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ABSTRACT Drosophila melanogaster is an outstanding model for studying host an-
tipathogen defense. Although substantial progress has been made in under-
standing how metabolism and immunity are interrelated in flies, little informa-
tion has been obtained on the molecular players that regulate metabolism and
inflammation in Drosophila during pathogenic infection. Recently, we reported
that the inactivation of thioester-containing protein 2 (Tep2) and Tep4 promotes sur-
vival and decreases the bacterial burden in flies upon infection with the virulent
pathogens Photorhabdus luminescens and Photorhabdus asymbiotica. Here, we inves-
tigated physiological and pathological defects in tep mutant flies in response to Pho-
torhabdus challenge. We find that tep2 and tep4 loss-of-function mutant flies contain
increased levels of carbohydrates and triglycerides in the presence or absence of
Photorhabdus infection. We also report that Photorhabdus infection leads to higher
levels of nitric oxide and reduced transcript levels of the apical caspase-encoding
gene Dronc in tep2 and tep4 mutants. We show that Tep2 and Tep4 are upregulated
mainly in the fat body rather than the gut in Photorhabdus-infected wild-type flies
and that tep mutants contain decreased numbers of Photorhabdus bacteria in both
tissue types. We propose that the inactivation of Tep2 or Tep4 in adult Drosophila
flies results in lower levels of inflammation and increased energy reserves in re-
sponse to Photorhabdus, which could confer a survival-protective effect during the
initial hours of infection.

KEYWORDS Drosophila, innate immunity, insect, metabolism, Photorhabdus,
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central question in insect immunology involves the identification of the patholog-
ical defects that lead to insect death following a microbial infection (1). The fruit fly
Drosophila melanogaster is an established model to interrogate the pathology of
infection and inflammation (2-5). Drosophila activates distinct immune responses
against microbial pathogens. These responses include the activation of NF-«B signaling
pathways that lead to the production of antimicrobial peptides and cellular immune
reactions that involve phagocytosis, nodulation, and coagulation (6). Infection also
induces stress signaling cascades, resulting in the synthesis of nitric oxide (6). To
accomplish these immune functions, Drosophila relies on its stored reservoirs of energy
(7). Metabolism and immunity share a complex relationship depending on the nature
of the pathogen that the fly encounters. For example, Drosophila flies undergo anorexia
after pathogenic infection with Listeria monocytogenes and Salmonella enterica serovar
Typhimurium (8). L. monocytogenes infection also depletes the stored energy pools of
glycogen and triglycerides, which in turn leads to fly death (9).
The Drosophila-Photorhabdus model forms a flexible system for understanding the
molecular and mechanistic basis of host-pathogen interactions (10-13). Photorhabdus
bacteria are Gram-negative bacteria that belong to the family Enterobacteriaceae, which
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includes several other important bacterial pathogens. The main characteristic of Pho-
torhabdus is that the bacteria form a mutualistic association with their nematode
partner Heterorhabditis (14). The bacteria are present in the gut of infective juvenile
nematodes that have the ability to attack and invade susceptible insects (15). Following
entry, infective juveniles regurgitate Photorhabdus in the insect hemocoel, where the
bacteria divide exponentially and produce a wide range of toxins and hydrolytic
enzymes that cause rapid insect death (16).

The bacteria secrete multiple virulence factors in addition to molecules that interfere
with the insect host immune system (17). They can replicate in the insect gut, and as
a consequence, the insect ceases feeding and dies due to septicemia (14). Photorhabdus
also resides and multiplies in insect fat body tissue, an infection strategy that results in
the evasion or deactivation of the insect humoral immune response (18). To suppress
the cellular immune response, Photorhabdus secretes virulence factors that interfere
with hemocyte function or morphology, while other secreted molecules promote the
death of gut and immune cells (19-21). Although exciting findings have been obtained
from studying Photorhabdus infection processes in the insect models Galleria mellonella
and Manduca sexta (22-24), the physiological changes caused by these pathogens in
Drosophila flies have yet to be explored (25).

Thioester-containing proteins (TEPs) participate in the opsonization and elimination
of invading microbes in both vertebrate and invertebrate animals, and they are
involved in augmenting inflammatory responses in vertebrates (26-28). Substantial
information on the function of TEPs in Anopheles mosquitoes has been acquired, but
only a few studies have examined the contribution of TEPs to the antimicrobial immune
response of Drosophila (11, 29-34). Recently, we reported that Tep2, Tep4, and Tep6 in
Drosophila are transcriptionally upregulated after infection with Photorhabdus lumine-
scens or Photorhabdus asymbiotica (11, 35, 36). In particular, the inactivation of Tep2,
Tep4, and Tep6 in Drosophila prolongs the survival of the mutants in response to
Photorhabdus infection, which is accompanied by a lower level of persistence of the
pathogens in infected flies. Here, we have hypothesized that the absence of TEP2 or
TEP4 molecules results in lower levels of inflammation in the fly upon Photorhabdus
infection. For this, we examined the physiological responses of tep mutant flies to the
two Photorhabdus pathogens. We report that tep2 and tep4 mutants display increased
metabolic reserves and low levels of inflammation in gut and fat body compared to
background control flies. Our findings reveal that TEP2 and TEP4 molecules are asso-
ciated with the regulation of pathophysiological effects, programmed cell death, and
metabolic activities in flies in response to Photorhabdus challenge.

RESULTS

Drosophila tep2 mutants exhibit high carbohydrate levels after bacterial infec-
tion. Previous studies have shown that infection with Listeria monocytogenes or Myco-
bacterium marinum leads to significant metabolic changes in the fly (9, 37). To under-
stand the prolonged survival of tep2 and tep4 mutants, we measured the levels of the
carbohydrates trehalose, glycogen, and glucose in flies infected with either pathogenic
Photorhabdus or nonpathogenic Escherichia coli bacteria at early (6 h) and late (18 h)
time points postinfection and before fly death occurred (11, 35). We first tested changes
in trehalose levels in tep mutants and background controls because trehalose is one of
the major circulating sugars in fruit flies (38). The levels of trehalose in w’7?8 flies were
decreased 6 h after infection with either Photorhabdus species and 18 h after infection
with P. luminescens only compared to phosphate-buffered saline (PBS)-injected controls
(Fig. 1A and B). We further observed that tep2 mutants had significantly higher levels
of trehalose than did their background control flies (w’778) 6 h after infection with E. coli
and Photorhabdus (Fig. 1A), whereas no differences were observed between the two
mutants 18 h after infection with any of the bacteria or after PBS injection (Fig. 1B).
Interestingly, we found no significant changes in trehalose levels between the tep4
mutants and their background controls (yw) at any time point after bacterial infection
(Fig. 1C and D). These results demonstrate that the inactivation of Tep2 affects trehalose
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FIG 1 Inactivation of Tep2 and Tep4 modulates trehalose levels in Drosophila in the presence or absence of
Photorhabdus infection. Trehalose levels (micrograms per milliliter) in tep2 (A and B) and tep4 (C and D)
loss-of-function mutants are compared to those in the corresponding background control flies (w778 and
yw, respectively) (n = 5) 6 and 18 h after infection with E. coli (Ec), P. luminescens (Pl), or P. asymbiotica (Pa)
or injection with 1X PBS (negative control). The means from three independent experiments are shown,
and error bars represent standard deviations. Significant differences are shown with asterisks (*, P < 0.05;
** P < 0.01).

levels during pathogenic infection with Photorhabdus or nonpathogenic infection with
E. coli bacteria.

Next, we examined the levels of glycogen in tep mutants and background controls
in the presence or absence of bacterial infection. We found no changes in glycogen
levels between the tep2 mutants and w778 flies at any of the time points (Fig. 2A and
B). We also noticed low glycogen levels in w’’’8 flies 6 h after infection with either
Photorhabdus species and 18 h after infection with P. luminescens only compared to the
PBS or E. coli treatments (Fig. 2A and B). We further observed significantly higher
glycogen levels in tep4 mutants than in their background controls (yw) 6 h after
infection with P. luminescens or E. coli or injection with PBS (Fig. 2C and D). In addition,
we found that tep4 mutants had significantly more glycogen than did yw flies injected
with PBS at 18 h (Fig. 2D). However, tep4 mutants contained less glycogen 18 h after
infection with P. luminescens than did those infected with E. coli or given control
injections with PBS (Fig. 2D). These results indicate that the inactivation of Tep4 in
Drosophila affects the utilization of glycogen during the early and late stages of
infection with pathogenic and nonpathogenic bacteria.

We next examined the levels of free glucose before and after infection with E. coli
or Photorhabdus. We recorded increased glucose levels in tep2 mutants compared to
w’778 flies 18 h after infection with P. asymbiotica only (Fig. 3A and B). We also noticed
that free glucose levels were decreased in w’’’8 flies 6 h after infection with E. coli
compared to those in w’’78 flies injected with PBS (Fig. 3A). There were no changes in
free glucose levels between tep4 mutants and yw flies 6 h after the injection of bacteria
or PBS (Fig. 3C). In contrast, glucose levels were significantly higher in tep4 mutant flies
injected with E. coli, P. asymbiotica, or PBS at 18 h than in yw flies (Fig. 3D). These results
indicate that dysregulation of the expression of Tep2 results in increased free glucose
reserves during P. asymbiotica infection, whereas the inactivation of Tep4 promotes
increased free glucose reserves during E. coli or P. asymbiotica infection.
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FIG 2 Drosophila mutants for Tep2 and Tep4 display differential glycogen levels in the presence or absence of Photorh-
abdus infection. Shown are glycogen levels in tep loss-of-function mutants and background control flies (n = 5) injected
with 1X PBS (negative control), E. coli (Ec), P. luminescens (Pl), or P. asymbiotica (Pa). Glycogen levels (micrograms) are
normalized to the protein content (micrograms) and represented as a ratio in tep2 mutants (A and B) and tep4 mutants
(C and D) compared to those of their background control strains (w’’’¢ and yw, respectively) at 6 and 18 h postinjection.
The means from three independent experiments are shown, and error bars represent standard deviations. Significant
differences are shown with asterisks (*, P < 0.05; **, P < 0.01).

Drosophila tep2 and tep4 mutants have high triglyceride levels upon bacterial
infection. Previous studies have shown that triglyceride levels decrease with bacterial
or viral infection in Drosophila (9, 39). Here, we aimed to identify potential changes in
triglyceride levels in tep mutant flies in response to Photorhabdus or E. coli infection. We
found that tep2 mutants had higher triglyceride levels than those of the background
controls 6 h after infection with P. asymbiotica and 18 h after infection with E. coli or
Photorhabdus or injection with PBS (Fig. 4A and B). Similarly, tep4 mutants displayed
increased levels of triglycerides compared to those in yw flies with any injection
treatment at 6 h postinfection (hpi) but only with PBS or Photorhabdus at 18 hpi (Fig.
4C and D). These results imply that the inactivation of Tep2 or Tep4 leads to the
increased deposition and storage of triglycerides in uninfected or bacterium-infected
flies.

Drosophila tep2 and tep4 mutants contain large lipid droplets in the fat body
after Photorhabdus infection. Previous studies of Drosophila identified the participa-
tion of lipid droplets (LDs) in the antimicrobial immune response (40, 41). Here, we
evaluated the status of LDs localized in the fat body of tep mutant flies and background
controls in response to pathogenic and nonpathogenic bacterial infections. We ob-
served that uninfected tep mutants and their controls displayed similar-sized LDs (Fig.
5A, B, and G and 6A, B, and G). In agreement with the results for triglycerides, we
noticed larger LDs in tep2 and tep4 mutants after Photorhabdus infection than in control
flies (Fig. 5C to G and 6C to G). These results indicate that the inactivation of Tep2 or
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FIG 3 Drosophila mutants for Tep2 and Tep4 have altered glucose levels upon infection with Photorhabdus.
Shown are free glucose levels in tep2 (A and B) and tep4 (C and D) loss-of-function mutant flies compared
to those in the corresponding background controls (w’’78 and yw, respectively) (n = 5) 6 and 18 h after
infection with E. coli (Ec), P. luminescens (Pl), or P. asymbiotica (Pa) or injection with 1X PBS (negative
control). Glucose levels are normalized to the total protein content and represented as a ratio of the total
glucose content to the total protein content. The means from three independent experiments are shown,
and error bars represent standard deviations. Significant differences are shown with asterisks (*, P < 0.05;
**, P < 0.01).

Tep4 regulates the size of LDs in the fat body of flies in response to Photorhabdus
infection.

Drosophila tep2 and tep4 mutants contain fewer Photorhabdus cells in gut and
fat body. Previously, we reported a lower level of persistence of Photorhabdus in tep2
and tep4 mutant flies (11, 35). Here, we estimated the number of bacteria in the gut and
fat body of tep mutants 18 h after infection with E. coli and Photorhabdus. We found
higher numbers of Photorhabdus CFU in the fat body than in the gut in all four fly
strains (Fig. 7). However, there were no changes in P. luminescens burdens between tep2
and control flies in either the fat body or gut (Fig. 7A). Instead, there were significantly
fewer P. asymbiotica CFU in the gut of tep2 mutants than in control flies (Fig. 7B). Similar
to our previously reported results (11), we observed significantly fewer CFU of P.
luminescens in both tissues of tep4 mutants than in the tissues of control flies, whereas
there was no difference in P. asymbiotica CFU between the two strains (Fig. 7C and D).
We were unable to detect the presence of E. coli in either tissue of tep mutants and their
background controls by quantitative PCR (qPCR) at 18 hpi. These results suggest that
the inactivation of Tep2 or Tep4 regulates Photorhabdus replication in the fly gut and fat
body during early and late hours of infection.

Photorhabdus infection increases Tep2 and Tep4 transcript levels in the fly gut
and fat body. Tep genes are induced in the larval fat body and in the abdominal
epithelium of the gut in the adult fly (31). We recently found increased transcript levels
of Tep2 and Tep4 in yw and w'’’8 background fly strains upon E. coli or Photorhabdus
infection (11, 35). Therefore, we investigated whether Tep2 and Tep4 are expressed
mainly in the gut and fat body of background control flies 18 h after infection with
these bacteria. We found that Tep2 was upregulated in the fly fat body upon infection
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FIG 4 Infection of Drosophila tep2 and tep4 mutant flies with Photorhabdus alters triglyceride levels.
Shown are estimations of triglyceride levels in tep loss-of-function mutants and background controls (n =
5) injected with 1X PBS (negative control), E. coli (Ec), P. luminescens (Pl), or P. asymbiotica (Pa).
Triglyceride levels (micrograms) are normalized to the protein content (micrograms) and represented as
a ratio of the total triglyceride content to the total protein content in tep2 mutants (A and B) and tep4
mutants (C and D) compared to the background control strains (w’7’8 and yw, respectively) at 6 and 18 h
postinfection. The means from three independent experiments are shown, and error bars represent
standard deviations. Significant differences are shown with asterisks (*, P < 0.05; **, P < 0.01).

with P. luminescens only, whereas infection with this pathogen induced Tep4 in both
tissues (Fig. 7F). In addition, Tep4 was upregulated in the fat body of P. asymbiotica-
infected flies (Fig. 7F). These results indicate that the Drosophila gut is a source of Tep2
expression, whereas both gut and fat body tissues are involved in the induction of Tep4
expression in adult flies in response to Photorhabdus infection.

Drosophila tep2 and tep4 mutants have high nitric oxide activity in response to
bacterial infection. Because tep mutants contain larger amounts of sugars and trig-
lycerides but lower bacterial burdens in the fat body and gut, we measured stress levels
in these flies upon Photorhabdus or E. coli infection. For this, we estimated the levels of
nitrite, a by-product of nitric oxide production that is used as a measure of stress in
insects (42). We found that tep2 mutants had significantly lower nitrite levels than those
of w'"78 flies 6 h after infection with P. luminescens (Fig. 8A) but significantly higher
nitrite levels 18 h after infection with E. coli or Photorhabdus than those of their
counterparts injected with PBS (Fig. 8B). Similarly, w778 flies had higher nitrite levels 18
h after infection with Photorhabdus than those of E. coli-infected or PBS-injected
individuals (Fig. 8B). In tep4 mutants, there was a decrease in the nitrite quantity 6 h
after infection with Photorhabdus or E. coli compared to that in PBS-injected flies (Fig.
8C). However, yw flies injected with P. luminescens had significantly increased nitrite
levels compared to those in yw flies injected with E. coli or PBS at 18 hpi (Fig. 8D). We
also found higher nitrite levels in tep4 mutant flies injected with P. asymbiotica than in
those injected with PBS, E. coli, or P. luminescens at 18 hpi (Fig. 8D). Finally, tep4 mutants
contained large amounts of nitrite after injection with PBS, E. coli, or P. luminescens at
6 and 18 hpi compared to those in yw background flies (Fig. 8C and D). These results
indicate that flies with inactivated Tep4 have increased stress levels in response to
Photorhabdus or E. coli infection.
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FIG 5 Drosophila mutants for Tep2 display large lipid droplets after Photorhabdus infection. (A to F) Fat
body tissues were stained with Nile Red-O as well as DAPI (4,6-diamidino-2-phenylindole) and observed
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Drosophila tep2 and tep4 mutants undergo reduced cell death upon infection
with Photorhabdus. To investigate whether the prolonged-survival phenotype of tep
mutants in response to Photorhabdus infection is due to reduced apoptotic death (11),
we examined the transcript levels of Dronc, an ortholog of mammalian caspase-9 (43).
The initiator (apical) caspase DRONC is required for the induction of apoptosis in flies
(44). We found that w'’’8 flies had increased Dronc transcript levels 6 h after infection
with E. coli or injection with PBS compared to those in tep2 mutants (Fig. 9A). Eighteen
hours after infection with P. asymbiotica, w''"# flies displayed increased transcript levels
of Dronc compared to those in tep2 mutants and w’’’é flies infected with E. coli or
injected with PBS (Fig. 9B). Moreover, tep2 mutants had significantly higher Dronc
transcript levels after P. luminescens infection than did those injected with E. coli or PBS
(Fig. 9B). yw flies had increased transcript levels of Dronc 18 h after infection with P.
luminescens compared to those in flies injected with P. asymbiotica, E. coli, or PBS (Fig.
9C and D). For tep4 mutants, we observed lower Dronc transcript levels than those in
yw flies 18 h after infection with P. luminescens (Fig. 9C and D). In addition, Dronc
transcript levels in tep4 mutants 18 h after infection with P. luminescens were high in
tep4 mutants compared to those in flies infected with P. asymbiotica or injected with
PBS (Fig. 9D). These findings suggest that the inactivation of Tep2 or Tep4 is linked to
reduced cell death in Photorhabdus-infected flies, which is probably due to a lower level
of persistence of the pathogens.

To investigate cell death at the tissue level, we also estimated the expression level
of the death caspase-1 (DCP-1) protein in the midgut of tep2 and tep4 mutants as well
as in the corresponding background control flies. We chose the midgut for these
experiments because Photorhabdus damages this tissue by inducing cell death (17). We
were not able to identify changes in DCP-1 expression between tep2 mutants and
control flies injected with PBS (Fig. 10A and B). However, we found lower DCP-1
expression levels in tep2 mutants than in w’’’8 flies infected with Photorhabdus bacteria
at 18 hpi (Fig. 10C to G). Similarly, there were no changes in DCP-1 expression levels
between tep4 mutants and yw flies injected with PBS (Fig. 11A and B). Finally, we found
that tep4 mutants had lower expression levels of DCP-1 than did yw flies 18 h after
infection with Photorhabdus (Fig. 11C to G). These results indicate that the inactivation
of Tep2 or Tep4 results in decreased expression levels of caspases in flies infected with
Photorhabdus pathogens.

DISCUSSION

In this study, we investigated the pathological defects in tep loss-of-function mutant
flies in response to Photorhabdus infection. We evaluated the amounts of different
metabolites, such as carbohydrates and lipids, to monitor metabolic activity in the
presence or absence Photorhabdus infection. We also examined the levels of stress, cell
death, and pathogen burden in tep mutant flies as indicators of inflammation upon
infection with these pathogens. We report that the inactivation of Tep2 or Tep4 results
in increased physiological responses and reduced inflammation in flies infected with
Photorhabdus bacteria.

Metabolic changes in the whole animal reflect changes that take place at the
physiological or immunological level (45). Hence, by examining physiological activities
in infected tep mutants, we aimed to understand the cause(s) for their altered survival
response to Photorhabdus (11). Previously, we showed that TEP2 and TEP4 are involved
in regulating the activation of immune signaling pathways in Photorhabdus-infected

FIG 5 Legend (Continued)

under a confocal microscope (Olympus) at a X20 magnification. Lipid droplets (red) and nuclei (blue) are
shown for flies of the background control strain (w’778) (A, C, and E) and the tep2 mutant strain (B, D, and
F) 18 h after infection with Photorhabdus luminescens (Pl) or P. asymbiotica (Pa) or injection with 1X PBS
(negative control). (G) Areas of lipid droplets in fat body cells of the background control strain (w’’78) as
well as tep2 mutants were quantified by using Imagel. The means from at least three independent fat
body samples are shown, and error bars represent standard deviations. Significant differences are shown
with asterisks (***, P < 0.001).
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body tissues were stained with Nile Red-O as well as DAPI and observed under a confocal microscope

(Continued on next page)

May 2018 Volume 86 Issue 5 e00810-17

Infection and Immunity

iaiasm.org 9


http://iai.asm.org

Shokal et al. Infection and Immunity

A P. luminescens B P. asymbiotica control
Il fep mutant
7.6%10%4 6x10°- .
6.0%10% v
4.5%10°4 *
3ox10%4 — N
» 1,5x109:_ e w 410
B gt E
2x10%4 2x10% "
1%10%
0- 0-
Gut Fat body Gut Fat body
2.25%10°
1.60x10°
8.
@ 7.60x10°% “
5 3x10% i
2x10%4
1%10%
= . ut Fat bod!
Gut Fat body v
E F = Gut
@ d o [ Fat body
o 5m —
{— [ *k
< o -
© f=
S 44 sS4
o c
© 3 [
® cEa
.2 sk ®
=1 >
% 2= -g 2+
= e
2 =
s 2
0-

PBS Pl Pa PBS Pl Pa

FIG 7 Pathogen burden and Tep gene transcript levels are altered in the gut and fat body of Drosophila flies in response to
Photorhabdus infection. (A to D) CFU of P. luminescens (A and C) and P. asymbiotica (B and D) in the gut and fat body of tep2
and tep4 mutant flies and background control flies (w’77¢ and yw, respectively) (n = 5 per experimental condition) at 18 h
postinfection. CFU were estimated by quantitative PCR of Photorhabdus 16S rRNA levels. (E and F) Transcript levels of Tep2 (E)
and Tep4 (F) in the gut and fat body tissues of w’’’8 flies (n = 5) 18 h after infection with E. coli (Ec), P. luminescens (Pl), or P.
asymbiotica (Pa) or injection with 1X PBS (negative control). Gene transcript levels are shown as relative abundances of
transcripts normalized to the value for the ribosomal protein L32 gene (RpL32) and expressed as a ratio compared to values
for uninfected flies. The means from three independent experiments are shown, and error bars represent standard deviations.
Significant differences are indicated with asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

flies (11, 35). Several studies have linked immune signaling pathway activity to meta-
bolic status in Drosophila in the context of infection (7). For example, insulin signaling
and triglyceride synthesis were attenuated in Toll gain-of-function mutants, but not in
Imd mutants, in the absence of infection (46). The induction of the Toll pathway by

FIG 6 Legend (Continued)

(Olympus) at a X 20 magnification. Lipid droplets (red) and nuclei (blue) are shown for flies of the background
control strain (yw) (A, C, and E) and the tep4 strain (B, D, and F) 18 h after infection with Photorhabdus
luminescens (Pl) or P. asymbiotica (Pa) or injection with 1X PBS (negative control). (G) Areas of lipid droplets
in fat body cells of the background control strain (yw) as well as tep4 mutants were quantified by using
ImagelJ. The means from three independent fat body samples are shown, and error bars represent standard
deviations. Significant differences are shown with asterisks (**, P < 0.01; ***, P < 0.001).
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FIG 8 Drosophila mutants for Tep2 and Tep4 exhibit elevated levels of nitric oxide after infection with Photorhabdus. Nitrite levels in tep
loss-of-function mutants and background controls (n = 5) injected with E. coli (Ec), P. luminescens (Pl), P. asymbiotica (Pa), or 1X PBS
(negative control) were estimated. The concentration of nitrite (micromolar) is normalized to the protein content (micrograms per
milliliter) and represented as a ratio of total nitrite levels to total protein levels in tep2 mutants (A and B) and tep4 mutants (C and D) with
the corresponding background control strains (w’’78 and yw, respectively) at 6 and 18 h postinjection. The means from three independent
experiments are shown, and error bars represent standard deviations. Significant differences are shown with asterisks (*, P < 0.05; **, P <
0.01; ***, P < 0.001).

bacterial infection results in a reduction of insulin signaling. In addition, the Imd
pathway negatively modulates certain metabolic genes in response to Gram-negative
bacterial infection in fruit flies (47). Therefore, we propose that the increased levels of
carbohydrates and triglycerides in tep mutants compared to those in the background
control flies could be the result of an indirect attenuation of insulin signaling due to
differential regulation of immune signaling in the absence of functional TEP molecules.
Moreover, the decreased levels of trehalose and glycogen in tep2 and tep4 mutants,
respectively, during the late stages of Photorhabdus infection may be the result of using
up the stored energy in these flies. Once these energy reservoirs are exhausted, the
synthesis of various metabolites, such as proteins, lipids, and carbohydrates, in re-
sponse to bacterial infection might cease in tep mutant flies (48).

Lipid droplets are multifunctional organs present in most organisms ranging from
bacteria to eukaryotes. They are abundantly present in fat-storing tissues, such as insect
fat body cells. Lipid droplets perform immune activities in mammals, mosquitoes, and
Drosophila (40, 49, 50). Interestingly, lipid droplets have been shown to accumulate in
neutrophils and macrophages during infection in mammals (50). Moreover, the con-
stitutive activation of Toll and Imd pathways in Aedes mosquitoes leads to the accu-
mulation of lipid droplets in the midgut (40, 49). Therefore, our present findings
indicate that the induction of Toll and Imd signaling in flies with inactivated tep genes
could be linked to changes in the numbers of lipid droplets in the context of Photo-
rhabdus infection. The exact mechanism of this physiological alteration requires further
investigation and will form the basis of our future studies.
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FIG 9 Drosophila mutants for Tep2 and Tep4 have reduced apoptosis upon Photorhabdus infection. Shown are
transcript levels of Dronc in tep2 (A and B) and tep4 (C and D) mutant flies compared to the corresponding
background controls (w778 and yw, respectively; n = 3 to 5) 6 and 18 h after infection with E. coli (Ec), P. luminescens
(P1), or P. asymbiotica (Pa) or injection with 1X PBS (negative control). Gene transcript levels are shown as relative
abundances of transcripts normalized to the value for the ribosomal protein L32 housekeeping gene (RpL32) and
expressed as a ratio compared to the values for uninfected flies. The means from three independent experiments
are shown, and error bars represent standard deviations. Significant differences are indicated with asterisks (*, P <
0.05; **, P < 0.01; ***, P < 0.001).

The fat body and gut tissues of Drosophila are the sites of systemic and local
antimicrobial peptide synthesis, respectively (51, 52). Tep genes are upregulated in the
abdominal epithelium and larval fat body upon septic injury (31), and our results are in
accordance, as we report the induction of Tep2 and Tep4 in the fat body as well as the
gut after Photorhabdus infection. During Photorhabdus infection, the bacteria first grow
excessively in the insect hemolymph and gut and subsequently proliferate in the fat
body (14, 18). The increased colonization of Photorhabdus in the fat body at late time
points suggests that this tissue might form the main target for these pathogens, which
could lead to the suppression of the humoral immune response (53). In addition, the
presence of Photorhabdus in the gut could also form an evasion strategy for direct
interference with the gut epithelial immune response (17). Interestingly, the level of
persistence of Photorhabdus in tep mutants is consistently low, which implies that there
is a potential interaction of TEP molecules with the pathogens. We propose that this
interaction might promote Photorhabdus pathogenicity, which could lead to the de-
pletion of energy stores and, ultimately, the death of the fly.

Nitric oxide signaling is known to activate the innate immune response in Drosophila
upon infection with Gram-negative bacteria (6, 54). Nitric oxide synthase provides
protection against Photorhabdus infection in Manduca sexta and Drosophila and can
increase melanization and clot formation (55, 56). Increased nitric oxide levels in
uninfected and infected tep mutants could potentially activate humoral immune
responses early in an infection by Photorhabdus. Therefore, we propose that the
inactivation of Tep2 or Tep4 interferes with nitric oxide activity that could stimulate
immune signaling pathways in the fly (35, 36). Consequently, this would result in
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FIG 10 Drosophila mutants for Tep2 show low DCP-1 expression levels in the midgut following infection with P.
luminescens. (A to F) Guts from 7- to 10-day-old tep2 mutants and background control flies (w’’78) were stained with
DCP-1 (red), DAPI (blue), and phalloidin (green). The dissected, stained tissues of flies injected with 1X PBS (A and B), P.
luminescens (Pl) (C and D), and P. asymbiotica (Pa) (E and F) were observed at a X40 magnification under a confocal
microscope. (G) Corrected total cell fluorescence (CTCF) was measured to quantify the expression level of DCP-1 in both
background control flies (w’778) and tep2 mutant flies by using ImageJ.
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FIG 11 Drosophila mutants for Tep4 display reduced DCP-1 expression in the midgut upon infection with Photorhabdus.
(A to F) Guts from 7- to 10-day-old tep4 mutants and background control flies (yw) were stained with DCP-1 (red), DAPI
(blue), and phalloidin (green). The dissected, stained tissues of flies injected with 1X PBS (A and B), P. luminescens (Pl)
(C and D), and P. asymbiotica (Pa) (E and F) were viewed at a X40 magnification by using confocal microscopy. (G)
Corrected total cell fluorescence (CTCF) was measured to quantify the expression levels of DCP-1 in both background
control flies (yw) and tep4 mutant flies by using ImagelJ.
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increased host survival, lower pathogen burdens, and higher melanization activity in
tep mutants during the course of Photorhabdus infection (11, 35, 54).

In addition to apoptosis, caspases participate in immunity and inflammation (6, 57),
and interestingly, sterile inflammation in Drosophila can be induced in the absence of
pathogens (58). Therefore, Dronc upregulation in w’’’8 flies injected with buffer or
nonpathogenic E. coli bacteria could be the result of wounding. Photorhabdus patho-
gens secrete virulence factors that cause the apoptosis of insect hemocytes and cells in
the gut and fat body (17, 59). We showed previously that the inactivation of Tep2 or
Tep4 increases hemocyte viability in Photorhabdus-infected flies (35, 36). Reduced
transcript levels of Dronc, encoding an apical caspase protein containing a caspase
recruitment domain (60), in tep mutants signify that these flies undergo less inflam-
mation and cell death during the course of Photorhabdus infection. Similarly, reduced
expression levels of DCP-1 in the tep mutants indicate that these flies undergo less
inflammation upon Photorhabdus infection. Moreover, as tep2 and tep4 mutants con-
tain fewer hemocytes when infected by P. asymbiotica (35, 36), they can probably
sustain lower levels of inflammation caused by the bacteria. Nitric oxide is capable of
acting as both an inducer and an inhibitor of apoptosis by targeting preapoptotic and
antiapoptotic molecules, respectively, in mammals as well as in Drosophila (61-63).
Therefore, an alternative explanation for the increased transcript levels of Dronc in the
background control flies could be that the inactivation of Tep2 or Tep4 may result in
elevated levels of nitric oxide that could lead to the inhibition of apoptosis in
Photorhabdus-infected flies. However, the protective effect of reduced apoptosis prob-
ably ceases once nitric oxide levels misbalance the expression of antiapoptotic versus
preapoptotic genes, which could result in increased expression levels of proapoptotic
genes during the late stages of Photorhabdus infection (after 18 hpi) that could
consequently increase the survival of tep mutant flies.

In conclusion, here, we present evidence that the inactivation of Tep2 or Tep4 in
Drosophila increases the metabolic energy stores of the fly in response to Photorhabdus
infection. We show that Tep gene inactivation reduces numbers of Photorhabdus
bacteria in the fat body and gut and increases Dronc and DCP-1 expression levels as
well as nitric oxide production in infected mutants. Our results suggest a novel function
of TEP molecules in the interaction of Drosophila with the virulent pathogen Photorh-
abdus. Similar research will contribute to a better understanding of the exact function
of insect TEP molecules in the host antibacterial immune response and will allow a
comprehensive functional comparison with mammalian complement factors.

MATERIALS AND METHODS

Fly strains and bacterial stocks. Loss-of-function tep2 (f02756, Harvard, and piggyBac) and tep4
(15936, Bloomington, and p-element) mutants and their background strains (w’’78 and yw) were used in
all experiments. All fly strains were fed on instant Drosophila medium (Carolina Biological Supply) in
deionized water and maintained at 25°C with a 12-h-light/12-h-dark photoperiod.

Photorhabdus luminescens subsp. laumondii (strain TT01), P. asymbiotica subsp. asymbiotica (strain
ATCC 43949), and Escherichia coli (strain K-12) were used for infections. Bacteria were grown in sterile
Luria-Bertani (LB) broth for approximately 18 to 22 h at 30°C on a rotary shaker at 220 rpm. The cultures
were pelleted, washed, and resuspended in 1X sterile PBS (Sigma-Aldrich). Bacteria were diluted in 1X
PBS to optical densities (ODs) (at 600 nm) of 0.1 for P. luminescens, 0.25 for P. asymbiotica, and 0.015 for
E. coli by using a spectrophotometer (NanoDrop 2000c; Thermo Fisher Scientific) (11).

Infection assays. Seven- to ten-day-old adult Drosophila melanogaster flies were anesthetized with
carbon dioxide and injected intrathoracically with 100 to 300 CFU of each bacterial preparation (P.
luminescens, P. asymbiotica, or E. coli) or sterile 1X PBS (septic injury control) by using a Nanoject II
apparatus (Drummond Scientific) equipped with glass capillaries prepared with a micropipette puller
(Sutter Instruments). Whole flies or gut or fat body tissues were subsequently collected at 6 and 18 hpi
and stored at —80°C until further use.

Quantification of trehalose, glycogen, glucose, and triglyceride levels. Adult flies (n = 5) were
injected with P. luminescens, P. asymbiotica, E. coli, or 1X PBS and collected at 6 and 18 hpi. Groups of
flies were washed, and samples were prepared for colorimetric assays of trehalose, glycogen, glucose,
and triglyceride, as previously described (25, 64). All samples and standards were run in duplicates, and
at least three independent experiments were carried out for each assay. The levels of metabolites were
normalized to the total protein content present in the sample.

Lipid droplet staining and quantification. Fat body tissues were dissected in 1X PBS and fixed in
4% paraformaldehyde prepared in 1X PBS for 30 min at room temperature. The tissues were then
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TABLE 1 List of primers used in this study?

GenBank

Gene accession no. Primer direction Primer sequence (5'-3’) T, (°C)

RpL32 CG7939 Forward GATGACCATCCGCCCAGCA 61
Reverse CGGACCGACAGCTGCTTGGC

Pl16s KC237383 Forward ACAGAGTTGGATCTTGACGTTACCC 61
Reverse AATCTTGTTTGCTCCCCACGCTT

Dronc CG8091 Forward AGCTTGCTAACGCAGGGTC 61
Reverse CCTTTATCTCGCTAAACGAACGG

Tep2 CG7052 Forward CGTTCTGCTGGCTTTCTTC 525
Reverse ATACTGGTCGTCCGTCTTGTC

Tep4 CG10363 Forward GCTGCAGAACCAGATCGAAATC 61
Reverse ATGACTTTGGCGACGTCTTGAT

T, melting temperature.

washed twice in 1X PBS and stained with a 1:1,000 dilution of 0.05% Nile Red-O in 1T mg/ml methanol
for 30 min in the dark. Tissues were mounted in Vectashield (catalog number H1200; Vector Laborato-
ries), and images were taken by using an Olympus confocal microscope. To quantify lipid droplet sizes,
the area of the 15 largest lipid droplets per fat body was measured by using Image J. This was repeated
for at least three independent samples for each fly strain.

RNA isolation, gene transcript levels, and bacterial loads. RNA was isolated from frozen flies
(n = 5) or gut or fat body tissues by using the PrepEase RNA spin kit (Affymetrix USB) or TRIzol reagent
(Ambion, Thermo Fisher Scientific) according to the manufacturers’ protocols. RNA samples were
adjusted to 350 ng for cDNA synthesis (Applied Biosystems, Thermo Fisher Scientific). Quantitative
reverse transcription-PCR (qRT-PCR) was performed by using the CFX96 Touch real-time PCR detection
system (Bio-Rad), and the AAC; method was used for analysis of results (11). Data are presented as the
ratio of injected flies to untreated flies (baseline controls), as previously described (11). A list of primers
used for the qRT-PCR assays is shown in Table 1.

To estimate bacterial loads, standard curves were generated for each bacterial strain by using primers
to amplify their 16S rRNA genes, as described previously (12). gPCR was performed on bacterial cDNA
samples, as described above. Numbers of CFU were determined from the standard curves. All experi-
ments were performed at least three times.

Nitric oxide estimation. Equal numbers (n = 4) of male and female adult flies were homogenized
in 1X PBS at 6 and 18 hpi. Following centrifugation at 10,000 X g for 10 min at 4°C, the supernatants
were collected and mixed with Griess reagent at a 1:1 ratio (Sigma-Aldrich). Following incubation for 15
min at room temperature, the absorbance (595 nm) was measured by using a spectrophotometer
(NanoDrop 2000c). A silver nitrite standard curve was constructed to estimate the concentration of nitrite
in the samples. Nitric oxide levels are represented as the concentration of nitrite normalized to the total
protein content, and the experiments were performed at least three times.

Gut staining and fluorescence quantification. Guts from infected or uninfected 7- to 10-day-old
adult flies were dissected in 1X PBS, as mentioned above. Gut tissues were fixed for 30 min in 4%
paraformaldehyde in PBST (PBS plus 0.3% Triton). After two washes in PBST, guts were treated with a
1:100 dilution of Dcp-1 primary antibody (Cell Signaling Technology) in PBST at 4°C overnight. Following
two washes, the tissues were blocked for 2 h in PBSTB (PBST plus 0.1% bovine serum albumin). Rinsing
was done twice in PBST, and tissues were incubated with a 1:500 dilution of Alexa Fluor 544 anti-rabbit
secondary antibody for 2 h at room temperature. After two washes, tissues were finally incubated with
phalloidin-actin for 20 min before being mounted in Vectashield mounting medium (catalog number
H1200; Vector Laboratories). Images were taken by using an Olympus confocal microscope.

Images were first converted into 16-bit gray scale images, and three random areas of DCP-1
expression were used for quantification. Relative amounts of fluorescence were measured with Image)J
software by using Shanbhag thresholding on images and calculating the resulting area, integrated
density, and mean fluorescence of the background. The following equation was used: corrected total
fluorescence = integrated density — (area X mean fluorescence of background).

Statistical analysis. All statistical analyses were performed by using GraphPad Prism7 software. For
gene transcript levels, nitric oxide quantification, and metabolic activity measurements, data were
analyzed by using two-way analysis of variance (ANOVA) with a Tukey post hoc test for multiple
comparisons. For bacterial load estimations, samples were analyzed by using a two-tailed t test. P values
of <0.05 were considered statistically significant.
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