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Abstract

When infected by intestinal pathogenic bacteria, animals initiate both local and systemic defence responses. These responses are required
to reduce pathogen burden and also to alter host physiology and behavior to promote infection tolerance, and they are often mediated
through alterations in host gene expression. Here, we have used transcriptome profiling to examine gene expression changes induced by
enteric infection with the Gram-negative bacteria Pseudomonas entomophila in adult female Drosophila. We find that infection induces a
strong upregulation of metabolic gene expression, including gut and fat body-enriched genes involved in lipid transport, lipolysis, and
beta-oxidation, as well as glucose and amino acid metabolism genes. Furthermore, we find that the classic innate immune deficiency
(Imd)/Relish/NF-KappaB pathway is not required for, and in some cases limits, these infection-mediated increases in metabolic gene
expression. We also see that enteric infection with Pseudomonas entomophila downregulates the expression of many transcription factors
and cell-cell signaling molecules, particularly those previously shown to be involved in gut-to-brain and neuronal signaling. Moreover, as
with the metabolic genes, these changes occurred largely independent of the Imd pathway. Together, our study identifies many metabolic,
signaling, and transcription factor gene expression changes that may contribute to organismal physiological and behavioral responses to

enteric pathogen infection.
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Introduction

When infected with pathogenic bacteria, animals need to mount
appropriate defence responses to promote their survival. Perhaps
the best-studied mechanisms are the innate immune responses
that are involved in sensing invading pathogens and initiating
antibacterial responses (Buchon et al. 2014). These mechanisms
are termed resistance responses and are initiated to reduce path-
ogen burden. Recent work has also shown how bacterial infec-
tions can induce systemic changes in physiology and metabolism
(Medzhitov et al. 2012; Martins et al. 2019; Troha and Ayres 2020).
These metabolic changes can be required to fuel the energetically
costly innate immune resistance responses to bacterial infection
(Ryan and O'Neill 2020). In some cases, however, these changes
can promote infection survival without reducing pathogen levels.
These are termed tolerance responses and often involve changes
in host metabolism, physiology, and behavior (Ayres and
Schneider 2012; Medzhitov et al. 2012) that function to limit the
damaging effects of the pathogen and maintain host health.
While these tolerance responses are not as well studied as the
classic innate immune resistance responses, it is becoming clear

that they are as important in determining individual susceptibil-
ity to infection (Ayres 2020).

Drosophila has been a versatile and informative model system
in the investigation of organismal defence responses to bacterial
infection (Younes et al. 2020). Oral infection of adult flies with
Gram-negative pathogenic bacteria induces both local and sys-
temic resistance responses. Central to these responses is induc-
tion of the Imd/NF-Kappa B signaling pathway (Kleino and
Silverman 2014). This pathway senses bacteria through cell sur-
face peptidoglycan recognition protein (PGRP) receptors and sig-
nals through an intracellular cell signaling pathway involving the
death domain containing protein, Imd, leading to transcriptional
activation of the Relish/NF Kappa B transcription factor (Capo
et al. 2016). One main target of Relish are antimicrobial peptides
that mediate resistance responses to reduce pathogen load
(Buchon et al. 2014). Enteric Gram-negative bacterial infection in
Drosophila can also induce both local and systemic changes in
host physiology and metabolism to promote both resistance and
tolerance responses (Lee and Lee 2018; Galenza and Foley 2019;
Bland 2022). For example, gut infection induces altered lipid
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storage and metabolism both in the intestine and in remote tis-
sues such as fat body and oenocytes (Hang et al. 2014; Charroux
et al. 2018; Kamareddine, Robins, et al. 2018; Kamareddine, Wong,
et al. 2018; Lee et al. 2018; Harsh et al. 2019; Zhao and Karpac 2021;
Charroux and Royet 2022; Deshpande et al. 2022). Enteric infec-
tion can also induce alterations in systemic carbohydrate, mito-
chondrial, and amino acid metabolism (Zhao and Karpac 2021).
These nonautonomous effects of enteric infection on whole-body
metabolism involve changes in both gut-to-fat and muscle-to-fat
metabolic signaling and are required to promote host fitness.
Enteric bacterial infection can also cause changes in fly behavior
that may help to promote infection tolerance, such as food avoid-
ance and reduced fecundity (Soldano et al. 2016; Masuzzo et al.
2019, 2020; Charroux et al. 2020). In some cases, these effects
have been shown to occur as a result of altered gut-to-brain sig-
naling (Cai et al. 2021). Together, these studies show that gut
pathogens can trigger tissue-to-tissue signaling in flies to coordi-
nate changes in metabolism, physiology, and behavior and pro-
mote both resistance and tolerance responses to infection.
Understanding the mechanisms underlying these changes will
provide further insights into how organismal defence responses.

One way that organismal physiology can be altered is through
changes in gene expression. To provide further insight into sys-
temic responses to enteric infection, we have used transcriptome
profiling to identify whole-body gene expression changes follow-
ing enteric infection with Pseudomonas entomophila (P.e). Our data
reveal upregulation of many metabolic genes involved in lipid,
carbohydrate, and amino acid metabolism, and we see that in-
duction of these genes occurs independently of Imd signaling
and, in some cases, is antagonized by the Imd signaling pathway.
In addition, we saw a downregulation of genes encoding tran-
scription factors, signaling peptides, and signaling receptors, par-
ticularly those involved in gut-to-brain and neuronal signaling.
Together, these analyses reveal broad changes in metabolic, sig-
naling, and transcription factor gene expression that may medi-
ate organismal responses to infection.

Materials and methods

Drosophila stocks and culturing

The following strains were used: w!**é, imd®¥°%>”3] (Bloomington

stock center no. 17474). Flies were grown on medium containing
150¢g agar, 1,600g cornmeal, 770g Torula yeast, 675g sucrose,
2,340 g D-glucose, 240 ml acid mixture (propionic acid/phosphoric
acid) per 341 water. All stocks were maintained at either 18°C or
RT. For infection experiments, flies were raised from embryos to
adults at 25°C. Following eclosion, females were allowed to mate
for 2days before being separated from males and aged for an-
other 5-6days, at which time infection experiments were per-
formed. All experiments were conducted in mated adult females.
For the genetic experiments, w''*® flies were used as the controls
because our imdFY%%>7%] stock was maintained in a w'!*® back-
ground.

Enteric infections

Enteric infections were performed using previously described
methods (Buchon et al. 2010; Zhao and Karpac 2021). Briefly, P.e
from overnight cultures were pelleted and resuspended in 5% su-
crose solution (in PBS) such that the final concentration of bacte-
ria was ODggoo = 200. Bacterial pellets were then dissolved in filter
sterilized 5% sucrose/PBS. Chromatography paper (Fisher,
Pittsburgh, PA) discs were dipped in the bacterial solution and
were carefully placed on standard fly food vials such that they

covered the entire food surface. Adult females were first sub-
jected to a 2-h starvation period in empty vials at 29°C. Then
10-12 flies were transferred to each infection vial and then placed
in a 29°C incubator for the duration of the 24-h infection period.
Mock-infected control flies were placed in similarly prepared
vials that contained paper discs soaked in 5% sucrose/PBS alone.

Total RNA isolation

Adult flies were snap frozen on dry ice in groups of 5. Total RNA
was then isolated using Trizol according to the manufacturer’s
instructions (Invitrogen; 15596-018). Extracted RNA was then
DNase treated (Ambion; 2238G) to be used for subsequent gPCR
or mRNA sequencing.

mRNA sequencing

Six independent biological replicates (5 flies per group) of mock
infected and P.e. infected groups were prepared and analyzed.
RNA-sequencing was conducted by the University of Calgary
Centre for Health Genomics and Informatics. The RNA Integrity
Number (RIN) was determined for each RNA sample (6 replicates
per each condition were used). Samples with a RIN score higher
than 8 were considered good quality, and Poly-A mRNA-seq li-
braries from such samples were prepared using the Ultra II
Directional RNA Library kit (New England BioLabs) according to
the manufacturer’s instructions. Libraries were then quantified
using the Kapa gPCR Library Quantitation kit (Roche) according
to the manufacturer’s directions. Finally, RNA libraries were se-
quenced for 100 cycles using the NextSeq 500 Sequencing System
(lumina).

RNA-seq analyses

Quality control of sequenced DNA was carried out using FastQC.
Sequenced reads were mapped to the Drosophila genome Release
6 (GCF_000001215.4_Release_6_plus_ISO1_MT _rna) and tran-
scripts were quantified using kallisto (Bray et al. 2016).
Measurements of differential expression were made using sleuth
(Pimentel et al. 2017).

Gene ontology, KEGG pathway, and tissue
expression analyses

Analyses of Gene Ontology and KEGG pathway enrichment of up-
and downregulated genes [>1.5-fold, g-val (FDR corrected P-val)
<0.05] were performed using G-profiler (Raudvere et al. 2019) and
Revigo (Supek et al. 2011). Tissue enrichment of differentially ex-
pression in Figs. 5 and 6 was examined using FlyAtlas? (Leader
et al. 2018). We defined genes having enrichment in head and
brain (combined expression levels in adult head, eye, brain/CNS,
thoracicoabdominal ganglion) and/or intestinal system (com-
bined expression levels in crop, midgut, and hindgut) if expres-
sion in these tissues was >3-fold higher than any other tissue(s).

Quantitative RT-PCR measurements

Total RNA was extracted from either whole flies or from isolated
intestines or abdominal samples (abdominal carcass containing
attached fat body, but with ovaries, guts, and Malpighian tubules
removed). The RNA was then DNase treated as describe above
and reverse transcribed using Superscript II (Invitrogen;
100004925). The generated cDNA was used as a template to per-
form qRT-PCRs (ABI 7500 real time PCR system using SyBr Green
PCR mix) using gene-specific primers. PCR data were normalized
to 55 rRNA levels. All primer sequences are listed in
Supplementary Table 1.
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Statistical analysis of qRT-PCR data

All gqRT-PCR data were analyzed by Student’s t-test or 2-way
ANOVA followed by post hoc Student'’s t-test where appropriate.
All statistical analysis and data plots were performed using Prism
statistical software. Differences were considered significant when
P-values were less than 0.05.

Results and discussion

Enteric infection upregulates the expression of
metabolic genes

We chose to examine whole-body transcriptome changes trig-
gered by enteric infection. While this approach might limit our
ability to detect subtle tissue-specific alterations in mRNA levels,
we reasoned that it would be able to identify robust alterations in
gene expression. Adult mated females were either mock-infected
(fed with sucrose alone) or orally infected by feeding with P.e. We
then isolated whole-body RNA at 16-h postinfection for RNA-seq
analysis (Fig. 1a). Using a cut-off of *1.5-fold and a false-
discovery rate of q < 0.05, we identified 1,233 transcripts showing
increased expression following infection and 1,602 transcripts
showing reduced expression (Fig. 1b, Supplementary Table 1).
The best-studied immune response to Gram-negative infection in
Drosophila involves upregulation of the Imd/NF-Kappa B signaling
pathway. Among the most strongly upregulated genes were the
antimicrobial peptides (AMPs) which are known targets of the
Imd pathway, and which function to reduce pathogen burden
and promote resistance responses (Fig. 1c). We also saw induc-
tion of several other classes of genes encoding for secreted pepti-
des and proteases that have also previously been shown to be
induced upon bacterial infection and to mediate antimicrobial
responses (Fig. 1c). These results confirm that our infection pro-
tocol induces a robust transcriptional immune response to en-
teric infection.

We then carried out KEGG and Gene Ontology analyses of the
upregulated transcripts to help identify functional classes of
genes whose expression is induced upon infection. As antici-
pated, KEGG pathway analyses showed enrichment in Toll and
Imd signaling, while GO analysis showed the most significant en-
richment was in the biological process categories of defense re-
sponse and immune system process genes (Fig. 2, a and b). The
other main classes of upregulated genes were, interestingly, re-
lated to metabolism. These included genes involved in lipid, car-
bohydrate, and amino acid metabolism (Fig. 2, b and c). Previous
transcriptomic studies following enteric infection also showed
changes in metabolic genes in specific tissues such as intestine,
thoracic muscle, or abdominal adipose tissues (Buchon et al.
2009; Zhao and Karpac 2021). Similarly, transcriptome studies us-
ing models of systemic infection in flies also showed changes in
metabolic gene expression (Clark et al. 2013; Troha et al. 2018).
Our work adds to these studies to suggest that remodeling of host
metabolism through altered gene expression is a common re-
sponse to pathogenic bacterial infection in flies.

We examined the changes in metabolic gene expression by
first exploring lipid metabolism genes. We saw increased
expression of genes involved in lipid transport such as the
Niemann-Pick type C family of cholesterol transporters, and the
apolipoproteins, Lpp, Ltp, cu-d, and Mtp that are used to transport
lipids from lipid storage tissues, such as the gut and abdominal
adipose tissues, to other organs (Palm et al. 2012) (Fig. 2c). We also
saw increased whole-body expression of TAG lipases and beta-
oxidation genes (Fig. 2c). This is consistent with reports showing
the depletion of lipid stores following enteric infection (Hang et al.

2014; Kamareddine, Robins, et al. 2018; Kamareddine, Wong, et al.
2018; Zhao and Karpac 2021; Deshpande et al. 2022). The main
lipid storage tissues in the adult fly are the intestine, and the fat
body and oenocytes, which are both enriched in the abdomen.
We used gPCR to analyze gene expression in samples of isolated
intestine and abdomen (abdominal tissues with intestine, ova-
ries, and Malpighian tubules removed) from mock-infected vs
P.e.-infected flies. Consistent with our RNAseq analyses, we saw
increased expression of the lipoproteins Lpp and Mtp in the ab-
dominal samples (Fig. 2d). We also saw increased expression of
both TAG lipases and beta-oxidation genes in both the intestine
and abdominal samples (Fig. 2, d and e). Together these changes
in gene expression suggest that upon enteric infection, flies alter
their metabolism to mobilize fat and gut lipid stores and trans-
port these lipids to other tissues to fuel metabolism through
beta-oxidation. In fact, a recent report has described how differ-
ences in fat mobilization can explain interindividual differences
in susceptibility to infection (Zhao and Karpac 2021). The gut and
fat body are key tissues that coordinate host immune response to
infection. They do so in large part by both increasing expression
and release of the AMPs, and by initiating organ-to-organ signal-
ing to coordinate whole-body host defences responses (Buchon
et al. 2009). These effects rely on increased endocrine functions of
both tissues which imposes a high protein synthetic and secre-
tory burden (Martinez et al. 2020). As a result, both the gut and fat
body likely have high metabolic demands following infections.
Our RNA-seq and gRT-PCR data suggest that both tissues may
upregulate fatty acid oxidation to sustain and support their met-
abolic needs. This is in line with emerging work in immunome-
tabolism showing that many key immune system cells and
tissues switch to fatty acid oxidation to meet their metabolic
needs and to allow them to function properly to mediate defence
responses (O'Neill et al. 2016; Cumnock et al. 2018; Batista-
Gonzalez et al. 2019).

In addition to alterations in lipid mobilization and lipid meta-
bolic genes, we also saw that enteric infection led to an upregula-
tion of whole-body expression of genes encoding regulators of
both carbohydrate and amino acid metabolism (Fig. 3, a—c). For
example, we saw increased expression of genes involved in both
glycogen mobilization, and trehalose synthesis and transport
(GlyP, UGP, Tps1, Tretl-1, Tretl-2) as well as increased expression
of gluconeogenesis/glycolysis (tobi, Pepckl, Hex-C) and pentose
phosphate pathway genes (Pgd, Zw, Taldo) (Fig. 3a). These changes
suggest that flies remodel their glucose metabolism to adapt to
infection. The upregulation of glycogen mobilization genes is
consistent with previous reports showing depletion of glycogen
stores following enteric infection (Hang et al. 2014; Deshpande
et al. 2022). The muscle and fat body are the main glycogen stor-
age tissues in flies, and one possibility is that the mobilized glu-
cose may be used to fuel glycolysis and/or the pentose phosphate
pathway in these tissues to help support their metabolic needs.
In addition, the upregulation of trehalose synthesis genes sug-
gests that some of the glucose may also be converted into treha-
lose, the main circulating form of glucose in flies, to be
transported to other tissues.

Among the upregulated amino acid metabolism genes, two of
the most strongly induced were Gnmt and Sardh (Fig. 3c). Both are
involved in regulation of methionine metabolism and the control
of S-adenosylmethione (SAM) levels. SAM is an important metab-
olite since it functions as a universal methyl donor in the control
of methyltransferase activity and regulates antioxidant produc-
tion. Interestingly, previous studies have shown that regulation
of SAM levels in both the intestine and fat body play important
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Fig. 1. Enteric P.e. infection induces alterations in whole-body gene expression including upregulation of antimicrobial peptide genes. a) Schematic
outline of our experimental approach. b) Volcano plot showing the gene expression changes following enteric infection. Genes were considered
differentially expressed if they showed a significant [q-val (FDR corrected P-val) <0.05] change in expression that was >1.5-fold up- or downregulated in
infected vs mock-infected flies. Dashed line indicates g-val = 0.05. c) Heatmap depicting the change in expression (Log2-fold change vs mock-infected
flies) of antimicrobial peptide (AMP) genes and other immune-response genes following enteric infection.

roles in regulating physiology and tissue homeostasis. For exam-
ple, alterations in SAM levels in the intestine have been shown to
regulate levels of the Upd3 cytokine to control stem-cell medi-
ated tissue renewal (Obata et al. 2018), which is known to be an
important tissue repair response following enteric pathogen in-
fection (Buchon et al. 2009; Jiang et al. 2009). In addition, altera-
tions in SAM levels in the fat body have been shown to occur
following necrotic wing injury and this alteration is important for
controlling lipid levels and survival (Obata et al. 2014). Increased
fat body expression of Gnmt and modulation of SAM levels can
also extend lifespan (Obata and Miura 2015; Tain et al. 2020).
Based on these previous reports, our findings suggest that modu-
lation of intestine and/or fat body SAM levels may be an impor-
tant metabolic response to enteric bacterial infection.

The Imd pathway antagonizes the
infection-mediated upregulation of metabolic
gene expression

We next explored potential signaling and transcriptional mecha-
nisms that might explain the upregulation in metabolic gene ex-
pression following enteric pathogen infection. We focused

particularly on examining the conserved Imd/NF-Kappa B innate
immunity pathway. The Imd pathway is the main signaling path-
way induced by pathogenic Gram-negative infection in Drosophila
(Kleino and Silverman 2014). The pathway is activated when cell-
surface PGRP receptors detect bacterial peptidoglycans and stim-
ulate a downstream intracellular signaling cascade involving
Imd, a death-domain containing protein, that eventually leads to
the activation and nuclear localization of the NF-Kappa B tran-
scription factor, Relish (Kleino and Silverman 2014). One of the
main transcriptional targets of Relish is the AMPs, which mediate
the main antibacterial immune response to reduce pathogen
load. We used qRT-PCR to compare whole-animal gene expres-
sion levels in control (w!'!®) or homozygous imd mutant animals
that had either been mock-infected or orally infected by 24-h
feeding with P.e. We saw that the infection-mediated upregula-
tion of 2 AMPS, CecA and CecC seen in control (w'**®) animals was
completely suppressed in the imd mutant animals, confirming
that this line is a strong loss-of-function of the Imd pathway
(Fig. 4a). We then analyzed expression of representative meta-
bolic genes from several main classes: lipoproteins, TAG lipases,
beta oxidation genes, carbohydrate metabolic genes, and amino
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Fig. 2. Enteric P.e. infection leads to upregulation of gut- and fat body-expressed lipid transport, TAG lipases, and beta-oxidation genes. a) KEGG
pathway analysis of genes showing >1.5-fold increase following enteric infections. b) GO analysis (biological process categories) of genes showing
>1.5-fold increase following enteric infections. c) Heatmap depicting the change in expression (Log2-fold change vs mock-infected flies) of lipid
transport, TAG lipases, and beta-oxidation genes following enteric infection. Grey symbols show genes with strong enrichment in either the intestinal
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isolated abdominal tissues or () intestines. Bars represent mean=+SEM. Symbols represent individual data points, n=6-10 per condition. *P < 0.05,

Student’s t-test.

acid metabolic genes. From these analyses, 3 main findings
emerged (Fig. 4, b-f). First, we found that infection induced a
strong upregulation of all the metabolic genes that we tested,
thus confirming the transcript changes that we saw in our RNA-
seq analyses. Second, we saw that none of these increases in
metabolic gene expression were blocked in the imd mutants.
Thus, in contrast to the induction of the AMPs, the increase in
metabolic gene expression does not rely on the Imd/NF-Kappa B
immune signaling pathway. Thirdly, and most interestingly, we

saw that in many cases, the increase in metabolic gene expres-
sion seen following infection was further exacerbated in the imd
mutant flies. These results suggest that the Imd pathway may
function to antagonize the infection-mediated changes in host
metabolism. Indeed, a previous report showed that constitutive
genetic activation of the Imd pathway in larval fat body led to
downregulation of many carbohydrate and lipid metabolic genes,
including several that we see are induced upon infection and fur-
ther increased in infected imd mutants (Davoodi et al. 2019). In
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enteric infection.

addition, Relish, the transcriptional effector of the Imd pathway,
has been shown to antagonize the starvation-mediated induction
of the lipase, bmm (Molael et al. 2019). Moreover, Relish knock-
down has been shown to exacerbate the infection-induced in-
crease in amino acid metabolism genes in muscle, including
Gnmt, and the extent of these muscle effects of Relish were
shown to underlie interindividual differences in infection suscep-
tibility (Zhao and Karpac 2021). These previous reports together
with our RNA-seq and qPCR results suggest that while induction
of the Imd pathway is necessary to induce AMPs and induce anti-
bacterial responses, it also functions to limit induction of meta-
bolic genes.

What signaling pathways and transcriptional mechanisms, if
not the Imd pathway, may lead to the upregulation of metabolic
gene expression following infection? One possibility is the endo-
crine insulin/PI3K/TOR pathway. We previously showed that this
pathway is induced upon enteric infection with P.e. indepen-
dently of Imd signaling and we found that this induction was
needed to promote lipid synthesis gene expression (Deshpande
et al. 2022). Similarly, Charroux and Royet (2022) showed that in-
fection induces an upregulation of SREBP in the fly fat body
through insulin/PI3 kinase signaling. Thus, given that the insu-
lin/P3K/TOR pathway is the one of the main regulators of organ-
ismal metabolism in flies, many of the increases in lipid,
carbohydrate, and amino acid metabolism genes that we see
maybe mediated through this pathway. Furthermore, since Imd

signaling has been shown to negatively regulate insulin/PI3K sig-
naling (Davoodi et al. 2019), this may also explain, in part, why
the increased expression of metabolic genes is further exacer-
bated in imd mutants. It may seem paradoxical that insulin/PI3K/
TOR signaling would induce both lipid synthesis and lipolysis
genes. However, it is possible that these effects may be occurring
in a cell- or tissue-specific manner. For example, activation of the
PI3K/TOR pathway in oenocytes has been shown to reduce lipid
levels in these cells, but then lead to an increase in lipid levels in
fat body cells (Ghosh et al. 2020). PI3K and TOR signaling are
known to exert tissue-specific effects on metabolism. Hence, fu-
ture studies using tissue-specific genetic inhibition of PI3K/TOR
signaling will be informative to establish if these signaling path-
ways mediate some of the infection-mediated changes in meta-
bolic gene expression that we identified in our RNA-seq analyses,
and to determine whether any of these changes are
tissue-specific.

Enteric infection downregulates the expression of
many CNS and intestinal signaling pathways and
transcription factors

We saw that 1,602 transcripts showed reduced mRNA expression
following infection (Fig. 1b). GO term and KEGG pathway analyses
of these genes, interestingly, revealed enrichment in 2 broad clas-
ses of genes—transcription factors and cell-cell signaling path-
ways (Fig. 5, a and b). We found that ~100 transcription factors
showed reduced expression following infection (Fig. 5¢). We used
FlyAtlas2 (Leader et al. 2018) to explore where each of these tran-
scription factors is normally expressed, and we saw that many of
them show enriched expression either in the intestinal system
(crop, midgut and/or hindgut) or the head and brain (head, eye,
brain/CNS, and/or thoracicoabdominal ganglion) (Fig. 5c). We
also selected a few genes that showed strong changes in expres-
sion in the RNA-seq analysis and examined whether their down-
regulated expression was mediated through the Imd pathway by
using gqRT-PCR to compare infection-mediated changes in whole-
body expression in control (w*!*®) vs imd mutants. We saw that
for each of the 6 transcription factors that we examined (bap,
Docl, tll, g, rib, and sna) mRNA expression levels were signifi-
cantly reduced following infection, thus confirming the transcript
changes that we saw in our RNA-seq analyses (Fig. 5d). We also
saw that basal expression levels of each transcription factor were
significantly lower in mock-infected imd mutants compared to
controls, and that infection did not decrease these levels further
(except for sna) (Fig. 5d). These results suggest that the infection-
mediated decreases in expression of these transcription factors is
not mediated through induction of Imd signaling, and instead
Imd signaling is needed to maintain basal expression of these
genes.

Another large group of genes that showed reduced expression
following infection are those involved in cell-cell signaling (Fig. 5,
a and b). These include both cell surface receptors (Fig. 6a) and
secreted peptide ligands (Fig. 6b). In some cases (e.g. AstA, Capa,
FMRFa, Ms, Trissin, Tk), we found expression of both the secreted
factors and as well as their corresponding receptors were coordi-
nately decreased, suggesting downregulation of signaling
through pathways coupled to these ligand/receptor pairs. Also, as
with the downregulated transcription factors, we found that
most downregulated receptors and ligands showed enriched ex-
pression in the head/CNS and/or intestinal system as indicated
by FlyAtlas2 expression profiles (Fig. 6, a and b). We selected sev-
eral of these signaling peptides (Gpa2, hug, pdf, proc, FMRFa, trissin,
wg) that showed strong changes in expression in the RNA-seq
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(w1118)

vs imd mutant adult females, that were either mock-infected (grey bars and symbols) or infected by oral feeding with P.e. for 24 h (orange bars and
symbols). Bars represent mean=+SEM. Symbols represent individual data points, n=4-6 per condition. *P < 0.05, 2-way ANOVA, followed by Student’s

t-test.

analysis to examine whether the infection-mediated decrease in
expression was dependent on the Imd signaling pathway. Using
gRT-PCR analysis, we found that the whole-body expression of
each of these genes was decreased following enteric infection
with P.e., consistent with our RNA-seq analyses (Fig. 7). For three
of these genes (Gpa2, hug, and pdf) the expression levels in both
the mock-infected and infected imd mutants were significantly
lower than the control mock-infected flies, suggesting that the
infection-mediated downregulation of these genes did not occur
through increased Imd signaling (Fig. 7). However, for 2 genes
(proc and FMRFa), both of which show strongly enriched neuronal
expression, the infection-mediated decreases in mRNA expres-
sion were reversed in the imd mutants, suggesting that the

suppression of these genes may be mediated through Imd signal-
ing (Fig. 7). Indeed, Imd signaling has been shown to be induced
in neurons through direct effects of peptidoglycan on the brain
(Kurz et al. 2017).

Our RNA-seq results showed decreased expression of a broad
range of transcription factors and cell-cell signaling molecules.
Given that the normal tissue expression patterns of these genes
from FlyAtlas show that most are enriched in the brain and/or in-
testine, we can speculate from our RNA-seq results that gut in-
fection leads to: (1) a direct downregulation of transcription
factor and signaling molecule expression within the intestine,
and/or (2) an indirect, nonautonomous decrease in transcription
factor and signaling molecule expression within the brain. The
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Student’s t-test.

former scenario could reflect infection-induced alterations in
gut-to-brain signaling. For example, several of the gut-enriched
signaling peptides, such as AstC, CCHal, NPF, and Tk are
expressed in enteroendocrine (EE) cells, a population of secretory
cells in the gut, and they have receptors in the brain, suggesting
they may signal from the gut-to-brain to mediate changes in

gene expression. Indeed, a direct gut-to-brain signaling role has
been shown for NPF, AstC, and Dh31 in the context of nutrient
regulation of feeding and metabolism (Yoshinari et al. 2021;
Kubrak et al. 2022; Lin et al. 2022). Interestingly, a recent paper
showed that enteric infection with pathogenic bacteria, such as
P.e., led to an increase in EE cells (Liu et al. 2022), suggesting that
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the reduced levels of EE-expressed signaling peptides that we saw
did not arise due to damage-induced loss of these cells. In the lat-
ter scenario, it is possible that the infection-mediated reductions

in signaling molecules and transcription factors occur mostly or
exclusively in the brain. In this case, infected intestines may sig-
nal to the brain to alter neuronal gene expression. For example,
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upon enteric bacterial infection, damaged gut epithelial cells
have been shown to secrete the cytokine, Upd2, which signals to
the brain to modulate glial gene expression (Cai et al. 2021).

Several of the changes in both transcription factor levels and
intestinal and/or brain signaling could also explain the increases
in metabolic gene expression that we observed. For example,
both sug and REPTOR-BP (both of which we see are downregulated
upon infection) have been shown to regulate the expression of
both carbohydrate and lipid metabolic genes (Mattila et al. 2015;
Tiebe et al. 2015). Interestingly, REPTOR-BP-dependent transcrip-
tion is negatively regulated by insulin/TOR signaling (Tiebe et al.
2015), which would be consistent with some of the changes in
metabolic gene expression being mediated though upregulated
insulin/PI3K/TOR signaling. Furthermore, several of the intestinal
and neuronally expressed signaling molecules, such as NPF
(Yoshinari et al. 2021), Tk (Song et al. 2014; Kamareddine, Robins,
et al. 2018), AstC (Kubrak et al. 2022), and Crz (Kubrak et al. 2016),
have been shown to alter whole-body metabolism (Zhou et al.
2020; Medina et al. 2022).

One other possibility is that the changes in both intestinal and
neuronal signaling molecules that we observed may mediate
alterations in fly behavior upon infection. It is known that
infected flies will alter their feeding behavior, often to avoid eat-
ing infected food (Soldano et al. 2016; Charroux et al. 2020; Cai
et al. 2021), and they will alter their fecundity and egg-laying be-
havior (Masuzzo et al. 2019, 2020), perhaps to limit the energeti-
cally costly process of reproduction while fighting infection
(Schwenke et al. 2016). Given that several of the neuropeptide sig-
naling molecules and pathways that we see downregulated upon
infection are known to affect both feeding and reproduction

(Schoofs et al. 2017; Ameku et al. 2018; Nassel and Zandawala
2019; Hadjieconomou et al. 2020; Kim et al. 2021; Sadanandappa
et al. 2021), it is possible that they may modulate either process to
help promote infection tolerance. Thus, enteric infection-
mediated changes in both gut-to-brain signaling and CNS signal-
ing may be a general mechanism to coordinate multiple
whole-body physiological and behavioral responses to infection.

One limitation of our study is that we used whole-body analysis
of gene expression in our RNA-seq analyses. Future experiments us-
ing tissue-restricted mRNA measurements and genetic manipula-
tions of gene function will be informative in defining whether any
of the differentially expressed genes that we identified may be me-
diating tissue-specific effects on metabolism and physiology in
infected flies. Another limitation of our work is that we examined
gene expression changes upon infection only in females, and not in
males. Interestingly, a recent study using a model of systemic bac-
terial infection in flies described sex differences in Imd signaling
and AMP expression, but not metabolism upon infection (Vincent
and Dionne 2021). Thus, it will be interesting to examine whether
there are any sex differences in the enteric infection-mediated
changes in gene expression and the modulation of these changes
by Imd signaling that we see in females.

Data availability

The RNA-sequence data have been deposited in NCBI's Gene
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https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202578
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202578
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac163#supplementary-data

R.Deshpandeetal. | 11

Acknowledgments

Stocks obtained from the Bloomington Drosophila Stock Center
(NIH P400D018537) were used in this study. We thank Qingrun
Zhang for bioinformatic support.

Funding

This work was supported by CIHR Project Grants (PJT-173517,
PJT-152892) to SSG.

Conflicts of interest

None declared.

Author contributions

RD and BL carried out experiments. RD, BL, and SSG performed
data analysis. SSG directed the study and wrote the manuscript.
All authors edited the final manuscript.

Literature cited

Ameku T, Yoshinari Y, Texada MJ, Kondo S, Amezawa K, Yoshizaki
G, Shimada-Niwa Y, Niwa R. Midgut-derived neuropeptide F con-
trols germline stem cell proliferation in a mating-dependent
manner. PLoS Biol. 2018;16(9):e2005004.

Ayres JS. Surviving COVID-19: a disease tolerance perspective. Sci
Adv. 2020;6(18):eabc1518.

Ayres JS, Schneider DS. Tolerance of infections. Annu Rev Immunol.
2012;30:271-294.

Batista-Gonzalez A, Vidal R, Criollo A, Carreno LJ. New insights on
the role of lipid metabolism in the metabolic reprogramming of
macrophages. Front Immunol. 2019;10:2993.

Bland ML. Regulating metabolism to shape immune function: les-
sons from Drosophila. Semin Cell Dev Biol. 2022;51084-9521
(22)00127-6.

Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic
RNA-seq quantification. Nat Biotechnol. 2016;34(5):525-527.

Buchon N, Broderick NA, Kuraishi T, Lemaitre B. Drosophila EGFR
pathway coordinates stem cell proliferation and gut remodeling
following infection. BMC Biol. 2010;8:152.

Buchon N, Broderick NA, Poidevin M, Pradervand S, Lemaitre B.
Drosophila intestinal response to bacterial infection: activation of
host defense and stem cell proliferation. Cell Host Microbe. 2009;
5(2):200-211.

Buchon N, Silverman N, Cherry S. Immunity in Drosophila
melanogaster — from microbial recognition to whole-organism
physiology. Nat Rev Immunol. 2014;14(12):796-810.

Cai XT, Li H, Borch Jensen M, Maksoud E, Borneo J, Liang Y, Quake
SR, Luo L, Haghighi P, Jasper H, et al. Gut cytokines modulate ol-
faction through metabolic reprogramming of glia. Nature 2021,
596(7870):97-102.

Capo F, Charroux B, Royet ]. Bacteria sensing mechanisms in
Drosophila gut: local and systemic consequences. Dev Comp
Immunol. 2016;64:11-21.

Charroux B, Capo F, Kurz CL, Peslier S, Chaduli D, Viallat-Lieutaud A,
Royet]. Cytosolic and secreted peptidoglycan-degrading enzymes
in Drosophila respectively control local and systemic immune
responses to microbiota. Cell Host Microbe. 2018;23(2):
215-228.e214.

Charroux B, Daian F, Royet J. Drosophila aversive behavior toward
Erwinia carotovora carotovora is mediated by bitter neurons and
leukokinin. iScience 2020;23(6):101152.

Charroux B, Royet J. Gut-derived peptidoglycan remotely inhibits
bacteria dependent activation of SREBP by Drosophila adipocytes.
PLoS Genet. 2022;18(3):21010098.

Clark RI, Tan SWS, Péan CB, Roostalu U, Vivancos V, Bronda K,
Pilatova M, Fu J, Walker DW, Berdeaux R, et al. MEF2 is an in vivo
immune-metabolic switch. Cell 2013;155(2):435-447.

Cumnock K, Gupta AS, Lissner M, Chevee V, Davis NM, Schneider
DS. Host energy source is important for disease tolerance to ma-
laria. Curr Biol. 2018;28(10):1635-1642.1633.

Davoodi S, Galenza A, Panteluk A, Deshpande R, Ferguson M,
Grewal S, Foley E. The immune deficiency pathway regulates
metabolic homeostasis in Drosophila. ] Immunol. 2019;202(9):
2747-2759.

Deshpande R, Lee B, Qiao Y, Grewal SS. TOR signaling is required for
host lipid metabolic remodelling and survival following enteric
infection in Drosophila. Dis Model Mech. 2022;15(5):dmm049551.

Galenza A, Foley E. Immunometabolism: insights from the Drosophila
model. Dev Comp Immunol. 2019;94:22-34.

Ghosh AC, Tattikota SG, Liu Y, Comjean A, Hu Y, Barrera V, Ho Sui
SJ, Perrimon N. Drosophila PDGF/VEGF signaling from muscles to
hepatocyte-like cells protects against obesity. Elife 2020;9:
€56969.

Hadjieconomou D, King G, Gaspar P, Mineo A, Blackie L, Ameku T,
Studd C, de Mendoza A, Diao F, White BH, et al. Enteric neurons
increase maternal food intake during reproduction. Nature 2020;
587(7834):455-459.

Hang S, Purdy AE, Robins WP, Wang Z, Mandal M, Chang S,
Mekalanos JJ, Watnick PI. The acetate switch of an intestinal
pathogen disrupts host insulin signaling and lipid metabolism.
Cell Host Microbe. 2014;16(5):592-604.

Harsh S, Heryanto C, Eleftherianos I. Intestinal lipid droplets as
novel mediators of host-pathogen interaction in Drosophila. Biol
Open. 2019;8.

Jiang H, Patel PH, Kohlmaier A, Grenley MO, McEwen DG, Edgar BA.
Cytokine/Jak/Stat signaling mediates regeneration and homeo-
stasis in the Drosophila midgut. Cell 2009;137(7):1343-1355.

Kamareddine L, Robins WP, Berkey CD, Mekalanos JJ, Watnick PI.
The Drosophila immune deficiency pathway modulates enteroen-
docrine function and host metabolism. Cell Metab. 2018;28(3):
449-462.e5.

Kamareddine L, Wong ACN, Vanhove AS, Hang S, Purdy AE, Kierek-
Pearson K, Asara JM, Ali A, Morris JG, Watnick PI, et al. Activation
of Vibrio cholerae quorum sensing promotes survival of an arthro-
pod host. Nat Microbiol. 2018;3(2):243-252.

Kim SK, Tsao DD, Suh GSB, Miguel-Aliaga I. Discovering signaling
mechanisms governing metabolism and metabolic diseases with
Drosophila. Cell Metab. 2021;33(7):1279-1292.

Kleino A, Silverman N. The Drosophila IMD pathway in the activa-
tion of the humoral immune response. Dev Comp Immunol.
2014;42(1):25-35.

Kubrak O, Koyama T, Ahrentlgv N, Jensen L, Malita A, Naseem MT,
Lassen M, Nagy S, Texada MJ, Halberg KV, et al. The gut hormone
Allatostatin C/Somatostatin regulates food intake and metabolic
homeostasis under nutrient stress. Nat Commun. 2022;13(1):692.

Kubrak OI, Lushchak OV, Zandawala M, Nassel DR. Systemic corazo-
nin signalling modulates stress responses and metabolism in
Drosophila. Open Biol. 2016;6(11):160152.

Kurz CL, Charroux B, Chaduli D, Viallat-Lieutaud A, Royet ].
Peptidoglycan sensing by octopaminergic neurons modulates
Drosophila oviposition. Elife 2017;6.



12 | G3,2022,Vol. 12,No. 11

Leader DP, Krause SA, Pandit A, Davies SA, Dow JAT. FlyAtlas 2: a
new version of the Drosophila melanogaster expression atlas with
RNA-Seq, miRNA-Seq and sex-specific data. Nucleic Acids Res.
2018;46(D1):D809-D815.

Lee K-A, Cho K-C, Kim B, Jang I-H, Nam K, Kwon YE, Kim M, Hyeon
DY, Hwang D, Seol J-H, et al. Inflammation-modulated metabolic
reprogramming is required for DUOX-dependent gut immunity
in Drosophila. Cell Host Microbe. 2018;23(3):338-352.e335.

Lee KA, Lee WJ. Immune-metabolic interactions during systemic
and enteric infection in Drosophila. Curr Opin Insect Sci. 2018;29:
21-26.

Lin H-H, Kuang MC, Hossain I, Xuan Y, Beebe L, Shepherd AK,
Rolandi M, Wang JW. A nutrient-specific gut hormone arbitrates
between courtship and feeding. Nature 2022;602(7898):632-638.

Liu X, Nagy P, Bonfini A, Houtz P, Bing X-L, Yang X, Buchon N.
Microbes affect gut epithelial cell composition through immune-
dependent regulation of intestinal stem cell differentiation. Cell
Rep. 2022;38(13):110572.

Martinez BA, Hoyle RG, Yeudall S, Granade ME, Harris TE, Castle JD,
Leitinger N, Bland ML. Innate immune signaling in Drosophila
shifts anabolic lipid metabolism from triglyceride storage to
phospholipid synthesis to support immune function. PLoS Genet.
2020;16(11):e1009192.

Martins R, Carlos AR, Braza F, Thompson JA, Bastos-Amador P,
Ramos S, Soares MP. Disease tolerance as an inherent component
of immunity. Annu Rev Immunol. 2019;37:405-437.

Masuzzo A, Maniére G, Viallat-Lieutaud A, Avazeri E, Zugasti O,
Grosjean Y, Kurz CL, Royet J. Peptidoglycan-dependent NEF-
kappaB activation in a small subset of brain octopaminergic neu-
rons controls female oviposition. Elife 2019;8.

Masuzzo A, Montanari M, Kurz L, Royet J. How bacteria impact host
nervous system and behaviors: lessons from flies and worms.
Trends Neurosci. 2020;43(12):998-1010.

Mattila J, Havula E, Suominen E, Teesalu M, Surakka I, Hynynen R,
Kilpinen H, Véddndnen J, Hovatta I, Kékeld R, et al. Mondo-Mlx
mediates organismal sugar sensing through the Gli-similar tran-
scription factor sugarbabe. Cell Rep. 2015;13(2):350-364.

Medina A, Bellec K, Polcownuk S, Cordero JB. Investigating local and
systemic intestinal signalling in health and disease with
Drosophila. Dis Model Mech. 2022;15(3):dmm049332.

Medzhitov R, Schneider DS, Soares MP. Disease tolerance as a de-
fense strategy. Science 2012;335(6071):936-941.

Molaei M, Vandehoef C, Karpac]. NF-kappaB shapes metabolic adap-
tation by attenuating Foxo-mediated lipolysis in Drosophila. Dev
Cell. 2019;49(5):802-810.e806.

Nassel DR, Zandawala M. Recent advances in neuropeptide signaling
in Drosophila, from genes to physiology and behavior. Prog
Neurobiol. 2019;179:101607.

O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol. 2016;16(9):553-565.

Obata F, Kuranaga E, Tomioka K, Ming M, Takeishi A, Chen C-H,
Soga T, Miura M. Necrosis-driven systemic immune response
alters SAM metabolism through the FOXO-GNMT axis. Cell Rep.
2014;7(3):821-833.

Obata F, Miura M. Enhancing S-adenosyl-methionine catabolism
extends Drosophila lifespan. Nat Commun. 2015;6:8332.

Obata F, Tsuda-Sakurai K, Yamazaki T, Nishio R, Nishimura K,
Kimura M, Funakoshi M, Miura M. Nutritional control of stem
cell division through S-adenosylmethionine in Drosophila intes-
tine. Dev Cell. 2018;44(6):741-751.e743.

Palm W, Sampaio JL, Brankatschk M, Carvalho M, Mahmoud A,
Shevchenko A, Eaton S. Lipoproteins in Drosophila melanogaster —
assembly, function, and influence on tissue lipid composition.
PLoS Genet. 2012;8(7):e1002828.

Pimentel H, Bray NL, Puente S, Melsted P, Pachter L. Differential
analysis of RNA-seq incorporating quantification uncertainty.
Nat Methods. 2017;14(7):687-690.

Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J.
g:profiler: a web server for functional enrichment analysis and
conversions of gene lists (2019 update). Nucleic Acids Res. 2019;
47(W1):W191-W198.

Ryan DG, O'Neill LAJ. Krebs cycle reborn in macrophage immunome-
tabolism. Annu Rev Immunol. 2020;38:289-313.

Sadanandappa MK, Sathyanarayana SH, Kondo S, Bosco G.
Neuropeptide F signaling regulates parasitoid-specific germline
development and egg-laying in Drosophila. PLoS Genet. 2021;17(3):
€1009456.

Schoofs L, De Loof A, Van Hiel MB. Neuropeptides as regulators of be-
haviorin insects. Annu Rev Entomol. 2017;62:35-52.

Schwenke RA, Lazzaro BP, Wolfner MF. Reproduction-immunity
trade-offs in insects. Annu Rev Entomol. 2016;61:239-256.

Soldano A, Alpizar YA, Boonen B, Franco L, Lépez-Requena A, Liu G,
Mora N, Yaksi E, Voets T, Vennekens R, et al. Gustatory-mediated
avoidance of bacterial lipopolysaccharides via TRPA1 activation
in Drosophila. Elife. 2016;5:13133.

Song W, Veenstra JA, Perrimon N. Control of lipid metabolism by
tachykinin in Drosophila. Cell Rep. 2014;9(1):40-47.

Supek F, Bosnjak M, Skunca N, Smuc T. REVIGO summarizes and visu-
alizes long lists of gene ontology terms. PLoS One 2011;6(7):e21800.

Tain LS, Jain C, Nespital T, Froehlich ], Hinze Y, Grénke S, Partridge L.
Longevity in response to lowered insulin signaling requires gly-
cine N-methyltransferase-dependent spermidine production.
Aging Cell. 2020;19(1):e13043.

Tiebe M, Lutz M, De La Garza A, Buechling T, Boutros M, Teleman AA.
REPTOR and REPTOR-BP regulate organismal metabolism and
transcription downstream of TORC1. Dev Cell. 2015;33(3):272-284.

Troha K, Ayres JS. Metabolic adaptations to infections at the organis-
mal level. Trends Immunol. 2020;41(2):113-125.

Troha K, Im JH, Revah ], Lazzaro BP, Buchon N. Comparative tran-
scriptomics reveals CrebA as a novel regulator of infection toler-
ance in D. melanogaster. PLoS Pathog. 2018;14(2):e1006847.

Vincent CM, Dionne MS. Disparate regulation of IMD signaling drives
sex differences in infection pathology in Drosophila melanogaster.
Proc Natl Acad Sci USA 2021;118(32):e2026554118.

Yoshinari Y, Kosakamoto H, Kamiyama T, Hoshino R, Matsuoka R,
Kondo S, Tanimoto H, Nakamura A, Obata F, Niwa R, et al. The
sugar-responsive enteroendocrine neuropeptide F regulates lipid
metabolism through glucagon-like and insulin-like hormones in
Drosophila melanogaster. Nat Commun. 2021;12(1):4818.

Younes S, Al-Sulaiti A, Nasser EAA, Najjar H, Kamareddine L.
Drosophila as a model organism in host-pathogen interaction
studies. Front Cell Infect Microbiol. 2020;10:214.

Zhao X, KarpacJ. Glutamate metabolism directs energetic trade-offs
to shape host-pathogen susceptibility in Drosophila. Cell Metab.
2021;33(12):2428-2444.e2428.

Zhou X, Ding G, LiJ, Xiang X, Rushworth E, Song W. Physiological and
pathological regulation of peripheral metabolism by gut-peptide
hormones in Drosophila. Front Physiol. 2020;11:577717.

Communicating editor: ]. Tennessen



