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ABSTRACT Serine proteases and serine protease homologs form the second largest
gene family in the Drosophila melanogaster genome. Certain genes in the Jonah
multigene family encoding serine proteases have been implicated in the fly antiviral
immune response. Here, we report the involvement of Jonah66Ci in the Drosophila
immune defense against Steinernema carpocapsae nematode infection. We find that
Drosophila Jonah66Ci is upregulated in response to symbiotic (carrying the mutualis-
tic bacterium Xenorhabdus nematophila) or axenic (lacking Xenorhabdus) Steinernema
nematodes and is expressed exclusively in the gut of Drosophila larvae. Inactivation
of Jonah66Ci provides a survival advantage to larvae against axenic nematodes and
results in differential expression of Toll and Imd pathway effector genes, specifically
in the gut. Also, inactivation of Jonah66Ci increases the numbers of enteroendocrine
and mitotic cells in the gut of uninfected larvae, and infection with Steinernema
nematodes reduces their numbers, whereas the numbers of intestinal stem cells are
unaffected by nematode infection. Jonah66Ci knockdown further reduces nitric oxide
levels in response to infection with symbiotic Steinernema nematodes. Finally, we
show that Jonah66Ci knockdown does not alter the feeding rates of uninfected Dro-
sophila larvae; however, infection with axenic Steinernema nematodes lowers larval
feeding. In conclusion, we report that Jonah66Ci participates in maintaining homeo-
stasis of certain physiological processes in Drosophila larvae in the context of Steiner-
nema nematode infection. Similar findings will take us a step further toward under-
standing the molecular and physiological mechanisms that take place during
parasitic nematode infection in insects.
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rosophila melanogaster is an established model for dissecting the molecular and
cellular basis of host-pathogen interactions (1). Extensive studies have led to the
identification and understanding of evolutionarily conserved signaling pathways that
are activated in response to different types of microbial infections (2-4). Drosophila has
been employed recently to dissect the molecular mechanisms that occur in insects
responding to parasitic nematode infections (5-8). The Drosophila immune system
shares significant homology to the mammalian innate immune system, which facilitates
modeling parasitic processes and antinematode immune reactions in humans (9-11).
Entomopathogenic nematodes of the genera Steinernema and Heterorhabditis are
emerging as excellent models for studying insect-nematode interactions (9, 11, 12).
They are natural obligate parasites of a wide range of insects that they infect to
complete their life cycle. These nematode parasites infect susceptible insects as infec-
tive juveniles, a developmentally arrested stage analogous to the Caenorhabditis el-
egans dauer stage (12). A distinct feature of entomopathogenic nematodes is the
presence of mutualistic bacteria that are localized to their intestines (13, 14). Steiner-
nema carpocapsae forms a mutualistic relationship with the Gram-negative bacterium
Xenorhabdus nematophila (symbiotic nematodes), and together they form potent
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pathogenic complexes that infect insects (7, 12). The nematodes enter the insect cavity
through the cuticle or natural openings and subsequently expel their bacteria into the
insect open circulatory system (15). The bacteria secrete toxins, virulence factors, and
degradative enzymes that target several insect tissues and interfere with the insect
immune response, which eventually leads to rapid insect death (15). The bacteria also
provide nutrients to the nematodes that promote the completion of their reproductive
cycle (16). Once the food source is depleted, the nematodes reacquire the bacteria and
exit the insect cadaver in search of new insect hosts (12).

The use of Drosophila and Steinernema to unravel the insect antinematode immune
response has certain advantages. Symbiotic and axenic Steinernema nematodes are
pathogenic to Drosophila, and, interestingly, they are capable of killing larvae at similar
rates (17). In addition, Steinernema nematode infection activates the expression of
antimicrobial peptide (AMP) genes and the melanization pathway, and mutualistic
Xenorhabdus bacteria suppress the latter response (7). The imaginal disc growth factor-3
(Idgf3) and two clotting factors (gp150 and fondue) have been found to participate
specifically in the Drosophila antinematode immune response. Knockdown of Idgf3,
gp150, or fondue increases the susceptibility of larvae responding to Heterorhabditis
bacteriophora nematodes, whereas inactivation of Idgf2 provides a survival advantage
to larvae responding to axenic Steinernema nematodes (18-20).

The Jonah multigene family consists of approximately 20 genes organized in small
clusters on different chromosomal sites and exhibits complex expression patterns
(21-23). In situ hybridization identified the expression of Jonah25Bi, Jonah65Ai, and
Jonah99C« in the Drosophila midgut (24). These Jonah genes are expressed during the
larval and adult stages of Drosophila but not during the pupal stage (21). Low-level
Jonah expression is also detected in the presumptive midgut from 18-h embryos (23).
Because Jonah genes are exclusively expressed in the Drosophila gut, Jonah proteases
are implicated in the breakdown of dietary proteins due to their homology to mam-
malian serine proteases, trypsin and chymotrypsin (25). More recently, transcriptomic
studies have identified the induction of several Jonah genes in Drosophila responding
to viral or nematode infections (8, 26, 27).

In this study, we have investigated the transcriptional regulation of Jonah66Ci in
Drosophila larvae infected with symbiotic or axenic Steinernema nematodes. Jonah66Ci
was selected from a previous transcriptomic study based on its high transcriptional
induction in Drosophila |larvae during Steinernema nematode infection (8). In uninfected
and nematode-infected larvae, Jonah66Ci is solely expressed in the gut (22). To this end,
we monitored the survival response, induction of immune signaling pathway effector
genes, mitotic rates and numbers of gut cells, levels of nitric oxide (NO) and reactive
oxygen species (ROS), and feeding rates in background control and Jonah66Ci knock-
down larvae. We discuss how inactivation of Jonah66Ci in Drosophila alters different
aspects of the immune response to Steinernema and how Jonah66Ci is involved in
regulating gut physiology against entomopathogenic nematode infection. Identifica-
tion and functional characterization of genes that are involved in the interaction of
Drosophila with parasitic nematodes set the stage for uncovering conserved mecha-
nisms in other insects of agricultural or medical importance.

RESULTS

Steinernema nematode infection upregulates Jonah66Ci in Drosophila. To in-
vestigate the transcriptional induction of Jonah66Ci in Drosophila during nematode
infection, we exposed larvae to 100 symbiotic or axenic Steinernema nematodes and
estimated the relative transcript levels of Jonah66Ci at 6 and 24 h postinfection. We
compared the transcript levels (as reads per kilobase per million [RPKM]) of Jonah66Ci from
a recent transcriptomic study (8) and those from quantitative reverse transcription-PCR
(gRT-PCR) analysis (AC; method, where C; is threshold cycle) (Fig. 1A; see also Table S2 in
the supplemental material). We have found comparable transcript levels of Jonah66Ci by
transcriptome sequencing (RNA-seq) and gRT-PCR analyses.
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FIG 1 Relative gene transcript levels of Jonah66Ci in Drosophila larvae upon infection with Steinernema
nematodes. (A) Relative transcript levels of Jonah66Ci using RNA-seq and qRT-PCR analysis were
estimated in Drosophila melanogaster late-second- or early-third-instar larvae (Oregon line) at 6 and 24 h
postinfection with 10 symbiotic (Sy) or axenic (Ax) infective Steinernema carpocapsae juveniles. (B)
Relative transcript levels for Jonah66Ci were estimated in the gut only and in the rest of the larvae in
Drosophila infected with symbiotic (Sy) or axenic (Ax) Steinernema nematodes. Application of water
served as a negative-control (C) treatment. Relative gene transcript levels for Jonah66Ci were measured
as a ratio to the level of the uninfected control samples. Values represent the means from three separate
experiments, and error bars represent standard deviations. Data analysis was performed using one-way
analysis of variance (ANOVA) with Tukey’s post hoc test on GraphPad Prism, version 7, software. *
P < 0.05; **, P < 0.01; nonsignificant differences are not shown.

’

A previous study identified members of the Jonah gene family, Jonah25Bi,
Jonah65Ai, and Jonah99Ca, that were expressed in the Drosophila gut (21). To deter-
mine whether Jonah66Ci is also expressed in the gut of Drosophila larvae during
nematode infection, we estimated the transcript levels of Jonah66Ci in Drosophila
larvae with a gut and without a gut (gutless larvae) at 6 and 24 h postinfection with
symbiotic or axenic Steinernema nematodes. We detected no mRNA levels of Jonah66Ci
in the body of gutless nematode-infected or uninfected control larvae (Fig. 1B; Table
S2). At 6 h, Jonah66Ci transcript levels were significantly higher in the gut of larvae
infected with symbiotic nematodes than in uninfected controls (P = 0.0190) (Fig. 1B). At
24 h, there were no differences in Jonah66Ci transcript levels in the gut of nematode-
infected and uninfected larvae. We also found that Jonah66Ci transcript levels were
significantly reduced from 6 h to 24 h in the gut of larvae infected with symbiotic
(P = 0.0073) or axenic (P = 0.0452) nematodes (Fig. 1B; Table S2). These results indicate
that Jonah66Ci is expressed at detectable levels in the gut of uninfected Drosophila
larvae and that challenge with Steinernema nematodes leads to upregulation during
the early stages of infection.
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FIG 2 Drosophila Jonah66Ci knockdown validation and survival response of Drosophila Jonah66Ci
knockdown larvae upon infection with Steinernema nematodes. (A) Representative figure depicting the
relative expression of Jonah66Ci in control and Jonah66Ci knockdown (KD) larvae following infection with
symbiotic (Sy) or axenic (Ax) Steinernema carpocapsae nematodes. Water-treated larvae served as
negative controls (C). Larval progeny were obtained by crosses involving either female virgin flies from
the yw background line or from the Jonah66Ci RNAi knockdown (KD) line with males from the Esg-Gal4
line. Relative gene transcript levels for Jonah66Ci were estimated as a ratio to the level of the uninfected
control samples. Values represent the means from three independent experiments, and error bars
represent standard deviations. Data analysis was performed using one-way analysis of variance (ANOVA)
with Tukey’s post hoc test on GraphPad Prism, version 7, software (***, P < 0.001). (B) Survival rates of
Drosophila melanogaster late-second- or early-third-instar yw control and Jonah66Ci knockdown larvae
following infection with 10 symbiotic (Sy) or axenic (Ax) infective Steinernema carpocapsae juveniles.
Larval progeny were generated by crossing either female virgin flies from the yw background line or
Jonah66Ci RNAI line with males from the Esg-Gal4 line. Application of water served as a control (C)
treatment. Survival results were monitored every 8 h and up to 72 h postinfection. Values are shown as
percent survival of infected larvae, and data analysis was performed using a log rank (Mantel-Cox) test
(GraphPad Prism, version 7 software). The means from three independent experiments are shown, and
bars represent standard errors. **, P < 0.01; nonsignificant differences are not shown.

Drosophila Jonah66Ci knockdown larvae display enhanced survival in response
to axenic Steinernema nematode infection. To investigate whether inactivation of
Jonah66Ci affects the survival ability of Drosophila in the context of nematode infection,
we challenged Jonah66Ci knockdown and yw control larvae with symbiotic or axenic
Steinernema nematodes and assessed larval survival every 8 h for 3 days (Fig. 2B; Table
S3). We found that upon infection with axenic nematodes, yw control larvae suc-
cumbed faster to infection than Jonah66Ci knockdown larvae (P = 0.0028) (Fig. 2B;
Table S3). There were no differences in survival rates between Jonah66Ci knockdown
and yw control larvae infected with symbiotic nematodes (P = 0.0801) (Fig. 2B; Table
S3). These results indicate that loss of Jonah66Ci promotes the survival ability of
Drosophila larvae in response to axenic Steinernema nematode infection.

Imd pathway activation decreases in Drosophila Jonah66Ci knockdown larvae
responding to axenic Steinernema nematodes. To determine whether inactivation of
Jonah66Ci in Drosophila has an effect on signaling pathway activation in response to
nematode infection, we infected Jonah66Ci knockdown and background control larvae
with symbiotic or axenic Steinernema nematodes and estimated transcript levels of
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FIG 3 Transcript levels of immune pathway readout genes in Drosophila Jonah66Ci knockdown larvae
infected with Steinernema nematodes. (A to D) Shown are transcript levels of Attacin (IMD pathway),
Drosomycin (Toll pathway), Puckered (JNK pathway), and TotA (JAK/STAT pathway), as indicated, in
Drosophila melanogaster yw control and Jonah66Ci knockdown larvae 6 and 24 h after being infected
with 10 symbiotic (Sy) or axenic (Ax) infective Steinernema carpocapsae juveniles or treated with water
(control, C). Drosophila yw background control and Jonah66Ci knockdown (KD) virgin female flies were
crossed with Esg-Gal4 males, and the resulting larval progeny were used for experiments. Gene transcript
values were calculated relative to value for the housekeeping gene, RpL32, and expressed as a ratio to
the level of the uninfected controls. Samples were run as technical duplicates, and three biological
replicates were performed. Bars represent standard deviations. Data analysis was performed using
one-way analysis of variance (ANOVA) with a Tukey's post hoc test on GraphPad Prism, version 7,
software. ****, P < 0.0001; nonsignificant differences are not shown.

Attacin (Imd pathway), Drosomycin (Toll pathway), Puckered (JNK pathway), and TotA
(Turandot-A, Jak/Stat pathway) at two time points postinfection (Fig. 3; Table S4)
(28-31).

At 6 h, we found low transcript levels of Attacin in both yw controls and Jonah66Ci
knockdown larvae infected with symbiotic or axenic nematodes. At 24 h, infection with
symbiotic nematodes significantly upregulated Attacin in yw control larvae compared
to levels in uninfected individuals (P < 0.0001) (Fig. 3A and Table S4). However, we
found no differences in Attacin mRNA levels in yw control larvae infected with axenic
nematodes compared to levels in uninfected controls. Attacin transcript levels were
lower in yw control larvae infected with axenic nematodes than in those infected with
symbiotic nematodes (P < 0.0001) (Fig. 3A and Table S4). We also found that in yw
control larvae, Attacin transcript levels increased significantly from 6 to 24 h after
symbiotic nematode infection (P < 0.0001) (Fig. 3A and Table S4). At 24 h, Attacin
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transcript levels in uninfected Jonah66Ci knockdown larvae and in those infected with
axenic nematodes were hardly detectable. Interestingly, upon symbiotic nematode
infections, Attacin transcript levels were significantly higher in yw control larvae than in
Jonah66Ci knockdown larvae (P < 0.0001) (Fig. 3A and Table S4).

There were no significant differences in transcript levels of Drosomycin, Puckered, or
Tot-A between yw controls and Jonah66Ci knockdown larvae upon infection with
symbiotic or axenic nematodes at any of the time points (Fig. 3B to D, respectively;
Table S4). These results indicate that the absence of Jonah66Ci in Drosophila larvae
reduces the induction of Imd signaling in response to axenic Steinernema nematodes.

Toll and Imd pathways are differentially activated in Drosophila Jonah66Ci
knockdown larvae responding to symbiotic Steinernema nematodes. Toll and Imd
pathways regulate antimicrobial peptide production in the anterior midgut of Drosoph-
ila (32). Restricted expression of Jonah66Ci in the Drosophila gut (Fig. 1B) prompted us
to investigate whether its inactivation would affect Toll or Imd signaling in the context
of nematode infection. For this, we infected Jonah66Ci knockdown and their back-
ground control larvae with symbiotic or axenic Steinernema nematodes, and 24 h later
we estimated transcript levels of antimicrobial peptide-encoding genes in the gut and
the rest of the larva (Fig. 4; Table S5).

Low transcript levels of Drosomycin were detected in Jonah66Ci knockdown larvae,
with or without nematode infection. We found significantly elevated levels of Drosomycin
in the gut of yw control larvae infected with symbiotic nematodes compared to levels in
those infected with axenic nematodes (P = 0.005) and in uninfected controls (P = 0.0006)
(Fig. 4A and Table S5). In yw control larvae infected with symbiotic Steinernema nematodes,
Drosomycin transcript levels were significantly higher in the gut than in gutless larvae
(P=0.0391) (Fig. 4A and Table S5). Most importantly, Drosomycin transcript levels were
higher in the gut of yw control larvae than in the gut of Jonah66Ci knockdown larvae
infected with symbiotic nematodes (P = 0.0004) (Fig. 4A and Table S5).

In contrast, we found significantly higher levels of Defensin in gutless Jonah66Ci
knockdown larvae responding to symbiotic nematodes than in uninfected larvae
(P =0.0152) (Fig. 4B and Table S5). Defensin in gutless Jonah66Ci larvae was also
significantly higher than in the gut of the knockdown larvae (P = 0.171) and the control
gutless larvae (P = 0.0188) in response to symbiotic nematode infection (Fig. 4B; Table S5).

Infection with symbiotic nematodes consistently increased Diptericin in the gut and
in gutless yw control and Jonah66Ci knockdown larvae (Fig. 4C; Table S5). Diptericin was
significantly higher in control gutless larvae responding to symbiotic nematode infec-
tion than in uninfected gutless larvae (P = 0.0203), in those infected with axenic
nematodes (P = 0.0198), or in gutless Jonah66Ci knockdown larvae infected with
symbiotic nematodes (P = 0.0441) (Fig. 4C and Table S5).

Interestingly, Cecropin was significantly upregulated in the gut of Jonah66Ci knock-
down larvae infected with symbiotic nematodes compared to levels in those infected
with axenic nematodes (P = 0.0001) and in uninfected control larval gut (P = 0.0002)
(Fig. 4D and Table S5). This increase was also statistically significant compared to
Cecropin levels in gutless Jonah66Ci knockdown larvae infected with symbiotic nema-
todes (P = 0.0005) as well as to levels in the gut of yw control larvae infected with
symbiotic nematodes (P = 0.0002) (Fig. 4D and Table S5). Cecropin was upregulated in
control gutless larvae upon infection with symbiotic nematodes, but this increase was
not statistically significant (Fig. 4D; Table S5). These results demonstrate that the
absence of Jonah66Ci in Drosophila larvae leads to differential expression of the Toll and
Imd pathway-regulated antimicrobial peptide genes in the gut and the rest of the larval
body in response to infection with Steinernema nematodes.

Mitosis is reduced in Drosophila Jonah66Ci knockdown larvae in response to
symbiotic Steinernema nematodes. Because Jonah66Ci is entirely expressed in the
gut of Drosophila larvae, we explored whether the absence of Jonah66Ci influences the
activation of the gut-specific Wnt/Wg signaling pathway, which regulates gut tissue
homeostasis during development (33, 34) (Fig. 5). For this, we infected yw background
control and Jonah66Ci knockdown larvae with symbiotic or axenic Steinernema nem-
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FIG 4 Transcript levels of Toll and Imd pathway readout genes in the gut of Drosophila Jonah66Ci
knockdown larvae infected with Steinernema nematodes. Shown are transcript levels of Drosomycin (A),
Defensin (Toll pathway) (B), Diptericin (C), and Cecropin (IMD pathway) (D) in Drosophila yw control and
Jonah66Ci knockdown larvae 24 h after being infected with 10 symbiotic (Sy) or axenic (Ax) infective
Steinernema carpocapsae juveniles or treated with water (control, C). Drosophila yw background control
and Jonah66Ci knockdown (KD) virgin female flies were crossed with Esg-Gal4 males, and the resulting
larval progeny were used for experiments. Gene transcript levels are shown in gut tissue only and the rest
of the larvae. Transcript level values are calculated relative to the level of the housekeeping gene, RpL32,
and are expressed as a ratio to level of uninfected control samples. Three independent experiments were
performed, and bars represent standard deviations. Data analysis was performed using one-way analysis
of variance (ANOVA) with a Tukey’s post hoc test on GraphPad Prism, version 7, software. *, P < 0.05; ***,
P < 0.001; nonsignificant differences are not shown.

atodes and estimated transcript levels of wingless, encoding a ligand of the Wnt/Wg
signaling pathway, in the gut 24 h postinfection. We found that wingless was signifi-
cantly upregulated in the gut of uninfected Jonah66Ci knockdown larvae compared to
the level in the control line (Fig. 5A; Table S6). We also found that upon symbiotic
nematode infection, wingless was upregulated in the gut of Jonah66Ci knockdown
larvae compared to the level in yw control larvae (Fig. 5A; Table S6). However, we found
no significant differences in wingless transcript levels between Jonah66Ci larvae in-
fected with symbiotic and axenic nematodes or between nematode-infected and
control larvae. Additionally, infection with symbiotic or axenic nematodes had no effect
on wingless transcript levels in the gut of yw control larvae. Thus, these results suggest
that inactivation of Jonah66Ci upregulates Wnt/Wg signaling in the gut of Drosophila
larvae in the presence or absence of nematode infection.

Wnt/Wg signaling promotes tissue regeneration in the Drosophila gut after injury
(35). To investigate whether inactivation of Jonah66Ci in the gut affects tissue regen-
eration in response to nematode infection, we infected yw background control and
Jonah66Ci knockdown larvae with symbiotic or axenic Steinernema nematodes and
measured the number of mitotic cells (phospho-histone H3 [PH3] labeled) in the gut of
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FIG 5 Mitosis in the intestinal cells of Drosophila Jonah66Ci knockdown larvae infected with Steinernema
nematodes. (A) Relative wingless transcript levels. (B) Representative images of gut cells labeled with
phospho-histone 3 (PH3; red) and DAPI (blue) at X40 magnification. (C) Number of mitotic cells in the
gut of Drosophila melanogaster yw control and Jonah66Ci knockdown larvae at 24 h postinfection with
10 symbiotic (Sy) or axenic (Ax) infective Steinernema carpocapsae juveniles. Water-treated larvae served
as controls (C). Drosophila yw background control and Jonah66Ci knockdown (KD) virgin female flies were
crossed with Esg-Gal4 males, and the resulting larval progeny were used for experiments. Transcript
levels were estimated relative to the levels of the housekeeping gene, RpL32, and as a ratio to the level
of uninfected control larvae. All experiments were repeated three times, and data analysis was performed
using one-way analysis of variance (ANOVA) with Tukey’s post hoc test on GraphPad Prism, version 7. *,
P < 0.05; **, P < 0.01; ***, P < 0.001; nonsignificant differences are not shown.

infected and uninfected individuals (Fig. 5B). In uninfected guts, the numbers of
PH3-labeled cells significantly increased in Jonah66Ci knockdown larvae compared to
levels in the yw controls (P = 0.008) (Fig. 5B and C and Table S6). Interestingly, infection
of yw controls with axenic nematodes significantly increased the numbers of PH3-
labeled cells compared to the levels in uninfected control larvae (P = 0.0278) (Fig. 5B
and C and Table S6). Also, inactivation of Jonah66Ci significantly reduced the numbers
of PH3-labeled cells in the gut of larvae infected with axenic nematodes compared to
levels in uninfected individuals (P = 0.0131) (Fig. 5B and C and Table S6). Additionally,
the numbers of PH3-labeled cells were significantly lower in the gut of Jonah66Ci
knockdown larvae infected with axenic nematodes than in those infected with symbi-
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otic nematodes (P = 0.0148) (Fig. 5B and C and Table S6). Thus, under normal condi-
tions, the absence of Jonah66Ci in Drosophila larvae increases the numbers of gut cells
undergoing mitosis, and this effect is reduced in response to infection with axenic
Steinernema nematodes.

Enteroendocrine cell numbers are reduced in Drosophila Jonah66Ci knock-
down larvae in response to Steinernema nematode infection. Because inactivation
of Jonah66Ci increases the numbers of mitotic cells in the gut of uninfected Drosophila
larvae, we investigated whether Jonah66Ci inactivation also affects the specific cell
types of the larval gut in the presence or absence of nematode infection. For this, we
infected yw-background control and Jonah66Ci knockdown larvae with symbiotic or
axenic Steinernema nematodes and estimated the numbers of enteroendocrine (EE)
cells (Prospero labeled) in the gut of infected and uninfected individuals (Fig. 6; Table
S7). In uninfected guts, the numbers of EE cells were significantly higher in Jonah66Ci
knockdown larvae than in yw control larvae (P = 0.0048) (Fig. 6B and Table S7).
Interestingly, infection of yw control larvae with symbiotic nematodes increased sig-
nificantly the numbers of EE cells compared to levels in uninfected control larvae
(P =0.0286) (Fig. 6B and Table S7) and in yw control larvae infected with axenic
nematodes (P = 0.0179) (Fig. 6B and Table S7). Conversely, inactivation of Jonah66Ci
reduced significantly the numbers of EE cells in the gut of larvae infected with
symbiotic or axenic nematodes compared to levels in uninfected controls (P = 0.0182
or P=0.0131, respectively) (Fig. 6B and Table S7). Thus, under normal conditions,
inactivation of Jonah66Ci in Drosophila larvae increases the numbers EE cells, which are
conversely reduced in response to Steinernema nematode infection.

Intestinal stem cell numbers are unaffected in Drosophila Jonah66Ci knock-
down larvae in response to Steinernema nematode infection. Because inactivation
of Jonah66Ci increases the numbers of EE cells as well as the numbers of cells
undergoing mitosis in uninfected larvae, we investigated whether inactivation of
Jonah66Ci in the gut affects the stem cell population in the presence or absence of
nematode infection. For this, we infected yw background control and Jonah66Ci
knockdown larvae with symbiotic or axenic Steinernema nematodes and assessed the
number of intestinal stem cells (ISCs; escargot labeled) in the gut of infected and
uninfected individuals (Fig. 7; Table S8). Interestingly, we found no changes in the ISC
populations in the gut of yw control larvae and Jonah66Ci knockdown larvae, with or
without nematode infection. These results suggest that inactivation of Jonah66Ci in
Drosophila larvae infected with Steinernema nematodes has no effect on the numbers
of 1SCs.

NO, but not ROS or feeding, is reduced in Drosophila Jonah66Ci knockdown
larvae in response to symbiotic Steinernema nematodes. To determine whether
certain physiological processes in Drosophila are affected by the absence of Jonah66Ci
in the context of nematode infection, we measured nitric oxide (NO) and reactive
oxygen species (ROS) levels as well as feeding rates at 24 h postinfection of larvae with
symbiotic or axenic Steinernema nematodes (Fig. 8; Table S9). We found that nitric oxide
levels increased in yw control larvae infected with symbiotic nematodes compared to
levels in those infected with axenic nematodes (P = 0.0320) and to those in Jonah66Ci
knockdown larvae infected with symbiotic worms (P = 0.0123) (Fig. 8A and Table S9).
There were no changes in nitric oxide in Jonah66Ci knockdown larvae in the presence
or absence of nematode infection. We also measured ROS levels by estimating the
relative aconitase activity in yw control and Jonah66Ci knockdown larvae at 24 h
post-nematode infection. We found no changes in aconitase activity levels between yw
control and Jonah66Ci knockdown larvae upon nematode infection or under normal
conditions (P > 0.05) (Fig. 8B and Table S9). We also measured the feeding rates in yw
control and Jonah66Ci knockdown larvae at 24 h post-nematode infection. We found
that feeding rates increased in background control larvae upon infection with axenic
Steinernema and that this increase was significantly higher than that in yw control
larvae upon infection with symbiotic nematodes (P = 0.0204) and that in Jonah66Ci
knockdown larvae upon infection with axenic worms (P = 0.0249) (Fig. 8C and D and
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FIG 6 Enteroendocrine cell numbers in Drosophila Jonah66Ci knockdown larvae infected with Steiner-
nema nematodes. (A) Representative images of gut cells labeled with Prospero (red) and DAPI (blue)
at x40 magnification. (B) Number of enteroendocrine cells in the gut of Drosophila melanogaster yw
control and Jonah66Ci knockdown (KD) larvae at 24 h postinfection with 10 symbiotic (Sy) or axenic (Ax)
infective Steinernema carpocapsae juveniles. Water-treated larvae served as controls (C). Drosophila yw
background control and Jonah66Ci knockdown virgin female flies were crossed with Esg-Gal4 males, and
the resulting larval progeny were used for experiments. All experiments were repeated three times, and
data analysis was performed using one-way analysis of variance (27) with Tukey’s post hoc test on
GraphPad Prism, version 7. ¥, P < 0.05; **, P < 0.01; nonsignificant differences are not shown.

Table S9). These results indicate that inactivation of Jonah66Ci decreases NO levels in
Drosophila larvae upon symbiotic Steinernema nematode infection.

DISCUSSION

In this study, we investigated the immune and pathophysiological effects of
Jonah66Ci in Drosophila larvae in the context of nematode infection. First, we showed
that Jonah66Ci is expressed in the gut of Drosophila larvae in the presence or absence
of Steinernema nematode infection. Then, we monitored the survival ability of wild-type
and Jonah66Ci knockdown larvae in response to Steinernema nematode infection. We
also evaluated the differential induction of the Toll and Imd pathway effector genes,
quantified the mitotic cells in the gut, estimated the numbers of EE cells and 1SCs, and

September 2019 Volume 87 Issue 9 e00094-19

Infection and Immunity

iai.asm.org 10


https://iai.asm.org

Role of Jonah66Ci in Fly Antinematode Immunity

A Jonah66Ci KD

Sy

Ax

number of esg positive cells
N
o
[

L L L] -
< ) <« < N IS
yw Jonah66Ci KD

FIG 7 Intestinal stem cell numbers in Drosophila Jonah66Ci knockdown larvae infected with Steinernema
nematodes. (A) Representative images of larval guts expressing the esg—gfp driver (green) and labeled
with DAPI (blue) at X40 magnification. (B) Number of intestinal stem cells in the gut of Drosophila
melanogaster yw control and Jonah66Ci knockdown larvae at 24 h postinfection with 10 symbiotic (Sy)
or axenic (Ax) infective Steinernema carpocapsae juveniles. Water-treated larvae served as controls (C).
Drosophila yw background control and Jonah66Ci knockdown (KD) virgin female flies were crossed with
Esg-Gal4 males, and the resulting larval progeny were used for experiments. All experiments were
repeated three times, and data analysis was performed using one-way analysis of variance (ANOVA) with
Tukey's post hoc test on GraphPad Prism, version 7. Differences were nonsignificant.

measured the NO and ROS activity levels as well as feeding rates of wild-type and
Jonah66Ci knockdown larvae during symbiotic or axenic nematode infection or under
normal conditions. We report that the serine protease-encoding gene Jonah66Ci plays
an essential role in maintaining homeostasis in the gut of Drosophila larvae upon
infection with a potent nematode parasite.

Because we detected expression of Jonah66Ci only in the gut of uninfected and
nematode-infected Drosophila larvae, we hypothesized that Jonah66Ci controls physi-
ological processes and signaling pathways specific to this tissue. We found that
inactivation of Jonah66Ci in the gut of Drosophila larvae responding to symbiotic or
axenic Steinernema nematode infection resulted in differential expression of the Toll
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FIG 8 Nitric oxide and aconitase activity levels and feeding rates in Drosophila Jonah66Ci knockdown
larvae infected with Steinernema nematodes. (A and B) Relative nitric oxide (NO) and aconitase activity
levels in the gut. (C) Spectrophotometric analysis of food intake in Drosophila melanogaster yw control
and Jonah66Ci knockdown larvae at 24 h postinfection with symbiotic (Sy) or axenic (Ax) infective
Steinernema carpocapsae juveniles. Water-treated larvae served as controls (C). (D) Feeding rate of yw
control and Jonah66Ci knockdown larvae at 24 h postinfection with axenic S. carpocapsae nematodes.
Drosophila yw background control and Jonah66Ci knockdown (KD) virgin female flies were crossed with
Esg-Gal4 males, and the resulting larval progeny were used for experiments. NO and aconitase activity
levels were measured relative to total protein. Experiments were repeated three times and analyzed
using one-way analysis of variance (ANOVA) with a Tukey’s post hoc test on GraphPad Prism, version 7.
*, P < 0.05; nonsignificant differences are not shown.

pathway readout genes Drosomycin and Defensin and of the Imd pathway genes
Diptericin and Cecropin. A previous study reported an increase in expression of Droso-
mycin and Diptericin in Drosophila flies injected with Xenorhabdus, the mutualistic
bacterium of Steinernema nematodes (36). Our data are in agreement with this study
since we found upregulation of these two AMP-encoding genes in the gut of Drosophila
yw control larvae responding to Steinernema nematodes carrying mutualistic Xenorh-
abdus bacteria compared to levels in larvae responding to axenic nematodes. In
contrast, we found reduced expression of Drosomycin and Diptericin in the gut of
Jonah66Ci knockdown larvae infected with the same type of nematode, implying that
Jonah66Ci regulation of the Toll and Imd signaling activities in the gut of Drosophila
infected with Steinernema nematodes is closely associated with the presence of Xe-
norhabdus bacteria. This finding is in agreement with a previous report indicating that
expression of Toll and Imd effector genes in Drosophila is higher in the case of
symbiotic nematode infections than in axenic nematode infections, which is probably
due to the effect of Xenorhabdus bacteria on the insect host (7, 37). We also found that
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Defensin is upregulated in the Jonah66Ci gutless knockdown larvae infected with axenic
Steinernema and is found at even higher levels in infection with symbiotic nematodes.
However, both types of nematodes fail to upregulate this AMP in guts of wild-type
larvae or gutless individuals (7). This suggests that Jonah66Ci interacts closely with Toll
signaling in larvae responding to Steinernema nematode infections. Interestingly, De-
fensin is upregulated in thioester-containing protein-4 mutant flies responding to Pho-
torhabdus luminescens or Photorhabdus asymbiotica bacterial infection, and this corre-
lates with resistance of the mutant flies to infection (38). Our findings are in agreement
with the results in this previous study as we found upregulation of Defensin in
Jonah66Ci knockdown larvae following axenic Steinernema nematode infection, which
was accompanied by higher survival of the knockdown larvae. The differential induc-
tion of Toll and Imd pathway effector genes suggests that inactivation of Jonah66Ci
regulates immune signaling not only in the gut of Drosophila larvae but also in other
immune tissues, probably the fat body or hemolymph, which might alter the survival
response against parasitic nematode infection.

The Drosophila midgut is lined with approximately 2,000 ISCs. These multipotent
ISCs give rise to two types of differentiated daughter cells, the secretory enteroendo-
crine cells and the absorptive enterocytes. Collectively these cells form the monolayer
that line the Drosophila midgut (39-41). In the case of gut epithelial damage or stress
such as bacterial infection, ISCs are able to produce new cells to replace the damaged
epithelial cells and regenerate the gut (42). A previous study using Drosophila adult flies
has indicated that inactivation of adenomatous polyposis coli (Apc), a tumor suppressor
gene found in the intestinal epithelium, results in a significant increase in the numbers
of cells undergoing mitosis (39). This finding agrees with our data since we also found
that, in the absence of Steinernema nematode infection, the numbers of cells under-
going mitosis are significantly increased in the gut of Jonah66Ci knockdown larvae (Fig.
5B and C; see also Table S6 in the supplemental material). Thus, this suggests that
Jonah66Ci, similar to Apc in Drosophila adults, is essential in maintaining homeostasis in
the gut of Drosophila larvae responding to Steinernema nematodes. The upregulation
of wingless in uninfected Jonah66Ci knockdown larvae also suggests that Jonah66Ci
expression in the gut interferes with Wnt/Wg pathway activity in regulating cell
proliferation (43). Additionally, in the absence of nematode infection, we found that the
EE cell numbers were significantly increased in Jonah66Ci knockdown larvae compared
to levels in background control larvae. This finding agrees with a previous report
that loss of catalase function in Drosophila adult flies, Cat”’ mutants, resulted in
higher EE cell numbers (44). Thus, this suggests that the serine protease-encoding
gene Jonah66Ci, similar to catalase in adult midguts, is responsible for maintaining
gut integrity in Drosophila larvae.

Contrary to the changes in cell numbers observed above, the numbers of I1SCs
remained unchanged between control and Jonah66Ci knockdown larvae in the pres-
ence or absence of nematode infection. This led us to speculate that Jonah66Ci likely
functions downstream of the ISCs. Further studies will have to be performed to identify
the specific role of Jonah66Ci in stem cell signaling events. A previous study reported
that Pseudomonas entomophila secretes hemolysin that targets and lyses the entero-
cytes in the gut epithelium of Drosophila adults and larvae (45, 46). Similarly, Steiner-
nema nematodes secrete a serine protease, sc-sp-1, that functions as a virulence factor
that disarms the immune system by destroying the gut lumen (47). Hence, we speculate
that reduction in the numbers of mitotic and EE cells in the gut of Jonah66Ci knock-
down larvae responding to Steinernema nematodes could be attributed to the virulence
factors produced by Steinernema nematodes.

A previous study has reported the crucial role of NO in eliminating the eggs of the
endoparasitic wasp Leptopilina heterotoma in Drosophila paramelanica larvae (48). Also,
NO is essential for the survival of Drosophila flies responding to Gram-negative bacterial
infection (49). We found increased NO levels in yw control larvae responding to
symbiotic, but not axenic, Steinernema nematodes. This suggests that Drosophila larvae
are capable of inducing a NO response against the mutualistic Xenorhabdus bacteria.
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We also found a reduction in NO levels in the gut of uninfected and nematode-infected
Jonah66Ci knockdown larvae, suggesting a role for Jonah66Ci in regulating the NO
antinematode response in Drosophila larvae.

In addition to NO, ROS has long been recognized to defend hosts against pathogen
infection due to its cytotoxicity (50). Ecc15 oral infection has been shown to induce ROS
stress in Drosophila adult flies, and ROS is known to control microbial growth in the host
(50, 51). Altogether, ROS has been attributed to playing an important role in initiating
immunological communications from gut to fat body in Drosophila. However, in the
case of nematode infections, we observed no changes in ROS levels in background
control or Jonah66Ci knockdown larvae. This finding demonstrates that Jonah66Ci plays
no role in regulating ROS activity in the gut of Drosophila larvae in the context of
Steinernema nematode infection.

We further found reduced feeding rates in Jonah66Ci knockdown larvae responding
to axenic Steinernema nematodes. Infection of adult Drosophila with Drosophila C virus
(DCQV) increases the feeding rate of flies (27). Our data agree with this finding since we
also found that yw control larvae responding to axenic Steinernema nematodes ingest
significantly larger amounts of food. Because this effect is reduced in Jonah66Ci
knockdown larvae upon axenic nematode infection, we postulate that Jonah66Ci is
essential in regulating the food uptake of larvae during infection with parasitic nem-
atodes.

In conclusion, we found that Jonah66Ci regulates certain gut-specific responses in
Drosophila larvae responding to Steinernema infection. We showed that the absence of
Jonah66Ci confers partial protection to larvae against axenic nematodes. We also
showed that Jonah66Ci differentially induces the effector genes of Drosophila Toll and
Imd signaling in the gut of larvae responding to symbiotic or axenic Steinernema
nematodes. Finally, we showed that Jonah66Ci regulates gut-specific processes, includ-
ing immune signaling, the numbers of mitotic and EE cells, and nitric oxide levels in
response to nematode attack. Our findings demonstrate a novel function for the
Drosophila serine protease Jonah66Ci in regulating the insect immune response to
potent nematode parasites. Similar findings will pave the way toward a better under-
standing of the tissue-specific molecular players that modulate the insect immune
response against parasitic nematodes.

MATERIALS AND METHODS

Fly lines. Drosophila melanogaster yellow white (yw) and Jonah66Ci (v103008, FBst0474871; Vienna
Drosophila Resource Centre) lines were used. Female flies from the Jonah66Ci RNA interference (RNAI)
line were crossed with males from the Escargot (Esg)-Gal4 driver (w*; P{enGl}esg©¢/CyO, P{GAL4-Kr.C}DC3,
P{UAS-GFP.S65T}DC7) (where UAS is upstream activation sequence and GFP is green fluorescent protein)
(52). The knockdown of Jonah66Ci was validated using the Esg-Gal4 line (Fig. 2A). All lines were reared
on Drosophila medium (Meidi Laboratories) and sprinkled with approximately 10 g of Saccharomyces
cerevisiae (baker's yeast). Stocks were maintained in a 12/12-h light/dark cycle at 25°C. Late-second- to
early-third-instar larvae were used for all experiments.

Nematodes stocks. Infective juveniles of Steinernema carpocapsae nematodes were used for all
experiments. Symbiotic nematodes carrying Xenorhabdus nematophila bacteria were reared in larvae of
the wax moth Galleria mellonella, as described previously (53). Axenic nematodes lacking Xenorhabdus
were generated according to a previously established protocol (17). Axenic nematodes were washed in
1% bleach solution to remove bacteria from the nematode surface and rinsed five times with water to
remove the bleach residue. Infective juveniles 2 to 5 weeks old were used for all experiments.

Gene transcript analysis with RNA-sequencing. The number of reads per kilobase per million
mapped reads (RPKM) for Jonah66Ci (locus CG7118) were obtained from a recent RNA sequencing study
(8). The reads were obtained at 6 and 24 h postinfection of D. melanogaster Oregon larvae with 100
symbiotic or axenic infective S. carpocapsae juveniles. The RPKM values for nematode-infected larvae are
shown relative to the RPKM values of uninfected control larvae at each time point.

Gene transcript analysis with quantitative RT-PCR. Four larvae, each infected with 100 symbiotic
or axenic Steinernema nematodes, were collected at 6 and 24 h postinfection for analyzing gene
transcript levels using qRT-PCR. For estimating Jonah66Ci transcript levels in the gut, 10 larvae infected
with 10 symbiotic or axenic nematodes were dissected at 6 and 24 h postinfection to separate the gut
tissues from the rest of the larvae. In all cases, larvae treated with sterile distilled water served as the
uninfected controls. Total RNA extraction was performed using Invitrogen/Ambion TRIzol reagent
according to the manufacturer’s instructions. RNA extraction, cDNA synthesis, and qRT-PCR protocols
were performed as described before (54). All primer sets used for qRT-PCR analyses and their respective
annealing temperatures are listed in Table 1. Data were measured from technical duplicates, expressed
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TABLE 1 Primers used for quantitative RT-PCR

Gene Locus Primer name Sequence (5'-3') T, (°C)?

Jonah66Ci CG7118 Forward TTCATCACCCACGGATCTGC 57
Reverse GCACTCGGAGTTGTGGATGA

Attacin-A CG10146 Forward CAATGGCAGACACAATCTGG 60
Reverse ATTCCTGGGAAGTTGCTGTG

Drosomycin CG10810 Forward TGAGAACCTTTTCCAATATGATG 60
Reverse CCAGGACCACCAGCAT

Puckered CG7850 Forward GGCCTACAAGCTGGTGAAAG 60
Reverse AGTTCAGATTGGGCGAGATG

Turandot-A CG31509 Forward AGATCGTGAGGCTGACAAC 60
Reverse CCTGGGCGTTTTTGATAA

Defensin CG1385 Forward CGCATAGAAGCGAGCCACATG 60
Reverse GCAGTAGCCGCCTTTGAACC

Diptericin CG12763 Forward ACCGCAGTACCCACTCAATC 60
Reverse CCCAAGTGCTGTCCATATCC

Cecropin-Al CG1365 Forward TCTTCGTTTTCGTCGCTCTC 60
Reverse CTTGTTGAGCGATTCCCAGT

Wingless CG4889 Forward GATTATTCCGCAGTCTGGTC 60
Reverse CTATTATGCTTGCGTCCCTG

RpL32 CG7939 Forward GATGACCATCCGCCCAGCA 60
Reverse CGGACCGACAGCTGCTTGGC

aT,,» melting temperature.

as the AC; of 2¢7(ReL32)/3CTigene) and presented as a ratio of the value for infected larvae to that of the
uninfected controls. Results depict mean and standard deviations from three biological replicates
representing three independent experiments.

Survival experiments. A 96-well microtiter plate (Corning) was prepared by addition of 100 ul of
1.5% agarose gel (in 1X Tris-acetate-EDTA [TAE] buffer) to each well. A suspension (10 ul) containing 10
symbiotic or axenic Steinernema nematodes was added to each well. Application of sterile distilled water
(10 wl) to larvae was used as an uninfected control treatment. An individual Drosophila larva was then
added to each well, as described previously (8). For each experiment, 20 larvae per line per treatment
were used, and each survival assay was repeated three times.

Immunohistochemistry. Drosophila yw background and Jonah66Ci knockdown larvae were col-
lected from five separate vials for each experiment. Gut samples from 10 larvae infected with 10
symbiotic or axenic Steinernema nematodes were dissected at 24 h postinfection. Gut samples from
larvae treated with sterile distilled water served as uninfected controls. Gut tissues were fixed in 4%
formaldehyde (Sigma) in 1X phosphate-buffered saline (PBS) for 30 min and then washed in 1X PBS
containing 0.1% Triton X-100. Samples were incubated with primary and secondary antibodies in a
solution consisting of 1X PBS, 0.1% Triton X-100, and 0.5% bovine serum albumin (BSA). The following
primary antibodies were used: 1:500 rabbit anti-PH3 (Developmental Studies Hybridoma Bank [DSHB])
and mouse anti-Prospero (DSHB). Fluorescently labeled tissues were mounted in ProLong Diamond
antifade mountant containing 4',6’-diamidino-2-phenylindole (DAPI) nuclear stain (Life Technologies).
Data were collected from gut tissues from each individual larva. Fluorescent images were obtained using
an LSCM-510 Meta confocal microscope (Carl Zeiss) at X40 magnification. Images were assembled using
Adobe Photoshop (2018 release), and numbers of specific cell types (PH3 for mitotic cells, Prospero for
EEs, and Gal4-UAS-GFP for ISCs) were estimated. The experiment was repeated two times.

NO and aconitase activity estimation. Gut samples from 10 Drosophila larvae infected with 10
symbiotic or axenic Steinernema nematodes were dissected 24 h postinfection. Gut samples from larvae
treated with sterile distilled water served as uninfected controls. For nitric oxide estimation, gut samples
were homogenized in PBS by grinding with a sterile plastic pestle and then centrifuged at 10,000 X g
for 10 min at 4°C. The resultant supernatant was mixed 1:1 with Griess reagent (Sigma), and absorbance
was measured at 595 nm using a plate reader (BioTek). Nitric oxide (NO) levels were calculated from a
silver nitrite standard curve. For aconitase activity estimation, gut samples were homogenized in
aconitase assay buffer and processed according to the manufacturer’s instructions (MAKO51-1KT; Sigma),
and absorbance was measured at 450 nm. Aconitase activity levels were calculated from an isocitrate
standard curve. Both NO and aconitase activity levels were represented relative to total protein content
in each sample. Protein quantification was performed as described previously (55). The experiment was
repeated three times.

Feeding rate. Ten Drosophila larvae from each line were infected with 10 symbiotic or axenic
Steinernema nematodes or treated with sterile distilled water and then collected at 24 h postinfection. All
larvae were fed on yeast paste containing 0.16% erioglaucine disodium salt (FD&C blue no. 1; Sigma) for
15 min. Larvae from each line were starved for 24 h and served as background controls. The protocol for
spectrophotometric detection of the food dye has been described previously (56). Sample supernatants
(200 wl each), obtained from centrifuging the larval homogenates, were loaded into a 96-well plate
(Corning) and measured as the optical density at 633 nm (ODgs;) using a plate reader (BioTek). The
experiment was repeated three times.

Statistical analysis. For gene transcript level analysis, immunohistochemistry, nitric oxide estima-
tion, and feeding rate, data analysis was performed using one-way analysis of variance (ANOVA) with a
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Tukey post hoc test for multiple comparisons and an unpaired two-tailed t test. For survival experiments,
a log rank (Mantel-Cox) and chi-square tests were performed. P values lower than 0.05 were considered
statistically significant. All figures were generated using GraphPad Prism, version 7, software.
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