
In silico target network analysis of de novo-discovered, tick
saliva-specific microRNAs reveals important combinatorial
effects in their interference with vertebrate host physiology

MICHAEL HACKENBERG,1,2 DAVID LANGENBERGER,3,4 ALEXANDRA SCHWARZ,5 JAN ERHART,5

and MICHAIL KOTSYFAKIS5
1Computational Genomics and Bioinformatics Group, Genetics Department, University of Granada, 18071 Granada, Spain
2Laboratorio de Bioinformática, Centro de Investigación Biomédica, PTS, 18100 Granada, Spain
3Bioinformatics Group, Department of Computer Science, Interdisciplinary Center for Bioinformatics, University of Leipzig,
D-04107 Leipzig, Germany
4ecSeq Bioinformatics, D-04275 Leipzig, Germany
5Biology Center of the Czech Academy of Sciences, 37005 Budweis, Czech Republic

ABSTRACT

The hard tick Ixodes ricinus is an important disease vector whose salivary secretions mediate blood-feeding success on vertebrate
hosts, including humans. Here we describe the expression profiles and downstream analysis of de novo-discovered microRNAs
(miRNAs) expressed in I. ricinus salivary glands and saliva. Eleven tick-derived libraries were sequenced to produce
67,375,557 Illumina reads. De novo prediction yielded 67 bona fide miRNAs out of which 35 are currently not present in
miRBase. We report for the first time the presence of microRNAs in tick saliva, obtaining furthermore molecular indicators
that those might be of exosomal origin. Ten out of these microRNAs are at least 100 times more represented in saliva. For the
four most expressed microRNAs from this subset, we analyzed their combinatorial effects upon their host transcriptome using
a novel in silico target network approach. We show that only the inclusion of combinatorial effects reveals the functions in
important pathways related to inflammation and pain sensing. A control set of highly abundant microRNAs in both saliva and
salivary glands indicates no significant pathways and a far lower number of shared target genes. Therefore, the analysis of
miRNAs from pure tick saliva strongly supports the hypothesis that tick saliva miRNAs can modulate vertebrate host
homeostasis and represents the first direct evidence of tick miRNA-mediated regulation of vertebrate host gene expression at
the tick–host interface. As such, the herein described miRNAs may support future drug discovery and development projects
that will also experimentally question their predicted molecular targets in the vertebrate host.

Keywords: tick–vertebrate host interaction; deep-sequencing; microRNA; gene target prediction; interactomes/systems biology;
disease biology

INTRODUCTION

Ixodes ticks are important arthropod disease vectors that
transmit pathogens causing several human diseases, including
Lyme disease and tick-borne encephalitis (for review, see
Vayssier-Taussat et al. 2015;Nelder et al. 2016). An interesting
and important aspect of their life cycle is their ability to feed
on the vertebrate host for several days without being noticed.
The secreted tick saliva mediates tick feeding success (Ribeiro
1987) through intrinsic antihemostatic, anti-inflammatory,
and immunosuppressive actions on the host (Ribeiro et al.
1985). Many different tick salivary proteins and low-molecu-
lar-weight substances (e.g., prostaglandin E2) are known to
modulate the host response (for review, see Kazimírová and

Štibrániová 2013). Small RNAs, especially microRNAs
(miRNAs), play critical pathophysiological roles, but nothing
is known about if or how tick miRNAs participate in the tick–
host feeding dyad. There are only some restricted data on ar-
thropodmiRNAs in arthropod physiology (Lucas andRaikhel
2013; Luhur et al. 2013; He et al. 2015), especially in mosqui-
toes (for review, see Asgari 2014; Blair and Olson 2015).
Knowledge about tick miRNAs is sparse and limited to se-
quences, potential tissue localization, and evolution in only
five tick species (Barrero et al. 2011; Zhou et al. 2013; Luo
et al. 2015; Shao et al. 2015;Wang et al. 2015) and to their po-
tential interactions with Flaviviruses (Tsetsarkin et al. 2016).
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Accordingly,miRNAs have been reported
in the literature for the following tick spe-
cies (alphabetically):Haemaphysalis long-
icornis (Zhou et al. 2013), Hyalomma
anatolicum (Luo et al. 2015), Rhipicepha-
lus haemaphysaloides (Wang et al. 2015),
Rhipicephalus (Boophilus) microplus (Bar-
rero et al. 2011), and Rhipicephalus san-
guineus (Shao et al. 2015). miRNAs have
yet to be described in Ixodes ticks. Ixodes
ricinus is an important disease vector in
Europe where they transmit viruses, bac-
teria, and protozoan parasites (Honig
et al. 2015; Vayssier-Taussat et al. 2015;
Brugger et al. 2016). Difficulties in ge-
nome analysis have restricted our knowl-
edge of their miRNAs (Cramaro et al.
2015).Hereweperformed deep-sequenc-
ing analysis of I. ricinus salivary gland and
midgut tissues which are critical to tick
vectorial capacity. The de novo annota-
tion of miRNAs expressed in these tissues
and their temporal expression are de-
scribed. Further, we present the first data
on miRNAs in I. ricinus saliva, which we
show possess nontemplated nucleotide
modifications characteristic of exosomal
secretion.More importantly, in silico tar-
get prediction reveals that these salivary
miRNAs are likely to modulate host re-
sponses to tick attachment and feeding.

RESULTS

Taxonomic and read length distribution

After adapter trimming and removal of short reads (≤15 nt),
67,375,557 reads were available for downstream analysis
(Supplemental Table 2), 98.5% of which mapped to at least
one genomic sequence. For libraries from adult ticks, most
reads were of tick origin independent of tissue type, feeding
time point, and developmental stage, followed by reads map-
ping to a host genome (Fig. 1A). The proportion of tick reads
was higher in the salivary glands (between 76.9% and 82.5%)
than in the midgut (between 62.7% and 65.5%) and, in the
salivary gland (SG), the relative amount of tick reads in-
creased over feeding time and the opposite in the midgut
(MG). As expected, the opposite was true for host sequence
reads. It should be noted that the MG samples serve as an
out group as far as it concerns the study of the potential
role of tick miRNAs in the interaction with the vertebrate
host, which is the main objective of this study. A similar trend
was observed with libraries originating from nymphal ticks
(Supplemental Fig. 1A), albeit with less pronounced differ-
ences, presumably due to less blood being acquired by

nymphs during feeding. A negligible number of reads could
be assigned to viruses, bacteria, and endosymbionts.
The read length distribution (Supplemental Fig. 1B,C)

provides an important “first look” of the types of small
RNAs present in the different samples. The percentages of
miRNAs ranged from 10% to 20%. Twomain peaks were dis-
tinguishable in adult ticks: (i) a peak around 22 nt, constitut-
ing mainly mature miRNAs, and (ii) a broader peak between
26 and 30 nt with a clear local maximum at 28 nt of uncertain
small RNA composition. The 22-nt peak was slightly higher
in the MG samples, while the relative number of reads be-
tween 26 and 30 nt was similar in the MG and SG albeit de-
creasing as a function of feeding time. The relative
frequencies decreased as a function of feeding time for the
22-nt peak (mature miRNAs) in the SG but not the MG.
The read length distribution in nymphal ticks was qualita-
tively identical to that seen for adult ticks.

Sequence-based prediction of novel miRNAs

Given that the miRBase database (release 21) currently con-
tains no I. ricinusmiRNAs, we generated a miRNA catalog for
I. ricinus using sRNAbench and miRanalyzer (Hackenberg
et al. 2011) applied to the I. ricinus and I. scapularis genome

FIGURE 1. (A) Novel miRNAs and miRNA families in adult I. ricinus ticks. Most of the genetic
material in the sequencing libraries is of tick origin. Sequence read distribution depending on or-
ganism of origin as a function of feeding time for adult ticks is shown. The MG represents up to
30% of host reads (at 36 h) while the percentage of host reads is lower in the SG. MG, midgut; SG,
salivary glands; 12, 12 h of feeding; 24, 24 h of feeding; 36, 36 h of feeding. (B) Novel miRNA X1b
is among the top 20 expressed miRNAs both in tick saliva and SG and a member of a novel
miRNA family X1. The secondary structure and mature microRNA is shown (guide strand in
red and passenger strand in green). (C) Number of miRNAs per taxonomic node. The gray shad-
ed part shows the number of miRNAs in both the tick and putative hosts (common) and those
that are only in the tick (specific). The novel miRNAs have not been used in this classification.
Note that the taxonomic node of some miRNAs is bilateria, but the microRNA was lost and is
not present in any of the possible hosts. (D) Relative expression levels as a function of miRNA
presence (common, specific, and novel) under all experimental conditions.
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assemblies (Cramaro et al. 2015; Gulia-Nuss et al. 2016) and
the I. ricinus transcriptome (Kotsyfakis et al. 2015a). For all
guide miRNAs from I. ricinus and their assigned homologs,
we then searched for the last common ancestor using previ-
ously derived full lineages. The miRNA was deemed a “novel
miRNA” if no homologous miRNAs were present in
miRBase, a “common miRNA” if the miRNA was present
in I. ricinus and also all putative hosts (the taxonomic node
was in bilateria or before), and a “tick-specific” miRNA if it
was not present in any putative host, i.e., the node was in pro-
tostomia (or more recent) or lost before vertebrates.
Sixty-seven different miRNAs (unique guide strand se-

quences) were detected, of which 35 were not in miRBase
and are reported here for the first time as novel miRNAs. A
putative important novel microRNA (iri-mir-X1b), a mem-
ber of the novel miRNA family X1, was found in the top 20
expressed miRNAs in SG and saliva, so it was selected for fur-
ther secondary structure presentation (Fig. 1B). This novel
family has eight members in I. ricinus with conserved seeds
(Supplemental Fig. 2A) in both the guide strand (5p arm,
conserved seed length of 13 nt) and the passenger strand
(3p arm, conserved seed length of 7 nt). The quality of our
novel miRNAs and specifically for iri-mir-X1b was con-
firmed by the observation of (i) two stacks representing the
two mature miRNAs; (ii) little fluctuation at the 5′ end of
the guide strand; and (iii) no reads starting or ending within
the loop of the hairpin structure (Supplemental Fig. 2B,C). In
addition to this large family, a novel family containing two
members (mir-X11a and mir-X11b) and two members of
the mir-2 family (mir-2b and mir-2b2) were also detected
(Supplemental Table 3).
Some of the 67miRNAs had more than one genomic copy,

so a total of 73 precursor sequences are reported. We defined
two precursor sequences as copies of the same miRNA gene
when they shared the same guide sequence. There were two
copies in the genomic sequence for four miRNAs (iri-miR-
100, iri-mir-X12, iri-mir-X13, iri-mir-X1c) and three copies
for one miRNA (iri-mir-X16). Of the 73 precursor sequenc-
es, 35 were detected using the I. ricinus genome assembly, 31
the I. scapularis assembly, and seven in the I. ricinus transcrip-
tome. As most of the detected miRNAs had both arms repre-
sented by reads in at least one sample, a total of 133 mature
sequences are reported in Supplemental Table 3.

Evolutionary origin of novel miRNAs

As well as the 35 novel miRNAs, we found 16 miRNAs after
the split of protostomia and deuterostomia (protostomia
[12], arthropoda [three], and acari [one]) (Fig. 1C), i.e., these
miRNAs could only belong to ticks but not to any of the pos-
sible hosts. Furthermore, 15 miRNAs had taxonomic nodes
in bilateria and one in eumetazoa (mir-100, one of the con-
served miRNAs present in all animals; Fig. 1C). Note that the
taxonomic node of these miRNAs is before the last common
ancestor of ticks and all putative hosts. However, as discussed

below, not all of these 16 miRNAs were common to both
ticks and hosts, as some were lost prior to the appearance
of vertebrates. Specifically, 4/16 miRNAs (miR-2001-5p,
miR-252b-5p, miR-278-3p, miR-981-3p; labeled bilateria
and “specific”) were present in some deuterostomia, but
seem to have been lost before vertebrates; they were therefore
not present in any of the possible hosts.
Therefore, 20 specific miRNAs (four bilateria lost before

vertebrates, 12 protostomia, three arthropoda, and one acari)
and 12 common miRNAs (16 bilateria minus the four lost
before vertebrates and being found in ticks and their possible
hosts) were discovered. Note that the phylogenetic distribu-
tion of the 35 novel miRNAs was not considered since the
range of species to which they belong could not be assessed
due to their novelty. The 12 “common” miRNAs (present
both in ticks and hosts) comprised 75.2% and 81.1% of total
miRNA sequence reads inMG and SG, respectively (Fig. 1D).
However, in saliva, the tick-specific miRNAs accumulated
more reads (44.4% of total), prompting us to investigate
them further.

miRNA expression analysis

After mapping the reads to the predicted tick miRNAs, we
generated a read count matrix for the miRNAs using
sRNAbench (RPM-normalized values are presented in
Supplemental Table 4). After normalizing to RPM expression
values, highly expressed miRNAs constituting 95% of total
miRNA reads were extracted and the RPM values were
log10 transformed. There were two clearly separated clusters
(Fig. 2A), one corresponding to theMG and one correspond-
ing to the SG, indicating distinct miRNA expression profiles
in the two tissues. Furthermore, the clusters clearly subdivid-
ed into nymph and adult samples. The miRNA expression
profiles were indicative both of tissue and developmental
stages, as detailed below.

Salivary gland-regulated miRNAs in adults and nymphs

The adult and nymph read count expression matrices were
used as an input for edgeR to calculate the miRNAs showing
statistically significant differential expression (Supplemental
Table 5 [adult ticks] and Supplemental Table 6 [nymphal
ticks]). Data are represented as volcano plots (Supplemental
Figs. 3A,B). A large number of miRNAs showed large and sig-
nificant changes in both adult and nymphal ticks, and all
miRNAs with corrected P-values (FDR) ≤ 0.05 were consid-
ered differentially expressed. SG- and MG-overexpressed
miRNAs were next examined separately for adults and
nymphs (Venn diagram, Supplemental Fig. 3C). Sixteen
microRNAs were up-regulated in SG in both adults (28 up-
regulated in total) and nymphs (23 up-regulated in total);
that is, 57% (16/28) of all SG up-regulated miRNAs in adults
were also up-regulated in nymphs, and 70% (16/23) of up-
regulated miRNAs in nymphs were up-regulated in adults.
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Regulation as a function of the developmental stage
in salivary glands

Thirty-one miRNAs were overexpressed in adult SGs and
seven in nymphal SGs (Supplemental Table 7). Of the differ-
entially expressed miRNAs, four of those up-regulated in
adult SGs had RPM values greater than 10,000, while only
one miRNA was overexpressed in nymph SG (Supplemental
Fig. 3D). Two highly expressed miRNAs showed particularly
large changes in expression: miR-100-5p was over 60-fold
higher in adults, while miR-34-5p is the most expressed
miRNA in nymphal SG (RPM 353,965), ranking only ninth
in adult SG (RPM 29,789; 12-fold higher in nymphs).

There was a large number of strongly regulated miRNAs in
SG and MG with both high fold-changes and high expres-
sion. Expression levels are related to function (Mullokandov
et al. 2012). miRNAs at least eightfold overexpressed with
RPM values >10,000 RPM are shown in Figure 2B. Six miR-
NAs were at least eightfold overexpressed in SG compared to
MG in adults, while five miRNAs were at least eightfold over-
expressed in nymphs. However, four miRNAs (iri-miR-375-
3p, iri-miR-92-3p, iri-mir-X18-5p, and iri-miR-252b-5p)
were overexpressed in both adults and nymphs, two were
“adult specific” (iri-miR-263a-5p, iri-miR-375-5p), and
one was “nymph specific” (iri-miR-34-5p). Of these tick-spe-
cific miRNAs, iri-mir-X18-5p was a novel miRNA, iri-miR-
252b-5p was only found in invertebrates but not in putative
hosts, and one (iri-mir-375) had a highly conserved guide se-

quence (iri-miR-375-3p) but I. ricinus-specific passenger
strand (iri-miR-375-5p).
Next, three putative feeding-regulated miRNAs were iden-

tified according to (i) at least twofold different RPM expres-
sion values at 12 and 36 h, and (ii) the 24 h RPM value lying
in-between (Fig. 2C): iri-miR-5307-3p, the expression of
which increased as feeding progressed; and miR-X18-5p
and miR-3931-3p, which decreased. miR-X18-5p in particu-
lar seemed to be a good candidate for further analysis due to
its high RPM values of nearly 50,000 at 12 h and 17,000 at 36
h. Remarkably, none of the feeding-regulated miRNAs were
common, i.e., present in the tick and host: miR-X18-5p
was novel (not in miRBase), miR-3931-3p was present in I.
scapularis and the red spider mite Tetranychus urticae, and
iri-miR-5307-3p was already described in I. scapularis and
in the red flour beetle Tribolium castaneum in which it is
called tca-mir-3477. The first 15 nt are identical between
iri-miR-5307-3p and tca-mir-3477 and therefore they belong
to the same family and should have the same name. We
adopted miR-5307 as the name, given that this is the name
of the microRNA in another tick—I. scapularis.

Saliva expression profiles

We next sought to establish (i) whether the read counts in
pure tick saliva resembled those of the salivary glands; and
(ii) the origin of the detected miRNAs. The vast majority of

FIGURE 2. Expression analysis based on read counts for each miRNA. (A) Cluster analysis of the six adult and four nymphal samples from tick sali-
vary glands and midgut. (B) Overexpressed miRNAs in the salivary gland compared to the midgut in both adults and nymphs. All miRNAs are over
eightfold overexpressed with RPM values greater than 10,000. (C) Putative feeding-regulated miRNAs in adult tick salivary glands. MG, midgut; SG,
salivary glands; 12, 12 h of feeding; 24, 24 h of feeding; 36, 36 h of feeding.
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salivary gland miRNAs were also detected in saliva (Fig. 3A).
Furthermore, among the top 20 expressed miRNAs from sal-
iva and salivary glands, 12 were shared (Fig. 3B).
In general, miRNA read counts in saliva were more equally

distributed (16 miRNAs with RPM values ≥10,000). In con-
trast, only 10 miRNAs in the SG had such high RPM values
(see Supplemental Fig. 4). Interestingly, some of the highest
expressed miRNAs in saliva were virtually absent in the sali-
vary glands: miR-8-3p (RPM in saliva: 129,040) was 648-fold
overrepresented in saliva, miR-bantam-3p (RPM in saliva:
87,987) was 45-fold overrepresented; miR- 317-3p (RPM in
saliva: 59,401) was 249-fold overrepresented, and miR-
279a-3p (RPM in saliva: 116,978) was 107-fold overrepre-
sented in saliva compared to SG (Fig. 3A).
Moreover, it has been reported that exosome-secreted

miRNAs show more uridylation than adenylation events at
the 3′ ends of the mature sequences (Koppers-Lalic et al.
2014). The fraction of uridylation events was clearly more
frequent in SG than in the midgut, with uridylation and
adenylation the most frequent addition events (Fig. 3C).
Most importantly, uridylation was even more frequent in sal-
iva than in the SG, as expected for miRNAs of exosomal or-
igin. Among the most abundant microRNAs in saliva,
uridylation events are more frequent than adenylation
(Supplemental Fig. 5A), and the percentage of uridylation

decreases when the abundance decreases in saliva (Supple-
mental Fig. 5B).

In silico target analysis

Given the sequence read differences for some miRNAs be-
tween SG and saliva, we next analyzed the putative functions
of saliva-overexpressed miRNAs, namely miR-8-3p, miR-
bantam-3p, mir-317-3p, and miR-279a-3p (together 39.3%
of total miRNA expression in saliva; for expression in other
samples, see Supplemental Fig. 6). The four most frequent
miRNAs from saliva equally or slightly overrepresented in
salivary glands were used as control: miR-375-3p, miR-
100-5p, miR-92-3p, and miR-275-3p (32.3% of the total
miRNA expression in saliva). All eight miRNAs were in the
top 10 expressed miRNAs in saliva.
We first defined the putative host gene targets of all the tick

miRNAs as those predicted by all three tested gene target pre-
diction programs. The overlap in target prediction of the
overrepresented miRNAs in saliva is shown in Figure 4A
and the saliva control set in Figure 4B. There were consider-
able differences between the two sets of target transcripts.
First, the overall number of putative targets was much lower
in the control set (Fig. 4D), which is surprising as, with the
exception of miR-275-3p, the other three miRNAs in the

FIGURE 3. Sequence reads from tick miRNAs were detected in pure tick saliva. (A) The relative proportion of RPM expression values between SG
(blue) and saliva (red) for the top 70 expressed miRNAs. (B) Overlap between the top 20 expressed microRNAs in saliva and SG: 12 miRNAs are
common to both SG and saliva. (C) Fraction of A and U nontemplated additions (NTAs) for SG, MG, and salivary samples. NTA(A), adenylation;
NTA(U), uridylation. There are marked differences between SG and MG. Salivary miRNAs show an even higher proportion of uridylated reads com-
pared to SG. MG, midgut; SG, salivary glands; 12, 12 h of feeding; 24, 24 h of feeding; 36, 36 h of feeding. (A) On the x-axis: adult ticks.
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FIGURE 4. The four saliva-overrepresented miRNAs are predicted to have many more target genes in the host than the control group. (A,B) Venn
diagrams that depict the degree of overlap in target host transcripts among the saliva-overrepresented miRNAs (A) and the control microRNAs (B).
(C) A network built exclusively from host proteins targeted by saliva-overrepresented miRNAs. (Black boxes) Host genes from the “gap junction”
KEGG pathway; (red boxes) genes from the “Inflammatory mediator regulation of TRP channels” KEGG pathway. (D) The total number of target
transcripts for the eight miRNAs (the four saliva-overrepresented miRNAs on the left and the four control miRNAs on the right). (E) Target proteins
for the four control miRNAs (no network formed).
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control set are common, evolutionarily conserved miRNAs,
i.e., they are endogenous to the mouse genome. Conversely,
all four tested saliva-overrepresented miRNAs should be con-
sidered tick-specific since miR-bantam-3p, mir-317-3p, and
miR-279a-3p were not present in any of the putative host
species, while miR-8-3p shared a seed sequence with only
some miR-200 members present in some hosts. Regardless,
the tick-specific miRNAs, in this case saliva-overrepresented
miRNAs, had more predicted target genes in the host than
those tick miRNAs with homologous sequences in the host
genome.
To reduce the number of false-positive predictions, we

next considered only host transcripts targeted by at least
three of the four tested tick miRNAs. A clear surprise was
that there were no significant KEGG pathways for the control
salivary gland miRNAs (Fig. 4E). In contrast, for saliva-over-
represented miRNAs, 36 KEGG pathways were enriched
for target genes (proteins) (Supplemental Table 8). Further-
more, the 460 target host proteins showed 147 physical inter-
actions (expected value 43; P-value 0), even considering
only interactions with the highest confidence (interaction
scores >0.9 versus algorithm default of 0.4). All proteins
targeted by at least three of four saliva-overrepresented
miRNAs (predicted by all three target prediction programs)
and that interacted physically with at least one other target
protein with very high confidence are shown in Figure
4C. Many of the detected KEGG pathways were highly rele-
vant to the tick–host interaction, such as “gap junction” and
“inflammatory mediator regulation of TRP channels” (10
and nine target proteins, respectively). Note that of the 460
predicted target host proteins, 109 showed physical interac-
tions with other target proteins (Fig. 4C) and all of the 10
gap junction and nine inflammatory mediator regulation
of TRP channel proteins (P≤ 8 × 10−7 and P≤ 3.2 × 10−6,
respectively).

DISCUSSION

Over half a century has passed since the first description of
arthropod saliva as a major mediator of disease–vector life cy-
cle success (Griffiths and Gordon 1952; Hudson et al. 1960).
Prostaglandin was identified over 40 years ago as the first
nonprotein constituent of tick saliva (Dickinson et al.
1976), and it was soon found to modulate host responses
(Ribeiro et al. 1985). In 1988, prostacyclin was shown to be
a nonprotein constituent of tick saliva related to host vasodi-
lation (Ribeiro et al. 1988), and in 2003 endocannabinoids
and related fatty acid amides in tick saliva were reported to
have analgesic and anti-inflammatory activities in the verte-
brate host (Fezza et al. 2003). More recently, the molecular
mechanisms of host modulation by tick salivary prostaglan-
din E2 and the purine nucleoside adenosine have been eluci-
dated (Sá-Nunes et al. 2007; Oliveira et al. 2011). Here we
present the first high-throughput analysis of the miRNA rep-
ertoire in I. ricinus (or any other disease vector species) saliva.

We also report for the first time that miRNAs represent an-
other class of nonprotein molecules at the tick–host interface
by reporting their detection through direct sequencing from
pure tick saliva.
Our in silico downstream analysis shows that the saliva-

specific microRNAs (those that are far more abundant in sal-
iva compared to salivary glands) show combinatorial effects
on the host targetome, i.e., many target genes in the same
host pathway are regulated by more than one saliva-specific
microRNA. This behavior cannot be observed in the control
set of microRNAs. These combinatorial effects of pathogen
microRNAs on host target genes that we report here for the
first time, may be of importance in evolutionary terms to
maintain a stable and secured regulation of certain host genes
and pathways that apparently are important in tick–host in-
teraction; single targets on the vertebrate host may get lost
rapidly because the tick microRNA target sites on the verte-
brate host are not protected by negative selection. According-
ly, from a tick’s perspective, only combinatorial effects on the
action of tick saliva microRNAs and redundant target genes
on the host can guarantee evolutionary robustness of the
tick feeding process. In addition, our in silico analysis sug-
gests that most saliva-specific microRNAs are not endoge-
nously present in the vertebrate host and can therefore
regulate a completely different set of host genes, which are
not under the control of host microRNAs in physiological
conditions. Finally, our analysis of nontemplated nucleotide
additions found in saliva versus those in salivary glands and
in the midgut suggest that they are secreted in exosomes
(Koppers-Lalic et al. 2014). Functional validation is now re-
quired to characterize the miRNA secretion mechanism and
their exact gene targets in the vertebrate host. These future
experiments should include a detailed analysis of each indi-
vidual salivary miRNA and their molecular targets andmech-
anism(s) of action in the vertebrate host.
Research has hitherto focused on tick salivary proteins, not

small RNA species. Indeed, thousands of proteins are pre-
dicted or experimentally confirmed as being present in tick
saliva (Mudenda et al. 2014; Schwarz et al. 2014; Tirloni
et al. 2014, 2015), and the functional analysis of a long list
of tick recombinant proteins with respect to their host mod-
ulatory activity is elegantly reviewed elsewhere (Kazimírová
and Štibrániová 2013; Wikel 2013). An emerging paradigm
is that tick salivary proteins show pluripotency and redun-
dancy in their action on the vertebrate host (Chmelar ̌ et al.
2016), i.e., the same tick salivary protein can target more
than one host homeostatic mechanism, and the same host
homeostatic mechanism may be targeted by more than one
tick salivary protein. Our analysis strongly suggests that tick
salivary miRNAs act in the same way, since each one is pre-
dicted to target more than one vertebrate host biological
pathway and each pathway of the host is predicted to be tar-
geted by more than one tick salivary miRNA. However, tick
miRNAs are nonproteinaceous so no host immune responses
can be directed against them.
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Some of the—predicted as—targeted host KEGG path-
ways such as “gap junction” and “inflammatory mediator
regulation of TRP channels” play a role in host homeostatic
response. Gap junctions are intercellular channels made of
connexin proteins, mediating both electrical and biochemical
signals between cells. Damage to peripheral nerves or the spi-
nal cord is often accompanied by neuropathic pain, which is a
complex, chronic pain state (Jeon and Youn 2015). The abil-
ity of gap junction proteins to regulate immune responses,
cell proliferation, migration, apoptosis, and carcinogenesis
makes them attractive therapeutic targets for treating inflam-
matory and neoplastic disorders in different organ systems
(Wong et al. 2017). TRP channels can be modulated indirect-
ly by inflammatory mediators such as PGE2, bradykinin,
ATP, NGF, and proinflammatory cytokines that are generat-
ed during tissue injury (Vay et al. 2012), and they play a role
in neuropathic pain (Marwaha et al. 2016). Our systems-
based approach will support many future research projects
that will aim to characterize the molecular mechanisms me-
diating the interaction between the vertebrate host and the
tick disease vector. These future studies should establish
how saliva-specific tick miRNAs modulate host responses
to support the long-lasting hematophagy of ticks on the ver-
tebrate host; but it is equally important to characterize these
novel small molecules as far as it concerns their interference
with miRNA-regulated pathways of the vertebrate host for
drug development and clinical application.

MATERIALS AND METHODS

Ethics statement

All animal experiments were carried out in accordance with the
Animal Protection Law of the Czech Republic (§17, 246/1992Sb)
and with the approval of the Akademie Ved Ceské Republiky
Ethics Committee (approval 161/2010).

Ticks, tissue dissection, total RNA isolation,
and sequencing

The same starting material (total RNA) as described in Kotsyfakis
et al. (2015b) was used. Briefly, 1080 nymphs and 420 adult females
and males were attached to experimental animals for feeding. Total
RNA was extracted from pooled tissue dissected from female adult
ticks and nymphal ticks feeding for 3 h periods up to 24 h (nymphs)
or 36 h (adults) to produce 10 samples: four samples at 0–12 h and
12–24 h for nymphal salivary glands (SG) and midguts (MG), re-
spectively, and six samples at 0–12 h, 12–24 h, and 24–36 h for adult
SG and MG, respectively. Tick saliva was produced as described in
Horká et al. (2009), and ticks were fed on rabbits for 6 d. It is tech-
nically impossible to produce a sufficient amount of pure tick saliva
(for direct total RNA extraction from pure saliva) from ticks fed on
animals for up to 36 h.

All the samples were prepared and sequenced using a 36-bp sin-
gle-end standard sequencing protocol on a Genome Analyzer IIx
(Illumina) following the manufacturer’s instructions. The sequenc-

ing libraries were prepared according to the TrueSeq Small
RNA Sample (Illumina) instructions. Clusters were generated using
the Illumina cluster station. Fluorescent images were processed to
sequences using Illumina Genome Analyzer Pipeline Analysis
software v1.8. All sequences were submitted to the NCBI, and the
corresponding Object IDs and URLs can be found in Supplemental
File 1.

Bioinformatics

After an initial sequencing quality control step in FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc), preprocess-
ing, mapping, and annotation were mainly conducted in
sRNAbench (Barturen et al. 2014) with customized scripts as neces-
sary. Briefly, the obtained sequence reads were 36 nt in length, but
many small RNAs are between 27 and 33 nt. When forcing the
detection of at least 10 nt of adapter as a typically used minimum
length, only RNA molecules of up to 26 nt can be resolved (read
length plus minimum adapter length). To detect all RNAs <36 nt,
we implemented iterative adapter detection and trimming. First,
the adapter was detected in the whole read, and, if not found, it
was then searched using iteratively shorter minimum adapter
lengths at the 3′ end. After adapter trimming, the reads were col-
lapsed into unique reads followed by read count assignment, i.e.,
counting the number of times that each unique read was sequenced.

Unique reads were then aligned simultaneously to 99 different ge-
nome assemblies or sequences representing all species that might
have contributed to our samples. Sequences included ticks (I. ricinus
and I. scapularis), several putative host species, tick-borne patho-
gens, and putative tick endosymbionts, viruses, and other bacteria
found in the I. ricinus microbiome (see Supplemental Table 1).
Read alignment was conducted in Bowtie (Langmead et al. 2009),
allowing one mismatch within the 20-nt seed region.

Based on the alignments, our goal was to assign each read to its
putative species of origin. We defined the “best mapping” as the
alignments with the lowest number of mismatches. If several
mappings had the same number of mismatches within the seed,
we attempted to disambiguate using the “longest alignment main-
taining the number of observed mismatches within the seed” as a
second criterion as described in Hackenberg et al. (2011). Even
so, the assigned reads sometimes best mapped to several species,
so we first labeled all reads that mapped to one of the two tick ge-
nomes (I. scapularis and I. ricinus) (Cramaro et al. 2015; Gulia-
Nuss et al. 2016) or the available I. ricinus transcriptome assemblies
(Kotsyfakis et al. 2015a) as of tick origin. To assign reads to other
organisms, we only allowed reads that mapped uniquely to another
category such as host, microbiome, parasites, endosymbionts, and
viruses. After assigning all reads to putative species of origin, we clas-
sified them into different RNA categories using the following anno-
tations: tRNAs predicted in I. ricinus using Aragorn (Laslett and
Canback 2004); I. ricinus transcriptome (Kotsyfakis et al. 2015a);
tRNAs predicted in I. scapularis and the noncoding RNA and
gene transcript annotations for I. scapularis, Pediculus humanus,
Rhodnius prolixux, Anopheles gambiae, Aedes aegypti, and Culex
quinquefasciatus downloaded from VectorBase (Giraldo-Calderón
et al. 2015); all eukaryotic tRNAs from a genomic tRNA database
(Chan and Lowe 2016); RNA sequences and categories from
RNAcentral (The RNAcentral Consortium 2015); and repetitive
and transposon sequences from RepBase (Bao et al. 2015).
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Novel miRNAs

Given that I. ricinus miRNA annotations do not exist, we used
sRNAbench and miRanalyzer (Hackenberg et al. 2011) to de novo
predict I. ricinusmiRNAs using our merged sequence reads. We fol-
lowed this approach because, given the large number of experimen-
tal conditions, it would be nearly impossible to first predict the
miRNAs in each individual sample and then merge or unify the re-
sults in a second step. Accordingly, in the first step, reads were
pooled from all experimental samples, and then only high-confi-
dence predictions/annotations in the complete sequence data set
were accepted. In a second annotation round, we successively
used all 10 samples for miRNA prediction, removing in each round
the previously predicted miRNAs so that they were not detected
again.
Novel miRNAs were also predicted based on the I. scapularis ge-

nome; however, in some cases, the I. scapularis pre-miRNA se-
quence was not identical to the I. ricinus sequence, given the
separate evolution from their last common ancestor. However, we
determined the correct I. ricinus mature miRNA sequence as the
one determined by our sequence reads. Therefore, in cases of se-
quence variation (mismatches) in the mature sequence between I.
scapularis and I. ricinus, we “corrected” the I. scapularis-derived
pre-miRNA sequence. In practice, this meant that for some novel
miRNAs predicted on the I. scapularis genome, the pre-miRNA se-
quences were hybrids (part of the mature miRNA sequence was al-
ways the I. ricinus sequence but the remaining pre-miRNA sequence
[not covered by our sequence reads] corresponded to I. scapularis).
Secondary novel RNA structures were predicted using RNAfold and
illustrated using the “forna” web server in the same ViennaRNA
package (Lorenz et al. 2011).

miRNA families and taxonomy

We assigned each novel miRNA to the taxonomic node of its first
appearance (based on phylogram analysis). We first downloaded
the NCBI taxonomy database to generate the full lineage for each
species and then assigned all predicted miRNAs to putatively ho-
mologous miRNAs in miRBase if (i) they had the same seed se-
quences defined as the sequences from nucleotides 2–8; (ii) the
overall alignment had fewer than four mismatches. Note that for
all novel miRNAs, both arms were supported by reads, so we defined
the functional arm (guide strand) as the one with a higher number
of homologous miRNAs in miRBase (more conserved sequence).
Also note that for most miRNAs the guide and passenger strand
were very different.

Differential expression and normalization

Our experimental design resulted in several possible comparisons:
(i) SG versus MG in adults, (ii) SG versus MG in nymphs, and
(iii) adults versus nymphs in SG.We used edgeR to determine differ-
ential expression between conditions (Robinson et al. 2010). Note
that in these comparisons, the different feeding time points are treat-
ed as biological replicates. Briefly, using sRNAbench’s differential ex-
pression module, we generated an expression matrix with the raw
read counts for input into edgeR to obtain differential miRNA ex-
pression. edgeR normalizes the data using the trimmed mean of
M-values (TMM) method. We also generated an expression matrix

with reads per million (RPM)-normalized expression values using
the “single assignment” procedure in sRNAbench. As a result, each
read mapping multiple times was only assigned once to the
miRNAwith the highest expression and only affected reads mapping
to several different reference sequences, i.e., normally miRNA se-
quences from the same family. The RPM values were obtained by di-
viding the read count of a givenmiRNA by the total number of reads
mapped to the miRNA library. Finally, feeding-regulated miRNAs
were defined as (i) at least twofold different RPM expression values
at 12 and 36 h; and (ii) a 24-h RPM value lying in-between.

Cluster analysis

Hierarchical clustering was performed using log10 transformed
RPM-normalized expression matrices as input data. The plots
were generated with the heatmap.2 function of the “gplots” R
package (https://cran.r-project.org/web/packages/gplots/gplots.pdf)
maintaining the default Euclidian distance metric and average link-
age clustering.

Target prediction of tick small RNAs and functional
in silico analysis

To predict the host genes regulated by tick miRNAs, we applied
TargetSpy (Sturm et al. 2010), MIRANDA (John et al. 2004), and
PITA (Kertesz et al. 2007) implemented in the miRNAconsTarget
program from sRNAtoolbox (Rueda et al. 2015). Only mRNA/
miRNA interactions predicted by all three programs were further
used. miRNA target prediction normally yields a high number of
false positives, but cross-species comparisons and combinatorial ef-
fects can decrease this number (Min and Yoon 2010). It cannot be
assumed that tick miRNA target sites are conserved in the host (due
to tick–host adaptations), so we applied only combinatorial effects
to increase target prediction quality. As a result, we analyzed the ef-
fect of sets of four miRNAs, considering only those transcripts tar-
geted by at least three out of four of these miRNAs. Lists of target
host genes were functionally characterized using the STRING web
server (Franceschini et al. 2013). To comply with the input format,
mouse transcript names were first converted to protein names with
the “Retrieve/ID mapping” tool (UniProt consortium) (Apweiler
et al. 2004). The networks of target genes and the KEGG pathways
significantly enriched for target genes were extracted using the
STRING output.

DATA DEPOSITION

All sequences were submitted to the NCBI (GenBank accession
numbers MF061606-MF061678) and the corresponding object
IDs and URLs can be found in Supplemental File 1.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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