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MicroRNAs (miRNAs) have appeared as important regulators of various biological
processes including development, cancer, immunity, and host—microorganism interactions.

Accumulating evidence demonstrates the differential expression of host miRNAs upon
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INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs of ~22
nucleotides that are produced by all animals and plants and some
viruses. The first two miRNAs (lin-4 and let-7) were identified
from Caenorhabditis elegans in 7 years apart from each other. Dis-
covery of miRNAs from various organisms has since accelerated,
with 16772 miRNAs known to date (miRBase v17.0; Kozomara
and Griffiths-Jones, 2011). Their primary function is regulation
of gene expression at post-transcriptional level. Remarkably, each
miRNA can potentially regulate expression of several different
transcripts (Friedman et al., 2009). Binding of miRNAs to comple-
mentary sequences (either partial or complete) in the mRNA of the
target genes may lead to inhibition of gene expression by degrada-
tion of mRNA or suppression of translation (Bartel, 2009). Recent
reports reveal that the interaction of miRNA with target sequences
may not always lead to the suppression of gene expression but in
certain instances may result in induction of gene expression (e.g.,
Orom et al., 2008; Chang et al., 2009; Ma et al., 2010; Hussain
etal, 2011). MiRNAs have been found to be involved in a variety
of pathways and biological processes in animals such as develop-
ment, cancer, immunity, longevity, and viral infections. In insects,
miRNAs have been isolated from various species (Table 1) and the
number is increasing as new ones are deposited in databases (see
miRBase for the latest list: http://www.mirbase.org).

A large number of miRNAs are conserved between insects and
other animals (Jia et al., 2010; Marco et al., 2010). For example, 73
out of 139 known C. elegans miRNAs share sequence homology
with miRNAs encoded by both Drosophila and human genomes
(Ibdnez-Ventoso et al., 2008). Thirty-eight miRNAs in Anopheles
gambiae have highly conserved homologs in Drosophila (Lai et al.,
2003) and 71 miRNAs are shared between D. melanogaster and
Aedes aegypti (Li et al., 2009). Arm shifting between 5" and 3" arms
of the precursor hairpins is believed to play a significant role in the
evolution of miRNAs in insects (Marco et al., 2010). For instance,
in Drosophila the 5 arm of mir-33 is the dominant product of the

infection by various microorganisms and the involvement of microorganism-encoded miR-
NAs in host manipulation. Some of these alterations could be part of a host response to
an infection to limit replication and dissemination of the microorganism or, conversely, due
to manipulation of the host miRNA pathway by the microorganism to facilitate its replica-
tion. Insights into the role of miRNAs in host defense responses and host manipulation by
microorganisms will enable a better understanding of host—-microorganism interactions.
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precursor miRNA, whereas in Tribolium castaneum the 3’ arm is
the dominant form (Marco et al., 2010). This also affects the target
profile of miRNAs in different species. Investigations in various
species, including insects, have shown that a large number of miR-
NAs are differentially expressed at various developmental stages
(Aravin et al., 2003; Mead and Tu, 2008; Yu et al., 2008; Chawla
and Sokol, 2011). Numerous functional studies carried out in D.
melanogaster and Bombyx mori have established the role of miR-
NAs in cell proliferation and development (Brennecke et al., 2003;
Jinetal.,2004; Liu et al., 2007), stress resistance and fat metabolism
(Xu et al., 2004), neurogenesis and neurodegeneration (Parrish
etal., 2009), cardiogenesis (Kwon et al., 2005), and muscle growth
(Sokol and Ambros, 2005). Only a limited number of studies have
demonstrated the role of miRNAs in host-microorganism interac-
tions, a topic that will be reviewed below after a brief introduction
to the biogenesis of miRNAs and miRNA—target interactions.

miRNA BIOGENESIS

Most miRNAs are derived from intergenic regions, from introns
of protein-coding genes or from exons of non-coding genes
(reviewed in Saj and Lai, 2011). miRNA genes are expressed
mainly by RNA polymerase II in the nucleus forming the pri-
mary miRNA (pri-miRNA; Figure 1). The size of the pri-miRNA
is variable, ranging from a few hundred base pairs to thousands.
The pri-miRNA may contain one or several stem—loop structures
that are cleaved from the stem by the nuclear RNase III type
enzyme Drosha in conjunction with its cofactor Pasha (equivalent
to the DGCRS protein in vertebrates). The Drosha—Pasha/DGCR8
protein complex was referred to as the Microprocessor complex
(Gregory et al., 2006). The cleavage results in the generation of the
hairpin precursor miRNA (pre-miRNA) which is ~70 nt (Winter
etal., 2009). In certain instances, miRNAs may be generated from
introns, without the involvement of Drosha, by splicing mech-
anisms that release the pre-miRNAs (Ruby et al., 2007). These
types of miRNAs are referred to as “mirtrons.”
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Table 1| Insect species with miRNAs reported on miRBase version 17
(www.mirbase.org).

Species No. of miRNAs
Acyrthosiphon pisum 123
Aedes aegypti 101
Anopheles gambiae 67
Apis mellifera 174
Bombyx mori 487
Culex quinquefasciatus 72
Drosophila ananassae 76
Drosophila erecta 81
Drosophila grimshawi 82
Drosophila melanogaster 238
Drosophila mojavensis 71
Drosophila persimilis 75
Drosophila pseudoobscura 21
Drosophila sechellia 78
Drosophila simulans 136
Drosophila virilis 74
Drosophila willistoni 77
Drosophila yakuba 80
Heliconius melpomene 2
Locusta migratoria 7
Nasonia giraulti 32
Nasonia longicornis 28
Nasonia vitripennis 53
Tribolium castaneum 206

Numbers given may represent conservative estimates since it is likely not all
miRNAs have been identified from these species.

Precursor miRNA are subsequently transported into the cyto-
plasm by Exportin-5. In the cytoplasm, the RNase III type enzyme
Dicer 1, together with the loquacious protein (equivalent to TAR
RNA binding protein in mammals, TRBP), excises the terminal
loop to produce a ~22 nt miRNA:miRNA* duplex. The passenger
strand, miRNA*, is usually degraded and the guide strand, miRNA,
becomes incorporated into the RNA-induced silencing complex
(RISC). However, in certain instances, the passenger strand may
also become incorporated into the RISC and interact with a target
(Sullivan and Ganem, 2005). Subsequently, the miRNA guides the
RISC complex to the target sequences.

miRNA-TARGET INTERACTION

The majority of miRNA binding sites are in the 3’ untranslated
region (UTR) of their target mRNA (Fabian et al., 2010). How-
ever, several recent studies have demonstrated that binding sites
may also reside in the open reading frame (ORF; Hussain et al.,
2008) or 5 UTR of target genes (Henke et al., 2008). Whilst
most reports have shown that miRNA—target interaction results
in negative regulation of the target gene, either by suppression of
translation or mRNA degradation (Lagos-Quintana et al., 2001;
Bushati and Cohen, 2007), recent reports have demonstrated that
the interaction may have a positive regulatory effect on the tar-
get by promoting transcription (Hussain et al., 2011), transcript
stabilization (Ma et al., 2010), or translation (Henke et al., 2008).

Host
genome

-
‘/?NA .

m7G
pri-miRNA

pre-miRNA

pre-miRNA  _momom)
J o
TRBP
miRNA:miRNA*
duplex

mature miRNA S &

l

SN

Translational mMRNA mRNA
repression degradation upregulation

m7G

FIGURE 1 | Canonical biogenesis of miRNA. miRNA genes are expressed
by RNA polymerase Il in the nucleus forming the primary miRNA
(pri-miRNA) which contains one or several stem-loop structures. The
stem-loop is cleaved by Drosha in conjunction with Pasha (= DGCR8 in
vertebrates). The resulting precursor miRNA (pre-miRNA) is transported into
the cytoplasm by Exportin-5 (Exp 5) where it is further processed by Dicer 1
in association with the loguacious protein (= TAR RNA binding protein in
mammals, TRBP) to produce a ~22 nt miRNA:miRNA* duplex. The
passenger strand, miRNA*, is usually degraded and the guide strand,
miRNA, becomes incorporated into the RNA-induced silencing complex
(RISC) containing the argonaute (Ago) protein. The miRNA-RISC complex
interacts with the target sequences leading to repression of translation,
mRNA degradation, or upregulation of transcript levels.

Contrary to plants, in animals complementarity of miRNAs
with their target sequences is partial (Brodersen and Voinnet, 2009)
which makes the determination of the targets a rather onerous
task. However, complementarity in the seed region (nucleotides
2-8) and the central region of the miRNA play significant roles
in target recognition (Bartel, 2009). The exact mechanism that
determines whether an interaction leads to mRNA decay or inhi-
bition of translation is still largely unknown. It is postulated
that highly complementary miRNA—target sequences may tend
to cause mRNA decay, although they are rare in animals (Broder-
sen and Voinnet, 2009). Most miRNA targets are predicted by
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bioinformatic analyses and a single miRNA can potentially target
over 300 different transcripts (Friedman et al., 2009). Therefore,
the miRNA—target in sillico prediction requires biological in vitro
and/or in vivo validation.

Following biogenesis, miRNAs are loaded onto Argonaute
(Ago) protein that constitutes a key component of RISC. Agos
have endonucleolytic RNase H activity that facilitates degrada-
tion of the target (Meister and Tuschl, 2004; Okamura et al.,
2004). In Drosophila, Agol has been shown to be essential for
miRNA-mediated target suppression, while Ago2 functions in
short interfering RNA (siRNA) pathway (Okamura et al., 2004).
Mismatches normally present in miRNA:miRNA* duplexes and
their 5" nucleotides are key factors in sorting miRNAs from siR-
NAs and their respective loadings onto Agol and Ago2 (Okamura
et al., 2009).

ROLE OF THE miRNA PATHWAY IN HOST-MICROORGANISM
INTERACTIONS

Pathogens have evolved various mechanisms to undermine the
host immune responses, including RNAi-type responses. Com-
parative studies in Drosophila species suggest that, in the arms
race between hosts and pathogens, the evolution of components
of the RNAIi response are under strong positive selections com-
pared to other components of innate immunity (Obbard et al,,
2006). Accordingly, genes involved in the siRNA pathway show
enhanced rates of sequence changes compared to miRNA path-
way genes. This was presumed to be due to more engagement
of the siRNA components in anti-viral responses compared to
miRNAs (Obbard et al., 2006). Furthermore, various viral sup-
pressors of RNAi have been reported from insect viruses (Berry
et al., 2009; Hussain et al., 2010), as well as other viruses, but
no suppressor of the miRNA pathway has been reported so
far (Bivalkar-Mehla et al., 2011). Evidence indicates that sup-
pressors of RNAi from insect viruses do not affect the miRNA
pathway (Van Rij et al., 2006; Berry et al., 2009). Therefore,
the literature is mainly enriched by reports on siRNA-mediated
anti-viral responses in insects. However, a number of miRNAs,
both from microorganisms and host cells, have been reported to
play important roles in host-microorganism interactions (Hus-
sain et al., 2008, 2011; Hussain and Asgari, 2010; Skalsky et al,,
2010). Microorganism-encoded miRNAs might be involved in the
regulation of microorganism replication and maintenance in the
host or subversion of host defense responses. Conversely, host
miRNAs may inhibit proliferation of microorganisms by target-
ing virulence genes or host genes critical to the microorganism.
The majority of studies have concentrated on the role of miRNAs
in host—virus interactions, predominantly in viruses that infect
vertebrates.

A gene that is highly conserved in plants and animals, Ars2, has
been shown to be involved in RNAi silencing mediating miRNA
and siRNA pathways (Laubinger et al., 2008; Gruber et al., 2009;
Sabin et al., 2009). In addition to the gene’s role in development
(Prigge and Wagner, 2001; Amsterdam et al., 2004), Sabin et al.
(2009) showed that the protein it encodes is involved in insect
anti-viral responses mediated by RNAi response. Drosophila cells
or flies with Ars2 loss of function were found to be more suscep-
tible to a variety of RNA viruses (VSV, Vesicular stomatitis virus;

DCV, Drosophila C virus; FHV, Flock house virus; SIN, Sindbis
virus). Based on these finding, Ars2 acts at upstream steps in RNA
silencing pathways. In the miRNA pathway, Ars2 seems to inter-
act with the Microprocessor complex and stabilize pri-miRNA
transcripts. In the siRNA pathway, Ars2 binds to Dicer-2 and pro-
motes cleavage of RNA substrates. Therefore, in the absence of
the protein, Dicer-2 is unable to competently cleave viral dsSRNA
sequences and hence virus replicates more efficiently (Sabin et al.,
2009). Although the role of the Ars2-mediated miRNA biogenesis
in anti-viral response in insects needs to be established, it is likely
that it overlaps with Ars2-mediated siRNA.

ROLE OF miRNAS IN HOST-MICROORGANISM
INTERACTIONS

APPROACHES TO IDENTIFY DIFFERENTIALLY EXPRESSED HOST
miRNAS FOLLOWING INFECTION

Several studies have shown differential expression of host miRNAs
following infection (e.g., Hussain and Asgari, 2010; Skalsky et al.,
2010; Zeiner et al., 2010; Dkhil et al., 2011; Hussain et al., 2011).
This could be due to intrinsic or extrinsic factors produced during
infection. Among extrinsic factors are regulatory small RNAs or
proteins produced by microorganisms that may influence the host
miRNA profile by targeting host miRNA genes or interfering with
the host RNA silencing pathways. Intrinsic factors could be signals
produced by the host following recognition of a foreign invader
or replication of a microorganism. Comparing miRNA expression
profiles in infected and uninfected tissues provides an overall pic-
ture of cellular miRNAs that change following infection with a
microorganism. Traditionally, comparisons were performed using
miRNA microarray analyses in which known miRNA sequences
from the host are printed on microarray chips and hybridized with
labeled RNA samples extracted from infected and control samples.
Results are then confirmed/validated by subsequent Northern blot
hybridizations or quantitative reverse transcription polymerase
chain reaction (qQRT-PCR). This approach is relatively cheap and
does not require bioinformatic analysis, but is limited by the avail-
ability of validated miRNA sequences and issues with non-specific
hybridizations. With advancements in next generation sequencing
platforms and reductions in the cost of performing deep sequenc-
ing of small RNAs, more and more studies utilize deep sequenc-
ing approaches to compare miRNA profiles of various tissues. A
limitation to this approach is the availability of both host and
microorganism genome sequences. In addition, analysis of results
requires in-depth bioinformatics analyses that may often be more
costly than the sequencing itself, especially if genome sequences are
not available. On the positive side, potential miRNAs encoded by
the microorganisms can also be identified using deep sequencing
approaches when small RNAs from infected tissues are sequenced.
However, when data from infected tissues/samples are analyzed,
there are two origins for the small RNAs (host and the microorgan-
ism) that need to be distinguished and microorganism-encoded
miRNAs that are expressed at low levels within host tissues need
to be quantified. Identification of differentially expressed miR-
NAs following infection is usually followed by identification of
their potential targets in the microorganism or the host genome
using available tools (e.g., using BLAST at NCBI and RNAhybrid;
Rehmsmeier et al., 2004).
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INSECT miRNAS INVOLVED IN HOST-MICROORGANISM INTERACTIONS
Although miRNA research in the area of insect host—
microorganism interactions has been limited, accumulating evi-
dences in vertebrates suggests that miRNAs play important roles,
including anti-pathogen responses targeting the microorganism
directly or altering the expression of host genes that are benefi-
cial to the microorganism (Pedersen et al., 2007; Cameron et al.,
2008; Xiao and Rajewsky, 2009). In addition, microorganisms may
manipulate host miRNAs to facilitate their replication or enter
into a latency phase (Umbach et al., 2008; Xia et al., 2008; Lei
et al., 2010). The manipulations might be very parasite species-
specific as one miRNA might be downregulated by one parasite
while upregulated by another closely related species (Zhou et al.,
2009; Zeiner et al., 2010).

In An. gambiae, the main vector of the malaria parasite Plas-
modium berghei, expression patterns of four miRNAs produced
in the midgut of the mosquito were altered following parasite
invasion (Winter et al., 2007). Three miRNAs, Aga-miR-34, aga-
miR-1174, and aga-miR-1175, were downregulated and one, aga-
miR-989, was upregulated. Their specific role in parasite invasion
is unknown. However, when Dicer 1, a key enzyme in miRNA bio-
genesis, was silenced by injection of dsRNA specific to the gene,
the number of Plasmodium oocytes increased significantly. Sim-
ilarly, depletion of Agol mRNA using RNAI led to an increase
in oocyte numbers. These results suggested that host miRNAs
might play key roles in anti-parasite responses and resistance of
An. gambiae to P. berghei, perhaps by regulating defense-related
host genes (Winter et al., 2007). Based on preliminary information
three potential target genes, cathepsin, betaTub60D, and dgll had
correlated expression patterns to the differentially expressed miR-
NAs following parasite invasions. However, further investigation
is required to determine the role of these miRNAs in Plasmod-
ium development and identify specific targets of the differentially
expressed miRNAs.

In Culex quinquefasciatus mosquitoes infected with West Nile
Virus (New York strain 99, WNVnyo9 ), the majority of miRNAs
were found unaffected relative to control mosquitoes (Skalsky
etal.,2010). However, a small number of miRNAs showed changes
in their expression levels. miR-989 expression exhibited 2.8-fold
downregulation whereas miR-92 expression was upregulated fol-
lowing virus infection (Skalsky et al., 2010). While the targets
of these two miRNAs are unknown, the role of these miRNAs
in association with development has been established (Winter
et al., 2007; Mead and Tu, 2008; Liu et al., 2009). In addition,
four other miRNAs, miR-957, miR-970, miR-980, and miR-33

showed alterations in their expression in WNVnyg9-infected
mosquitoes.

Heliothis virescens ascovirus (HvAV-3e, Ascoviridae) infection
in Helicoverpa zea fat body (HzFB) cells was found to induce dif-
ferential expression of a number of host miRNAs (Hussain and
Asgari, 2010). One of these miRNAs was found to target two genes
in HvAV-3e, ORF64, and ORF82, which code for proteins with
homology to eukaryotic RNA polymerase RPC2 and B subunits,
respectively (Figure 2). In the presence of synthesized Hz-miR-
24 mimic or ectopic expression of the miRNA, transcript levels
of both target genes were significantly decreased. Considering the
important role of virally encoded RNA polymerases in the expres-
sion of viral genes (especially late and very late genes in the infec-
tion cycle), targeting the genes by Hz-miR-24 would presumably
have a negative impact on viral replication/pathogenicity (Hus-
sain and Asgari, 2010). Interestingly, the relative concentration
of Hz-miR-24 declines transiently from 24 to 48 h post-infection
(Hussain and Asgari, 2010), which coincides with high abundance
of ORF64 and ORF82 transcript levels. However, later in infection,
concentration of Hz-miR-24 increases significantly which in turn
coincides with downregulation of ORF64 and ORF82 transcript
levels. This suggested that the virus has evolved a mechanism to
inhibit Hz-miR-24 production during a crucial period of the DNA
dependent RNA polymerase activity. An RNase III encoded by
HvAV-3e was shown to suppress RNAi-mediated gene silencing
by dicing siRNAs (Hussain et al., 2010); however, its role in inhi-
bition of the miRNA pathway, including Hz-miR-24, has not been
investigated.

Let-7 and miR-125 are ubiquitous conserved miRNAs that are
involved in various processes, including development, as shown
in B. mori and D. melanogaster (Sempere et al., 2003; Liu et al,,
2007). The expression levels of these miRNAs seem to be regulated
by 20-hydroxy-ecdysone (20-HE). In D. melanogaster, their higher
expression levels in late larvae and pupae correlate with increases in
20-HE levels (Sempere et al., 2003). In addition, 20-HE was shown
to facilitate the expression of anti-microbial peptides in the giant
silkworm, Hyalophora cecropia, and D. melanogaster (Roxstrom-
Lindquist et al., 2005; Garbuzov and Tatar, 2010). Garbuzov and
Tatar (2010) demonstrated that 20-HE may regulate expression of
the anti-microbial peptide diptericin via let-7 miRNA by inter-
acting with the 3’ UTR of the target gene and repressing its
translation. The authors proposed that let-7, induced at the same
time as diptericin by 20-HE, may set the limit on expression
levels of diptericin by negatively regulating it to set a threshold
for the anti-microbial peptide following immune induction. This
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FIGURE 2 | Schematic diagram of Heliothis virescens ascovirus (HvAV-3e) genome. HvAV-3e DNA polymerase (ORF1), and DNA dependent RNA
polymerase Il (ORF64; DARP) and RNA polymerase B subunit (ORF82) genes are targeted by HvAV-3e-encoded miRNA (HvAV-miR-1) and the host Hz-miR-24
miRNA, respectively. However, during early to late hours of infection, HvAV-3e reduces the expression of Hz-miR-24, a period critical for the expression of
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would avoid over-stimulation of the innate immune response and
regulate investment of resources in immune-related responses.

Wolbachia pipientis is an endosymbiotic bacterium that is wide-
spread in arthropods and nematodes. A recent meta-analysis esti-
mated that more than 65% of insect species harbor Wolbachia
(Hilgenboecker et al., 2008). Wolbachia enhances its transmission
in insect populations through a variety of reproductive manip-
ulations such as feminization of genetic males, parthenogenetic
induction, male killing, and sperm—egg incompatibility, referred
to as cytoplasmic incompatibility (CI; Dobson et al., 2004; Alexan-
darov et al., 2007; Werren et al., 2008; Brownlie et al., 2009). Recent
studies have also shown that some strains of Wolbachia provide a
protective effect to their hosts against RNA viruses. In Drosophila,
Wolbachia reduces infection levels of Drosophila C virus, Cricket
paralysis virus, Nora virus, Flockhouse virus, and West Nile virus
(Hedges et al., 2008; Teixeira et al., 2008; Glaser and Meola, 2010).
Recently, the wMelPop-CLA strain of Wolbachia was successfully
introduced into the mosquito Ae. aegypti in an effort to control
the populations of this major vector of Dengue virus (Mcmeniman
et al., 2009). Wolbachia was found to limit replication of Dengue
virus, Chikungunya virus, and avian Plasmodium in Ae. aegypti
(Moreira et al., 2009; Bian et al., 2010). The mechanisms that are
involved in Wolbachia-induced resistance against RNA viruses are
still largely unknown. However, recent studies have also shown
that wMelPop infection in Ae. aegypti leads to upregulation of
a large number of immune genes (Kambris et al., 2009; Moreira
et al., 2009), some of which are capable of regulating develop-
ment of Plasmodium in Anopheles (Kambris et al., 2009, 2010).
These studies reflect the potential importance of Wolbachia as a
potential biocontrol strategy for insect-transmitted diseases. How-
ever, very little is known about the molecular interactions between
Wolbachia and its hosts that might mediate reproductive manip-
ulations, life-shortening effects (Min and Benzer, 1997; Mcgraw
et al., 2002) and protection again RNA virus infection.

A recent study demonstrated that wMelPop infection alters
the miRNA profile of the host mosquito, Ae. aegypti (Hus-
sain et al., 2011). Based on microarray analysis of miRNAs, 13
Ae. aegypti miRNAs were differentially expressed in Wolbachia-
infected (+Wol) as compared to non-infected (—Wol) mosquitoes.
Two miRNAs, aae-miR-2940, and aae-miR-309a-2, were exclu-
sively expressed in +Wol mosquitoes and undetected in —Wol
mosquitoes by Northern blot analysis. In +Wol adult mosquitoes,
four other miRNAs, aae-miR-2943-1, -970, -308%, and -2941-2,
were significantly upregulated, whereas aae-miR-989, -210, and -
988 were downregulated. Bioinformatics and experimental target
analysis of aae-miR-2940 revealed the 3’ UTR of the mosquito’s
metalloprotease gene as the target of the miRNA. Interestingly,
expression of the metalloprotease target gene was induced in +Wol
Ae. aegypti adult mosquitoes and mosquito cell lines (C6/36 and
Aag?) infected with Wolbachia as compared to uninfected mos-
quitoes and cell lines. This positive interaction was also confirmed
following ectopic expression of the miRNA or transfection of syn-
thesized aae-miR-2940 mimics into mosquito cells independent of
Wolbachia infection. Presumably, by binding to the target mRNA,
aae-miR-2940 increases the stability of the target gene. Further-
more, silencing of the target gene in +Wol cells and mosquitoes
led to significant declines in the density of wMelPop. Similarly,

inhibition of aae-miR-2940 by synthetic inhibitors led to signifi-
cant reductions in Wolbachia density in +Wol cells. This suggested
that Wolbachia utilizes host miRNAs to manipulate host gene
expression to facilitate its maintenance.

INSECT PATHOGEN-ENCODED miRNAS

MicroRNAs may provide an effective arsenal to combat host
defense responses and facilitate replication of pathogens. Due to
their small size, miRNAs take little space on the pathogen genome
(particularly important for viruses), and can rapidly evolve by
small changes in their sequences (especially in the seed region)
to regulate novel targets. In addition, they do not seem to be
immunogenic (Dykxhoorn, 2007). Over 200 viral miRNAs have
been identified from viruses in total (infecting invertebrates and
vertebrates; Skalsky and Cullen, 2010). However, only a small
number of those are “insect” virus-encoded miRNAs.

An ascovirus-encoded miRNA (HvAV-miR-1) produced by
HvAV-3e was the first insect virus-encoded miRNA reported (Hus-
sain et al., 2008). HvAV-miR-1 was found to be processed from the
ORF encoding the major capsid protein (ORFI) transcript of the
virus (Figure 2). Although ORFI transcripts appeared around 24 h
after infection and were detectable for several days, HvAV-miR-1
was only detectable later in infection (from 96 h post-infection)
suggesting the presence of a mechanism which regulates biogenesis
of the mature miRNA from the primary transcript (ORFI mRNA).
HvAV-miR-1 was shown to direct transcriptional degradation of
DNA polymerase I encoded by the ascovirus by targeting its tran-
scripts and therefore regulating viral replication. When the miRNA
was ectopically overexpressed in host cells, DNA polymerase tran-
scripts significantly declined and consequently virus replication
was reduced (Hussain et al., 2008). Interestingly, miR-BART-2
from Epstein—Barr virus regulates DNA polymerase expression by
targeting its transcript (Pfeffer et al., 2004; Barth et al., 2008) which
suggests that virus-encoded miRNA regulation of virus replication
may be a general phenomenon.

Singh et al. (2010) identified a total of five miRNAs from Bom-
byx mori nucleopolyhedrosis virus (BmNPV). Stem—loop struc-
tures were first predicted by analysis of the virus genome and
expression of four of the predicted miRNAs was validated by
experiments. Bmnpv-mir-1 to -5 were all found to originate from
viral ORFs encoding cathepsin, chitinase, DNA-binding protein,
vp80, and alkaline exonuclease, respectively (Figure 3). Interest-
ingly, the miRNA sequences were found to be 100% conserved
among a number of other group 1 nucleopolyhedrosis viruses
clade analyzed (AcMNPV, Autographa californica nucleopolyhe-
drovirus; BomaNPV, Bombyx mandarina nucleopolyhedrovirus;
PxMNPV, Plutella xylostella multiple nucleopolyhedrovirus; RoM-
NPV, Rachiplusia ou multiple nucleopolyhedrovirus; MaviNPV,
Maruca vitrata multiple nucleopolyhedrovirus). However, the
expression of the homologs of Bmnpv-mirs in these viruses has
not been experimentally validated.

FUTURE PROSPECTS

RNA interference, involving siRNA and miRNAs, is an ancient
innate immune response toward foreign invaders, in particular
RNA viruses. Effects on the host transcriptome via alterations
in small RNA levels, suggest that miRNAs are very important
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in anti-microbial responses. These alterations could be due to
microorganism-encoded miRNAs, or RNA and protein effec-
tor molecules that can alter host miRNA machinery. Alterations
in host miRNA profile could also be due to microorganism
recognition and host response to infection.

Compared to vertebrates, there is very little known about the
role of miRNAs in invertebrate host-microorganism interactions.
However, accumulating evidence indicates that microorganism-
or host-encoded miRNAs are involved in these interactions,
providing a new and exciting dimension to the study of par-
asitism and host regulation in invertebrates. Many important
questions remain to be addressed to elucidate the role of miR-
NAs in microorganism-host interactions. For example, are miR-
NAs involved in immune activation and responses in insects? If
yes, are they possibly manipulated by microorganisms to facili-
tate their replication and maintenance? Are insect virus-encoded
miRNAs conserved among closely related viruses and how do
they map to virus evolutionary relationships? Do insect-encoded
miRNAs interfere with miRNA biogenesis or do they simply tar-
get host/viral genes only? Are microorganism-encoded miRNAs

expressed in both the invertebrate (vector) and the vertebrate hosts
or are they differentially expressed? Importantly, do miRNAs play
a role in virus—vector interactions in vector-borne pathogens that
pose a significant problem in global health.

Recent advances in next generation sequencing platforms con-
tinue to provide an opportunity for researchers to investigate fun-
damental questions regarding the role of miRNAs in invertebrate
biology, development and, in particular, host-microorganism
interactions. The interactions between microorganisms and insect
hosts have been the subject of extensive investigation aiming to dis-
cover novel and efficient approaches to reduce/disrupt pathogen
transmission, improve the efficacy of microbial control agents and
devise novel insect control strategies by manipulating their physi-
ology. miRNAs provide a novel and exciting future avenue to fulfill
these aims.
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