from those found in Parasitiformes
species (Fig. 1a). Moreover, we found that Dicer1 homo-
logs identified in V. destructor (Vd), V. jacobsoni (Vj), T.
urticae (Tu), I. scapularis (Is) and D. pteronyssinus (Dp),
clustered together with significant bootstrap support

Table 1 Number of protein homologs involved in the biosynthesis of miRNAs and their characteristic conserved domains. Asterisk
(*) following species name abbreviations indicates that its genome is fully sequenced whereas no asterisk indicates that its genome
is partially sequenced. (#) Indicates that the protein contains no conserved domains

Proteins Domain description Acari Super-order Parasitiformes Acariformes

Acari orders Ixodida Mesostigmata Trombidiformes Sarcoptiformes

Domain ID (IPR/Pfam) Is* Mo* TM Vd Vj Tu* Dp Em Ss

Drosha Ribonuclease domain IPR000999/PF14622 1 1 1 6 3 1 1 1 1

One DsRNA binding domain IPR014720/PF00035

Pasha DsRNA binding domain IPR014720/PF00035 2 1 1 3 3 2 2 1 1

Exportin1 Importin-beta_N IPR001494/PF03810 1 1 1 2 2 3 1 1 1

Exportin-1/Importin-b-like IPR013598/PF08389

Exportin-1, C-domain IPR014877/PF08767

Exportin2 Importin-beta_N IPR001494/PF03810 1 1 1 1 1 1 1 1 1

Exportin-2_C IPR005043/PF03378

Exportin-2_Central IPR013713/PF08506

Exportin5 Exportin-1/Importin-b-like IPR013598/PF08389 1 1 0 1 1 2 1# 2# 1#

Proteins shown are from Ixodes scapularis (Is), Metaseiulus occidentalis (Mo), Tropilaelaps mercedesae (Tm), Tetranychus urticae (Tu), Varroa destructor (Vd), Varroa
jacobsoni (Vj), Dermatophagoides pteronyssinus (Dp) Euroglyphus maynei (Em) and Sarcoptes scabiei (Ss)
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(Fig. 1a) and have similar domain architecture to Dicer1
of both D. melanogaster (Dm-Dcr1) and C. elegans (Ce-
Dcr1) (Fig. 1). In the same vein, Dicer2 homologs in
these species clustered together and have similar domain
architecture to Dm-Dcr2 with the exception of the
homolog identified in T. urticae, which clustered with
Ce-Dcr1 (Fig. 1a, b). A single Dicer1 homolog was found
in all these species while several copies of Dicer2 were
detected in the genome assemblies of V. destructor (2),
V. jacobsoni (2) and D. pteronyssinus (2). As shown in
Fig. 1a, duplicates of Dicer2 in V. destructor and V.
jacobsoni clustered together while those identified in D.
pteronyssinus did not. It is worthwhile to note that du-
plicates of Dicer2 in V. destructor, V. jacobsoni and D.
pteronyssinus have similar domain architecture to Dm-
Dcr2 (Fig. 1b).

Dicer1 homolog found in T. mercedesae (Tm) clustered
with Vj-Dcr1 and Vd-Dcr1 with significant bootstrap
values (Fig. 1a) though it did not have similar domain
architecture with Dm-Dcr1 and Ce-Dcr1 (Fig. 1). Homo-
log of Dicer2 in this species has a similar domain structure
with Dm-Dcr2 and clustered closely with Vj-Dcr2 and
Vd-Dcr2 (Fig. 1a, b). On the other hand, homologs of
Dicer1 and Dicer2 identified in E. maynei and S. scabiei
clustered closely with Dp-Dcr1, Df-Dcr1, Dp-Dcr2 and
Df-Dcr2 (Fig. 1a) though they differed significantly in do-
main architecture from Dm-Dcr1/Ce-Dcr1 and Dm-Dcr2,
respectively (Fig. 1b). As shown in Fig. 1a and b, one
homolog of Dicer1 found in M. occidentalis (Mo-Dcr1)
clustered with Tm-Dcr1, Vj-Dcr1 and Vd-Dcr1 with sig-
nificant bootstrap values and clearly shared similarities in
domain architecture with Dm-Dcr1 and Ce-Dcr1.

Fig. 1 Phylogenetic analysis and schematic domain architecture of Dicer proteins. The tree in a was built based on the alignment of the two
catalytic conserved Ribonuclease domains (IPR000999/PF00636) of Dicer homologs identified in the studied Acari species using MAFFT [42]. The
studied species include: Varroa destructor (Vd), Varroa jacobsoni (Vj), Tetranychus urticae (Tu), Ixodes scapularis (Is), Dermatophagoides pteronyssinus
(Dp), Tropilaelaps mercedesae (Tm), Euroglyphus maynei (Em), Metaseiulus occidentalis (Mo) and Sarcoptes scabiei (Ss). Homologs of Dicer proteins in
Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm) and Dermatophagoides farinae (Df) were also included in this tree. The species names
were abbreviated for convenience and the letters (a, b and c) following the names of some species indicate the number of protein copies found
in their genomes. The tree was constructed using PhyML [43], with the model recommended by Lefort et al. [44] under the Akaike information
criterion (AIC) (LG + G) with 500 bootstrap replicates. The domain architecture of Dicer proteins in b was generated by searching for known
conserved domains in the Pfam database using InterProScan [40], HmmScan [41] and the online motif search tool (https://www.genome.jp/tools/
motif/). The letters (a, b and c) indicate the number of protein copies found in their genomes
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However, the three Dicer2 homologs identified in this spe-
cies (Mo-Dcr2a,b,c) grouped significantly with homologs
of this protein identified in I. scapularis, T. mercedesae, V.
destructor and V. jacobsoni though they did not have simi-
lar domain structure with Dm-Dcr2 (Fig. 1a, b).
We also identified homologs of the cofactor of Dicer

1, Loquacious protein, in the genomes of all Acari spe-
cies investigated herein and several copies of this protein
were found only in V. jacobsoni (6) and T. urticae (2) ge-
nomes (see Additional file 1). All homologs of this pro-
tein found in these Acari species have the characteristic
conserved dsRNA binding domain (IPR014720/
PF00035). However, we did not find homologs of the co-
factor of Dicer 2, the R2D2 protein and its homolog
C3PO protein previously identified in the genome of the
red flour beetle Tribolium castaneum [33], in the ge-
nomes of any of the studied Acari species (see
Additional file 1).

Argonautes and RISC components
Argonautes are the core effector proteins of the RNA-
induced silencing complexes (RISCs) in the cytoplasm.
They belong to the Argonaute superfamily, which is func-
tionally divided into three families based on their interac-
tions with specific RNA substrates: Ago, Wago and Piwi
[19]. Other RISC components, Vasa intronic gene (Vig-1)
and Tudor-staphylococcal nuclease (Tsn-1), that are
known to contribute to the degradation of the target
mRNAs [45, 46], were also identified in the genome of the
Acari in this study, with the exception of E. maynei, which
had Vig-1 but not Tsn-1 homolog (see Additional file 1).

Ago family Argonautes
In this study, we found homologs of Ago family Argo-
nautes in Parasitiformes and Acariformes species using
the same search approaches mentioned above. A max-
imum likelihood tree based on the alignment of the
PIWI domain showed that homologs of the Ago family
identified in Acari belong to two distinct groups that

Fig. 2 Phylogenetic analysis of Argonaute proteins. The tree was
constructed based on the alignments of the conserved PIWI domain
of Argonaute homologs identified in the studied Acari species:
Varroa destructor (Vd), Varroa jacobsoni (Vj), Tetranychus urticae (Tu),
Ixodes scapularis (Is), Dermatophagoides pteronyssinus (Dp),
Tropilaelaps mercedesae (Tm), Euroglyphus maynei (Em), Metaseiulus
occidentalis (Mo) and Sarcoptes scabiei (Ss) using MAFFT [42].
Homologs of these proteins in Caenorhabditis elegans (Ce),
Drosophila melanogaster (Dm), Tribolium castaneum (Tc), Psoroptes
ovis (Po) and Dermatophagoides farinae (Df) were also included in
this tree. The species names were abbreviated for convenience and
the letters (a, b, c, d, e, f, g and h) following the names of some
species indicate the number of protein copies found in their
genomes. The tree was constructed using PhyML [43], with the
model recommended by Lefort et al. [44] under the Akaike
information criterion (AIC) (LG + G) with 500 bootstrap replicates
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appear to be specialized in either mi- or siRNA- directed
gene silencing (Fig. 2). It was intriguing to find that
some of the Acari homologs clustered together with
Dm-Ago1, Ce-Alg1 and Ce-Alg2, whereas others clus-
tered closely with Dm-Ago2 and Ce-Rde1. Therefore, we
referred to these homologs as Ago1 and Ago2, respect-
ively. Except in E. maynei whose genome encodes a sin-
gle copy of Ago1 and Ago2, we found more copies of
Ago2 than Ago1 in the genomes of the remaining Acari
species. The tree further showed that homologs of Ago1
and Ago2 in Acariformes species clustered separately
from those identified in Parasitiformes species, with sig-
nificant bootstrap values (Fig. 2).
The search for the presence of known conserved do-

mains revealed that almost all the homologs of Ago1 in
Acari have the same domain architecture with Dm-Ago1
and Ce-Alg1 and 2, with the exception of the single
homolog identified in E. maynei, which lacks the N-
terminal domain (Fig. 3). Contrary to Ago1 homologs
identified in Acari, which mostly shared the same do-
main architecture with homologs of this protein in C.
elegans and D. melanogaster, most of the Ago2 homo-
logs in Acari had a domain architecture that was quiet

distinct from those of both C. elegans and D. melanoga-
ster (Fig. 3). The majority of them lack the Mid domain
or both the N-terminal and the Mid domains. All the
homologs of Ago-2 identified in I. scapularis (Ago-2a, b,
c and d) and one homolog of this protein identified in
M. occidentalis (Ago-2c) and T. urticae (Ago-2 h) have
similar domain structure with Dm-Ago2.

Piwi family Argonautes
Argonautes from the Piwi family such as Argonaute-3
(Ago3), Aubergine (Aub) and Piwi were found in the ge-
nomes of I. scapularis, T. urticae, V. destructor, V. jacob-
soni, M. occidentalis and T. mercedesae, but not in
genomes of D. pteronyssinus, E. maynei and Sarcoptes
scabiei. We identified homologs of Ago3 in the genomes
of I. scapularis, T. urticae, V. destructor, V. jacobsoni, M.
occidentalis and T. mercedesae (see Additional file 1).
Notably, several copies of this homolog were found only
in the genomes of I. scapularis (2) and V. jacobsoni (2).
We further identified putative homologs of D. melanoga-
ster-Aub and Tribolium castaneum (Tc)-Aub/Piwi only
in the genome assemblies of I. scapularis and T. urticae
(see Additional file 1). It is important to note that one

Fig. 3 Schematic domain architecture of Argonaute proteins of the Ago family in Acari. The domain architecture of the proteins was generated
by searching for known conserved domains in the Pfam database using InterProScan [40], HmmScan [41] and the online motif search tool
(https://www.genome.jp/tools/motif/). The letters (a, b, c, d, e, f, g and h) following the names of the protein (Ago1or Ago2) indicate the number
of protein copies found in the individual Acari species
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homolog of Drosophila Aub/Piwi and Ago-3 were previ-
ously detected in the genome of the red flour beetle, Tri-
bolium castaneum (Tc) [33]. In our study, we identified
one and two copies of Dm-Aub and Tc-Aub/Piwi, re-
spectively, in I. scapularis and one and four copies of
Tc-Aub/Piwi and Dm-Aub, respectively in T. urticae
(see Additional file 1). All homologs of the Piwi family
Argonautes identified in T. urticae and I. scapularis had
the PIWI and PAZ domains, while those identified in V.
destructor, V. jacobsoni, M. occidentalis and T. mercede-
sae had only the PIWI domain. Phylogenetic analysis
placed homologs of Ago3, Aub and Piwi in Acari with
homologs of these proteins in D. melanogaster and T.
castaneum (Fig. 2).

Wago family Argonautes
We found homologs of the Wago family Argonautes
(Ce-PPW1, −PPW2, −Sago1 and -Sago2) in some Acari
species studied herein using Proteinortho5 [39] (see
Additional file 1). One and two homologs of Sago2 and
Sago1, respectively, were identified in I. scapularis’s gen-
ome. Also, one homolog of PPW2 was found in T. mer-
cedesae while one and three homologs of Sago1 were
identified in V. jacobsoni and V. destructor, respectively.
In T. urticae, homologs of Sago1 (1) and PPW2 (1) were
also found. Interestingly, most of the homologs of the
Wago family Argonautes were highly similar to Ago
family Argonautes (Ago2) identified in these species
(represented as Is-Ago2a and Ago2b, Tm- Ago2c, Vd-
Ago2b, Vj-Ago2b and Tu-Ago2c) (see Additional file 1).
Since all the homologs of the Wago family Argonautes
clustered with those of the Ago family Argonautes, with
significant bootstrap support (Fig. 2), we tentatively re-
ferred to them as members of the Ago family Argo-
nautes that are Ago2 homologs. It is worth mentioning
that all C. elegans Wago family Argonautes used as
query sequences in our study have both the PAZ and
the PIWI domains.

Catalytic residues of ago and Piwi families Argonautes
Homologs of the Ago and Piwi families Argonautes
identified in all these Acari species were further exam-
ined for the presence of the conserved catalytic residues,
Aspartate-Aspartate-Histidine/Aspartate/Lysine (DDH/
DDD/DDK). These residues that are present within the
catalytic PIWI domain presumably enable some Argo-
naute proteins to cleave the target mRNAs (reviewed in
[47, 48]). As shown on Table 2, the DDH catalytic resi-
due was found in all the Argonautes identified in I. sca-
pularis. Similarly, Argonautes of the Ago family
identified in E. maynei’s genome contained this motif.
The only member of the Piwi family that did not have
any of these residues in the sequences of their PIWI do-
mains, is the Ago3 identified in the genomes of M.

occidentalis, T. mercedesae and V. jacobsoni whereas
most Argonautes of the Ago family identified in these
species have the DDH residue. Also, Ago3 and one
homolog of Ago-2 (that is Ago2d) identified in V. de-
structor lacked these conserved residues, though the
remaining proteins of the Ago family had the conserved
DDH residue. Also, Ago1 of S. scabiei did not have these
residues, whereas Ago2 homologs did have. In T. urticae,
all the Argonautes of the Ago family had the DDH
motif, while only four out of the six Argonautes of the
Piwi family had the DDH motif. In D. pteronyssinus,
Ago1 and Ago2a have the DDH motif, while the
remaining Argonautes that were Ago2b to 2 g had the
DDD motif.

DsRNA uptake and spread
We searched for Sid-1, Rsd-2, Rsd-3, Rsd-6, Eater and
SR-CI proteins that are involved in cellular dsRNA up-
take and systemic spread of the silencing dsRNA mole-
cules as mentioned above. We were unable to identify
proteins similar to Sid-1 nor its homologs SilA, SilB and
SilC, previously found in the T. castaneum genome [33]
in the studied Acari species. Similarly, homologs of Rsd-
2 and Rsd-6 were not found in any of the studied Acari
species, though homologs of Rsd-3 protein were present
in all of them (see Additional file 1). Duplicates of this
protein were only found in the genomes of I. scapularis
(2), V. jacobsoni (5) and V. destructor (9) respectively.
Interestingly, all the identified homologs had a single
conserved domain, the epsin N-terminal homology
(ENTH) domain that has been shown to be sufficient to
mediate the transport of dsRNA molecules into both
somatic and germ cells of C. elegans [29]. We also iden-
tified homologs of Dm-Eater in the genomes of some
Acari species but not in those of D. pteronyssinus, E.
maynei and S. scabiei. Again, duplicates of this protein
were found in T. urticae (3), V. destructor (5) and V.
jacobsoni (2). Homologs of this protein in the Acari spe-
cies have several epidermal growth factor (EGF)-like
modules. Furthermore, one homolog of Dm-SR-CI re-
ceptor was identified only in the genome of T. urticae.
Alike the Drosophila SR-CI receptor, its homolog had a
characteristic conserved domains coding for Meprin, A5
protein, and tyrosine phosphatase Mu (MAM).

siRNA secondary amplification
Systemic and trans-generational gene interference rely
on the amplification of the initial siRNA trigger for effi-
cient gene knockdown throughout the treated organism.
This mechanism for enhancing RNAi potency necessi-
tates the action of a cellular RNA-dependent RNA poly-
merase (RdRP) protein, which has been extensively
studied in C. elegans [49, 50]. Interestingly, we found
that all Acari species from the two sister lineages,
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Table 2 Catalytic residues of Argonautes of the Ago, Piwi and Wago groups in Acari species, Caenorhabditis elegans, Drosophila
melanogaster and Tribolium castaneum

Argonautes shown are from Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm), Tribolium Castaneum (Tc), Ixodes Scapularis (Is), Metaseiulus occidentalis
(Mo), Tropilaelaps mercedesae (Tm), Varroa destructor (Vd), Varroa jacobsoni (Vj), Tetranychus urticae (Tu), Dermatophagoides farinae (Df), Psoroptes ovis (Po),
Euroglyphus maynei (Em), Dermatophagoides pteronyssinus (Dp), and Sarcoptes scabiei (Ss). The amino acid sequences of the PIWI domains were aligned with MAFF
T [42]. Substitutions for the Aspartate-Aspartate-Histidine (Asp-Asp-His) motif such as Aspartate or Histidine to either Serine (S), Arginine (R), Alanine (A),
Asparagine (N), Glycine (G) or Tyrosine (Y), are colored in pink. Substitutions of the Histidine to Aspartate (D) or Lysine (K) are colored in light blue. (−) indicate the
absence of amino acid residues from the sequence
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Acariformes and Parasitiformes studied here, had such
RdRP proteins. Duplicates of this protein were found in
the genomes of all studied species. Moreover, all the
Acari RdRP proteins identified in this study including
those previously identified in C. elegans (Ego-1 and Rrf-
1) [37] and other Acari species e. g. D. farinae [51] and
Psoroptes ovis [52] had the characteristic conserved
RdRP domain [34]. In order to infer the evolutionary
history of Acari RdRP proteins, we conducted a phylo-
genetic analysis based on the amino acid alignment of
RdRP domain using C. elegans as outgroup, as described
in the methods section. The phylogeny revealed that
proteins of Acariformes (indicated with “green” color on
Fig. 4) clustered strongly together (494/500 bootstraps)
and separately from those of Parasitiformes. The Parasi-
tormes proteins (indicated with “red” color on Fig. 4)
also clustered strongly together (408/500 bootstraps).
However, three out of the total four proteins identified
in I. scapularis were found to be evolutionary closer to
Acariformes proteins than to those of Parasitiformes
(479/500 bootstraps) (Fig. 4).

Discussion
Proteins associated with the three RNAi pathways in Acari
Our findings demonstrate that the genomes of all the
nine species that belong to diverse Acari orders of agri-
cultural, veterinary and medical importance encode ho-
mologs of the proteins that mediate the silencing
process in the three RNAi pathways. In particular, we
demonstrate that the genomes of all these species en-
code homologs of the RNase III enzyme Drosha, its co-
factor Pasha and nuclear export receptors, Exportin1, 2
and/or 5 (Tables 1 and 3) thereby suggesting that these
proteins, which play vital roles in the initial step of
miRNA biogenesis inside the nucleus are conserved in
Acari as in other animal species [37, 53–56].
Functional specialization of Dicer and Argonaute pro-

teins is apparent in Acari. It is supported by the phylo-
genetic analysis of Dicer proteins which showed two
Dicer paralogs with distinct functions in Acari: Dicer1
and Dicer2 involved in miRNA and siRNA biosynthesis,
respectively (Table 3, Fig. 1a, b) as was previously shown
in the other two Acari species: P. ovis [52] and D. farina

Fig. 4 Phylogenetic distribution of RNA-dependent RNA polymerase (RdRP) proteins in Acari species: Varroa destructor (Vd), V. jacobsoni (Vj),
Tropilaelaps mercedesae (Tm), Metaseiulus occidentalis (Mo), Ixodes scapularis (Is), Dermatophagoides pteronyssinus (Dp), Euroglyphus maynei (Em),
Tetranychus urticae (Tu), Sarcoptes scabiei (Sc) and Psoroptes ovis (Po). The nematode species, Caenorhabditis elegans (Ce) was used as outgroup.
The species names were abbreviated for convenience and the numbers (1, 2, 3, 4 and 5) following their names indicate the protein copies found
in each species. The tree was constructed using PhyML [43], with the model recommended by Lefort et al. [44] under the Akaike information
criterion (AIC) (LG + G + I + F) with 500 bootstrap replicates and is based on the amino acid alignment of the conserved RdRP domain (IPR007855/
PF05183) using MAFFT [42]
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[51]. Two Dicer paralogs were also found in insect spe-
cies [33, 57–59] and crustaceans [56, 60] analyzed so far,
but only one (Dicer1) was so far detected in nematodes
and mammals [19]. In case of Argonautes, our phylogen-
etic analysis revealed representatives of two families
(Ago and Piwi) in Acari (Table 3, Fig. 2) out of the three
families known in eukaryotes [17, 19]. Within the Ago
family, we further detected representatives of two dis-
tinct functional groups: Ago1 and Ago2 specialized in
miRNA- and siRNA-directed gene silencing, respect-
ively. The fact that these two gene families clustered sep-
arately from Wago family Argonaute specific to C.
elegans with significant bootstrap value indicates that
Acari, as insects [33] and crustaceans [24, 54], lack clear
orthologs of Wago family Argonautes in their genomes.
The match that occurred between C. elegans Wago fam-
ily Argonautes and some orthologs of Ago family Argo-
nautes (Ago2) in Acari, supports the idea of a common
ancestor for both protein families as was suggested by
Swarts et al. [61]. The finding that functional separation
of core effector proteins involved in the exogenous
siRNA and endogenous miRNA/piRNA machineries
have occurred in Acari as in insects [33, 59] and crusta-
ceans [24, 54, 56], supports the previous hypothesis that
duplication and specialization of Dicers and Ago family
Argonautes have occurred already in the ancestral
Arthropoda [58], early before its split into two mono-
phyletic groups: Chelicerata and Mandibulata, back in
the Precambrian era [62]. However, further analysis of
homologs of these proteins in the other Arthropod

lineages is needed to ascertain whether these phenom-
ena are widely conserved or merely lineage-specific.
This functional specialization of the effector RNAi

proteins may suggest that there is no competition for
these proteins among the RNAi cascades in Acari and
probably in insects as well. On the other hand, the path-
ways may be interlinked. Is it possible that the exogen-
ous activation of the siRNA pathway via dsRNA
treatment will affect the endogenous regulatory RNAi
machineries (miRNA/piRNA/siRNA), which in turn may
have a positive or negative effect on the silencing effi-
ciency of the target gene in Acari? A recent study con-
ducted in the pea aphid, Aphis pisum (Hemiptera:
Aphididae) showed that the activation of the exogen-
ous siRNA pathway following dsRNA treatment led to
a significant change in the expression levels of both
the exogenous siRNA and endogenous miRNA/piRNA
associated genes thereby suggesting that crosstalk
among these pathways can occur [63]. In fact, cross-
talk among these three RNAi pathways have already
been reported in a few eukaryotic species [17]. In
addition, the Loquacious gene, identified in the Acari
species is known to be required for both the en-
dogenous siRNA and miRNA machineries in D. mela-
nogaster [64], thus indicating that these pathways may
compete for this protein [17]. Therefore, future stud-
ies to understand the interconnection that exists
among these RNAi pathways in Acari, may expedite
the efficient application of RNAi to both functional
genomics and pest management.

Table 3 Summary of the numbers of protein orthologs associated with the three RNAi pathways identified in the nine investigated
Acari genomes. Asterisk (*) following species name abbreviation indicates that its genome is fully sequenced whereas no asterisk
indicates that its genome is partially sequenced

Proteins Acari Super-order Parasitiformes Acariformes

Acari orders Ixodida Mesostigmata Trombidiformes Sarcoptiformes

Species/Pathway Is* Mo* TM Vd Vj Tu* Dp Em Ss

Drosha miRNA 1 1 1 6 3 1 1 1 1

Dicer1 miRNA 1 1 1 1 1 1 1 1 1

Dicer2 siRNA 1 3 1 2 2 1 2 1 0

Argonaute1 miRNA 1 1 1 1 2 3 1 1 1

Argonaute 2 siRNA 4 5 4 8 5 8 7 1 2

Argonaute 3 piRNA 2 1 1 1 2 1 0 0 0

Aubergine/Piwi piRNA 3 0 0 0 0 5 0 0 0

Rsd-3 Cellular dsRNA uptake 2 1 1 9 5 1 1 1 1

Eater 1 1 1 5 2 3 0 0 0

SR-CI 0 0 0 0 0 1 1 1 1

RdRP siRNA amplification 4 3 3 4 5 5 5 4 1

Sid-1/SilA/SilB/SilC Systemic RNAi 0 0 0 0 0 0 0 0 0

Proteins shown are from Ixodes scapularis (Is), Metaseiulus occidentalis (Mo), Tropilaelaps mercedesae (Tm), Varroa destructor (Vd), Varroa jacobsoni (Vj), Tetranychus
urticae (Tu), Dermatophagoides pteronyssinus (Dp) Euroglyphus maynei (Em) and Sarcoptes scabiei (Ss)
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Phylogenetic analysis of Dicer and Argonaute proteins in
Acari revealed a high divergence of exogenous siRNA-
associated Dicer2 and Ago2 proteins, but not of endogen-
ous miRNA-associated Dicer1 and Ago1 proteins and
piRNA-associated Piwi Argonaute, thereby suggesting a
strong selective pressure on the exogenous siRNA core pro-
teins. For example, the genomes of V. destructor, V. jacob-
soni, M. occidentalis and D. pteronyssinus even encode for
more than one copy of Dicer2 (Table 3). The genomes of
all the studied Acari species, except for E. maynei, encode
for more than one copy of Ago2 (Table 3). This high diver-
gence suggests that the ancestral role of exogenous siRNA
machinery in antiviral immunity is conserved in Acari [22].
Among the species investigated, it was intriguing to find
that species such as V. destructor and T. urticae known to
be intimately associated with several viruses [65–67] had
the highest number of copies of these proteins, especially
Ago2 (Table 3). This may suggest that these two species
evolved several copies of these proteins as a mechanism to
counteract the negative effects of viruses that are associated
with them. It is important to note that T. urticae is one of
the most serious polyphagous arthropod pest with more
than 1000 host plant species identified to date [5, 9, 10]
while V. destructor of the family Varroidae and its associ-
ated viruses is the most important ecto-parasite that is re-
sponsible for honey bee (Apis mellifera) colony losses
almost worldwide [65–67]. The ancestral siRNA-based
antiviral defense is also maintained in insects [18],
crustaceans [24, 56] and plants [68, 69] but not in verte-
brates [70, 71]. this may have occurred because of evolution
of an interferon system regarded as the primer route of
defense against viruses in vertebrates rather than on RNAi-
based antiviral defense system [70, 71].

Slicing activities of Dicer and Argonaute proteins
The phylogenetic analysis of Dicer proteins based on the
alignment of the two Ribonuclease slicing domains
showed that their homologs clustered according to their
functional relatedness to either siRNA or miRNA path-
way with the exception of Dicer2 homolog identified in
T. urticae, which clustered closely to Dicer1 of C. ele-
gans (Fig. 1b). Could it be that a Dicer2 homolog in T.
urticae may be involved in both pathways? Since very lit-
tle is known about the slicing activity of Dicer proteins
in Acari, we cannot resolve this question yet, The ana-
lysis of the ATPase hydrolitic activity of the conserved
Helicase domain of Dicer1 and Dicer2 in T. urticae may
provide an insight into their cleavage preference for ei-
ther miRNA or siRNA substrates. It has been reported
in other organisms that the processing of RNA sub-
strates by some Dicer homologs is influenced by its Heli-
case domain [72–74].
For most of the miRNA- and siRNA-class Argonautes

in Acari, we found the highly conserved DDH or DDD

catalytic motif in their PIWI domains, which may sug-
gest their slicing abilities. However, the presence of this
motif may not be sufficient for slicing the target mRNA
transcripts (reviewed in [46]). On the other hand, the
majority of the homologs of the Piwi family Argonautes
identified in V. destructor, V. jacobsoni, T. mercedesae,
M. occidentalis, I. scapulari and T.urticae lack the con-
served DDH/DDD/DDK motif in their PIWI domains.
This motif was substituted by Serine-Arginine-Glycine
(SRG), Serine-Asparagine-Serine (SRS) and/or
Asparagine-Aspartate-Histidine/Tyrosine (NDH/NDY)
(Table 2). With these substitutions, it remains unclear
whether the catalytic activity of these proteins is still
intact.

Endocytosis mechanism for dsRNA uptake and systemic
RNAi in Acari
Our findings suggest that cellular uptake of dsRNA in
Acari is strongly endocytosis-dependent. In fact, the ge-
nomes of all the Acari species contained a clear homolog
of Rsd-3 protein (Table 3), which is an integral compo-
nent of systemic RNAi in C. elegans. In this organism, it
facilitates the importation of dsRNAs in both somatic
and germ cells via endocytosis [29]. In some Acari like I.
scapularis, V. jacobsoni and V. destructor, we even found
more than one copy of this protein (Table 3). Marr and
colleagues also found a copy of this protein in the P. ovis
genome [52]. Additionally, proteins similar to scavenger
receptors Eater and SR-CI that mediate endocytosis-
dependent dsRNA uptake in S2 cells of D. melanogaster
[31, 32] were found in some Acari species (Table 3).
Also, previous study demonstrated by RNAi approach,
that receptor-mediated endocytosis cellular dsRNA up-
take occurs in the tick Haemaphysalis longicornis [75].
Overall, these studies suggest that this is a general
phenomenon in Acari. The fact that endocytosis-
mediated cellular dsRNA uptake mechanism is present
in nematodes, insects, crustaceans and Acari genomes
[33, 76] may suggest that this mechanism evolved very
early in metazoan evolution.
Regarding the systemic transfer, our study revealed that

the Sid-1 protein that mediates systemic RNAi in C. elegans
somatic and germ cells [27, 28] or its homologs found in T.
castaneum [33] are both absent from the genomes of all
the studied Acari species (Table 3), including that of P. ovis
genome [52]. The apparent absence of Sid-1 protein in
Acari may imply that systemic RNAi reported in M. occi-
dentalis [77], T. urticae [78] and I. scapularis [79] occurred
via a different mechanism. In fact, in insects, systemic RNAi
can occur independently of this protein [33].

siRNA amplification mechanism in Acari
The potency of RNAi gene silencing throughout the or-
ganism depends on an amplification mechanism
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mediated by an RNA-dependent RNA polymerase pro-
tein as mentioned above. We confirmed the presence of
homologs of this protein along with their characteristic
conserved domain in the genomes of all the Acari spe-
cies (Table 3) as was commonly found in other arthro-
pods including insects, crustaceans, chelicerates and
myriapods [35]. We also confirmed that duplications of
this protein has occurred in almost all the studied spe-
cies, except in S. scabiei (see Additional file 1). Previous
studies also reported the presence of several copies of
this protein in the genomes of P. ovis [52] and D. farina
[51]. Overall, this and previous genomic studies indicate
that RdRP amplification activity seems to occur in Acari
species studied to date, which may result in efficient
gene silencing throughout the organisms as was sug-
gested for arthropod species in which this protein was
found [80]. In fact, systemic and trans-generational gene
silencing have been reported in M. occidentalis [77], T.
urticae [78] and I. scapularis [79]. Interestingly, our ana-
lysis of Argonaute proteins did not reveal any clear ho-
mologs of Wago Argonautes, described in the model
organism C. elegans, in any of the Acari species. This
finding supports the recent suggestion of Pinzon and
colleagues that the role of RdRP proteins in siRNA amp-
lification is not conserved and probably varies among
different animal species [35]. It remains to be deter-
mined, what is the siRNA amplification mechanism in
Acari.

Conclusions
Using genomic data annotated at the protein level, we
provide for the first time information on the putative
proteins in nine Acari species that maybe involved in the
gene silencing processes of the three RNAi pathways in
both Acariformes and Parasitiformes lineages. It is clear
that Acari, like insects and crustaceans have evolved a
set of specialized proteins for gene silencing in the three
RNA pathways and an endocytosis mechanism for cellu-
lar dsRNA uptake. However, the mechanisms and mo-
lecular basis through which siRNA amplification and
systemic/parental RNAi occur in Acari, still remain a
puzzle and require follow up by structural and func-
tional studies. A complete annotation of genome se-
quences of the Acari species studied herein as well as
additional studies from other families and more closely
related Acari lineages (e.g. other Arachnids) might not
only shed light into the underlying mechanisms and mo-
lecular basis of siRNA amplification and systemic RNAi,
but no doubt also uncover additional RNAi pathway
proteins. So far, our results suggest that all the evaluated
Acari species have a potential for active exogenous
siRNA-directed gene silencing machinery, though differ-
ence in gene knockdown is likely to occur given that the
number of copies of core RNAi proteins vary among the

species. Our findings provide a basis for exploiting
siRNA pathways in functional genomics and in the man-
agement of economically important species, especially
species like T. mercedesae, D. pteronyssinus and E. may-
nei in which RNAi-gene silencing has not yet been
exploited. Moreover, additional studies are needed to
elucidate the regulatory mechanisms behind RNAi path-
ways as well as any possible cross talk mechanisms. Our
phylogenetic analyses of the core RNAi proteins: Dicer,
Argonaute and RdRP revealed that homologs of these
proteins grouped according to their respective orders
and those identified in Acariformes species clustered
separately from those found in Parasitiformes species.
This finding thus provides additional support for this
taxonomic division in the subclass Acari [3]. Still tran-
scriptomic, proteomic as well as functional studies are
needed to confirm the exact existence and function of
the putative proteins identified in this study before these
findings can be implemented in any solutions for pest
management.

Methods
Homolog identification of core RNAi pathway proteins
In this study, we selected five and four species of Parasi-
tiformes and Acariformes, respectively, whose genomes
have been annotated at the protein level. Within the
superorder Parasitiformes, V. destructor (RefSeq assem-
bly accession: GCF_002443255.1), V. jacobsoni (GCF_
002532875.1), M. occidentalis (GCF_000255335.1) and
T. mercedesae (GenBank assembly accession: GCA_
002081605.1) belonging to order Mesostigmata and I.
scapularis (GCF_002892825.2) belonging to the order
Ixodida were chosen in our study (Fig. 5). Within the
superorder Acariformes, T. urticae (GCF_000239435.1)
found in the order Trombidiformes and S. scabiei
(GCA_000828355.1), E. maynei (GCA_002135145.1) and
D. pteronyssinus (GCF_001901225.1) found in the order
Sarcoptiformes were also selected. Within the super-
order Parasitiformes, species of the orders Opilioacarida
and Holothyrida were not selected in this study because
they lack either a genome sequence or an annotated
genome at the protein level. The Benchmarking Univer-
sal Single-Copy Orthologs (BUSCO, version 3.0.2) strat-
egy was used according to Simão et al. [90] to assess the
quality of the individual genome assemblies used in this
study as shown in the Additional file 2.
In the genome assembly of an individual organism, we

searched for RNAi pathway proteins belonging to the
following functional groups: small RNA biosynthesis
proteins, Argonautes and RISC components, siRNA
amplification protein and dsRNA uptake and spread
proteins as summarized in the Additional file 1 using
Proteinortho5 (https://www.bioinf.uni-leipzig.de/Soft-
ware/proteinortho/) [39] and/or Blastp search against
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the NCBI database. As query sequences, we used hom-
ologous proteins within the genomes of P. ovis, D. fari-
nae, D. melanogaster, T. castaneum and C. elegans. The
Amino acid sequences of the query proteins for the first
four species were retrieved from the NCBI database,
while those for the fifth organism were retrieved from
the WormBase database (shown in the Additional file 2).
The accession numbers of the query sequences are avail-
able in the Additional files 1 and 2. Only homologs that
yielded top blastp hits were retained. We further verified
these hits by Blastp search in NCBI and annotated them
as potential RNAi proteins only when the Blastp search
provided the query sequence as the best hit. The direct
web links of genome assemblies, annotations and acces-
sion numbers of protein sequences corresponding to all
the studied Acari species obtained from the NCBI data-
base are shown in the Additional files 1 and 2.

Domain annotation of protein sequences
The putative gene homologs identified in this study were
thereafter classified and annotated on the basis of their
known conserved domains retrieved from the Pfam data-
base using InterProScan (https://www.ebi.ac.uk/interpro/
search/sequence/) [40], HmmScan (https://www.ebi.ac.
uk/Tools/hmmer/search/hmmscan) [41] and the online
motif search tool (https://www.genome.jp/tools/motif/)
with default settings. They were defined as follows:
DEAD/DEAH helicase, PAZ, two Ribonuclease, Helicase
C terminal, Dicer dimerization and dsRBD domains for
Dicers; two Ribonuclease and dsRBD domains for
Drosha; N-terminal, PAZ, Mid and PIWI domains for
Argonautes; dsRBD for Pasha and loquacious; RdRP do-
main for RdRP; Importin-beta_N, Exportin-1/Importin-
b-like and Exportin-1, C-domain for Exportin-1;
Importin-beta_N, Exportin-2_C and Exportin-2_Central

for Exportin-2; and Exportin-1/Importin-b-like for
Exportin-5.

Phylogenetic analyses of Dicer, Argonaute and RNA-
dependent RNA polymerase proteins
Protein or conserved domain sequences were aligned
using MAFFT version 7.452 [42]. Erroneous regions that
were poorly aligned and/or contained many gaps were
curated with Gblocks version 0.91b [91]. The realigned
sequences were then used for the construction of phylo-
genetic trees using the maximum likelihood (ML)
methods with 500 bootstraps in PhyML version 3.0 [43].
The generated phylogenetic trees were thereafter visual-
ized using the interactive Tree Of Life (iTOL) server
[92].
Phylogenetic trees of homologs for Dicer protein iden-

tified in the Acari species that were based on the align-
ment of full-length Dicer protein and the two conserved
Ribonuclease domains were constructed using additional
sequences from C. elegans (Dicer1:K12H4.8), D. melano-
gaster (Dicer1: NP_524453.1, Dicer2: NP_523778.2) and
D. farina (Dicer1: AUI38412.1, Dicer2: AUI38413.1).
The tree for homologs of Argonaute proteins that was
based on the alignment of the conserved PIWI domain
was constructed using additional sequences from C. ele-
gans (Alg1: F48F7.1, Alg2: T07D3.7, Rde-1: K08H10.7,
PPW1:C18E3.7, PPW2: Y110A7A.18, Sago1: K12B6.1,
Sago2: F56A6.1), D. melanogaster (Ago1: NP_725341.1,
Ago2: ABB54719.1, Ago3: ABO27430.1, Aub:
AGA18946.1, Piwi: AAD08705.1), T. castaneum (Ago1:
EFA09197.2, Ago2: EFA11590.1, Ago3: EFA02921.1,
Aub: XP_008196303.1, Piwi: EFA07425.1), P. ovis (Ago1:
SZF06500.1, Ago2: SZF06480.1) and D. farina (Ago1:
AUI38415.1, Ago2a: AUI38416.1, Ago2b: AUI38417.1,
Ago2c: AUI38418.1, Ago2d: AUI38419.1, Ago2e:

Fig. 5 Phylogenetic relationship of the nine Acari species investigated in this study. This classification is adapted from [3], with modifications.
Asterick (*) indicates species with fully annotated genomes whereas no Asterick indicates species with a partial annotated genomes. aFrom
Cornman et al. [81], bFrom Techer et al. [82], cFrom Hoy et al. [83], dFrom Dong et al. [84], eFrom Miller et al. [85], fFrom Grbić et al. [86], gFrom
Rider et al. [87], hFrom Rider et al. [88], iFrom Waldron et al. [89]

Nganso et al. BMC Genomics          (2020) 21:791 Page 13 of 16

https://www.ebi.ac.uk/interpro/search/sequence/
https://www.ebi.ac.uk/interpro/search/sequence/
https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
https://www.genome.jp/tools/motif/


AUI38420.1, Ago2f: AUI38421.1, Ago2g: AUI38422.1).
The tree for homologs of RdRP protein that was based
on the alignment of the conserved RdRP domain was
constructed using additional sequences from C. elegans
(Ego1: F26A3.3 and Rrf1: F26A3.8). We only considered
domains which confercatalytic properties to the given
protein (Dicer, Argonaute and RdRP enzymes). The
amino acid sequences of the conserved domains of query
proteins retrieved from the Pfam database and all the ac-
cession numbers of protein sequences used in the phylo-
genetic analyses of Dicer, Argonautes and RdRP proteins
are shown in the Additional file 2.

Supplementary Information
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1186/s12864-020-07162-0.

Additional file 1. Orthologs of RNAi pathway proteins identified in the
genome assembly of Metaseiulus occidentalis (Mo) by Proteinortho5
and/or Blastp against NCBI protein database (GCF_000255335.1).
Orthologs of RNAi pathway proteins identified in the genome assembly
of Varroa destructor (Vd) by Proteinortho5 and/or Blastp against NCBI
protein database (GCF_002443255.1). Orthologs of RNAi pathway proteins
identified in the genome assembly of Varroa jacobsoni (Vj) by
Proteinortho5 and/or Blastp against NCBI protein database
(GCF_002532875.1). Orthologs of RNAi pathway proteins identified in the
genome assembly of Ixodes scapularis (Is) by Proteinortho5 and/or Blastp
against NCBI protein database (GCF_002892825.2). Orthologs of RNAi
pathway proteins identified in the genome assembly of Tropilaelaps
mercedesae (Tm) by Proteinortho5 and/or Blastp against NCBI protein
database (GCA_002081605.1). Orthologs of RNAi pathway proteins
identified in the genome assembly of Tetranychus urticae (Tu) by
Proteinortho5 and/or Blastp against NCBI protein database
(GCF_000239435.1). Orthologs of RNAi pathway proteins identified in the
genome assembly of Dermatophagoides pteronyssinus (Dp) by Blastp
against NCBI protein database (GCF_001901225.1). Orthologs of RNAi
pathway proteins identified in the genome assembly of Euroglyphus
maynei (Em) by Blastp against NCBI protein database (GCA_002135145.1).
Orthologs of RNAi pathway proteins identified in the genome assembly
of Sarcoptes scabiei (Ss) by Blastp against NCBI protein database
(GCA_000828355.1).

Additional file 2: Table S1. Quality evaluation of the genome
assemblies investigated in this study. Table S2. Accession numbers of
Dicer protein sequences used in phylogenetic tree construction. Table
S3. Accession numbers of Argonaute protein sequences used in
phylogenetic tree construction. Table S4. Accession numbers of RNA-
dependent RNA polymerase (RdRP) protein sequences used in phylogen-
etic tree construction.

Abbreviations
AIC: Akaike information criterion; BUSCO: Benchmarking Universal Single-
Copy Orthologs; dsRNA: double stranded RNA; iTOL: Interactive Tree Of Life;
miRNA: micro-RNA; piRNA: piwi-interacting RNA; RdRP: RNA-dependent RNA
polymerase; RISC: RNA-induced silencing complex; RNAi: RNA interference;
Rsd-3: RNAi spreading defective-3; Sid-1: Systemic RNAi defective-1;
siRNA: short interfering RNA; ssRNA: single stranded RNA; Tsn-1: Tudor-
staphylococcal nuclease-1; Vig-1: Vasa intronic gene-1

Acknowledgements
The authors wish to thank Prof. Ada Rafaeli for her critical review of the
manuscript draft.

Authors’ contributions
Conceived: V.S., Analyzed the data: B.N. and N.S., Wrote the paper: B.N. All
authors have read, commented and agreed to the published version of the
manuscript. The author(s) read and approved the final manuscript.

Funding
This research was funded by Israel Science Foundation Grant to V.S. and A.R.
(No. 1973/18). The funding agencies had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article (Table 1) and its additional files (Additional files 1 and 2).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 28 June 2020 Accepted: 19 October 2020

References
1. Krantz GW, Walter DE. A manual of acarology. 3rd ed. Lubbock: Texas Tech

University Press; 2009. p. 807.
2. Dermauw W. Acari genomics: from phylogenetics to agricultural

applications. PhD thesis. Ghent: Ghent University; 2013.
3. Lozano-Fernandez J, Tanner AR, Giacomelli M, Carton R, Vinther J,

Edgecombe GD, Pisani D. Increasing species sampling in chelicerate
genomic-scale datasets provides support for monophyly of Acari and
Arachnida. Nat Commun. 2019;10:1–8.

4. Hoy MA. Agricultural acarology: introduction to integrated mite
management. Boca Raton: CRC press, Taylor & Francis Group; 2011.

5. Hurtado OJB, Giraldo-Ríos C. Economic and health impact of the ticks in
production animals. In Ticks and Tick-Borne Pathogens, Abubakar M, Perera
PK, editors. London: IntechOpen; 2018.

6. de la Fuente J, Kocan KM. Strategies for development of vaccines for
control of ixodid tick species. Parasite Immunol. 2006;28:275–83.

7. Hoy MA. The predatory mite Metaseiulus occidentalis: Mitey small and mitey
large genomes. BioEssays. 2009;31:581–90.

8. Van Leeuwen T, Vontas J, Tsagkarakou A, Dermauw W, Tirry L. Acaricide
resistance mechanisms in the two-spotted spider mite Tetranychus urticae
and other important Acari: a review. Insect Biochem Mol Biol. 2010;40:563–72.

9. Van Leeuwen T, Tirry L, Yamamoto A, Nauen R, Dermauw W. The economic
importance of acaricides in the control of phytophagous mites and an
update on recent acaricide mode of action research. Pestic Biochem
Physiol. 2015;121:12–21.

10. Degrandi-hoffman G, Graham H, Ahumada F, Smart M, Ziolkowski N. The
economics of honey bee (Hymenoptera : Apidae) management and
overwintering strategies for colonies used to pollinate almonds. J Econ
Entomol. 2019;112:2524–33.

11. Guerrero FD, Lovis L, Martins JR. Acaricide resistance mechanisms in
Rhipicephalus (Boophilus) microplus. Rev Bras Parasitol Vet. 2012;21:1–6.

12. de la Fuente J, Kocan KM, Almazán C, Blouin EF. RNA interference for the
study and genetic manipulation of ticks. Trends Parasitol. 2007;23:427–33.

13. Niu J, Shen G, Christiaens O, Smagghe G, He L, Wang J. Beyond insects:
current status and achievements of RNA interference in mite pests and
future perspectives. Pest Manag Sci. 2018;74:2680–7.

14. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and
specific genetic interference by double- stranded RNA in Caenorhabditis
elegans. Nature. 1998;391:806–11.

15. Mello CC, Conte D. Revealing the world of RNA interference. Nature. 2004;
431:338–42.

16. Grimson A, Srivastava M, Fahey B, Woodcroft BJ, Chiang HR, King N, Degnan
BM, Rokhsar DS, Bartel DP. Early origins and evolution of microRNAs and
Piwi-interacting RNAs in animals. Nature. 2008;455:1193–7.

Nganso et al. BMC Genomics          (2020) 21:791 Page 14 of 16

https://doi.org/10.1186/s12864-020-07162-0
https://doi.org/10.1186/s12864-020-07162-0


17. Ghildiyal M, Zamore PD. Small silencing RNAs: an expanding universe. Nat
Rev Genet. 2009;10:94–108.

18. Obbard DJ, Gordon KH, Buck AH, Jiggins FM. The evolution of RNAi as a
defence against viruses and transposable elements. Philos Trans R Soc B:
Biol Sci. 2009;364:99–115.

19. Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and
siRNAs. Cell. 2009;136:642–55.

20. Aravin AA, Hannon GJ, Brennecke J. The Piwi-piRNA pathway provides an
adaptive defense in the transposon arms race. Science. 2007;318:761–4.

21. Jannot G, Boisvert MEL, Banville IH, Simard MJ. Two molecular features
contribute to the Argonaute specificity for the microRNA and RNAi
pathways in C. elegans. Rna. 2008;14:829–35.

22. Shabalina SA, Koonin EV. Origins and evolution of eukaryotic RNA
interference. Trends Ecol Evol. 2008;24:578–87.

23. Barnard AC, Nijhof AM, Fick W, Stutzer C, Maritz-Olivier C. RNAi in
arthropods: insight into the machinery and applications for understanding
the pathogen-vector interface. Genes. 2012;3:702–41.

24. Sagi A, Manor R, Ventura T. Gene silencing in crustaceans: from basic
research to biotechnologies. Genes. 2013;4:620–45.

25. Nguyen DV, Christiaens O, Bossier P, Smagghe G. RNA interference in
shrimp and potential applications in aquaculture. Rev Aquac. 2018;10:573–84.

26. Galay RL, Umemiya-shirafuji R, Mochizuki M, Fujisaki K, Tanaka T. RNA
interference-a powerful functional analysis tool for studying tick biology
and its control. In RNA Interference, Ibrokhim Y, editors. London:
IntechOpen; 2016.

27. Feinberg EH, Hunter CP. Transport of dsRNA into cells by the
transmembrane protein SID-1. Science. 2003;301:1545–7.

28. Winston WM, Molodowitch C, Hunter CP. Systemic RNAi in C. elegans
requires the putative transmembrane protein SID-1. Science. 2002;295:2456–9.

29. Imae R, Dejima K, Kage-Nakadai E, Arai H, Mitani S. Endomembrane-
associated RSD-3 is important for RNAi induced by extracellular silencing
RNA in both somatic and germ cells of Caenorhabditis elegans. Sci Rep.
2016;6:1–14.

30. Tijsterman M, May RC, Simmer F, Okihara KL, Plasterk RH. Genes required for
systemic RNA interference in Caenorhabditis elegans. Curr Biol. 2004;14:111–6.

31. Saleh MC, van Rij RP, Hekele A, Gillis A, Foley E, O'Farrell PH, Andino R. The
endocytic pathway mediates cell entry of dsRNA to induce RNAi silencing.
Nat Cell Biol. 2006;8:793–802.

32. Ulvila J, Parikka M, Kleino A, Sormunen R, Ezekowitz RA, Kocks C, Rämet M.
Double-stranded RNA is internalized by scavenger receptor-mediated
endocytosis in Drosophila S2 cells. J Biol Chem. 2006;281:14370–5.

33. Tomoyasu Y, Miller SC, Tomita S, Schoppmeier M, Grossmann D, Bucher G.
Exploring systemic RNA interference in insects: a genome-wide survey for
RNAi genes in Tribolium. Genome Biol. 2008;9:1–22.

34. Sijen T, Fleenor J, Simmer F, Thijssen KL, Parrish S, Timmons L, Plasterk RHA,
Fire A. On the role of RNA amplification in dsRNA-triggered gene silencing.
Cell. 2001;107:465–76.

35. Pinzón N, Bertrand S, Subirana L, Busseau I, Escrivá H, Seitz H. Functional lability
of RNA-dependent RNA polymerases in animals. PLoS Genet. 2019;15:1–25.

36. Yigit E, Batista PJ, Bei Y, Pang KM, Chen CCG, Tolia NH, Joshua-Tor L, Mitani
S, Simard MJ, Mellow CC. Analysis of the C. elegans Argonaute family reveals
that distinct argonautes act sequentially during RNAi. Cell. 2006;127:747–57.

37. Maule AG, McVeigh P, Dalzell JJ, Atkinson L, Mousley A, Marks NJ. An eye
on RNAi in nematode parasites. Trends Parasitol. 2011;27:505–13.

38. Joga MR, Zotti MJ, Smagghe G, Christiaens O. RNAi efficiency, systemic
properties, and novel delivery methods for pest insect control: what we
know so far. Front Physiol. 2016;7:553.

39. Lechner M, Findeiß S, Steiner L, Marz M, Stadler PF, Prohaska SJ.
Proteinortho: detection of ( co- ) orthologs in large-scale analysis. BMC
Bioinformatics. 2011;12:1–9.

40. Finn RD, Attwood TK, Babbitt PC, Bateman A, Bork P, Bridge AJ, Chang HY.
InterPro in 2017-beyond protein family and domain annotations. Nucleic
Acids Res. 2017;45:D190–9.

41. Finn RD, Clements J, Arndt W, Miller BL, Wheeler TJ, Schreiber F, Bateman A,
Eddy SR. HMMER web server: 2015 update. Nucleic Acids Res. 2015;43:W30–8.

42. Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol. 2013;
30:772–80.

43. Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New
algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst Biol. 2010;59:307–21.

44. Lefort V, Longueville JE, Gascuel O. SMS: Smart model selection in PhyML.
Mol Biol Evol. 2017;34:2422–4.

45. Caudy AA, Myers M, Hannon GJ, Hammond SM. Fragile X-related protein
and VIG associate with the RNA interference machinery. Genes Dev. 2002;
16:2491–6.

46. Caudy AA, Ketting RF, Hammond SM, Denli AM, Bathoorn AMP, Tops BBJ,
Silva JM, Myers MM, Hannon GJ, Plasterk RHA. A micrococcal nuclease
homologue in RNAi effector complexes. Nature. 2003;425:411–4.

47. Faehnle CR, Joshua-Tor L. Argonautes confront new small RNAs. Curr Opin
Chem Biol. 2007;11:569–77.

48. Tolia NH, Joshua-Tor L. Slicer and the Argonautes. Nat Chem Biol. 2007;3:
36–43.

49. Pak J, Fire A. Distinct populations of primary and secondary effectors during
RNAi in C. elegans. Science. 2007;315:241–4.

50. Sijen T, Steiner FA, Thijssen KL, Plasterk RHA. Secondary siRNAs result from
unprimed RNA synthesis and form a distinct class. Science. 2007;315:244–7.

51. Mondal M, Klimov P, Flynt AS. Rewired RNAi-mediated genome surveillance
in house dust mites. PLoS Genet. 2018;14:1–21.

52. Marr EJ, Wright HW, Sargison ND, Nisbet AJ, Burgess ST. Gene silencing by RNA
interference in the ectoparasitic mite, Psoroptes ovis. Vet Res. 2018;49:112.

53. Büssing I, Yang JS, Lai EC, Grohans H. The nuclear export receptor XPO-1
supports primary miRNA processing in C. elegans and Drosophila. EMBO J.
2010;29:1830–9.

54. Kao D, Lai AG, Stamataki E, Rosic S, Konstantinides N, Jarvis E, Di
Donfrancesco A, Pouchkina-Stancheva N, Semon M, Grillo M, Bruce H. The
genome of the crustacean Parhyale hawaiensis, a model for animal
development, regeneration, immunity and lignocellulose digestion. eLife.
2016;5:e20062.

55. Kim YK, Kim B, Kim VN. Re-evaluation of the roles of DROSHA, Exportin 5, and
DICER in microRNA biogenesis. Proc Natl Acad Sci U S A. 2016;113:E1881–9.

56. Liu C, Li F, Sun Y, Zhang X, Yuan J, Yang H, Xiang J. Virus-derived small
RNAs in the penaeid shrimp Fenneropenaeus chinensis during acute
infection of the DNA virus WSSV. Sci Rep. 2016;6:1–5.

57. Lee YS, Nakahara K, Pham JW, Kim K, He Z, Sontheimer EJ, Carthew RW.
Distinct roles for Drosophila Dicer-1 and Dicer-2 in the siRNA/miRNA
silencing pathways. Cell. 2004;117:69–81.

58. Murphy D, Dancis B, Brown JR. The evolution of core proteins involved in
microRNA biogenesis. BMC Evol Biol. 2008;8:92.

59. Dowling D, Pauli T, Donath A, Meusemann K, Podsiadlowski L, Petersen M,
Peters RS, Mayer C, Liu S, Zhou X, Misof B. Phylogenetic origin and diversification
of RNAi pathway genes in insects. Genome Biol Evol. 2016;8:3784–93.

60. Su J, Oanh DT, Lyons RE, Leeton L, van Hulten MC, Tan SH, Song L,
Rajendran KV, Walker PJ. A key gene of the RNA interference pathway in the
black tiger shrimp, Penaeus monodon: identification and functional
characterisation of Dicer-1. Fish Shellfish Immunol. 2008;24:223–33.

61. Swarts DC, Makarova K, Wang Y, Nakanishi K, Ketting RF, Koonin EV, Patel
DJ, Van Der Oost J. The evolutionary journey of Argonaute proteins. Nat
Struct Mol Biol. 2014;21:743.

62. Giribet G, Edgecombe GD. The phylogeny and evolutionary history of
arthropods. Curr Biol. 2019;29:R592–602.

63. Yang L, Tian Y, Peng YY, Niu J, Wang JJ. Expression dynamics of core RNAi
machinery genes in pea aphids upon exposure to artificially synthesized
dsRNA and miRNAs. Insects. 2020;11:70.

64. Czech B, Malone CD, Zhou R, Stark A, Schlingeheyde C, Dus M, Perrimon N,
Kellis M, Wohlshlegel JA, Sachidanandam R, Hannon GJ. An endogenous
small interfering RNA pathway in Drosophila. Nature. 2008;453:798–802.

65. Dainat B, Ken T, Berthoud H, Neumann P. The ectoparasitic mite Tropilaelaps
mercedesae (Acari, Laelapidae) as a vector of honeybee viruses. Insect Soc.
2009;56:40–3.

66. Francis RM, Nielsen SL, Kryger P. Varroa-virus interaction in collapsing honey
bee colonies. PLoS One. 2013;8:e57540.

67. François S, Mutuel D, Duncan AB, Rodrigues LR, Danzelle C, Lefevre S,
Santos I, Frayssinet M, Fernandez E, Filloux D, Roumagnac P. A new
prevalent densovirus discovered in Acari. Insight from metagenomics in
viral communities associated with two-spotted mite (Tetranychus urticae)
populations. Viruses. 2019;11:233.

68. Baulcombe D. RNA silencing in plants. Nature. 2004;431:356–63.
69. Blevins T, Rajeswaran R, Shivaprasad PV, Beknazariants D, Si-Ammour A, Park

HS, Vazquez F, Robertson D, Meins F Jr, Hohn T, Pooggin MM. Four plant
Dicers mediate viral small RNA biogenesis and DNA virus induced silencing.
Nucleic Acids Res. 2006;34:6233–46.

Nganso et al. BMC Genomics          (2020) 21:791 Page 15 of 16



70. Sen GC. Viruses and interferons. Annu Rev Microbiol. 2001;55:255–81.
71. Majzoub K, Wrensch F, Baumert TF. The innate antiviral response in animals:

an evolutionary perspective from flagellates to humans. Viruses. 2019;11:1–25.
72. Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH. Dicer

functions in RNA interference and in synthesis of small RNA involved in
developmental timing in C. elegans. Genes. 2001;15:2654–9.

73. Jiang F, Ye X, Liu X, Fincher L, McKearin D, Liu Q. Dicer-1 and R3D1-L
catalyze microRNA maturation in Drosophila. Genes Dev. 2005;19:1674–9.

74. Cenik ES, Fukunaga R, Lu G, Dutcher R, Wang Y, Hall TMT, Zamore PD.
Phosphate and R2D2 restrict the substrate specificity of Dicer-2, an ATP-
driven ribonuclease. Mol Cell. 2011;42:172–84.

75. Aung KM, Boldbaatar D, Umemiya-Shirafuji R, Liao M, Xuenan X, Suzuki H,
Galay RL, Tanaka T, Fujisaki K. Scavenger receptor mediates systemic RNA
interference in ticks. PLoS One. 2011;6:e28407.

76. Maruekawong K, Panyim S, Attasart P. Involvement of endocytosis in cellular
uptake of injected dsRNA into hepatopancreas but not in gill of
Litopenaeus vannamei. Aquaculture. 2019;500:393–7.

77. Wu K, Hoy MA. Oral delivery of double-stranded RNA induces prolonged
and systemic gene knockdown in Metaseiulus occidentalis only after feeding
on Tetranychus urticae. Exp Appl Acarol. 2014;63:171–87.

78. Khila A, Grbić M. Gene silencing in the spider mite Tetranychus urticae:
dsRNA and siRNA parental silencing of the distal-less gene. Dev Genes Evol.
2007;217:241–51.

79. Kocan KM, Manzano-roman R, de la Fuente J. Transovarial silencing of the
subolesin gene in three-host ixodid tick species after injection of replete
females with subolesin dsRNA. Parasitol Res. 2007;100:1411–5.

80. Lewis SH, Quarles KA, Yang Y, Tanguy M, Frézal L, Smith SA, Sharma PP,
Cordaux R, Gilbert C, Giraud I, Collins DH. Pan-arthropod analysis reveals
somatic piRNAs as an ancestral defence against transposable elements. Nat
Ecol Evol. 2018;2:174–81.

81. Cornman RS, Schatz MC, Johnston JS, Chen YP, Pettis J, Hunt G, Bourgeois L,
Elsik C, Anderson D, Grozinger CM, Evans JD. Genomic survey of the
ectoparasitic mite Varroa destructor, a major pest of the honey bee Apis
mellifera. BMC Genomics. 2010;11:602.

82. Techer MA, Rane RV, Grau ML, Roberts JM, Sullivan ST, Liachko I, Childers AK,
Evans JD, Mikheyev AS. Divergent evolutionary trajectories following
speciation in two ectoparasitic honey bee mites. Commun Biol. 2019;2:1–16.

83. Hoy MA, Waterhouse RM, Wu K, Estep AS, Loannidis P, Palmer WJ,
Pomerantz AF, Simao FA, Thomas J, Jiggins FM, Murphy TD. Genome
sequencing of the Phytoseiid predatory mite Metaseiulus occidentalis reveals
completely atomized hox genes and superdynamic intron evolution.
Genome Biol Evol. 2016;8:1762–75.

84. Dong X, Armstrong SD, Xia D, Makepeace BL, Darby AC, Kadowaki T. Draft
genome of the honey bee ectoparasitic mite, Tropilaelaps mercedesae, is
shaped by the parasitic life history. Gigascience. 2017;6:1–17.

85. Miller JR, Koren S, Dilley KA, Harkins DM, Stockwell TB, Shabman RS, Sutton
GG. A draft genome sequence for the Ixodes scapularis cell line, ISE6.
F1000Research. 2018;7:1–12.

86. Grbić M, Van Leeuwen T, Clark RM, Rombauts S, Rouzé P, Grbić V, Osborne
EJ, Dermauw W, Ngoc PCT, Ortego F, Hernández-Crespo P. The genome of
Tetranychus urticae reveals herbivorous pest adaptations. Nature. 2011;479:
487–92.

87. Rider SD, Morgan MS, Arlian LG. Draft genome of the scabies mite. Parasit
Vectors. 2015;8:1–14.

88. Rider SD, Morgan MS, Arlian LG. Allergen homologs in the Euroglyphus
maynei draft genome. PLoS One. 2017;12:1–15.

89. Waldron R, McGowan J, Gordon N, McCarthy C, Mitchell EB, Doyle S,
Fitzpatrick DA. Draft genome sequence of Dermatophagoides pteronyssinus,
the European house dust mite. Genome Announc. 2017;5:e00789.

90. Simão FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM.
BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinformatics. 2015;31:3210–2.

91. Castresana J. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol. 2000;17:540–52.

92. Letunic I, Bork P. Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids Res.
2016;44:W242–5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Nganso et al. BMC Genomics          (2020) 21:791 Page 16 of 16


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Proteins involved in biosynthesis of the small RNAs
	Argonautes and RISC components
	Ago family Argonautes
	Piwi family Argonautes
	Wago family Argonautes
	Catalytic residues of ago and Piwi families Argonautes
	DsRNA uptake and spread
	siRNA secondary amplification

	Discussion
	Proteins associated with the three RNAi pathways in Acari
	Slicing activities of Dicer and Argonaute proteins
	Endocytosis mechanism for dsRNA uptake and systemic RNAi in Acari
	siRNA amplification mechanism in Acari

	Conclusions
	Methods
	Homolog identification of core RNAi pathway proteins
	Domain annotation of protein sequences
	Phylogenetic analyses of Dicer, Argonaute and RNA-dependent RNA polymerase proteins

	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

