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Abstract

Pathogens induce the activation and suppression of several genes,
including potent immune response genes in Drosophila melanogaster.
Although several different immune response pathways have been shown
to play important roles in the defense against viruses, most of these
responses are virus-specific and there appears to be no pathway or set of
genes that are induced in response to all viruses. We have here identified
genes that are differentially expressed in Drosophila melanogaster in
response to Nora virus infection. Our results indicate that none of the
known immune response pathways are induced following Nora virus
infection, but among the upregulated genes we find three members of the
same family as CHKovl and CHKov?2 (ref(3)D), which are involved in
resistance to the o virus. Although Nora virus is a known target of the
RNAI pathway, none of the genes belonging to this antiviral system were
affected. On the contrary, known immunity responders, such as targets of
the Toll and Imd pathways, were downregulated. Several heat-shock
proteins, which are usually activated in response to external stimuli, are
induced during Nora virus infection. Strikingly, several stress response
genes, chaperones and genes required for repair were induced, while
digestive enzymes and proteins involved in nutrient uptake and transport
were shut down.



1. Introduction

Drosophila melanogaster is one of the principal models used to study the
interaction between arboviruses and insects because it can host a number
of clinically important viruses. The vast amount of genetic information
and resources available to study D. melanogaster has made it possible to
investigate the responses that occur in insects as a result of virus
infection. Unlike mammals, insects have to contest all pathogens using
their innate immune system and the genes involved in these ancient,
innate immune pathways are conserved between mammals and insects.
Several important discoveries in immunology, such as the Toll-receptor
and the peptidoglycan recognition proteins were initially found in D.
melanogaster before their homologues were discovered in mammalian
systems (Lemaitre et al., 1996; Werner et al., 2000).

The Nora virus is an enteric virus that causes non-pathological, but
persistent infection in D. melanogaster. It is a picorna-like virus, with a
positive strand RNA genome of 12333 nucleotides. Transcriptome
studies indicate that viruses related to the Nora virus infect several
different insect species ranging from dipterans to lepidopterans and
hymenopterans (Ekstrom et al., 2011; Jakubowska et al., 2014; Oliveira
et al., 2010; Sadanandan et al., 2016; van Mierlo et al., 2012; van Mierlo
et al., 2014). It has been shown that Nora virus is targeted by the RNAI
mechanism and that the virus encodes an inhibitor to RNA silencing in
the C-terminus of its VP1 protein (van Mierlo et al., 2012; Webster et al.,
2015). However, in a study conducted by Habayeb et al. (2009b) there
was no difference in the pathogenicity of the virus even in the absence of
known immune response pathways such as the RNAi pathway, Toll
pathway and the JAK-STAT pathway. This brings to question the actual
immune responses that are mounted by the fruit fly to challenge Nora
virus infection.

We conducted a transcriptional response study using RNA sequencing to
investigate the differential expression of genes in D. melanogaster
following Nora virus infection. Our results indicate that none of the
known antiviral immune responses are activated in response to Nora
virus infection. In fact, several known Toll and IMD pathway genes are
downregulated in our study. Several digestive enzymes are also
downregulated, while genes involved in stress and repair are over-
represented in the activated genes. Overall, our results indicate that
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known antiviral pathways are not induced in response to Nora virus
infection, although there might be an activation of JAK-STAT signaling
(via the up-regulation of Unpaired 3).

2. Materials and Methods

2.1 Establishing Nora virus infection in D. melanogaster

Six populations of Relish®> flies were maintained at 25°C on standard
mashed potato (Yang et al., 2015). Dechorionated syncytial stage
embryos collected from these flies were microinjected with either the
cDNA clone of the virus (in 3 replicate populations) or with PBS (in 3
replicate populations), following which the larvae from these injected
embryos were cultured on CuSO, containing fly food till they reached
the adult-stage. Total RNA was extracted from each of these six
populations and quantitative RT-PCR was used to determine virus titers.
This was done to ensure that the each replicate population of flies
injected with the cDNA clone carried Nora virus infection and that the
other 3 populations were free of infection. These flies were then cultured
for eight generations and the virus titer in each generation was
determined to warrant that no change occurred in the infection status of
these flies.

2.2 RNA sequencing

Eight generations after microinjection, 2.5-3 days old flies from the three
infected and the three uninfected Relish™ fly populations were dissected
and their midguts were collected in lysis buffer (component of Aurum
Total RNA kit from BioRad). Between 40-60 midguts were collected for
each fly population. Total RNA was extracted from each batch of
collected midguts and the quality of the RNA was verified on a 1.2%
non-denaturing TBE agarose gel by electrophoresis. Once the RNA was
confirmed to be of high quality, the 6 RNA samples were sent to the
National Genomics Infrastructure (NGI) facility in Uppsala, Sweden for
RNA sequencing.



2.3 Data analysis

The RNA sequences obtained from the NGI were quality-checked using
FastQC version 0.113 (Andrews, 2010) and were trimmed to 36-114 bp
length using Trimmomatic version 0.32 (Bolger et al., 2014). Trimmed
sequences were split using SAMtools version 1.2 (Li et al., 2009).
Sequence alignment was performed using Bowtie 2 version 2.2.9
(Langmead and Salzberg, 2012) and bwa version 0.7.12 (Li and Durbin,
2009). Four alignments were produced with Bowtie 2, using different
settings: default, option -b, local alignment and both option —b and local
alignment. Two alignments were produced using bwa, using the default
settings or option —b. Changes in transcript expression were compared
using cuffdiff (cufflinks 2.2.1 package) (Trapnell et al., 2010) and genes
that had rRNA in their annotations were masked using the Drosophila
genome annotation model 6.05. PANTHER classification system (Mi et
al., 2005; Thomas et al., 2003) accessed at http://pantherdb.org/ was used
to analyze the genes that were differentially expressed. FlyBase (Attrill
et al., 2016), accessed at http://flybase.org/, was also used to determine
the specific functions of each differentially expressed gene.

3. Results and Discussion

Analyzing the transcriptomes of hosts following infection with a viral
pathogen has aided in directing us towards those genes that are
differentially expressed under those circumstances. We therefore
investigated the effects of Nora virus infection on gene expression in the
midgut, which is the organ where Nora virus is normally propagating
(Ekstrom and Hultmark, 2016; Habayeb et al., 2009b). We performed
RNA sequencing on three populations of Nora-virus infected flies and
three populations of uninfected flies. Using the different settings in
Bowtie 2 and bwa we constructed 6 different alignments for the
sequences we obtained and we chose the genes that are differentially
expressed from these alignments based on the following criteria. 1)
Genes that displayed at least a 2-fold difference in the expression. 2)
Genes for which at least ten or more RNA molecules were detected in
either the infected or uninfected flies. 3) Genes that were indicated to
have a significant difference in the expression in all six alignments
produced. We could then identify 782 differentially expressed genes. To
further narrow down our analysis, we filtered our list of 782 genes to
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choose only those that were at least a 4-fold up- (79 genes, see
Appendix, Table 1) or downregulated (175 genes, see Appendix, Table
2) in Nora virus-infected animals. We used the PANTHER classification
system and FlyBase to analyze these genes based on the biological
processes they are involved in, their molecular function, protein class and
the pathways they function in.

3.1 Activated genes: Of the upregulated genes, 72 could be classified
based on PANTHER biological processes. Among these, 31 are involved
in metabolic processes and 12 in response to stimulus (Fig. 1). The
majority of them are related to stress responses and only 3 belong to
known immune pathways. When classified based on their molecular
function (Fig. 1), 22 of the 72 activated genes have catalytic activity.
These include the genes with ligase, oxidoreductase, transferase, enzyme
regulator, hydrolase and isomerase activities.

3.1.1 Metabolic processes: A majority of the genes that were either
upregulated or downregulated were involved in metabolic processes (Fig.
1 and Fig. 2). Among the 31 activated metabolic process genes, 16 are
involved in protein metabolism, 11 in lipid metabolism and 4 in
carbohydrate metabolism. Protein metabolism process contains genes
that perform proteolysis, translation, protein complex assembly, protein
folding and cellular protein modification. An overall increase of protein
metabolism may indeed be expected as an effect of Nora virus infection.
Viruses being obligate intracellular parasites require host cell functions
for their replication and survival, and we know that Nora virus
replication occurs at a very high rate (Habayeb et al., 2009a). The virus
has to successfully control the host translation machinery in order to
facilitate the translation of their own proteins and at the same time fend
off host innate defenses and stress responses. The replacement of
damaged endothelial cells may also require increased anabolic activity.

3.1.2 Heat shock proteins: The second most prominent biological
process represented in these results was response to stimuli (12 genes).
Among these are response to stress and response to toxic substance
genes. Genes such as those that encode the heat shock proteins (Hsp22,
Hsp23,CG7130 (Hsp40), Hsp70Bb, Hsp70Bbb, Hsp70Bc and Hsp70Ba),
which are chaperones or co-chaperones, involved in the process of
folding nascent proteins or re-folding denatured proteins, that are
important for responses to external stimuli (Alaraby et al., 2015; Gupta et
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al., 2005; Sharma et al., 2012), immune responses (Zhang et al., 2014)
and disease progression (Hrizo and Palladino, 2010; Maheshwari et al.,
2014), were upregulated in response to Nora virus infection. This may
reflect high levels of protein expression, or perhaps other types of stress.

The induction of heat shock proteins as a result of virus infections can be
either a direct or an indirect effect and this induction can either be
favorable or unfavorable to the host (Kim and Oglesbee, 2012). For
example, the induction of Hsp70 can either enhance virus gene
expression (Carsillo et al., 2006) or it may lead to the induction of innate
immune responses (Kono and Rock, 2008). Hsp70B displayed the
highest level of induction in A. gambiae infected with the O’nyong
nyong virus (ONNV). The attenuation of Hsp70 also increased the
replication of ONNV (Sim et al., 2005). Hsp23 was highly induced in
Drosophila S2 cells following FHV infection (Go et al., 2006). Heat
shock proteins have also been shown to play important functions in the
loading of siRNAs into the RNAi effector complex RISC. Since Nora
virus is known to encode an inhibitor to RNA silencing (van Mierlo et
al., 2012) and thus presumably is targeted by this immune response
pathway, the induction of heat shock proteins may indicate a downstream
role for RNA silencing. Heat shock proteins are also important in
responding to stimuli that causes tissue damage (Shakya et al., 2012;
Shukla et al., 2014 ). Although previous experiments conducted in our
lab have not been able to detect tissue damage or apoptosis in Nora virus
infected flies, it is still possible that severe Nora virus infection can cause
tissue damage to the midgut. The activation of heat shock proteins may
be an indication of such damage and eventual host responses. Heat shock
proteins are also involved in apoptosis (Takayama et al., 2003), which is
an important host cellular response against pathogens to restrict the
replication and systemic spread of the pathogen within the host (Barber,
2001).

3.1.3 Immune responses: None of the genes involved in the RNAI
pathways were affected by the Nora virus infection. However, three
members (CG11893, CG16898 and CG13659) of a family of genes that
encode ecdysteroid kinase-like enzymes were up-regulated. Several
members of this family are clustered at 96C-D, two of which (CHKovl
and CHKov2) are known to affect resistance to sigma virus infection



(Magwire et al., 2011). A sigma virus resistance factor, dubbed Ref(3)D,
had also previously been mapped to the same locus (Gay, 1978)

Of the known effectors or mediators of antibacterial and antifungal
immune responses only three were found to be induced in the infected
flies; upd3 (6.8-fold), Tep4 (5.6-fold) and Drosomycin (4.2-fold). The
upd3 gene encodes a cytokine that is associated with JAK stimulation in
the JAK-STAT pathway. The JAK-STAT signaling cascade is involved
in a number of biological functions such as development, immunity,
proliferation, differentiation and apoptosis (Amoyel and Bach, 2012;
Morin-Poulard et al., 2013; Myllyméki and Rdmet, 2014; Rawlings et al.,
2004; Yang et al., 2015). Interestingly, it has been shown that bacterial
gut infections induce secretion of the upd3-encoded cytokine from gut
cells. This activates JAK-STAT signaling in the visceral muscles, that in
turn control the regenerative activity in the gut epithelium, via EGFR
activation (Buchon et al., 2010; Osman et al., 2012). The induction of
upd3 may therefore indicate that damaged cells in the Nora virus infected
gut trigger a regenerative response in the same manner.

Tep4 belongs to the thioester-containing protein family of proteins
(Tepl-6), which are shown to have a role in innate immunity (Bou Aoun
et al., 2011; Lagueux et al., 2000; Stroschein-Stevenson et al., 2000).
Notably, the Tep genes are targets of JAK/STAT signaling in Drosophila
(Agaisse and Perrimon, 2004; Agaisse et al., 2003).

The Drosomycin gene encodes an important antifungal peptide
(Fehlbaum et al., 1994), which is independently regulated by the Toll-Dif
and Imd-Relish signaling cascades (Hedengren et al., 1999; Lemaitre et
al., 1996). It seems far-fetched to assume that drosomycin should have a
direct antiviral effect, but the peptide may of course help to prevent
microbial infection via the damaged gut. On the other hand, other
antimicrobial defense molecules are suppressed in the Nora virus-
infected animals (see below).

3.1.4 Detoxification: Five cytochrome P450 genes (Cyp6a2, Cyp6aS8,
Cyp6d2, Cyp9b2, Cyp28a5) and five glutathione S-transferase genes
(GstD1, GstD2, GstD3, GstD4, GstD5) are upregulated in Nora virus-
infected flies. Such enzymes play an important role in the detoxification
of toxic substances. Their role in the context of a Nora virus infection is
unclear.



3.1.5 Peptides of unknown function: Among the four most strongly
induced genes (>250-fold), three encode a group of related peptides:
(CG44142, CG34212 and CG45080). A fourth related gene (CG34211)
is encoded in the Drosophila genome but it is not represented in our
material. They all have an N-terminal predicted transmembrane region
and a short extracellular domain with two cysteine residues. The
modENCODE Tissue Expression Data indicates that all four peptides are
expressed in the adult digestive system and carcass. Uncharacteristically,
these peptides have not showed up in other transcriptome studies, except
CG44142 and CG34212, which were suppressed by cold treatment
(MacMillan et al., 2016).

3.2 Suppressed genes: There were more downregulated genes (175) as
compared to the upregulated ones (Fig. 2). A general observation is that a
majority of the downregulated genes represent common digestive
functions in the gut. PANTHER biological process classification could
be done for 170 of them, with metabolic processes representing the most
common class (70 genes). Out of the metabolic process genes, 27 are
involved in proteolysis. Interestingly, protein metabolism genes were
over-represented within the activated genes also. Genes involved in
localization, biological regulation, cellular processes and immune
response processes followed the metabolic process genes. On classifying
the genes based on their molecular function, a main part (59 out of the
total 170) were found to be involved in catalytic activity and 20 of these
catalytic activity genes were found to be serine-type peptidases.

3.2.1 Proteases: Several genes involved in catalytic activities are
downregulated (34.7% of 170 downregulated genes analyzed). Out of
these, 24 were proteases that included 20 serine proteases and 5
metalloproteases. The Jonah (Jon) and Trypsin (Try) gene families
encode gut-specific serine proteases of likely digestive function, and they
are heavily over-represented among the downregulated genes. Out of 17
annotated Jonah genes, ten are strongly suppressed (Jon25Bi, Jon25Bii,
Jon65Ai, Jonb65Aii, Jon66Ci, Jon66Cii, Jon99Ci, Jon99Ciii, Jon99Fi,
Jon99Fii) and the same is true for 7 out of 13 Trypsin genes (yTry, 0Try,
eTry, CTry, 0Try, CG30025, CG30031). Two Jonah proteases, Jon25Bii
and Jon25Bi are previously shown to be suppressed following Sigma
virus infection also (Carpenter et al., 2009).



3.2.2 Transporter proteins: Apart from proteases and other likely
digestive enzymes, transporter proteins represent another highly
represented category of downregulated genes. Of the 20 suppressed
transporter proteins, there were cation transporters, carbohydrate
transporters, protein transporters and lipid transporters. Many of them are
normally involved in the absorption and transport of nutrients from the
gut.

3.2.3 Immune responses: Two Lysozyme genes were strongly
suppressed, LysB and LysE. These enzymes are often discussed in the
context of immune responses, but the proteins encoded by these gut-
specific genes should probably be regarded as digestive enzymes (Daffre
et al., 1994; Hultmark, 1996). They participate in breaking down the cell
walls of the bacteria and fungi that provide the source of nutrients for
Drosophila. The same could be said about the gut-specific PGRP genes
(PGRP-SCla, PGRP-SC1b, PGRP-SC2) (Mellroth et al., 2003; Werner
et al., 2000), which encode enzymes that cleave the peptide cross-links of
bacterial cell walls. Their down-regulation fits well with the generally
suppressed digestive function in the infected gut. PGRP-SC2 was also
found to be repressed in the study conducted by (Carpenter et al., 2009)
in response to Sigma virus infection.

Paradoxically, several true effectors of the antimicrobial immune
response were also found among the genes suppressed by Nora virus
infection: the genes Cecropin Al, Cecropin A2 (Samakovlis et al., 1990),
Diptericin (Wicker et al., 1990), Defensin (Dimarcq et al., 1994),
Drosocin (Charlet et al., 1996), Attacin A, Diptericin B (Hedengren et al.,
2000), IM2 and IM4 all encode antimicrobial peptides. In response to
microbial infection they are jointly activated by the Imd and Toll
signaling pathways (Hedengren et al., 1999; Hedengren et al., 2000;
Lemaitre et al., 1996) (for the Diptericin gene mainly Imd, and for the
IM genes mainly Toll). The suppression of these genes is even more
surprising in light of our finding that Drosomycin is upregulated,
although that gene is also controlled by the Imd and Toll signaling
pathways. In the studies by Carpenter et al. (2009), and Dostert et al.
(2005a), investigating D.melanogaster transcriptional response to Sigma
virus and DCV respectively, none of the genes regulated by the Imd
and/or Toll pathways (CecropinAl, Diptericin, Drosocin, Drosomycin
and IM2) were differentially regulated. Interestingly, the gene Diedel3 is
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also suppressed. It is related to Diedel, which encodes a putative
cytokine that is a negative regulator of Imd or JAK/STAT signaling
(Coste et al., 2012; Lamiable et al., 2016).

The Pebpl gene (Rautureau et al., 2009), a Raf 1 inhibitor protein, which
is a part of the EGFR signaling pathway is also suppressed. This may be
related to the EGFR-dependent activation of gut epithelial regeneration
discussed above.

Finally, two Turandot genes, TotA and TotC (Ekengren and Hultmark,
2001; Ekengren et al., 2001) were also suppressed. Like the
antimicrobial effectors they can be induced by bacterial infection, but
their function and mode of induction is not well understood.

3.3 Caveat: Ten of the eleven most strongly suppressed genes are genes
that are otherwise only documented to be expressed in the male
accessory gland. This suggests a possible contamination of the dissected
midguts in the control sample by accessory gland tissue.

3.4 Comparison to other transcriptome studies: It has been reported
that Drosophila X virus infection activates the Toll pathway (Zambon et
al., 2005) and that Sigma virus infection activates the IMD pathway
(Tsai et al., 2008) (although (Carpenter et al., 2009) did not find evidence
to support this). Similar to the results obtained in a transcriptional
response to DCV infection study (Dostert et al., 2005b), neither the Toll
nor the Imd pathways appear to be upregulated in our analysis. On the
contrary, several Toll and Imd pathway genes are suppressed. It is
interesting to observe that these many antibacterial genes are
downregulated although the significance of this repression is not fully
understood. Gut microbiota have been observed to play important roles
in both the suppression and promotion of viral infection. Bacterial
populations in the gut are essential for the induction of the antiviral
ERK-signaling following DCV infection (Sansone et al., 2015; Xu et al.,
2013). However, intestinal microbiota can also promote enteric virus
replication and pathogenesis in mice infected with poliovirus (Kuss et al.,
2011). The successful transmission of mouse mammary tumor virus (a
retrovirus) depended on the commensal microbiota of mice intestine
(Kane et al., 2011). Since Nora virus infection appears to down-regulate
several antibacterial genes, one can speculate that the virus might be
utilizing gut-bacteria to its own advantage.

11



The differential gene expression in Drosophila melanogaster infected
with Nora virus has also been studied by Cordes et al. (2013). Their
results indicated several different genes with biological functions ranging
from chorion assembly, immunity, metabolic processes and
morphogenesis as being differentially regulated following Nora virus
infection. There are only 4 overlaps between our study and that
performed by Cordes et al. (2013). CG32302 and CG7298, which are
likely structural components of the peritrophic membrane, are
downregulated in both the studies. However, there is a mismatch in the
expression of two other likely peritrophic membrane components:
Muclla and CG13309, both of which are downregulated (4.1-fold and
24-fold respectively) in our study, while they were found to be
upregulated in their study. It is also surprising that Vago, the known
antiviral protein which shows a 2-fold induction in their experiment is
not differentially expressed at all in our work. These major differences
between these two studies could be due to a difference in the study
designs of both these experiments. While we used RNA from the
dissected mid gut of infected flies, the Cordes et al. (2013) study used
RNA from whole infected flies. There may also be other differences such
as the age of the flies used and the virus titers in the sampled flies.

4. Conclusions

Overall, there are two general themes in the transcriptional response of
D. melanogaster to Nora virus infection: A number of genes related to
cellular stress and to protein synthesis are upregulated and the basal
machinery of the digestive system is downregulated. Together with the
observed induction of upd3, this points toward major damage and
subsequent regeneration going on in the gut epithelium. The excretion of
Nora virus with the feces is very high in infected flies, over 10® per hour
(Habayeb et al., 2009a). If the virus is released by lysis of the infected
cells, it would not be too surprising to see a regenerative response in the
gut, as well as a shutdown of digestion. More surprising is that this has
so little effect on the fecundity and life span of the infected animals
(Habayeb et al., 2009a). One possibility is that the flies investigated here
were collected at an acute phase of the infection, after which homeostasis
is regained.
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The observed response does not involve the induction of many immune
response genes. There could be an induction of the JAK-STAT pathway,
due to the up-regulation of upd3, and this may have other protective
effects besides stimulating gut regeneration. However, it appears that
Toll and IMD signaling cascades are repressed in the event of Nora virus
infection. Although Nora virus is known to be targeted by RNAI (van
Mierlo et al., 2012), we did not observe any RNA silencing genes as
being activated.
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Fig. 1: PANTHER classification of activated genes based on biological
process and molecular function. Metabolic processes is the largest group
under the Biological processes classification with 31 out of the 72 genes
belonging to this class. Within the Metabolic processes, the primary metabolic
processes are over-represented. 16 out of the 30 primary metabolic process
genes are involved in protein metabolism. Under the Molecular function
classification, genes that perform catalytic functions are the major class. 13 out
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Appendix

Table 1: Genes that are activated in Nora virus-infected flies.

Gene_id

FBgn0264991
FBgn0085241
FBgn0032505
FBgn0266455
FBgn0031277
FBgn0034317
FBgn0031176
FBgn0004429
FBgn0039316
FBgn0028583
FBgn0010038
FBgn0000473
FBgn0010040
FBgn0033592
FBgn0029856
FBgn0264295
FBgn0264987
FBgn0031412

FBgn0036362

FBgn0001223
FBgn0015039
FBgn0004431
FBgn0037930
FBgn0262007
FBgn0053468
FBgn0085452
FBgn0031490
FBgn0260933

FBgn0001224
FBgn0027073
FBgn0034756
FBgn0053542
FBgn0030189
FBgn0037850
FBgn0033541
FBgn0035791
FBgn0010041
FBgn0005664
FBgn0037151
FBgn0037853
FBgn0040837

FBgn0031317

FBgn0262366

FBgn0033188

FBgn0041180

Symbol

CG44142
CG34212
CG16826
CG45080
CG13947
CG14499
CG1678
LysP
CG11893
Ics

GstD2
Cyp6a2
GstD4
CG13215
CG11700
CG43773
CR44138
CG16995

CG10725

Hsp22
Cyp9b2
LysX
CG14715
CG42825
CG33468
CG34423
CG17264
rempA

Hsp23
CG4302
Cyp6d2
upd3
CG2909
CG14695
CG12934
CG8539
GstD5
Crys
CG7130
CG14696
CG8620

CG5118
CG43064
Drat

Tep4

Gene name

CG44142

CG34212

CG16826

CG45080

CG13947

CG14499

CG1678

Lysozyme P

CG11893

la costa

Glutathione S transferase D2
Cytochrome P450-6a2
Glutathione S transferase D4
CG13215

CG11700

CG43773

CR44138

CG16995

CG10725

Heat shock protein 22
Cytochrome P450-9b2
Lysozyme X

CG14715

CG42825

CG33468

CG34423

CG17264

reduced mechanoreceptor
potential A

Heat shock protein 23
CG4302

Cytochrome P450-6d2
unpaired 3

CG2909

CG14695

CG12934

CG8539

Glutathione S transferase D5
Crystallin

CG7130

CG14696

CG8620

CG5118
CG43064

Death resistor Adh domain
containing target

Likely or known function, properties

Transmembrane (exported?) peptide®.
Transmembrane (exported?) peptide®.
Unknown, Drosophila-specific.
Transmembrane (exported?) peptide®.
Exported low-complexity peptide”.

Exported C-type lectin.

Exported low-complexity peptide”.

Digestion of bacterial and fungal cell walls.
ref(3)D-like".

Exported low-complexity peptide”.
Detoxification

Detoxification

Detoxification

Exported peptide. Unique to genus Drosophila.
Polyubiquitin.

Cytoplasmic peptide. Unique to genus Drosophila.
Non-coding transcript. Unknown function.

SCP/TAPS gene family, unknown function, possibly
peptidase.

Exported, chitinase-like. Digestion? Peritrophic
membrane?

Chaperone
Detoxification

Digestion of bacterial and fungal cell walls.

FKBP-type peptidyl-prolyl cis-trans isomerase. Chaperone.

Transporter.

Unknown function. Unique to genus Drosophila.
Mitochondrial ATPase inhibitor.

Unknown function. Unique to genus Drosophila.
Intraciliary retrograde transport.

Chaperone

UDP-glycosyltransferase. Glycoprotein synthesis.
Detoxification

Cytokine. Regulation of JAK-STAT.

Insect-specific protein. Unknown function.

Protein folding in endoplasmic reticulum.

Exported protein. Unknown function.
Metallocarboxypeptidase. Proteolysis.
Detoxification

Chitin-binding protein. Peritrophic matrix formation.
Dnal (Hsp40). Co-chaperone to Hsp70
Arrestin-like. G protein-coupled receptor signaling.

Cytoplasmic protein. Unknown function. Unique to
Drosophila.

Cytoplasmic protein with ankyrin repeats. Unknown
function.

Cytoplasmic protein with Leu-rich repeats. Unknown
function.

Similar to human fatty acid synthase. Nora virus-induced
(Cordes-2013).

Thioester-containing protein 4 Antibacterial humoral response. Opsonin.

22

Nora /
control

435.18
387.48
268.16
153.08
128.11
119.85
117.09
113.16
89.56
73.00
39.26
23.36
19.87
17.67
17.47
16.56
12.89

12.20

12.02
11.16
10.53
10.13
9.08
8.97
8.63
8.17
8.03

7.42
7.26
7.19
6.83
6.52
6.39
6.27
6.19
5.88
5.83
5.83
5.79
5.71

5.68
5.65
5.63

5.62



FBgn0031263
FBgn0013772
FBgn0034480
FBgn0013278
FBgn0038647
FBgn0039714

FBgn0261989
FBgn0051354
FBgn0032906
FBgn0030332
FBgn0013279
FBgn0259709
FBgn0040964
FBgn0040257
FBgn0035996
FBgn0051683
FBgn0035211

FBgn0033205
FBgn0013277
FBgn0053532
FBgn0036833
FBgn0035661

FBgn0267160
FBgn0028380

FBgn0020764
FBgn0028940
FBgn0010039
FBgn0010381
FBgn0031307

FBgn0031529

FBgn0038842

FBgn0001149
FBgn0039319
FBgn0052368

Tspo
Cyp6a8
CG16898
Hsp70Bb
CG14302
Zip99C

CG42807
Hsp70Bbb
RPA2
CG9360
Hsp70Bc
CG42363
CG18661
Ugt86Dc
CG3448
CG31683
€G2211

CG2064
Hsp70Ba
lectin-37Da
CG3819
CG10477

CR45600
fal

Alas
Cyp28a5
GstD3
Drs
MFS3

CG9662
hdly

GstD1
CG13659
CG32368

Translocator protein
Cytochrome P450-6a8
CG16898
Heat-shock-protein-70Bb
CG14302

Zinc/iron regulated
transporter-related protein
99C

CG42807
Heat-shock-protein-70Bbb
Replication protein A2
CG9360
Heat-shock-protein-70Bc
CG42363

CG18661

Ugt86Dc

CG3448

CG31683

C€G2211

CG2064
Heat-shock-protein-70Ba
lectin-37Da

CG3819

CG10477

CR45600
falten

Aminolevulinate synthase
Cytochrome P450-28a5
Glutathione S transferase D3
Drosomycin

Major Facilitator Superfamily
Transporter 3

CG9662
hadley

Glutathione S transferase D1
CG13659
CG32368

Outer mitochondrial membrane protein. Apoptosis.
Detoxification

ref(3)D-like".

Chaperone

Exported peptide. Unique to genus Drosophila.

Iron transporter. Moves iron from the cytoplasm into
Golgi.

Exported peptide. Unique to Diptera

Chaperone

DNA replication.

SDR family of oxidoreductases.

Chaperone

Small cytoplasmic protein. Unique to genus Drosophila.
DNA/RNA/histone/other protein methylation.
Glycoprotein synthesis.

DNA repair. Non-homologous end joining.

Group XV phospholipase A2. Lipid membrane metabolism.

Arg demethylation/Lys hydroxylation, splice factor,
histones.

Retinol dehydrogenase.

Chaperone

Exported calcium dependent lectin. Galactose binding
Exported, DNAse-like.

Serine protease, closely related to Jonah proteases.
Digestion.

Non-coding transcript. Unknown function.

Deoxynucleoside triphosphate triphosphohydrolase,
GTPase.

Cuticle barrier formation.
Detoxification
Detoxification

Antifungal peptide.

Sialin-like transporter. Transport of sialic acid from
lysosomes.

Oligosaccharyltransferase. Glycoprotein synthesis in
endoplasmic reticulum.

Remotely similar to extracellular mucins etc. Unique to
Diptera

Detoxification

ref(3)D-like".

Highly charged peptide. Unique to melanogaster
subgroup.

*Member of peptide family, including CG44142, CG45080, CG34212 and CG34211.
" Member of peptide family, including CG13947, CG1678 and lcs.
¢ Member of large cluster of related genes, also including sigma virus resistance factors CHKovl and CHKov2

(ref(3)D).
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5.53
5.47
5.47
5.42
5.40
5.26

5.19
5.17
5.16
5.11
5.05
4.83
4.76
4.75
4.62
4.54
4.53

4.50
4.48
4.41
4.39
4.37

4.34
4.29

4.28
4.24
4.24
4.16
4.14

4.07

4.06

4.05
4.02
4.01



Table 2:

Gene_id

FBgn0000046
FBgn0036024
FBgn0035780
FBgn0035611
FBgn0051463
FBgn0031561
FBgn0038878
FBgn0031143
FBgn0039114
FBgn0033826
FBgn0032494
FBgn0262035
FBgn0010497

FBgn0040732
FBgn0036659
FBgn0000079
FBgn0030999

FBgn0037620
FBgn0030005
FBgn0025709
FBgn0033913
FBgn0032449
FBgn0003357
FBgn0002939

FBgn0000406
FBgn0036996
FBgn0052407
FBgn0034429
FBgn0035264
FBgn0012042
FBgn0032069
FBgn0260000
FBgn0260027
FBgn0002571
FBgn0038973

FBgn0030928
FBgn0034292
FBgn0035933

FBgn0041630
FBgn0031998

FBgn0011556
FBgn0030777
FBgn0036927
FBgn0015591
FBgn0014469
FBgn0025676
FBgn0035663
FBgn0040069
FBgn0031930

Genes that are suppressed in Nora virus-infected flies.

Symbol

Act87E
CG18180
CG18417
CG13285
CG31463
IM33
C€G3301
CG1532
Lsd-1
CG4734
CG5945
CG42846
dmGlut

CG16926
C€G9701
Amy-p
Murl8B

ranshi
C€G2120
CG8083
CG8468
CG17036
Jon99Ciii
ninaD

Cyt-b5-r
mag
CG32407
CG18607
Oseg4
AttA
LManVi
CG17570
CG42495
Mal-A3
Pebp1

CG15044
CG5767
CG13309

Hexo1
SLC5A11

{Try
CG9672
CG7433
AstA
Cypde2
Ckllalpha-i3
CG6462
vanin-like
CG7025

Gene name

Actin 87E

CG18180

CG18417

CG13285

CG31463

Immune induced molecule 33
CG3301

CG1532

Lipid storage droplet-1
CG4734

CG5945

CG42846

Dietary and metabolic glutamate

transporter
CG16926

C€G9701

Amylase proximal
Mucin related 18B

ranshi
CG2120
CG8083
CG8468
CG17036
Jonah 99Ciii

neither inactivation nor
afterpotential D

Cytochrome b5-related
magro

CG32407

CG18607

Outer segment 4

Attacin A

Lysosomal a-mannosidase VI
CG17570

CG42495

Maltase A3

Phosphatidylethanolamine-
binding protein 1

CG15044
CG5767
CG13309

Hexosaminidase 1

Sodium/solute co-transporter-like

5A11

{Trypsin

CG9672

CG7433

Allatostatin A

Cytochrome P450-4e2
CKll-a subunit interactor-3
CG6462

vanin-like

CG7025

Likely or known function, properties

Cytoskeleton.

Antimicrobial defense.

Facilitates lipolysis.

L-glutamate import.

Starch digestion.

Chitin binding. Peritrophic matrix, or chitin
digestion.

Differential splicing control.

Serine protease, digestion.
Carotenoid transport.

Fatty acid desaturase.
Lipase. Digestion of dietary triglycerides.

Cilium assembly.
Antimicrobial defense.
Carbohydrate digestion.

Carbohydrate digestion.
Negative regulator of EGFR signaling.

Chitin binding. Peritrophic matrix, or chitin
digestion.

Protein deglycosylation.
Transports sugar across epithelia.

Serine protease, digestion.

Detoxification.

Biotinidase. Digestion.

Nora /
control

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.24
0.24
0.24
0.24
0.24

0.24
0.24
0.24
0.24

0.24
0.23
0.23
0.23
0.23
0.23
0.23

0.23
0.23
0.23
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22

0.22
0.22
0.21

0.21
0.21

0.21
0.21
0.21
0.21
0.20
0.20
0.20
0.20
0.20



FBgn0050025
FBgn0053965
FBgn0053105
FBgn0039342
FBgn0053966
FBgn0004047
FBgn0262357
FBgn0051674
FBgn0036106
FBgn0037714
FBgn0034490
FBgn0038542
FBgn0250836
FBgn0039778
FBgn0038702
FBgn0040958

FBgn0033792
FBgn0010359
FBgn0040653
FBgn0040959
FBgn0050031
FBgn0025583
FBgn0034761
FBgn0010358
FBgn0264603
FBgn0032946
FBgn0038098
FBgn0053346
FBgn0005391
FBgn0000565
FBgn0085195
FBgn0039777
FBgn0034437
FBgn0032981
FBgn0031560
FBgn0263748
FBgn0010388
FBgn0032068
FBgn0036767
FBgn0035666
FBgn0267472
FBgn0027348

FBgn0040813
FBgn0044812
FBgn0027560

FBgn0039760
FBgn0051076
FBgn0085358
FBgn0032066
FBgn0040099
FBgn0261675
FBgn0039313
FBgn0085330
FBgn0033820
FBgn0004425

CG30025
CG33965
p24-2
CG5107
CG33966
Yp3
CG43055
CG31674
CG6409
CG9396
CG9864
TyrR
CG8628
Jon99Fi
CG3739
Peritrophin-15b

CG13325
yTry

IM4
Peritrophin-15a
CG30031
M2
CG4250
8Try
CR43952
nrv3
CG7381
CG33346
Yp2
Eip71CD
CG34166
Jon99Fii
CG10051
CG3635
CG16713
CG43673
Dro
LManV
CG16775
Jon65Aii
CR45822
bgm

Nplp2
TotC
Tps1

CG9682
CG31076
Diedel3
LManlll
lectin-28C
Npcib
C€G11892
€G34301
CG4716
LysB

CG30025
CG33965
p24-related-2
CG5107
CG33966

Yolk protein 3
CG43055
CG31674
CG6409
CG9396
CG9864
Tyramine receptor
CG8628

Jonah 99Fi
CG3739
Peritrophin-15b

CG13325

yTrypsin

Immune induced molecule 4
Peritrophin-15a

CG30031

Immune induced molecule 2
CG4250

S8Trypsin

CR43952

nervana 3

CG7381

CG33346

Yolk protein 2

Ecdysone-induced protein 71CD

CG34166
Jonah 99Fii
CG10051
CG3635
CG16713
CG43673
Drosocin
Lysosomal a-mannosidase V
CG16775
Jonah 65Aii
CR45822
bubblegum

Neuropeptide-like precursor 2
Turandot C

Trehalose-6-phosphate synthase

1

€G9682

CG31076

Diedel3

Lysosomal a-mannosidase Ill
lectin-28C
Niemann-Pick type C-1b
C€G11892

€G34301

CG4716

Lysozyme B

Trypsin family. Serine protease, digestion.

Intracellular trafficking between the ER and Golgi.

Lipoprotein, vitellogenin, female-specific.

Neurotransmitter receptor.

Serine protease, digestion.

Chitin binding. Peritrophic matrix, or chitin
digestion.

Serine protease, digestion.
Antimicrobial defense.

Trypsin family. Serine protease, digestion.
Antimicrobial defense.

Serine protease, digestion.

Sodium/potassium transport.

Lipoprotein, vitellogenin, female-specific.

Peptide methionine sulphoxide reductase.

Serine protease, digestion.

Antimicrobial peptide.
Carbohydrate digestion.

Serine protease, digestion.

Very-long-chain acyl-CoA synthetase. Lipid
degradation.

Neuropeptide.
Stress-induced peptide.

Trehalose biosynthesis. Carbohydrate uptake.

Cytokine, negative regulator of Imd?
Carbohydrate digestion.

Lectin. Immune defense?

Lipid transporter. Steroid biosynthesis.

Digestion of bacterial and fungal cell walls.

0.20
0.20
0.20
0.19
0.19
0.19
0.19
0.19
0.19
0.18
0.18
0.18
0.18
0.18
0.18
0.17

0.17
0.17
0.17
0.17
0.17
0.16
0.16
0.16
0.16
0.16
0.16
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.14
0.14
0.14
0.14
0.14
0.14
0.14

0.14
0.14
0.13

0.13
0.13
0.13
0.13
0.12
0.12
0.12
0.12
0.12
0.11



FBgn0028945
FBgn0043575

FBgn0030615
FBgn0259237
FBgn0051091
FBgn0036043
FBgn0033292
FBgn0035781
FBgn0038412

FBgn0010425
FBgn0000277
FBgn0036948
FBgn0047334
FBgn0037786
FBgn0036262
FBgn0038652
FBgn0039591
FBgn0033327

FBgn0052751
FBgn0011555
FBgn0039800
FBgn0039312
FBgn0040606
FBgn0031654
FBgn0030148
FBgn0036831
FBgn0029990
FBgn0034160
FBgn0004428
FBgn0035667
FBgn0039768
FBgn0050090
FBgn0263080
FBgn0010385
FBgn0004045
FBgn0020906
FBgn0052656
FBgn0028948
FBgn0031562
FBgn0003358
FBgn0034784
FBgn0000276
FBgn0054034
FBgn0035006
FBgn0036953
FBgn0043576

FBgn0033097

FBgn0034197

FBgn0037996
FBgn0036952
FBgn0034783
FBgn0032067
FBgn0035887

CG7631
PGRP-5C2

Cyp4s3
CG42335
€G31091
CG8177
Cyp4ad1
CG8560
Zip89B

eTry

CecA2
CG7298
BG642312
CG5361
CG6910
CG7720
€G9988
PGRP-5C1b

CG32751
ITry
Npc2g
CG10514
CG6503
Jon25Bii
CG3106
CG6839
C€G2233
CG5550
Lyse
Jon65Ai
CG15533
CG30090
CG43348
Def

Yp1
Jon25Bi
MucllA
CG15253
CG3604
Jon99Ci
CG9826
CecAl
CG34034
CG4563
CG17145
PGRP-5Cla

Zip42C.2
Cda9

CG4830
CG6933
CG9825
LManlv
Jon66Cii

CG7631

Peptidoglycan recognition protein
sc2

Cytochrome P450-4s3
CG42335

€G31091

CG8177

Cytochrome P450-4ad1
CG8560

Zinc/iron regulated transporter-
related protein 89B

eTrypsin
Cecropin A2
CG7298
BG642312
CG5361
CG6910
CG7720
€G9988

Peptidoglycan recognition protein
SC1b

CG32751
ITrypsin
Niemann-Pick type C-2g
CG10514
CG6503
Jonah 25Bii
CG3106
CG6839
C€G2233
CG5550
Lysozyme E
Jonah 65Ai
CG15533
CG30090
CG43348
Defensin
Yolk protein 1
Jonah 25Bi
Mucin 11A
CG15253
CG3604
Jonah 99Ci
CG9826
Cecropin A1
CG34034
CG4563
CG17145

Peptidoglycan recognition protein
SCla

Zinc/iron regulated transporter-
related protein 42C.2

Chitin deacetylase-like 9

CG4830

CG6933

CG9825

Lysosomal a-mannosidase IV
Jonah 66Cii

26

Digestion of bacterial cell walls.

Detoxification.

Detoxification.

Zink/iron transporter.

Serine protease, digestion.
Antimicrobial peptide.
Peritrophic matrix.

Digestion of bacterial cell walls.

Serine protease, digestion.
Lipid transporter. Steroid biosynthesis.

Serine protease, digestion.

Digestion of bacterial and fungal cell walls.
Serine protease, digestion.

Antimicrobial peptide.

Lipoprotein, vitellogenin, female-specific.
Serine protease, digestion.

Mucin. Peritrophic matrix.

Serine protease, digestion.

Antimicrobial peptide.

Digestion of bacterial cell walls.
Zink ion transporter.

Chitin binding. Peritrophic matrix, or chitin
digestion.

Carbohydrate digestion.
Serine protease, digestion.

0.11
0.11

0.11
0.11
0.10
0.10
0.10
0.10
0.09

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.08
0.08

0.08
0.08
0.08
0.08
0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04

0.04

0.04

0.03
0.03
0.03
0.03
0.02



FBgn0264272
FBgn0035176
FBgn0028853
FBgn0004240
FBgn0034407
FBgn0052302

FBgn0028396
FBgn0028415
FBgn0028416
FBgn0035886
FBgn0004181
FBgn0011694
FBgn0259975
FBgn0261853
FBgn0011668
FBgn0031746
FBgn0011669
FBgn0036970

mwh
CG13905
CG15263
Dpt
DptB
€G32302

TotA
Met75Cb
Met75Ca
Jon66Ci
Peb

Pebll
Sfp87B
CG42782
Mst57Da
€G9029
Mst57Db
Spn77Bc

multiple wing hairs
CG13905

CG15263
Diptericin
Diptericin B
€G32302

Turandot A

Met75Cb

Met75Ca

Jonah 66Ci

Ejaculatory bulb protein

Ejaculatory bulb protein Il

Seminal fluid protein 87B
CG42782

Male-specific RNA 57Da
€G9029

Male-specific RNA 57Db
Serpin 77Bc
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Development, cell polarity.

Antimicrobial peptide.
Antimicrobial peptide.

Chitin binding. Peritrophic matrix, or chitin
digestion.

Stress-induced peptide.
Male-specific transcript.
Male-specific transcript.
Serine protease, digestion.
Male-specific transcript.
Male-specific transcript.
Male-specific transcript.
Male-specific transcript.
Male-specific transcript.
Male-specific transcript.
Male-specific transcript.
Male-specific transcript.

0.02
0.02
0.02
0.02
0.02
0.01

0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



