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Efficient RNA virus control in Drosophila requires
the RNA methyltransferase Dnmt2
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Drosophila use small-interfering RNA mechanisms to limit the
amplification of viral genomes. However, it is unclear how small
RNA interference components recognize and separate viral from
cellular RNA. Dnmt2 enzymes are highly conserved RNA
methyltransferases with substrate specificity towards cellular
tRNAs. We report here that Dnmt2 is required for efficient
innate immune responses in Drosophila. Dnmt2 mutant flies
accumulate increasing levels of Drosophila C virus and show
activated innate immune responses. Binding of Dnmt2 to DCV
RNA suggests that Dnmt2 contributes to virus control directly,
possibly by RNA methylation. These observations demonstrate a
role for Dnmt2 in antiviral defence.
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INTRODUCTION

Efficient immune responses are essential for the control and
elimination of infections with viruses and the survival of
the infected host. Recent work in Drosophila has revealed the
importance of small RNA processing machineries for virus
control [1,2]. In particular, the activity of Dicer-2 (Dcr-2) is
required for the production of virus-derived small-interfering
RNAs (vsiRNAs), which are loaded into Argonaute-2 to target
and cleave viral RNA genomes [3,4]. While Dcr-2 accepts long
double-stranded RNA substrates and dices these into vsiRNAs, it is
unclear where and how Dcr-2 detects and sorts its substrate RNAs.
Membrane compartments that are crucially important for viral
entry and replication [5] have also been linked to the activation
of innate immune responses [6,7] and small-interfering RNA
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pathway activity [8]. These observations suggest that siRNA-
mediated antiviral defence mechanisms evolve at the intersection
of cellular and endosomal membrane systems.

Dnmt2 genes have been strongly conserved during evolution,
suggesting a biological function that would justify long-term
evolutionary selection [9,10]. Although being annotated as DNA
methyltransferases, recent findings have established that Dnmt2
enzymes are transfer RNA methyltransferases [11] and that this
methylation becomes important under stress conditions [12,13].
To analyse the biological function of Dnmt2 in adult flies,
transcriptional profiling was performed. Several stress response
genes, including components of the Drosophila innate immune
system, were upregulated in Dnmt2 mutant flies. Accumulation
of (+) RNA viruses was associated with increased immune
responses in Dnmt2 mutants. Infection studies suggested that
Dnmt2 has a role in the acute immune response to Drosophila C
virus (DCV) infection by binding to and possibly methylation of
viral RNA. Our data indicate that Dnmt2 proteins are required to
control specific RNA viruses in Drosophila.

RESULTS

Adult flies with a null mutation in Dnmt2 are sensitive to heat and
oxidative stress [12]. To better understand this increased sensitivity
to heat stress, larvae were heat-shocked and the resulting adults
were scored for phenotypes. A significant increase of black spots
was detected in Dnmt2 null mutant flies (supplementary Fig STA,B
online). These spots resembled melanotic lesions, which
have been associated with upregulated immune responses in
flies [14,15]. Also, when Dnmt2 mutants were cultured under
sub-optimal conditions (for example, crowded population), they
regularly developed melanotic lesions (Fig TA). These observations
indicate that stress-induced signals caused increased immune
responses in Dnmt2 mutant animals.

To analyse the molecular effects of the Dnmt2 mutation, adult
wild-type and Dnmt2 mutant flies were compared using gene
expression micro-arrays. This analysis showed that 164 genes
displayed a robust and significant (fold change >2, P<0.05)
upregulation, whereas 121 genes showed a robust and significant
downregulation in Dnmt2 mutant flies (supplementary Table ST,
S2 online). Enrichment analysis revealed clusters of genes
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Fig 1|Increased stress and immune responses in Dnmt2 mutant flies. (A) Melanotic spots after keeping fly stocks under crowded growth conditions.
Third instar larvae, pupae and adults of wild-type (D2+/*) and Dnmt2 mutants (D2 /) flies are shown. (B) Enrichment analysis for >2-fold

males that can be linked to stress responses. Benjamani-Hochberg multiple hypothesis
correction P-value is displayed for two stress-related GO classifications and (X) marks genes that are associated with these terms. Last column includes
genes that are not associated with GO terms but can be linked to stress responses using annotation of the Flybase consortium (http://flybase.org/).

upregulated genes in Dnmt2 mutants relative to w

(C) Q-PCR analysis for immune response genes in wild-type (D2+/*), Dnmt2 mutant (D2

1118

— /-

) and transgenic rescue (D2-TG) flies at various time

points after hatching (3, 15 and 30 days). (D) Northern blotting for Drosocin and Metchnikowin from young (1 day) and aged (30 days) flies of the
genotypes as in (C). Rp49 was probed as loading control. RNA expression of genes in wild-type was set to 1 and normalized to rp49 messenger RNA
in individual experiments. Error bars represent s.d.’s from three biological replicates. P-values were determined by Student’s t-test (*P<0.05;
**P<0.01). GO, gene ontology; Q-PCR, quantitative PCR; rel., relative.
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Fig 21| Increase of (+) RNA viruses and bacteria in Dnmt2 mutant flies. (A) Q-PCR analysis for dsRNA Drosophila X virus, (—) RNA (Sigma) virus
and (+) RNA (Nora and DCV) viruses in wild-type (D2*/), Dnmt2 mutant (D2~/~) and transgenic rescue (D2-TG) and at various time points after
hatching (3, 15, 30 days). (B) Q-PCR analysis for Lactobacillus plantarum, Acetobacter tropicalis, Lactobacillus fructivorans and Acetobacter pomorum
in genotypes as in (A) flies 30 days after hatching. DNA content of bacteria in wild-type was set to 1 and normalized to rp49 content in individual
experiments. Error bars represent s.d.’s from three biological replicates. (C) Northern blotting for DCV genomes from aged (30 days) flies of the
genotypes as in (A). Cross-hybridization of the DCV probe with ribosomal RNA was used as loading control. (D) Western blotting for DCV capsid
from young (1 day) and aged (30 days) wild-type (D2+/*) and Dnmt2 mutant (D2 /") flies. Tubulin was probed as loading control. RNA expression
of genes in wild-type was set to 1 and normalized to rp49 mRNA in individual experiments. Error bars represent s.d.’s from three biological replicates.
Student’s t-test P-values are indicated (*P<0.05; **P<0.01). DCV, Drosophila C virus; dsRNA, double-stranded RNA; Q-PCR, quantitative PCR;

rel., relative.

associated with general stress response (for example, cytochrome
and glutathione S-transferase genes, Table S3) as well as with
immune response pathways (Fig 1B). Gene ontology (GO) term
analysis indicated that various processes that were associated with
the innate immune response and related stress pathways were
misregulated in Dnmt2 mutants (supplementary Fig S2A,B online).
Quantitative PCR analysis was used to validate the micro-array
data. Dnmt2 mutant flies showed significantly increased expres-
sion of genes in response pathways to microbes, fungi and viruses
that became more pronounced with age (Fig 1C). The expression
of anti-microbial peptide RNA in Dnmt2 mutants was also
confirmed by northern blotting (Fig 1D). Importantly, a fly line
that carries a transgenic Dnmt2—-EGFP construct in the Dnmt2
mutant background (D2-TG, [16]) showed gene expression levels,
which were similar to wild-type controls (Fig 1C, D) indicating the
rescue of the Dnmt2 mutant phenotype. These results confirm
the induction of innate immune responses in Dnmt2 mutants.

©2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Elevated expression of virus-induced genes (Fig 1B, C) indicated
that viruses were present in Dnmt2 mutant flies. As DNA viruses
have not been detected in Drosophila laboratory strains and
Dnmt2 is an RNA methyltransferase, we determined the levels of
naturally occurring RNA viruses in Dnmt2 mutant flies. While
the RNA levels of double-stranded (ds) Drosophila X virus and
single-stranded (—) Sigma virus were low and not affected by the
Dnmt2 mutation and age of the flies (Fig 2A), Dnmt2 mutants
contained high RNA levels of single-stranded (+4) RNA viruses.
Compared with wild-type flies, Nora virus and DCV levels were
increased between 100 and 3,000-fold, respectively, particularly
in older Dnmt2 mutant animals (Fig 2A). Transgenic rescue
flies (D2-TQ) carried viral RNA levels that were similar to wild-
type controls (Fig 2A). We also determined the bacterial load of
adult Drosophila using diagnostic quantitative PCR. Wolbachia
was not present in Dnmt2 mutant flies (data not shown). Further
analysis showed comparably moderate differences for three out
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of four dominant gut bacteria [17] between the tested genotypes
(Fig 2B). These results indicate that highly increased levels of (+)
RNA viruses rather than gut bacteria levels caused the upregulation
of innate immunity responses in Dnmt2 mutant flies.

DCV infection has been extensively studied in Drosophila [18].
Northern blotting confirmed full-length DCV RNA genomes in
30-day-old Dnmt2 mutant flies (Fig 2C), and western blotting
revealed significant amounts of DCV capsid proteins in
Dnmt2 mutants of this age (Fig 2D). These results indicate
that Dnmt2 mutants were unable to control DCV levels and
suggested a role for Dnmt2 in antiviral defence mechanisms.

The natural route for DCV infections is the digestive system. To
establish a physiological infection system, fly carcasses of 30-day-
old flies (donors) were fed for 24 h to freshly hatched (recipient)
flies (supplementary Fig S3A online). In a first set of experiments,
Dicer-2 mutants (Dcr-2t8175X) served as recipients, because Dcr-2
has been shown to be important for the restriction of viruses in
Drosophila [4]. Infection with DCV supplied by donors
(supplementary Fig S3B online) was monitored using quantitative
PCR at two time points (1 and 10 days after feeding). Dcr-2 mutant
recipients showed slightly increased DCV RNA levels at day 1
after infection with wild-type or D2-TG donors (supplementary Fig
S3C online). In contrast, Dnmt2 mutant donors caused a 250-fold
increase of DCV RNA in Dcr-2 mutants (supplementary Fig S3C
online). Importantly, at day 10 after infection with Dnmt2 mutant
donors, Dcr-2 mutant recipients had accumulated 12,000 times
more DCV RNA than control recipients (Fig S3C online). These
results confirm that infection-by-feeding (oral infection) can be
used to propagate DCV in flies with compromised antiviral
defence mechanisms.

To analyse the function of Dnmt2 in DCV suppression, wild-
type, Dnmt2 mutant and D2-TG recipients were fed with Dnmt2
mutant donors (supplementary Fig S3B online). DCV levels in
recipient flies were comparable at the time of hatching
(supplementary Fig S3D online). Wild-type recipients suppressed
DCV levels efficiently with only residual virus detectable after
feeding with Dnmt2 mutant donors (Fig 3A, left). In contrast,
Dnmt2 mutant recipients showed significant amplification
of DCV RNA (10,000 to 35,000-fold, Fig 3A, middle). DCV
levels in D2-TG recipients were similar to wild-type controls,
thus confirming that DCV suppression was Dnmt2-dependent
(Fig 3A, right). Northern blotting (10 days after infection) showed
full-length DCV RNA genomes in Dnmt2 mutant but not in wild-
type recipients (Fig 3B). Western blotting also confirmed that
infected Dnmt2 mutant recipients contained more viral capsid
protein if compared with wild-type and D2-TG recipients
(Fig 3C). To further demonstrate a role for Dnmt2 in the control
of DCV infection, we used purified DCV to challenge young
animals by intra-thoracic injection. Using this approach, we
found that Dnmt2 mutants succumbed more rapidly to the
infection than transgenic rescue controls (D2-TG, Fig 3D). These
results clearly show that Dnmt2 is required for the efficient
control of DCV in Drosophila.

To test whether Dnmt2 directly affects the accumulation of
DCV, recipients that overexpressed Dnmt2 (supplementary
Fig S4A online) were used in oral infection experiments.
Expression of Dnmt2 under the ubiquitin promoter in the
wild-type background (w''"8; pUbq>> Dnmt2-EGFP; D2-OF)
suppressed DCV RNA levels during the infection with Dnmt2
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mutant donors (supplementary Fig S4B online). Importantly,
recipients that expressed a catalytically inactive Dnmt2 (point
mutation in motif 1V) under the same promoter but in the Dnmt2
mutant background (Dnmt2%%; pUbq>> Dnmi2-cat™@nFLAG;
D2-catA) also suppressed DCV but not as efficiently as
catalytically active Dnmt2 (supplementary Fig S4C-E online). To
further analyse the contribution of the catalytic activity of
Dnmt2 to virus control, we challenged these transgenic flies with
purified DCV by intra-thoracic injection. We found that D2-catA
flies succumbed more rapidly to the infection than D2-OE
flies (Fig 3E). These results show that Dnmt2 is necessary
and sufficient to suppress DCV levels and indicate that the
cytosine-5 methyltransferase activity of Dnmt2 contributes to
Dnmt2-mediated DCV control.

Gene expression analysis for anti-microbial genes and the DCV-
induced gene, vir-1, after oral infection with Dnmt2 mutant
donors showed rapid upregulation of immune response genes in
control, but not in Dnmt2 mutant recipients (Fig 4A). Northern
blotting also confirmed that wild-type but not Dnmt2 mutant
recipients expressed high RNA levels of the immune-inducible
peptide Metchnikowin at day 1 after infection (Fig 4B). In contrast,
Dnmt2 mutant recipients showed significantly increased immune
responses only at day 10 after oral infection (Fig 4A). Importantly,
at this time, wild-type and D2-TG recipients had efficiently
downregulated the initial immune response (Fig 4A). These results
indicate that Dnmt2 function is important during the acute phase
of immune system activation.

To further explore the function of Dnmt2 during acute
infection, Dnmt2 localization was analysed in infected gut tissues.
To this end, transgenic rescue flies (D2-TG) were used, which
express Dnmt2-EGFP at comparable levels to wild-type flies
(supplementary Fig S4E online). While Dnmt2-EGFP was ubiqui-
tous in controls, feeding Dnmt2 mutant donors caused the
accumulation of Dnmt2-EGFP into distinct cytoplasmic macro-
molecular structures (Fig 4C). This observation indicates that
relocalization of Dnmt2 is important for its function during the
response to infection.

Finally, the interaction of Dnmt2 with DCV was tested using
RNA immunoprecipitation (RIP) with EGFP nanobodies after
infection of D2-TG recipients with Dnmt2 mutant donors. Control
RIP was performed on infected flies, which expressed EGFP from
the ubiquitin promoter (Ubq::EGFP). The specificity of RIP was
confirmed by analysing the precipitate for tRNA-AspGTC, which is
a substrate of Dnmt2. The analysis showed that Dnmt2—-EGFP
complexes specifically interacted with tRNA-Asp©TC and with at
least three regions of the DCV RNA genome (Fig 4D). These results
indicate that Dnmt2 is associated with DCV genomic RNA and
suggest direct interactions of Dnmt2 with viral RNA.

DISCUSSION

Eukaryotic cells induce the innate immune system after detecting
parts of a pathogen such as RNA, DNA or specific surface
molecules of microbial and viral stressors. Vertebrates have
developed an intricate system of membrane-based receptors,
which can distinguish and bind various polynucleotides on the
basis of their termini and structure [19-21]. Invertebrates share
such receptor-based detection but additionally use RNA-mediated
interference-based mechanisms, which limit the amplification of
viral RNA genomes and RNA-based intermediates of replicating
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Fig 3| Dnmt2 is required to suppress DCV accumulation. (A) Q-PCR analysis for DCV in wild-type (D2*/+), Dnmt2 mutant (D2~/~) and transgenic
rescue (D2-TG) recipients after feeding with yeast or donors (x axis) and two incubation periods (1 or 10 days). (B) Northern blotting for DCV in
wild-type (D27/*) and Dnmt2 mutant (D2 ~/~) recipients after feeding with yeast or donors as described in (A). Rp49 was probed as loading control.
(C) Western blotting for DCV capsid from wild-type (D2*/*) and Dnmt2 mutant (D2 /) recipients after feeding with donors and incubation
periods as described in (A). Tubulin was probed as loading control. RNA expression of virus was set to 1 in non-infected (ctrl) and normalized to
rp49 mRNA in individual experiments. Error bars represent s.d.’s from three biological replicates. P-values were determined by Student’s t-test
(**P<0.01). (D) Lethality of wild-type (D2*/*) and Dnmt2 mutant (D2 /) flies challenged with purified DCV (2 x 10* virus particles per pl)

by intra-thoracic injection. A representative of three experiments is shown; D2/~ and D2-TG (ctrl) P=0.533; D2/~ and D2-TG (DCV) P = 0.000034
by log-rank test. (E) Lethality of flies that overexpress Dnmt2 (D2-OE) and flies overexpressing a catalytically inactive Dnmt2 (D2-catA) challenged
with purified DCV (2 x 10* virus particles per pl) by intra-thoracic injection. A representative of three experiments is shown; D2-OE and D2-catA
(ctrl) P=1; D2-OE and D2-catA (DCV) P=0.005 by log-rank test. DCV, Drosophila C virus; Q-PCR, quantitative PCR; rel., relative.

virus. As pattern recognition receptors can also detect the Our findings support this notion and implicate the RNA
modification status of nucleic acids [21-23], it is conceivable = methyltransferase Dnmt2 in the activation of the innate immune
that host-induced modification of viral RNA genomes facilitates  system during (+) RNA virus infections. This conclusion is based
their detection and contributes to efficient antiviral mechanisms. ~ upon the observation that immune peptides are induced in
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(C) Immunofluorescence images of fixed Drosophila hindgut tissue from D2-TG recipients after feeding with yeast alone (yeast) or Dnmt2

mutant (D2~/~) donors followed by an incubation period of 1 day. The border between lumen and gut cells is shown. Dnmt2-EGFP fusion protein
was visualized using antibodies against EGFP (white in upper panels, green in lower panels). DNA is shown in red. (D) Schematic illustration of the
DCV RNA genome with three primer sets used for the analysis of RIPs. Agarose gels show the results of RIP from control (Ubq:EGFP) and D2-TG
(D2-EGFP) recipients after continuous feeding (72h) with Dnmt2 mutant donors. Both samples contained tRNA-AspCTC (grey arrowhead) and DCV
in the input fraction. After RIP, only Dnmt2-EGFP complexes contained tRNA-Asp®TC (grey arrowhead) and DCV. RNA expression was set to 1 in
non-infected recipients (ctrl) and normalized to rp49 mRNA in individual experiments. Error bars represent s.d.’s from three biological replicates.
DCV, Drosophila C virus; Q-PCR, quantitative PCR; RIP, RNA immunoprecipitation; rel., relative.

wild-type but not in Dnmt2 mutants after oral infection. Addition-
ally, the relocalization of Dnmt2 into distinct macromolecular foci
in gut cells suggests compartmentalized activity of Dnmt2 during
this phase of infection. The observation that high levels of non-
functional Dnmt2 are unable to efficiently suppress DCV after oral
infection and that these flies are more sensitive to intra-thoracic
infections using pure DCV suggests a role for RNA methylation in

274 EMBO reports VOL 14 | NO 3| 2013

the process. An analysis of the RNA methylation status of the DCV
genome is complicated by the suppression of viral genomes through
Dnmt2 activity and needs to be addressed in future studies. It has
also been reported that Dnmt2 can bind tightly to DNA without
methylating it [24]. It is therefore also conceivable that Dnmt2
presents viral RNA to innate immunity receptors or RNA processing
enzymes to control specific RNA viruses in Drosophila.

©2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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METHODS

Fly husbandry and phenotypic analysis. Flies were usually main-
tained on standard medium at 25° C, 60% humidity, under a 12-h
light—dark cycle. For culturing flies under crowded conditions, flies
were allowed to hatch but were not removed from the vials. These
flies reproduced and finally succumbed to the crowded conditions.
Developing larvae were feeding not only on medium but also on
carcasses of the parental generation. Larvae, pupae and adults arising
from this generation were scored for melanotic inclusions.

Gene expression analysis. RNA was isolated from two biological
replicates (50 male flies per replicate, non-stressed, 15 days after
hatching) per genotype (w8 and Dnmt2%? [12]) and analysed for
gene expression using the Drosophila Gene Expression Microarray
4 x 44K  (Agilent Technologies). Sample preparation and
hybridization were performed according to the manufacturer’s
instructions. Gene expression array raw data were preprocessed
and analysed using Chipster v1.4. Data were filtered for
significance (Student’s t-test) and analysed using DAVID 6.7
(http://david.abcc.ncifcrf.gov/) and tools provided by the GO
consortium (http://www.geneontology.org/).

Protein extraction and western blotting. Twenty adult flies were
homogenized in 1 volume of RIPA buffer and incubated at 4 °C for
10 min. Cells were disrupted by 20 strokes in a douncer, followed
by passing the extract 10 x through a syringe needle (G20),
followed by centrifugation. Fifty micrograms of total protein
extracts were analysed by 10% SDS-PAGE. Western blotting was
performed using antibodies against DCV capsid (chicken;
1:25,000) and Tubulin (mouse DM1A; 1:10,000; Sigma).

Fly infection by feeding. Inoculation experiments were performed
with crude extracts from 200 mg of w''"8, Dnmt2%9, D2-TG flies.
After homogenization in 500 pul H,O, carcasses were mixed with
500l yeast paste. This mix (donors) was used for feeding of
freshly hatched flies (recipients). After 24 h, flies were transferred
to standard Drosophila medium and RNA was isolated at specified
time points.

Intra-thoracic injections. DCV was purified and used for intra-
thoracic challenge of groups of 20 flies (4—7-day-old) as previously
described [25]. Mortality was monitored as a function of time.
A log-rank test was used to determine significance.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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