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Background: The neural system plays a critical role in controlling gut immunity,
and the gut microbiota contributes to this process. However, the roles and
mechanisms of gut-brain-microbiota interactions remain unclear. To address
this issue, we employed Drosophila as a model organism. We have previously
shown that NP3253 neurons, which are connected to the brain and gut, are
essential for resistance to oral bacterial infections. Here, we aimed to investigate
the role of NP3253 neurons in the regulation of gut immunity.

Methods: We performed RNA-seq analysis of the adult Drosophila gut after
genetically inactivating the NP3253 neurons. Flies were reared under oral
bacterial infection and normal feeding conditions. In addition, we prepared
samples under germ-free conditions to evaluate the role of the microbiota in
gut gene expression. We knocked down the genes regulated by NP3253 neurons
and examined their susceptibility to oral bacterial infections.

Results: We found that immune-related gene expression was upregulated in
NP3253 neuron-inactivated flies compared to the control. However, this
upregulation was abolished in axenic flies, suggesting that the immune
response was abnormally activated by the microbiota in NP3253 neuron-
inactivated flies. In addition, redox-related gene expression was
downregulated in NP3253 neuron-inactivated flies, and this downregulation
was also observed in axenic flies. Certain redox-related genes were required
for resistance to oral bacterial infections, suggesting that NP3253 neurons
regulate the redox responses for gut immunity in a microbiota-independent
manner.

Conclusion: These results show that NP3253 neurons regulate the appropriate
gene expression patterns in the gut and contribute to maintain homeostasis
during oral infections.
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Introduction

The gut is a central immune tissue that is frequently exposed to
various pathogens ingested with food. The gut absorbs nutrients
from food but excludes the pathogens. In addition, the gut harbors
commensal bacteria known as microbiota, which benefit the host
(e.g., bacteria produce metabolites that can be utilized as nutrients).
Under these circumstances, the gut performs the seemingly
contradictory tasks of preventing the growth of pathogens via
immune response and allowing the growth of commensal bacteria
for immune tolerance (I, 2). To maintain this balance, gut
immunity is precisely regulated by complex mechanisms.
Intestinal epithelial cells express mucin in the lumen, forming a
physiological barrier against pathogens and enhancing their
clearance. Furthermore, the gut produces antimicrobial peptides
(AMPs) and reactive oxygen species (ROS) that directly kill
pathogens. Cytokines secreted by intestinal and surrounding
immune cells modulate the systemic inflammatory status. In
addition, the microbiota contributes to gut immunity by secreting
metabolites that inhibit pathogen growth and by competing with
pathogens for essential nutrients (3). These molecular pathways
work together as a gut immunity system.

It is widely known that the nervous system is involved in
regulating gut immunity. Numerous neurons in the gut form a
network called the enteric nervous system (ENS) (4, 5). Although
the ENS can function independent of the brain, it essentially
cooperates with the brain to sense and control the physiological
status of the gut. The mammalian vagus nerve consists of afferent
and efferent neurons between the ENS and the brain. A previous
study showed that pathogen-derived metabolites induce gut
epithelial cells to secrete serotonin, activating the ENS and the
vagus nerve (6). In addition, neuron-derived acetylcholine acts on
intestinal macrophages to induce the suppression of inflammatory
responses (7). Furthermore, some studies have shown that the
nervous system is involved in controlling gut microbiota (8, 9).
For example, neuron-derived norepinephrine directly stimulates
the quorum-sensing pathway of the microbiota via inter-kingdom
signaling (10). Thus, the brain-gut-microbiota interaction is
essential for maintaining gut homeostasis, and its dysfunction
causes gut diseases, such as irritable bowel syndrome. Owing to
its importance in health and disease, brain-gut-microbiota
interaction has been extensively studied over the last decade;
however, its underlying mechanism is unclear.

To investigate this issue, Drosophila is a suitable model
organism (11-13). The structure and function of the gut are
conserved between Drosophila and mammals. Drosophila gut
consists of several cell types (e.g., epithelial cells, endocrine cells,
and intestinal stem cells); it is divided into functional compartments
(e.g., clot, midgut, and hindgut), similar to that of mammals.
Compared with the thousands of species in the human
microbiota, Drosophila microbiota is relatively simple, with only a
few species (e.g., Lactobacillus sp. and Acetobacter sp.). Drosophila
neural system consists of 100,000 neurons and is much simpler than
that of humans. Various genetic tools are available for studying
neuronal function in Drosophila. The FlyLight project has generated
7,000 transgenic lines in which Gal4 is expressed in a subset of
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neurons, and the collection of Gal4 drivers covers almost all fly
neurons (14). As Gal4 drivers induce the expression of any gene
under UAS control, the morphology of the neurons can be observed
based on the expression of fluorescent proteins (e.g., GFP and REP),
and neuronal activity can be modified based on the expression of
neural inhibitors (e.g., Kir2.1 and Shi®) or activators (e.g., dTrpAl
and Chrimson). The physiological functions of a given neuron can
be characterized using Gal4 driver lines. For example, Ilp7-positive
neurons sense the amount of food in the gut and control the feeding
behavior of flies (15). Akh (Drosophila homolog of glucagon)-
positive neurons sense nutritional conditions in the gut and
control lipid metabolism in fat body cells (16).

We have previously screened Gal4 enhancer trap lines (17) to
search for neurons involved in gut immunity and identified the
NP3253 line (18). When the activity of Gal4-expressing neurons in
the NP3253 line (termed NP3253 neurons hereafter) was genetically
inhibited by Kir2.1 (a mammalian inwardly rectifying K" channel)
expression, these flies (NP3253-Gal4, UAS-Kir2.1 flies referred to as
NP3253>Kir2.1 flies) became susceptible to oral infection by the
gram-negative bacterium Erwinia carotovora carotovora 15 (Eccl5).
However, feeding and excretory behaviors were normal in
NP3253>Kir2.1 flies, suggesting their roles in gut immunity
rather than feeding behaviors. Although NP3253 neurons consist
of dozens of neurons located in the brain and anterior midgut
(proventriculus), Gal4-expressing cells in the NP3253 lines were
also observed in non-neural cells (e.g., tracheal cells and some
intestinal epithelial cells). Therefore, the phenotypes of the
NP3253>Kir2.1 fly might be attributed to Kir2.1 expression in
non-neural cells. To exclude this possibility, we used elav-Gal80
to inhibit Gal4 activity in pan-neural cells (19) and observed that
elav-Gal80 rescued the susceptibility to oral infection in
NP3253>Kir2.1 flies. This suggests that NP3253 neurons are
essential for resistance to oral infections. However, it is unclear
how NP3253 neurons control gut immunity.

In this study, we aimed to evaluate the role of NP3253 neurons
in the regulation of gut immunity. We performed RNA-Seq analysis
of the gut and compared the gene expression between
NP3253>Kir2.1 and control flies. In addition, we examined the
involvement of the microbiota in gut gene expression using axenic
flies. We characterized the gut gene expression regulated by NP3253
neurons and microbiota.

Materials and methods
Fly stocks

Drosophila melanogaster lines used in this study are as follows.
The NP3253-Gal4 and NP1-Gal4 lines were obtained from Kyoto
Drosophila Stock Center. The UAS-Kir2.1:EGFP (20), tubP-Gal80ts,
and UAS-mCD8:GFP lines were obtained from the Bloomington
Drosophila Stock Center (BDSC). UAS-dTrpAl was gifted by P.
Garrity (21). elav-Gal80 was gifted by Y. Jan (19). Flies were reared at
18 or 25°C in plastic vials containing standard cornmeal-agar
medium. To inhibit or activate neural activity, adult flies of
NP3253-Gal4/tubP-Gal80ts; UAS-Kir2.1:EGFP/+ (NP3253>Kir2.1
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flies) or NP3253-Gal4/UAS-dTrpAl (NP3253>dTrpAl flies) were
reared at 29 or 30°C for 2 days before experiments. Adult flies of
NP3253-Gal4/tubP-Gal80ts; UAS-mCD8::GFP/+ (NP3253>GFP
flies) were used as controls. The following RNAIi lines were
obtained from the Vienna Drosophila Resource Center (VDRC):
UAS-Cyp6d5 RNAi (#107641), UAS-Sodh-1 RNAi (#3761), and
UAS-Cyp313bl RNAi (#102986). UAS-GFP RNAi was obtained
from BDSC (#9331) and used as the control. Adult flies of NP1-
Gal4, UAS-XX RNAi (NP1 > XX RNAI flies) were used for the
knockdown experiment. Female flies were used in all of the
following experiments.

Oral bacterial infection

Pseudomonas entomophila (Pe) was a gift by S. Kawabata (22).
The Pe bacteria were grown in LB broth (Nacalai Tesque) at 29 or
30°C overnight. The bacterial culture was centrifuged at 5,000 rpm
for 10 min. The bacterial pellet was resuspended in 2.5 or 5%
sucrose indicated in the experiment (bacteria solution). The cell
concentration was adjusted to an OD600 of 20, 10 (for the survival
assay), 5 (for the bacterial load assay), or 0.5 (for RNA-seq). For oral
infection, flies were starved for 2 h at 29 or 30°C and placed in a
culture vial with a filter paper containing bacterial solution for
a day.

Bromophenol blue feeding assay

The assays were performed as previously described (23). To
quantify feeding, five female flies were starved for 2 h at 30°C and
fed with 5% sucrose solution containing 0.5% bromophenol blue
(BPB) sodium (Sigma) for 30 min. The flies were placed in new vials
containing normal cornmeal medium for 1 h to quantify the
excretion rate. Subsequently, they were placed in a tube and
homogenized in 50 puL Milli-Q water with a pestle. Fly extracts
were centrifuged twice (14,600 x g, 2 min, 4 °C) to remove debris.
The absorbance at 594 nm was measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific).

Bacterial load assay

To measure the Pe bacterial load, the flies were collected 24 h
after Pe oral infection and were washed briefly with 70% ethanol.
Subsequently, one fly was placed into a tube and homogenized using
a pestle in 100 UL of LB broth. The fly extract was serially diluted,
and 10 pL of the diluted extract was spotted onto LB agar plates.
The plates were incubated at 30 °C overnight. The bacterial load in
the original fly extract was calculated and expressed as colony-
forming units per fly (CFU/fly). In the context of negative control,
we observed a lack of colony formation in the flies without Pe
infection. This confirmed the absence of colony formation by
commensal bacteria under this condition.

To measure the commensal bacterial load, the conventional or
axenic-reared flies were collected (see Axenic rearing section) and
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washed briefly with 70% ethanol. Five flies were placed in a tube and
homogenized using a pestle in 500 UL of LB medium. One hundred
microliters of the extract were spread on MRS (BD Difco) agar
plates. The plates were incubated at 30 °C for 3 days, and colony
numbers were counted. We usually observed numerous colonies in
conventionally reared flies, but absence of colony in axenic
reared flies.

Sample preparation for RNA-seq

For EXP1 (see Results section), NP3253>GFP (control),
NP3253>dTrpAl (neuron-activated), NP3253>Kir2.1 (neuron-
inactivated), and elav-Gal80, NP3253>Kir2.1 (neuron-rescued)
flies were collected. To inactivate or activate NP3253 neurons,
adult female flies were reared on cornmeal medium at 29 °C for 2
days and were starved for 3 h. Then, flies were fed Pe or sucrose
solution for 1 day, and the guts were dissected. As NP3253>Kir2.1
flies are susceptible to Pe infection, we used a low concentration of
Pe (OD = 0.5) for RNA-seq experiment.

For EXP2 (see Results section), NP3253>GFP (control) and
NP3253>Kir2.1 (neuron-inactivated) flies were collected under
conventional (CV) and germ free (GF) conditions (see Axenic
rearing section). To inactivate NP3253 neurons, the conventional
and axenic flies were reared on normal and sterile cornmeal
medium, respectively, at 30 °C for 2 days, and the guts
were dissected.

For both EXP1 and EXP2, three biological replicates were
prepared for each experimental condition. Total RNAs were
prepared from 10-15 guts of each sample using the TRIzol
reagent (Thermo Fisher Scientific). The yield and purity of the
RNAs were evaluated using the NanoDrop (Thermo Fisher
Scientific), Qubit (Invitrogen), and Bioanalyzer (Agilent).
Sequencing libraries were prepared using a strand-specific RNA
library prep kit (Agilent Technologies). The Illumina HiSeq 2000
system was used for sequencing (100 bases, single-end). Raw data of
sequences were deposited on DDBJ, DRA (accession number
DRA008209 and DRA012434).

RNA-seq data analysis

Transcriptome analyses were performed using Linux or
Macintosh operating systems as described previously (24).
Analyses were performed using the NIG supercomputer at the
National Institute of Genetics (ROIS). Adaptor sequences (Illumina
TruSeq Adaptors) were removed from the read sequences (fastq
files) using Cutadapt. The cleaned read sequences were mapped to
the D. melanogaster reference genome (ver. 6.04) using the Hisat2
software. The number of reads was counted for each gene from the
gene annotation data (ver. BDGP6.79) using HtSeq analysis. Genes
showing an extremely low or high expression level (average read
count was < 10 or > 100,000 for EXP1; < 3 or > 100,000 for EXP2)
were eliminated from the subsequent analyses.

Read count data were analyzed using the R environment
(version 3.6.0). A multidimensional scaling (MDS) analysis was
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performed using the edgeR package. Differentially expressed genes
(DEGs) were identified using a statistical criterion (FDR-adjusted p-
value was < 0.05, and fold change was > 2 or < 0.5). Z-scores of the
DEGs were calculated using the Scrime package. Cluster analysis of
DEGs was performed using the gplots package. The web-based
databases DAVID (25) and FlyBase (https:/flybase.org/) were used
to analyze Gene Ontology (GO).

RT-gPCR

The expression levels of Diptericin A (DptA) and rp49 were
determined using RT-qPCR as described previously (24). Adult
females were reared at 29 °C for 2 days, and the guts were dissected.
Total RNA was extracted from 10 guts for each sample, and three
samples were analyzed as biological replicates for each experimental
condition. All samples were derived from a single batch experiment.
Complementary DNA (cDNA) was synthesized from total RNA
using ReverTra Ace (Toyobo), according to the manufacturer’s
instructions. RT-qPCR was performed using FastStart DNA Master
SYBR Green I (Roche) on the LightCycler ST300 (Roche). The
primers used for the analysis were DptA Fw (5'- GTTCAC
CATTGCCGTCGCCTTAC-3"), DptA Rv (5'CCCAAGTGC
TGTCCATATCCTCC-3"), rp49 Fw (5'- AGATCGTGAAGA
AGCGCACCAAG-3’), and rp49 Rv (5'- CACCAGGAACTTCT
TGAATCCGG-3'). Copy numbers were calculated using the data
obtained from standard plasmids carrying PCR products.

Axenic rearing

Axenic flies were prepared as previously described (26). Briefly,
embryos were collected and washed with Milli-Q water and 70%
EtOH. Subsequently, they were dechorionated with 2.7% sodium
hypochlorite for 1 min and washed with Milli-Q water, 70% EtOH,
and sterile Milli-Q water. Then, embryos were transferred to a
sterilized cornmeal medium and reared until eclosion. Axenic
preparation according to this method was confirmed by the
absence of bacteria in the bacterial load assay, as described above.

For the survival assay of the axenic flies, adult females reared at
18°C were transferred to a sterile cornmeal medium at 30°C;
surviving flies were counted for 5 days. Concurrently, conventional
flies were reared on a nonsterile cornmeal medium. For RNA-seq
analysis, the guts were dissected from these flies as described above.

H,O, feeding

For the survival assay, hydrogen peroxide (Kanto Chemical)
was diluted to 0.6% with a 5% sucrose solution. To inhibit neural
activity, 5 to 8-day-old flies were reared at 29°C for 2 days and were
starved for 2 h. Subsequently, the flies were placed in a culture vial
with a filter paper containing 500 UL of 0.6% H,O, or 5% sucrose
solution for 3 days (exchanging fresh vials daily). After feeding, flies
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were transferred to a normal or sterile cornmeal medium, and the
surviving flies were counted for the following 3 days.

Statistical analysis

R program (http://www.r-project.org/) (version 3.6.0) was used
for all statistical analyses. The bacterial loads were statistically
compared using the Kruskal-Wallis analysis of variance (ANOVA),
followed by the Wilcoxon rank-sum test. Gene expression analyses for
RNA-seq data and RT-qPCR data were performed using ANOVA,
followed by Tukey’s HSD post-hoc test.

Results

NP3253 neurons regulate the susceptibility
to pathogens

We previously showed that NP3253> Kir2.1 flies are susceptible to
the bacterium Eccl5 by oral infection. We investigated whether this
susceptibility could be extended to other bacteria. Although Eccl5 is
not pathogenic to the wild-type Drosophila line, we examined
susceptibility to the highly pathogenic bacterium, Pe (27). In our
experimental system using Gal80ts (see Materials and Methods),
NP3253 neurons were inactivated by Kir2.1 expression after a
temperature shift (Figure 1A). Two days after neural inactivation,
flies were fed the bacterial solution (or sucrose solution) for 1 day, and
dead flies were counted daily for 10 days. As expected, Pe was highly
toxic even in NP3253 >GFP flies (hereafter referred to as control flies).
In addition, the survival rate under Pe infection was significantly lower
in NP3253>Kir2.1 flies than in control flies (Figure 1B). These results
suggest that NP3253>Kir2.1 flies are susceptible to oral bacterial
infections, probably regardless of the bacterial species.

Next, we examined the phenotype of NP3253>dTrpAl flies, in
which NP3253 neurons were hyperactivated. Under Pe infection, the
survival rate of NP3253>dTrpAl flies was significantly higher than that
of the control flies (Figure 1C). This suggests that manipulating NP3253
neurons may positively or negatively affect susceptibility to oral
infection. To examine feeding behavior, we measured food intake and
excretion of BPB-containing foods. We detected an increase and
decrease in the amount of BPB in fly bodies after feeding and
excretion, respectively. There was no difference in the amount of BPB
between NP3253>dTrpAl and control flies (Figure 1D), indicating that
hyperactivation of NP3253 neurons did not alter feeding behavior. We
also measured the bacterial load in fly bodies 24 h after oral infection
with Pe. The Pe load was higher in NP3253>Kir2.1 flies than in control
flies, suggesting that the activity of NP3253 neurons is required to
suppress the growth of Pe in flies. In contrast, NP3253>dTrpAl flies
showed a similar Pe load as that of control flies, suggesting that
hyperactivation of NP3253 neurons does not further suppress the
growth of Pe. We hypothesized that NP3253 neurons contribute to
tolerance (protecting the host from pathogen-induced damage) and
resistance (suppressing bacterial growth) to oral infection.
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FIGURE 1

Roles of NP3253 neurons in oral bacterial infection (A) Timetable for oral infection experiment. The expression of Kir2.1 was induced by inactivating
temperature-sensitive Gal80 (Gal80ts) at 29°C for 2 days. Neural activation using dTrpAl was induced by the same condition. After then (day 0), the
flies were fed with Pe for 1 day and were moved to the standard medium. Survival rate was monitored for 10 days. (B) Survival curves of
NP3253>GFP or NP3253>Kir2.1 flies orally infected with Pe (OD=20). (C) Survival curves of NP3253>GFP or NP3253>dTrpALl flies orally infected with
Pe (OD=10). Numbers of flies used in these experiments are (B) 93, 118, 120, and 181 flies and (C) 284, 208, 198, 180 flies/6-9 vials (Pe- and
sucrose-fed NP3253>Kir2.1 (B) or dTrpAl (C) flies, and Pe- and sucrose-fed NP3253>GFP flies, respectively). Asterisks indicate statistical significance
(p-value < 0.01) in the Log-rank test. (D) Feeding assay with BPB-containing food. The food intake and excretion rates were evaluated based on ABS
(594 nm) of the fly extract after feeding and excretion, respectively. The differences between NP3253>dTrpAl flies and NP3253>GFP flies were not
significant (N.S.) in the Student's t-test. (E) Bacterial load assay for orally Pe-infected flies. The flies were collected 24 h after infection. Each dot
represents data from an individual. Asterisks and N.S. indicate statistical significance (p-value < 0.01) and non-significance, respectively, in Kruskal-

Wallis ANOVA and Wilcoxon rank sum test.

Transcriptional profiling associated with
the activity of NP3253 neurons and oral
bacterial infection

To investigate how NP3253 neurons control gut physiology
during oral infection, we performed RNA-seq analysis of the gut.
Adult female flies were fed Pe or sucrose solution for 1 day. The guts
were dissected from the following seven fly conditions (feeding
conditions + genotypes): Pe- or sucrose-fed NP3253>GFP (control)
flies, Pe- or sucrose-fed NP3253>dTrpAl (neuron-activated) flies,
Pe- or sucrose-fed NP3253>Kir2.1 (neuron-inactivated) flies, and
sucrose-fed elav-Gal80, NP3253>Kir2.1 (neuron-rescued) flies.
Total RNAs were extracted from guts and subjected to RNA-Seq
analysis (Table S1, Data S1). This analysis was termed EXP1 because
we performed an additional RNA-seq analysis, as described later.

MDS analysis was performed to examine the similarity of
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overall gene expression between samples (Figure 2A). Replicate
samples under the same fly conditions were plotted closely,
indicating the validity of our RNA-Seq. The Pe- and sucrose-fed
samples were plotted closely for each fly genotype, suggesting that
the effect of Pe infection was relatively low. When comparing fly
genotypes, NP3253>Kir2.1 flies showed more significant changes
from control flies than NP3253>dTrpAl flies. This finding suggests
that inhibition of NP3253 neurons may have a more significant
effect on the gut than neuronal activation.

We hypothesized that elav-Gal80, NP3253>Kir2.1 flies would
show similar gene expression to the control flies because neuronal
inactivation is rescued by elav-Gal80. However, flies of this
genotype showed more altered gene expression than those of the
other genotypes (Figure 2A). We then consider the possibility that
the elav-Gal80 line might have a genetic background that strongly
affects gene expression. Therefore, we did not use the data from
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FIGURE 2

RNA-seq analysis under Pe-infection conditions (EXP1) (A) MDS plots of transcriptomes for all samples (EXP1). Proximity between plots correlates to
the similarity of transcriptomes between samples. (B) Heat maps of z-scores for 1139 DEGs. Each column represents data from NP3253>GFP,
NP3253>Kir2.1, and NP3253>dTrpAl flies with or without Pe infection. Genes (rows) were arranged based on cluster analysis, and cluster groups are
indicated as color bars and numbers on the left. (C, D) Box plots of z-scores of DEGs categorized into groups 1-2 (C) and 7-2 (D), including data
from elav-Gal80, NP3253>Kir2.1 flies. (E, F) GO analysis for groups 1-2 (E) and 72 (F). GO terms are listed in Biological Process (E) and Molecular

Function (F). Bar graphs show the p-values of each GO term.

elav-Gal80, NP3253>Kir2.1 flies for overall gene expression analysis
(e.g., Figure 2B) but used them to analyze individual genes or gene

groups (e.g., Figures 2C, D).

(under sucrose- and Pe-feeding conditions, respectively) were
upregulated and 149 and 130 were downregulated, compared to
those in the control. Consistent with the MDS analysis, inactivation

Based on pairwise comparisons between fly conditions, DEGs
were identified using the criteria: an adjusted p-value < 0.05 and the
fold change > 2 or < 1/2 (Table S2). In NP3253>Kir2.1 flies,
expression levels of 408 and 345 genes (under sucrose- and Pe-
feeding conditions, respectively) were upregulated and 217 and 408
were downregulated, compared to those in the control. In
NP3253>dTrpAl flies, expression levels of 83 and 103 genes
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of NP3253 neurons altered the expression of more genes than
neuronal activation.

Upon comparing the sucrose- and Pe-feeding conditions, DEGs
were detected as 3, 97, and 100 genes in the control,
NP3253>Kir2.1, and NP3253>dTrpAl flies, respectively. These
results suggest that Pe-feeding altered the expression levels of a
larger number of genes under the activation or inactivation of
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NP3253 neurons compared to those in the control flies. Finally, we
identified 1139 DEGs in total from all pairwise comparisons.

Some of the DEG groups showed
enrichments of immune- and redox-
related genes

To characterize gene expression patterns, we calculated the
normalized variations (Z-scores) between fly conditions for the
1139 DEGs. Based on the heatmap of Z-scores, the DEGs were
categorized into 12 cluster groups (Figure 2B, color bars with group
numbers). Group 1 included 353 genes with upregulated
expressions in NP3253>Kir2.1 flies compared to those in the
other genotypes (Figure S1; Figure 2C shows a subset of these
genes). Group 7 included 98 genes with downregulated expression
in NP3253>Kir2.1 flies compared to those in the other genotypes
(Figure S1; Figure 2D shows a subset of them).

10.3389/fimmu.2023.1268611

The other 10 groups showed different expression patterns
(Figure SI; see Discussion). Among the 12 cluster groups, we
focused on groups 1 and 7 for the following analyses because of
significant changes in gene expression in NP3253>Kir2.1 flies.

As noted in Introduction, NP3253-Gal4 flies expresses Gal4 in
neural and non-neural cells. Therefore, the DEGs identified above
may include genes that are unrelated to NP3253 neuronal functions.
To exclude such genes, we selected DEGs from each cluster group
whose expression in NP3253>Kir2.1 flies was rescued by elav-
Gal80. We extracted 203 and 28 genes from groups 1 and 7 and
termed them groups 1-2 and 7-2, respectively (Figures 2C, D, S2).
Thus, the expression of these genes is regulated by NP3253-Gal4
positive neural cells.

Next, we performed GO analysis to examine the functions of the
genes in each group. The 203 genes with upregulated expression
levels in NP3253>Kir2.1 flies (group 1-2: Data S2) were enriched in
the GO terms of innate immunity (in the BP category) (Figure 2E)
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Effects of microbiota on gene expression and survival (A) RT-gPCR analysis for DiptericinA gene (rp49 gene as internal control). The NP3253>GFP
(gray) and NP3253>Kir2.1 (red) flies were reared under CV or GF conditions. Asterisks indicate statistically significant differences (*, p-value < 0.05; **,
p-value < 0.01;, Wilcoxon rank sum tests). (B, C) Survival curves of NP3253>GFP and NP3253>Kir2.1 flies under CV (B) or GF (C) conditions. Asterisks
indicate statistically significance (*, p-value < 0.05; **, p-value < 0.01) in the Log-rank test. Numbers of flies used in these experiments are (B) 55,
69, (C) 65, and 63 flies/3 vials (NP3253>GFP and NP3253>Kir2.1 flies, respectively). (D, E) Survival curves of NP3253>GFP and NP3253>Kir2.1 flies
reared with 0.6% H,O, under CV (D) and GF (E) conditions. Asterisks indicate statistically significance (p-value < 0.01) in the Log-rank test. Numbers
of flies used in these experiments are (D) 120, 115, 121,117 flies/6 vials and (E) 117, 80, 110, 116 flies/4-6 vials (H,O,- or sucrose-fed NP3253>GFP
flies and H,O,- or sucrose-fed NP3253>Kir2.1 flies, respectively). (F) Survival curves of NP3253>Kir2.1 (same as the data in E) and NP3253>Kir2.1,
elav-Gal80 flies reared with 0.6% H,O, under GF conditions. Asterisks indicate statistical significance (p-value < 0.05) in the Log-rank test. Numbers
of flies used in these experiments are 111, 116 flies/6 vials (H,O,- or sucrose-fed NP3253>Kir2.1, elav-Gal80 flies).
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and include the genes encoding AMPs and Toll signaling factors.
We observed that the expression levels of these genes (e.g., AttB,
AttA, Dro, and CecAl genes) were upregulated in NP3253>Kir2.1,
with or without Pe infection (Figure S3). This suggests that the
NP3253>Kir2.1 flies have a persistent inflammatory state in
the intestine.

The 28 genes with downregulated expression levels in
NP3253>Kir2.1 flies (group 7-2: Data S3) were enriched in the
oxidoreductase and monooxygenase GO terms (in the MF category)
(Figure 2F). These genes include the cytochrome P450 (Cyp) and
glutathione S-transferase (GST) families, which are related to redox
responses in cells. Previous studies have shown that expression
levels of redox-related genes were upregulated during Pe oral
infection in adult Drosophila (28). We observed that expression

MDS-plot

15

10

10.3389/fimmu.2023.1268611

levels of these genes (Cyp313bl, Cyp6d5, and Sodhl) were
downregulated in NP3253>Kir2.1 flies under sucrose- and Pe-
feeding conditions (Figure S3), suggesting that the redox response
of the intestine may be impaired in NP3253>Kir2.1 flies.

Inactivation of NP3253 neurons increased
susceptibility to commensal bacteria
and ROS

Transcriptome analysis revealed that the immune reaction in the
gut was activated in NP3253>Kir2.1 flies even without pathogen
infection (group 1-2). We hypothesized that immune activation in
NP3253>Kir2.1 flies might be induced by commensal bacteria in the
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gut, which are usually harmless in flies. To evaluate this hypothesis, we
prepared GF axenic flies. First, we measured the expression levels of
DptA, which encodes an AMP, under CV and GF conditions. Our RT-
qPCR analysis showed that the expression of the DptA gene under CV
conditions was increased in NP3253>Kir2.1 flies compared to that in
the control flies; this increased expression was significantly suppressed
by GF conditions (Figure 3A). In the control flies, there was no
significant difference in DptA expression between the CV and GF
conditions. Next, we performed survival assays and found that the
survival rate of NP3253>Kir2.1 flies decreased to approximately 50%
for 5 days, even without pathogen infection under CV conditions;
however, it was restored under GF conditions (Figures 3B, C). These
results suggest that NP3253>Kir2.1 flies are susceptible to microbiota
and induce immune activation in the gut in a microbiota-
dependent manner.

Furthermore, transcriptome analysis revealed that expression levels
of certain genes related to redox reactions were downregulated in
NP3253>Kir2.1 flies (group 7-2). We hypothesized that ROS sensitivity
may be elevated in NP3253>Kir2.1 flies. To test this possibility, we
measured the survival rate of NP3253>Kir2.1 flies under ROS stress
conditions. NP3253>Kir2.1 flies treated with H,O, showed a lower
survival rate than the control flies under CV conditions (Figure 3D).
Subsequently, we performed the same assay under GF conditions and
found that NP3253>Kir2.1 flies were still vulnerable to H,O,
(Figure 3E). Thus, the ROS sensitivity of NP3253>Kir2.1 flies was
independent of the gut commensal bacteria. In addition, we observed
that ROS sensitivity in NP3253>Kir2.1 flies was rescued by elav-Gal80

10.3389/fimmu.2023.1268611

(Figure 3F). These results indicate that NP3253 neurons regulate ROS
sensitivity in the gut in a microbiota-independent manner.

Transcriptional profiling associated with
the activity of NP3253 neurons under
GF conditions

Immune- and redox-related genes were identified as DEGs
between NP3253>Kir2.1 and control flies in the RNA-seq analysis
(EXP1). Next, we investigated whether the expression of these genes
was microbiota-dependent and performed another RNA-seq
analysis of the gut using axenic flies (referred to as EXP2).
Samples were prepared under the following four fly conditions
(genotypes + rearing conditions): control (NP3253>GFP) and
neuron-inactivated (NP3253>Kir2.1) flies reared under CV and
GF conditions. Total RNAs were extracted from guts and subjected
to RNA-Seq analysis (Table S3, Data S4).

The MDS plot of EXP2 showed that the overall gene expression
patterns were similar between replicate samples under the same fly
conditions. The GF-reared samples showed less variation between
replicates than the CV-reared samples for both genotypes
(Figure 4A). We performed pairwise comparisons between
genotypes and rearing conditions and identified DEGs using the
criteria same as those used for EXP1. Comparisons between
genotypes (NP3253>Kir2.1 vs. control flies) identified 1,727 and
979 genes as DEGs under CV and GF conditions, respectively
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(Figure 4B). Comparisons between the CV and GF conditions
identified 255 and 603 genes as DEGs in NP3253>Kir2.1 and
control flies, respectively. These results suggest that gene
expression in the gut is considerably altered in response to
commensal gut bacteria. This change is lesser in NP3253>Kir2.1
flies than in control flies, suggesting that NP3253 neurons may
contribute to responses of the gut to commensal bacteria.

Expression of some AMP genes was
upregulated by microbiota in
NP3253>Kir2.1 flies

To determine whether the DEGs identified in EXP1 were
responsive to commensal bacteria, we analyzed the EXP2 data for
the genes of each cluster group of EXP1 (Figure 4C). As seen in EXP1
(Figure 2C), 203 genes of group 1-2 showed higher expression in
NP3253>Kir2.1 flies than in control flies, under CV conditions in
EXP2 (Figure 4D). However, under GF conditions, their expression
in NP3253>Kir2.1 flies was not significantly different from that in
control flies. As immune-related genes were mostly enriched in this
group, we observed the expression patterns of some AMP genes.
Consequently, expression levels of these genes (e.g., AttB, AttA, Dro,
and CecAI) were upregulated in CV-reared NP3253>Kir2.1 flies, and
this upregulation was suppressed in GF-reared flies (Figures 4E-H).
These results suggest that the inactivation of NP3253 neurons
enhances the immune responses to gut commensal bacteria.

Certain redox-related genes contribute to
defense against oral bacterial infection

In EXP1, 28 genes in group 7-2 showed lower expression in
NP3253>Kir2.1 flies than in the control (Figure 2D). In EXP2,
similar expression patterns were observed for these genes under CV
and GF conditions (Figure 5A). This result suggests that this group
of genes related to redox reactions is regulated by NP3253 neurons
independent of the gut microbiota. For example, Cyp6d5 and
Cyp313bl expression was downregulated in NP3253>Kir2.1 flies
compared to that in the control flies, under CV and GF conditions
(Figures 5B, C). Sodh-1 was listed as a DEG in EXP1 (Figure S3) but
not in EXP2 (Figure 5D), probably because of large variance in
the data.

We hypothesized that some redox-related genes contribute to
gut immunity during pathogenic infections. To test this hypothesis,
we measured the survival rates of knockdown flies after Pe infection.
For the knockdown experiments, we used the NP1-Gal4 line, which
induces RNAI for each gene in intestinal epithelial cells (29). The
results showed that knockdown of Cyp6d5 and Cyp313b1 reduced
the survival rate after Pe infection (Figures 5E, F), while under
sucrose-feeding conditions, these flies were almost as alive as the
control flies (NP1>GFP RNAj; Figure S4). In contrast, knockdown
of the Sodh-1 did not affect survival rates after Pe infection
(Figure 5G), suggesting that a subset of redox-related genes
contributes to Pe susceptibility. We suggest that NP3253 neurons
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directly regulate the expression of redox-related genes in the gut,
essential for defense against oral pathogenic infections.

Discussion

This study investigated the role of NP3253 neurons in
pathogenic oral infections. We showed that hyperactivation of
NP3253 neurons increased the survival rate of flies after Pe
infection but did not alter the bacterial load in the body. This
finding suggests that activation of NP3253 neurons increases
tolerance to pathogenic infections. Two types of immune defense
operate in the gut: resistance, which eliminates pathogens by killing
or removing them, and tolerance, which protects the host from
damage caused by infection (12). NP3253 neurons may be involved
in both types of defenses, as their inactivation increases the Pe load
in the body. In a previous study (18), we observed a leaky gut
phenotype in NP3253>Kir2.1 flies, suggesting that the increased Pe
load in NP3253>Kir2.1 flies might be due to bacterial leakage from
the gut. However, this model does not fully explain the phenotypes
because the leaky gut phenotype was only observed in a fraction of
individuals (10-20%), whereas an increased Pe load was detected in
all individuals examined (Figure 1E; each dot represents data from
one individual). Thus, we propose that NP3253 neurons may
regulate resistance and tolerance to oral pathogen infections.

RNA-seq analysis revealed a small difference between the
control and hyperactivated NP3253 neurons (NP3253>dTrpAl
flies) but a large difference between the control and inactivated
NP3253 neurons (NP3253>Kir2.1 flies), thus suggesting that
NP3253 neurons may be partially activated even in control flies.
Currently, we do not know which factors (molecules or
environments) activate NP3253 neurons. NP3253 neurons are
localized in the subesophageal ganglion of the brain, where many
gustatory neurons are innervated (30). We speculate that NP3253
neurons may be involved in sensing the chemical environment of
the gut (e.g., nutrients and pathogens). To address the physiological
functions of NP3253 neurons, it is necessary to identify the factors
that activate them (Figure S5).

Using EXP1, we identified the DEGs and categorized them into
12 cluster groups. Although we focused on groups 1 and 7 in this
study, the other 10 groups showed diverse expression patterns
(Figure S1). For example, 244 genes in group 4 showed
expression patterns similar to those in group 7; however, their
expression was relatively low in NP3253>dTrpAl flies. We note
that group 4 included some GST and Cyp genes, similar to group 7.
These genes might contribute to redox response during oral
infection. Expression levels of 44 genes in group 5 were
upregulated in NP3253>dTrpAl flies compared to those in other
genotypes. Some of these genes may be involved in tolerance to
infection upon activation of NP3253 neurons. Thirty-three genes in
group 12 showed Pe-responsive expression in control and
NP3253>dTrpAl flies but not in NP3253>Kir2.1 flies.
Furthermore, we identified DEGs under GF conditions from
another RNA-seq analysis (EXP2), although we did not perform
the cluster analysis of DEGs. Thus, some of these DEGs may play
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critical roles in brain-gut-microbiota interactions. However, further
studies are required to elucidate their roles.

Our transcriptome analyses revealed that the expression of
immune-related genes was upregulated in NP3253>Kir2.1 flies,
even in the absence of pathogenic infection, and that the
expression of these genes was significantly suppressed under GF
conditions. These results suggest that the expression of immune-
related genes in NP3253>Kir2.1 flies depends on the presence of the
microbiota. The guts of NP3253>Kir2.1 flies may be hypersensitive to
bacteria or their derived components (Figure S5). Consistently, even
under GF conditions, DptA expression was slightly but significantly
upregulated in NP3253>Kir2.1 flies compared to that in the control
(Figure 3A). Alternatively but not exclusively, gut commensal
bacteria could be overgrowing in NP3253>Kir2.1 flies, similar to
the observation that the number of Pe bacteria increased in these flies
(Figure 1E). In either case, the gut of NP3253>Kir2.1 flies would be
highly inflammatory, thereby reducing their survival rate. Thus, we
suggest that in normal conditions, NP3253 neurons may suppress
immune activation triggered by microbiota (Figure S5). In
Drosophila, commensal gut bacteria play beneficial roles by
providing the host nutrients (e.g., short-chain fatty acids) and
altering the immune response (11). However, when the abundance
and composition of commensal microbiota change, as in old flies,
they become harmful to the host (31). We hypothesize that NP3253
neurons may help maintain the appropriate abundance and
composition of the gut microbiota in healthy flies (Figure S5).

Furthermore, transcriptome analysis revealed that the
expression of redox-related genes decreased in NP3253>Kir2.1
flies, independent of the gut commensal bacteria. This finding
suggests that NP3253 neurons directly regulate the expression of
redox-related genes in the gut (Figure S5). Expression levels of
certain redox-related enzymes (e.g., GSTs) are upregulated in the
gut following bacterial infection and oxidant exposure (32, 33). Our
knockdown experiments showed that at least two enzymes, Cyp6d5
and Cyp313b, contribute to survival after Pe infection. A previous
study showed that Cyp6d5 expression is upregulated upon caffeine
ingestion and regulates caffeine metabolism in flies, suggesting that
Cyp6d5 contributes to xenobiotic detoxification (34). The
susceptibility of NP3253>Kir2.1 flies to oral infection may be due
to the toxicity of pathogen-derived xenobiotics. Additionally, GST's
and oxidoreductases are believed to regulate ROS levels (35, 36). In
the Drosophila gut, ROS are produced in intestinal epithelial cells in
response to the amount of uracil secreted by the bacteria. ROS kill
bacteria and simultaneously damage the host epithelial cells (12,
13). Intestinal stem cells (ISCs) rapidly divide and differentiate to
repair the damage. In NP3253>Kir2.1 flies, upd3-dependent ISC
division was enhanced in the anterior midgut (18), possibly due to
excessive ROS-induced damage. NP3253>Kir2.1 flies showed
reduced survival rates after H,O, feeding, even under axenic
conditions, suggesting that their ROS sensitivity is high regardless
of the microbiota. This finding suggests that NP3253 neurons may
regulate productivity and sensitivity to ROS via the expression of
redox-related genes. To test this hypothesis, we examined ROS
levels and cellular responses to ROS in different fly lines.

The gut contains several cell types, including epithelial cells,
ISC, and endocrine cells. As this study performed RNA-seq analysis
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using the whole gut, we did not determine which cell types DEGs
are expressed in. Recent studies have provided detailed data from
single-cell RNA-seq analyses of the whole body, gut, brain, and
other tissues (37, 38). These databases are useful for assessing cell
type-specific gene expression in the gut. The expression of immune-
related genes is known to be upregulated in the intestinal epithelial
and endocrine cells of the anterior midgut during an infection (29,
39). Thus, immune-related genes may be induced in the intestinal
epithelial and endocrine cells of NP3253>Kir2.1 flies. As the
knockdown of Cyp6d5 and Cyp313b using NP1-Gal4 shortened
survival after Pe infection, we propose that these enzymes function
in intestinal epithelial cells.

We propose that NP3253 neurons are required for sensing and
regulating the physiological state of the gut. As NP3253 cells
contain dozens of neurons and play multiple roles in gut
physiology, whether all or only a subset of neurons are functional
remains unclear. In addition, whether the same or different NP3253
neurons are involved in responses to pathogens, microbiota, and
ROS remains unclear. In the future, we will need to individually
analyze the subsets of NP3253 neurons and investigate their roles.
This study describes the involvement of NP3253 neurons in the
regulation of redox response and microbiota-triggered immune
activation in the Drosophila gut (Figure S5). The pathogenesis of
inflammatory bowel diseases (IBD), such as ulcerative colitis and
Crohn’s disease, involves a breakdown in redox regulation and
abnormal immune activation (40). Determining whether human
neurons homologous to Drosophila NP3253 neurons are involved
in gut homeostasis may provide clues for developing treatments for
IBD. These studies would contribute to understanding brain-gut-
microbiota interactions in healthy and disease states.
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SUPPLEMENTARY FIGURE 1

Boxplot for all cluster groups. Box plots of z-scores of DEGs categorized into
cluster groups (EXP1). In this study, we focused on groups 1 and 7.
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SUPPLEMENTARY FIGURE 2

Clustering for subgroups of groups 1 and 7. After adding data from elav-
Gal80, NP3253>Kir2.1 flies, cluster analyses were performed for groups 1 and
7. Subsequently, group 1 was divided into subgroups 1-1and 1-2 (352 genes in
total; one gene was removed owing to low average reads). Group 7 was
divided into subgroups 7-1, 7-2, and 7-3. Box plots of the z-scores of the
DEGs were categorized into each subgroup. We focused on groups 1-2 and
7-2 (same as Figures 2C, D) for further analysis because gene expression in
NP3253>Kir2.1 was rescued by elav-Gal80.

SUPPLEMENTARY FIGURE 3

Expression of some of the immune- and redox-related genes (EXP1). Bar plots
of RNA-seq data (cpm) for immune-related (AttB, AttA, Dro, and CecAl) and
redox-related (Cyp313b1, Cyp6d5, and Sodhl) genes. Rescue by elav-Gal80
indicates that the phenotype is the results of Kir2.1 being expressed in
neuronal cells rather than nonneuronal cells.

SUPPLEMENTARY FIGURE 4

Survival for the knockdown lines under sucrose-feeding conditions. Survival
assays under sucrose-feeding conditions for RNAi lines: NP1> Cyp313bl-
RNAI (left), Cyp6d5-RNAi (middle), and Sodh-1-RNAi (right). NP1 > GFP RNAI
was used as a control. The numbers of flies used in these experiments were
(left) 125 and 102 flies/6 vials; (middle) 54 and 48 flies/3 vials; and (right) 64
and 42 flies/2-3 vials (control and knockdown lines, respectively).

SUPPLEMENTARY FIGURE 5

Hypothetical model for roles of NP3253 neurons. In our model, NP 3253
neurons may suppress the expression of immune-related genes that are
otherwise induced by microbiota. NP3253 neurons may also regulate the
abundance of microbiota and/or the immune sensitivity against microbiota.
Moreover, NP3253 neurons may directly regulate the expression of redox-
related genes in the gut. Thus, NP3253 neurons may organize the immune
and redox responses in the gut. It is unknown which factors (molecules or
environments) activate NP3253 neurons.

SUPPLEMENTARY TABLE 1

Summary of the RNA-seq analysis (EXP1). Sample name (genotype, feeding
condition, replica number), label (common for Data S1 and DRA008209), total
reads, mapped reads, and mapping rates for each sample of RNA-seq analysis
(EXP1) are indicated.

SUPPLEMENTARY TABLE 2

Identification of DEGs from pairwise comparisons (EXP1). DEGs were
identified in each pairwise comparison. The number of upregulated and
downregulated genes was determined.

SUPPLEMENTARY TABLE 3

Summary of the RNA-seq analysis (EXP2). Sample name (genotype, rearing
condition, replica number), label (common for Data S4 and DRA012434), total
reads, mapped reads, and mapping rates for each sample of RNAseq analysis
(EXP2) are indicated.

SUPPLEMENTARY DATA SHEET 1
RNA-seq data (EXP1). Normalized count data (cpm) of RNA-seq (EXP1) for all
genes (Flybase Gene ID) and all samples (label in Table S1).

SUPPLEMENTARY DATA SHEET 2

List of the group 1-2 genes. Flybase Gene ID on RNA-seq data (#SUBMITTED),
Flybase Gene ID on Flybase (FB2023_03) (FBID_KEY), GO terms (Biological
Process), GO terms (Cellular Component), GO terms (Molecular Function)
and gene symbol are listed for group 1-2 genes.

SUPPLEMENTARY DATA SHEET 3

List of the group 7-2 genes. Flybase Gene ID on RNA-seq data
(#SUBMITTED), Flybase Gene ID on Flybase (FB2023_03) (FBID_KEY), GO
terms (Biological Process), GO terms (Cellular Component), GO terms
(Molecular Function) and gene symbol are listed for group 7-2 genes.

SUPPLEMENTARY DATA SHEET 4

RNA-seq data (EXP2). Normalized count data (com) of RNA-seq (EXP2) for all
genes (Flybase Gene ID) and all samples (label in Table S3).

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1268611/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1268611/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1268611
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fuse et al.

References

1. MacDonald TT, Monteleone G. Immunity, inflammation, and allergy in the gut.
Science (2005) 307:1920-5. doi: 10.1126/science.1106442

2. Kamada N, Chen GY, Inohara N, Nufiez G. Control of pathogens and pathobionts
by the gut microbiota. Nat Immunol (2013) 14:685-90. doi: 10.1038/ni.2608

3. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev
Immunol (2016) 16:341-52. doi: 10.1038/nri.2016.42

4. Furness JB. The enteric nervous system and neurogastroenterology. Nat Rev
Gastroenterol Hepatol (2012) 9:286-94. doi: 10.1038/nrgastro.2012.32

5. Yoo BB, Mazmanian SK, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. The enteric
network: interactions between the immune and nervous systems of the gut. Immunity
(2017) 46:910-26. doi: 10.1016/j.immuni.2017.05.011

6. Clarke G, Grenham S, Scully P, Fitzgerald P, Moloney RD, Shanahan F, et al. The
microbiome-gut-brain axis during early life regulates the hippocampal serotonergic system in
a sex-dependent manner. Mol Psychiatry (2013) 18:666-73. doi: 10.1038/mp.2012.77

7. Martelli D, McKinley MJ, McAllen RM. The cholinergic anti-inflammatory pathway: A
critical review. Auton Neurosci (2014) 182:65-9. doi: 10.1016/j.autneu.2013.12.007

8. Rhee SH, Pothoulakis C, Mayer EA. Principles and clinical implications of the
brain-gut-enteric microbiota axis. Nat Rev Gastroenterol Hepatol (2009) 6:306-314.
doi: 10.1038/nrgastro.2009.35

9. Macfarlane S, Dillon JF. Microbial biofilms in the human gastrointestinal tract. ]
Appl Microbiol (2007) 102:1187-96. doi: 10.1111/j.1365-2672.2007.03287.x

10. Hughes DT, Sperandio V. Inter-kingdom signaling: communication between
bacteria and their hosts. Nat Rev Microbiol (2008) 6:111-20. doi: 10.1038/nrmicro1836

11. Broderick NA, Lemaitre B. Gut-associated microbes of Drosophila melanogaster.
Gut Microbes (2012) 3:307-21. doi: 10.4161/gmic.19896

12. Buchon N, Broderick NA, Lemaitre B. Gut homeostasis in a microbial world: insights
from Drosophila melanogaster. Nat Rev Microbiol (2013) 11:615. doi: 10.1038/nrmicro3074

13. Capo F, Wilson A, Di Cara F. The intestine of drosophila melanogaster: an
emerging versatile model system to study intestinal epithelial homeostasis and host-
microbial interactions in humans. Microorganisms (2019) 7:336. doi: 10.3390/
microorganisms7090336

14. Jenett A, Rubin GM, Ngo T-TB, Shepherd D, Murphy C, Dionne H, et al. A
GAL4-driver line resource for drosophila neurobiology. Cell Rep (2012) 2:991-1001.
doi: 10.1016/j.celrep.2012.09.011

15. Olds WH, Xu T. Regulation of food intake by mechanosensory ion channels in
enteric neurons. Elife (2014) 3:¢04402. doi: 10.7554/eLife.04402

16. Scopelliti A, Bauer C, Yu Y, Zhang T, Kruspig B, Murphy DJ, et al. A neuronal

relay mediates a nutrient responsive gut/fat body axis regulating energy homeostasis in
adult drosophila. Cell Metab (2019) 29:269-284.e10. doi: 10.1016/j.cmet.2018.09.021

17. Hayashi S, Ito K, Sado Y, Taniguchi M, Akimoto A, Takeuchi H, et al. GETDB, a
database compiling expression patterns and molecular locations of a collection of gal4
enhancer traps. Genesis (2002) 34:58-61. doi: 10.1002/gene.10137

18. Kenmoku H, Ishikawa H, Ote M, Kuraishi T, Kurata S. A subset of neurons
controls the permeability of the peritrophic matrix and midgut structure in Drosophila
adults. J Exp Biol (2016) 219:2331-9. doi: 10.1242/jeb.122960

19. Yang C, Rumpf S, Xiang Y, Gordon MD, Song W, Jan LY, et al. Control of the
postmating behavioral switch in drosophila females by internal sensory neurons.
Neuron (2009) 61:519-26. doi: 10.1016/j.neuron.2008.12.021

20. Hardie RC, Raghu P, Moore S, Juusola M, Baines RA, Sweeney ST. Calcium
influx via TRP channels is required to maintain PIP2 levels in drosophila
photoreceptors. Neuron (2001) 30:149-59. doi: 10.1016/S0896-6273(01)00269-0

21. Hamada FN, Rosenzweig M, Kang K, Pulver SR, Ghezzi A, Jegla TJ, et al. An
internal thermal sensor controlling temperature preference in Drosophila. Nature
(2008) 454:217-20. doi: 10.1038/nature07001

Frontiers in Immunology

13

10.3389/fimmu.2023.1268611

22. Shibata T, Maki K, Hadano J, Fujikawa T, Kitazaki K, Koshiba T, et al.
Crosslinking of a peritrophic matrix protein protects gut epithelia from bacterial
exotoxins. PloS Pathog (2015) 11:¢1005244. doi: 10.1371/journal.ppat.1005244

23. Cognigni P, Bailey AP, Miguel-Aliaga 1. Enteric neurons and systemic signals
couple nutritional and reproductive status with intestinal homeostasis. Cell Metab
(2011) 13:92-104. doi: 10.1016/j.cmet.2010.12.010

24. Fuse N, Okamori C, Okaji R, Tang C, Hirai K, Kurata S. Transcriptome features
of innate immune memory in Drosophila. PloS Genet (2022) 18:e1010005. doi: 10.1371/
JOURNAL.PGEN.1010005

25. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc (2009) 4:44-57.
doi: 10.1038/nprot.2008.211

26. Ryu J-H, Kim S-H, Lee H-Y, Bai JY, Nam Y-D, Bae J-W, et al. Innate immune
homeostasis by the homeobox gene caudal and commensal-gut mutualism in
Drosophila. Science (80-) (2008) 319:777-82. doi: 10.1126/science.1149357

27. Vodovar N, Vinals M, Liehl P, Basset A, Degrouard J, Spellman P, et al.
Drosophila host defense after oral infection by an entomopathogenic Pseudomonas
species. Proc Natl Acad Sci (2005) 102:11414-9. doi: 10.1073/pnas.0502240102

28. Bou Sleiman MS, Osman D, Massouras A, Hoffmann AA, Lemaitre B, Deplancke
B. Genetic, molecular and physiological basis of variation in Drosophila gut
immunocompetence. Nat Commun (2015) 6:7829. doi: 10.1038/ncomms8829

29. 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) 5:200-11. doi: 10.1016/j.chom.2009.01.003

30. Freeman EG, Dahanukar A. Molecular neurobiology of Drosophila taste. Curr
Opin Neurobiol (2015) 34:140-8. doi: 10.1016/j.conb.2015.06.001

31. Clark R, Salazar A, Yamada R, Fitz-Gibbon S, Morselli M, Alcaraz J, et al. Distinct
shifts in microbiota composition during drosophila aging impair intestinal function and
drive mortality. Cell Rep (2015) 12:1656-67. doi: 10.1016/j.celrep.2015.08.004

32. Chakrabarti S, Liehl P, Buchon N, Lemaitre B. Infection-induced host
translational blockage inhibits immune responses and epithelial renewal in the
drosophila gut. Cell Host Microbe (2012) 12:60-70. doi: 10.1016/j.chom.2012.06.001

33. Sykiotis GP, Bohmann D. Keapl/nrf2 signaling regulates oxidative stress
tolerance and lifespan in drosophila. Dev Cell (2008) 14:76-85. doi: 10.1016/
j.devcel.2007.12.002

34. Coelho A, Fraichard S, Le Goff G, Faure P, Artur Y, Ferveur J-F, et al.
Cytochrome P450-dependent metabolism of caffeine in drosophila melanogaster.
PloS One (2015) 10:e0117328. doi: 10.1371/journal.pone.0117328

35. Veith A, Moorthy B. Role of cytochrome P450s in the generation and
metabolism of reactive oxygen species. Curr Opin Toxicol (2018) 7:44-51.
doi: 10.1016/j.cotox.2017.10.003

36. Koirala BKS, Moural T, Zhu F. Functional and structural diversity of insect
glutathione S-transferases in xenobiotic adaptation. Int J Biol Sci (2022) 18:5713-5723.
doi: 10.7150/ijbs.77141

37. LiH, Janssens ], De Waegeneer M, Kolluru SS, Davie K, Gardeux V, et al. Fly Cell
Atlas: A single-nucleus transcriptomic atlas of the adult fruit fly. Science (2022) 375:
eabk2432. doi: 10.1126/SCIENCE.ABK2432

38. Hung R-J, Hu Y, Kirchner R, Liu Y, Xu C, Comjean A, et al. A cell atlas of the
adult Drosophila midgut. Proc Natl Acad Sci (2020) 117:1514-23. doi: 10.1073/
pnas.1916820117

39. Kamareddine L, Robins WP, Berkey CD, Mekalanos JJ, Watnick PI. The
drosophila immune deficiency pathway modulates enteroendocrine function and
host metabolism. Cell Metab (2018) 28:449-462.¢5. doi: 10.1016/j.cmet.2018.05.026

40. Khor B, Gardet A, Xavier RJ. Genetics and pathogenesis of inflammatory bowel
disease. Nature (2011) 474:307-17. doi: 10.1038/nature10209

frontiersin.org


https://doi.org/10.1126/science.1106442
https://doi.org/10.1038/ni.2608
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1016/j.immuni.2017.05.011
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1016/j.autneu.2013.12.007
https://doi.org/10.1038/nrgastro.2009.35
https://doi.org/10.1111/j.1365-2672.2007.03287.x
https://doi.org/10.1038/nrmicro1836
https://doi.org/10.4161/gmic.19896
https://doi.org/10.1038/nrmicro3074
https://doi.org/10.3390/microorganisms7090336
https://doi.org/10.3390/microorganisms7090336
https://doi.org/10.1016/j.celrep.2012.09.011
https://doi.org/10.7554/eLife.04402
https://doi.org/10.1016/j.cmet.2018.09.021
https://doi.org/10.1002/gene.10137
https://doi.org/10.1242/jeb.122960
https://doi.org/10.1016/j.neuron.2008.12.021
https://doi.org/10.1016/S0896-6273(01)00269-0
https://doi.org/10.1038/nature07001
https://doi.org/10.1371/journal.ppat.1005244
https://doi.org/10.1016/j.cmet.2010.12.010
https://doi.org/10.1371/JOURNAL.PGEN.1010005
https://doi.org/10.1371/JOURNAL.PGEN.1010005
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1126/science.1149357
https://doi.org/10.1073/pnas.0502240102
https://doi.org/10.1038/ncomms8829
https://doi.org/10.1016/j.chom.2009.01.003
https://doi.org/10.1016/j.conb.2015.06.001
https://doi.org/10.1016/j.celrep.2015.08.004
https://doi.org/10.1016/j.chom.2012.06.001
https://doi.org/10.1016/j.devcel.2007.12.002
https://doi.org/10.1016/j.devcel.2007.12.002
https://doi.org/10.1371/journal.pone.0117328
https://doi.org/10.1016/j.cotox.2017.10.003
https://doi.org/10.7150/ijbs.77141
https://doi.org/10.1126/SCIENCE.ABK2432
https://doi.org/10.1073/pnas.1916820117
https://doi.org/10.1073/pnas.1916820117
https://doi.org/10.1016/j.cmet.2018.05.026
https://doi.org/10.1038/nature10209
https://doi.org/10.3389/fimmu.2023.1268611
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Neural control of redox response and microbiota-triggered inflammation in Drosophila gut
	Introduction
	Materials and methods
	Fly stocks
	Oral bacterial infection
	Bromophenol blue feeding assay
	Bacterial load assay
	Sample preparation for RNA-seq
	RNA-seq data analysis
	RT-qPCR
	Axenic rearing
	H2O2 feeding
	Statistical analysis

	Results
	NP3253 neurons regulate the susceptibility to pathogens
	Transcriptional profiling associated with the activity of NP3253 neurons and oral bacterial infection
	Some of the DEG groups showed enrichments of immune- and redox-related genes
	Inactivation of NP3253 neurons increased susceptibility to commensal bacteria and ROS
	Transcriptional profiling associated with the activity of NP3253 neurons under GF conditions
	Expression of some AMP genes was upregulated by microbiota in NP3253&gt;Kir2.1 flies
	Certain redox-related genes contribute to defense against oral bacterial infection

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


