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Abstract Insects mostly develop on decaying and con-
taminated organic matter and often serve as vectors of
biologically transmitted diseases by transporting microor-
ganisms to the plant and animal hosts. As such, insects are
constantly ingesting microorganisms, a small fraction of
which reach their epithelial surfaces, mainly their digestive
tract, where they can establish relationships ranging from
symbiosis to mutualism or even parasitism. Understanding
the tight physical, genetic, and biochemical interactions that
takes place between intestinal epithelia and either resident or
infectious microbes has been a long-lasting objective of the
immunologist. Research in this field has recently been re-
vitalized with the development of deep sequencing
techniques, which allow qualitative and quantitative char-
acterization of gut microbiota. Interestingly, the recent
identification of regenerative stem cells in the Drosophila
gut together with the initial characterization of Drosophila
gut microbiota have opened up new avenues of study aimed
at understanding the mechanisms that regulate the dialog
between the Drosophila gut epithelium and its microbiota of
this insect model. The fact that some of the responses are
conserved across species combined with the power of Dro-
sophila genetics could make this organism model a useful
tool to further elucidate some aspects of the interaction
occurring between the microbiota and the human gut.
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Introduction

The insect gut carries out some of the most vital functions
of nutrition and solute and water balance of the organism.
It is the first line of defense against ingested pathogens and
also the portal of entry of viruses and parasites for which
insect species are major vectors. The diet of insects is of
such wide variety in terms of texture—ranging in compo-
sition from liquid plant sap to solid bark, from blood to
decomposing animals—that the digestive system of each
insect species is specialized in structure and in biochemical
machinery. However, anatomical and structural studies
conducted over the years on different insect species have
highlighted an evident conservation of global organization
and function of the alimentary canal amongst insects. Here,
I first describe this overall structure, focusing on data
collected in the well-studied Drosophila melanogaster
model system.

Drosophila gut architecture and function

The intestinal tract of Drosophila can be divided into
three different sections, each consisting of different cell
types and exerting different physiological functions: the
foregut, the midgut, and the hindgut (Fig. 1). The ante-
rior-most domain, the foregut, forms a tube-like structure
extending from the mouth to the proventriculus. It is
connected to salivary glands and to a diverticulum
(called the crop) that respectively function as saliva-
producing glands useful to initiate digestion and as a
food storage pouch. The foregut is followed by the
midgut and the hindgut, which are respectively the
equivalent of the mammalian intestine and colon.
Ingested food passes through the foregut to be stored

@ Springer



3652 J. Royet
Fig. 1 Overall structure of the Crop
Drosophila adult gut. It should ol ol Copper coly Caeca & Pharynx
be noted that cecae are shown, :
although they only exist at the
larval stage '
Posterior Anterior
Salvary
Proventriculus glands

y

r

hindgut

temporarily in the crop and then moves to the anterior
midgut where nutrient absorption commences [1]. The
anterior-most extremity of the midgut is a heavy-walled,
bulb-like region called the proventriculus or cardium
whose inner intima layer is chitinous; this region is used
for mechanical breakdown of the food. In addition, the
proventriculus synthesizes a semi-permeable chitinopro-
teinaceous membrane known as the peritrophic
membrane, which lines the midgut and has important
roles in the maintenance of insect gut structure, facili-
tation of digestion, and protection from invasion by
microorganisms and parasites. In larvae, posterior to the
proventriculus, is a ring of four blind-ending fingerlike
diverticules called caeca that participate in digestion by
secreting enzymes. The midgut lumen comprises large
longitudinal gradients of pH that delimit three contiguous
segments: an anterior near-neutral part, a short and nar-
row strongly acidic middle segment, and a wider third
zone of increasing alkalinity that secretes base into the
lumen [2]. The middle region of low pH contains iron
and copper cells (Fe/Cu cells) whose function is essential
to maintain acidity [3]. The boundary between the mid-
and hindgut corresponds to the branching point of the
Malpighian tubules. These renal-like evaginations absorb
solutes, water, and waste from the surrounding hemo-
lymph (insect blood) and release them into the gut lumen
in the form of solid nitrogenous compounds [4]. The rest
of the gut consists of the hindgut, which resorbs water
and ions and expels undigested waste. The foregut,
proventriculus, anterior end of the midgut, and hindgut
are innervated by neurons emanating from the central
nervous system [S5]. Feeding and the ingestion of food
into the midgut are mediated through interactions of the
foregut with the nervous system via the stomatogastric
nervous system [6]. Recent work has resulted in the
identification of neuron subsets that innervate distinct
regions of the gut and play an essential role in the
control of gut physiological functions, such as pH reg-
ulation and diuresis control [7].
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Drosophila gut development

The various functions of the digestive system require its
regionalization into distinct functional domains and mor-
phogenesis of a characteristic sequence of gut accessory
organs that arise during embryonic development at ste-
reotype positions along the anterior—posterior axis of body.
Our understanding of the developmental processes that
pattern the gut and give rise to their identity as different
parts of the gut is quite advanced in Drosophila and
highlights striking similarities to its mammalian homolog.
Similar to vertebrates in which the gut develops from an
epithelial lining and a surrounding mesenchyme [8], the
Drosophila larval gut develops from a primordia composed
of a simple epithelium surrounded by visceral mesoderm
[9, 10]. The gut parts all arise from an anterior and a
posterior anlage specified early during embryogenesis. The
epithelium of the larval alimentary tract originates from
two embryonic germ layers, the endoderm and ectoderm.
The endoderm gives rise to most of the midgut, whereas
the ectoderm forms the foregut and hindgut [11]. Graded
activities of maternal signals at the anterior and posterior
terminal domains of the embryo turns on patterning gap
genes (tailless and Huckebein) which in turn activate genes
that specify gut primordia: GATA and Forkhead tran-
scription factors are required for endodermal midgut
anlagen specification and brachyenteron (Brachyury
homolog) for the ectodermal hindgut primordium [12]. The
midgut is derived from endodermal cells located in the
primordial which will migrate to form the definitive larval
midgut [12]. The signaling events leading to the regional-
ization of the gastrointestinal tract have been well studied
in both vertebrates and Drosophila. In the chick and
mouse, the activity of Hedgehog and transforming growth
factor-beta (TGF-p) signaling molecules are required for
the generation of boundaries from which foregut gut-
associated organs, such as the lungs, liver, or pancreas,
develop [13, 14]. Similarly, the regionalization of the
Drosophila foregut and the development of the foregut-
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associated proventriculus organ require the activities of
Hedgehog, Wingless (Wg), and the TGF-f homolog Dpp
[15]. Subdivision of the midgut epithelium is regulated by
inductive signals emanating from the visceral mesoderm in
both the embryonic development of the Drosophila midgut
and mammalian intestine, demonstrating the evolutionary
conservation of some of the mechanisms driving gut for-
mation [16, 17].

The larval midgut is an endothelial tube containing two
differentiated cell types, namely, enterocytes and ente-
roendocrine cells, which arise from stem cell crypts located
within the gut and differentiate into either cell type in a
Notch signaling pathway-dependant manner [18, 19].
Depending on position cues within the gut tube, the en-
terocytes develop a wide variety of morphologies and
functions and represent the majority of the cells within the
midgut. While many of the enterocytes are involved in the
absorption of nutrients at various stages of digestion, oth-
ers, such as the acid-producing copper cells within the acid
region of the midgut, are highly specialized [2, 20].
Comprising a smaller portion of the cell population of the
gut are the enteroendocrine cells, which have been shown
to play several roles, including the secretion of a number of
peptide hormones [21].

In holometabolous insects (which undergo complete
metamorphosis), the adult appendages and internal organs
form anew from larval progenitor cells during metamor-
phosis. The entire gut is remodeled during metamorphosis
from imaginal cells at the base of the salivary glands
(foregut), at the junction of the foregut and midgut, in the
hindgut, and around the anus. Malpighian tubules are an
exception to this remodeling process since they persist
unmodified throughout metamorphosis. Transformation of
the larval anlagen into adult structures has been well doc-
umented for the midgut. The larval midgut comprises two
major cell types: the large larval epithelial cells with de-
condensed polyploid nuclei and, embedded among them,
small diploid adult midgut progenitors cells (AMPc) [22—
24]. In response to ecdysone, the hormone driving meta-
morphosis, the larval epidermal cells initiate programmed
cell death, while AMPc proliferate [25]. Dividing AMPc
first disperse, but later proliferate within distinct islands,
forming large cell clusters that eventually fuse during
metamorphosis to form the adult midgut epithelium. Sig-
naling through the EGFR/RAS/MAPK pathway is
necessary and limiting for AMPc proliferation [26, 27].
Midgut visceral muscle produces a weak epidermal growth
factor receptor (EGFR) ligand, Vein, which is required for
early AMPc proliferation. Two stronger EGFR ligands,
Spitz and Keren, are expressed by the AMPc themselves
and provide an additional autocrine mitogenic stimulus to
the AMPc during late larval stages [27]. At the adult stage,
the final digestive tract is composed of epithelial cells with

absorptive and secretory functions and a population of
intestinal stem cells (ISCs) that are interspersed between
them and required to maintain homeostasis.

Control of midgut epithelium homeostasis

Intestinal stem cells in the adult Drosophila midgut pro-
liferate and self renew to produce differentiating daughter
cells that replace those lost as part of normal gut function.
It is estimated that under normal physiological conditions,
Drosophila intestinal cells turn over approximately weekly.
Using cell lineage labeling methods relying on the pro-
duction of marked clones after mitotic recombination,
several laboratories have identified and characterized
midgut intestinal stem cells [23, 28, 29]. ISCs are distrib-
uted evenly along the midgut and are the only cells capable
of cell division in the adult midgut. These basally located
cells, which can give rise to both enterocytes and small
secretory enteroendocrine cells, can be identified by their
small nuclear size and expression of the Notch ligand Delta
(Fig. 2). ISC self-renewal produces an identical daughter
ISC along with an immature diploid daughter (progenitor)
cell, termed the enteroblast (EB). It seems that the hindgut
is lacking ISCs, although this issue remains controversial
[28, 30, 31]. The Delta—Notch signaling pathway plays a
critical role in ISC fate determination [23, 29]. Drosophila
midgut ISC division is morphologically symmetrical, giv-
ing rise to two daughter cells that are initially similar.
However, soon after division, one cell retains high levels of
Delta and remains an ISC, while the other cell quickly
loses Delta expression and becomes an EB. Enteroblast
differentiation coincides with a reduction of contact with
the basement membrane and the underlying visceral mus-
cle cells that produce Wg, an important ISC survival factor
that promotes stemness and suppresses differentiation.
Clonal analysis indicates that downstream components of
the Wg pathway, including Frizzled, Dishevelled, and
Armadillo, act autonomously within ISCs to ensure self-
renewal [32, 33].

In response to damage, adult ISCs switch on a rapid
proliferative state that facilitates the replacement of dam-
aged tissue and contributes to epithelial homeostasis
maintenance [27, 34-37]. The Jak/Stat signaling pathway
that has been implicated in the regulation of stem cells in
multiple tissues also promotes gut ISC proliferation [38]. In
the adult midgut, the Jun N-Terminal Kinase (JNK) path-
way is activated in damaged enterocyte cells (ECs)
following injury. This leads to the production of secreted
Unpaired (Upd) cytokines from ECs, which in turn activate
the Janus kinase signal transducer (JAK) and activator of
transcription STAT in intestinal SCs, stimulating their
proliferation. In addition, the Hippo pathway has been
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recently implicated in the regulation of Upd cytokine
production from the ECs [39—41] (Fig. 2).

If it is clear that gut epithelial homeostasis is constantly
controlled throughout the fly’s life to repair aging-associ-
ated damage, recent reports identify mechanisms at work to
maintain epithelial homeostasis in response to gut flora and
bacterial infection. Before going into these aspects, our
current view on Drosophila gut flora composition and
function is presented in the following section.

Gut flora: composition and role

Despite its widespread use as a model system for dissecting
innate immune response, relatively little was known until
recently on the interactions between the Drosophila gut
epithelium and its associated microbial communities. This
situation is progressively evolving with the recent publi-
cation of relatively comprehensive studies on the bacterial
species that associate with natural and laboratory Dro-
sophila strains and of studies that aim at unraveling
microbiota evolution and function in flies [42—44]. In
contrast to the high complexity of the human microbiota,
which contains more than 500 species [45], Drosophila’s
bacterial communities are relatively simple, composed of
about 20 different species, including four or five main
species of the Acetobacter and Lactobacillus genus, the
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latter also being found in human microbiota. However,
unlike the human microbiota, Drosophila harbors very few
anaerobes and in particular lacks Bacteroidetes species, the
major constituents of the human gut microbiota.

More than 100 years ago, Ilya Metchnikov and Louis
Pasteur suggested that some microflora species could exert
beneficial roles in the physiology of gut epithelia and in
host fitness. Several studies in mammals have now shown
that commensal microbes profoundly modulate the
expression of many host genes involved in diverse func-
tions, thereby actively shaping host biology [46, 47].
Although it is now accepted that Drosophila is also car-
rying gut flora, the precise roles and functions of these flora
have only recently been studied. The observation that
Drosophila embryos raised under axenic conditions give
rise to perfectly well-formed and fully fertile adults tends
to indicate that bacteria are largely dispensable for the
various developmental processes that are taking place,
under laboratory conditions, during embryogenesis, the
larval stage, and metamorphosis. However, recent reports
suggest that these gut bacterial communities are important
for some other aspects of insect physiology and that
modifying the relative proportion of different bacterial
species can have deleterious effects on the gastro-intestinal
(GI) tract [47]. Firstly, gut microbiota have been associated
with life span. In a recent report, Brummel et al. [48] show
that the longevity of adult flies reared under axenic
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conditions is reduced and that reintroducing bacteria during
the first week of adult life can restore wild-type longevity.
These results suggest a positive impact of bacterial com-
munity on fly longevity; however, they are at odds with
those published by Ren et al. who did not observe any
difference in life span of axenic and control flies for the
Oregon-R strain or the shorter-lived Canton-S strain [49].
Further work will be needed to solve this issue. Another
emerging role of commensal bacteria relies on its putative
influence on mating preference. Sharon et al. [S0] showed
that when an individual fly issued from two genetically
identical Drosophila populations, one reared on a molasses
medium and the other on a starch medium, are mixed,
“molasses flies” preferred to mate with other molasses flies
while “starch flies” preferred to mate with other starch
flies. Since this mating preference is abolished after anti-
biotic treatment and can be induced by infection with
microbiota obtained from the fly media (before antibiotic
treatment), the results suggest that symbiotic bacteria can
influence mating preference. Chemical analyses suggest
that bacteria mediate their effect on mating preference by
changing the levels of cuticular hydrocarbon sex phero-
mones. The guts of ruminants and termites are well-studied
examples of bioreactors “programmed” with anaerobic
bacteria charged with the task of breaking down ingested
polysaccharide into short-chain fatty acids. Although, no
anaerobic bacteria have been found in the fly alimentary
canal (oxygen can freely access the Drosophila Gl tract), one
can speculate whether gut bacteria can also participate in
food assimilation and digestion in Drosophila. Our unpub-
lished results indicate that some commensal bacteria species
favor developmental growth and accelerate developmental
timing in flies raised under poor nutrient conditions (J Royet
and F Leulier, unpublished resutls). These data, although
related to processes not totally dissected at the molecular
level, point to an importance of the microbiota in Drosophila
physiology. The existence of a gut flora in the fly and its
recently revealed functional importance imply that Dro-
sophila has developed mechanisms aimed firstly to control
its size and shape and, secondly, to tolerate it, a process
involving the Drosophila gut immune response.

Gut immune response

As mentioned earlier in this review, the first barrier against
bacteria is the peritrophic membrane, a chitinous matrix
secreted by the proventriculus that lines the mid- and
foregut. This semi-permeable membrane allows the pas-
sage of digestive enzymes and defense molecules secreted
by the intestinal epithelium while at the same time per-
mitting the intake of nutrients from the lumen by the
epithelium. This matrix prevents direct contact between the

gut flora and the intestinal epithelium, a function that is to
some extent is fulfilled in vertebrates by the mucus secreted
by intestinal goblet cells. Bacteria are also probably elim-
inated—or at least their proliferation controlled—by their
journey through the gut acidic region and by their inter-
action with bacterial cell wall-modifying proteins, such as
lysozymes and peptidoglycan-hydrolyzing enzymes pres-
ent in the gut lumen [51]. These constitutive physical and
chemical antibacterial agents are complemented by two
largely inducible chemical defenses, an oxidative shock
and the production of antimicrobial peptides (AMPs) by
the gut epithelium [37, 52-54].

AMPs production in the Drosophila gut

Upon bacterial infection, Drosophila immune-competent
tissues, such as the fat body, hemocyte, trachea, or gut
epithelium, produce antimicrobial peptides that are
released into the circulating hemolymph or into the trachea
and gut lumen to control microbial proliferation. Integrated
analysis of the results generated by large genetic screens
conducted in flies or in cell cultures and of microarray
experiments have put together a very detailed picture of the
gene cascades that regulate AMP production upon bacterial
infection in Drosophila (for a review see [55]). The main
conclusion of these studies is that the transcription of most
immune-induced genes is under the control of two signal-
ing pathways known as Toll and IMD which show high
similarities with the mammalian IL-1/TLR and TNF-«
pathways. However, whereas AMP gene transcription is
under the control of both the Toll and IMD signaling
pathways during the systemic response that take place in
the fat body, it is largely dependent on the IMD, and to a
lesser extent to the JAK/STAT cascade in gut epithelial
cells [35, 56, 57]. Indeed, most genes whose transcription
is upregulated in the gut following oral bacterial infection
are no longer induced in an IMD mutant background [35].
The results of recent studies consistently point towards the
important role of IMD-dependent AMP production in
providing protection against orally infectious Gram-nega-
tive bacteria, such as Pseudomonas entomophila and
Seratia marscesens, thereby emphasizing the critical role
of local antimicrobial peptide expression against food-
borne pathogens [52, 58]. The IMD pathway is composed of
multiple intracellular components (IMD, Dredd, FADD,
among others) whose successive activation leads to nuclear
translocation of the NF-xB transcription factor Relish (for a
review, see [59]. Upstream of this pathway, bacteria are
recognized by two receptors belonging to the Peptidoglycan
recognition protein family (PGRP). The transmembrane
receptor PGRP-LC serves as a pattern recognition receptor
that combines the function of a microbial binding protein
(through its PGRP domain) and of a signaling receptor
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(through its intracellular tail) [60—62]. Another receptor,
PGRP-LE has been shown to act as an intracellular receptor
for diaminopimelic acid (DAP)-type polymeric peptidogly-
can (PGN) in blood cells, but its function in the gut remains
unknown [63]. In the absence of infection, but in the presence
of indigenous flora, AMPs are only produced in very
restricted domains of the gut. The fact that gut commensal
bacteria secrete PGN derivatives (muropeptides) which are
very potent activators of the IMD pathway and that all gut
cells are competent to activate IMD-dependent AMPs sug-
gest that gut epithelial cells are well equipped with tools
aimed at preventing constitutive and permanent activation of
the IMD pathway.

Mechanisms controlling immune tolerance and immune
response intensity

Although most mechanisms regulating immune tolerance
to resident bacteria in Drosophila have probably yet to be
discovered, recent evidence points to the importance of
regulation of activation of the IMD pathway in this process
(Fig. 3). Recently conducted genetic screens have surpris-
ingly shown that the IMD pathway contains more negative
regulators than proteins required to convey the signal from
the upstream PGRP-LC receptor to the nucleus [64].
Although the function of each of these has not yet been
studied at the resolution of the tissue, some of these are
clearly and directly implicated in gut immune tolerance.

@ Springer

Some regulators are required to prevent IMD pathway
activation in the absence of an immune challenge. These
are often ubiquitous factors that regulate the protein sta-
bility of defined intracellular IMD pathway members, often
by regulating their ubiquitination status (SKPA/SLMB/
DCULLI, dUSP36, CYLD, POSH, DNR-1, Caspar). While
it is evident that these genes do regulate basal IMD path-
way activation in the fat body and blood cells, their
function in the gut has not yet been determined. The
inhibition provided by basal regulators appears to be con-
stitutive, but the negative regulation imposed by other IMD
repressors, such as PGRP-SC/LB/LF and PIRK, is the
result of a negative feedback loop of the IMD pathway. By
cleaving PGN into non-immunostimulatory fragments,
PGRP with amidase enzymatic activity (such as PGRP-SC
and PGRP-LB) reduce the amount of immune elicitor and,
in turn, tune-down the gut response to endogenous flora
[65, 66]. This extracellular response is associated with
mechanisms that act intracellularly or at the membrane
plasma membrane to attenuate the immune response. By
forming inactive heterodimers with PGRP-LCx isoforms,
PGRP-LF reduces IMD pathway activation [67, 68]. At the
other end of the IMD pathway, in the nucleus, the Caudal
transcription function directly suppresses IMD-dependent
NF-xB-mediated AMP expression in the posterior midgut
[69]. This constant transcriptional repression is essential to
maintain the integrity of the gut epithelium and the
homeostasis of its microbiota. The absence of such control,
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as observed upon Caudal silencing, leads to constant Rel-
ish-dependent =~ AMP  production, = which  causes
modifications in the commensal bacteria population,
apoptosis of epithelial cells and, eventually, a reduced
lifespan. This finding indicates that controlling the quantity
and the quality of the intestinal microbial burden is a vital
process for the fly. It should, however, be emphasized that
IMD-mediated immune tolerance in the gut epithelium is
compartimentalized, as exemplified by the regional
requirement for Caudal in this process. Another IMD
pathway regulator is the protein Pirk which, by reducing
PGRP-LC plasma membrane localization, renders the
microbiota invisible for the gut epithelia as far as IMD
pathway activation is concerned [70-72]. It is hypothesized
that in the absence of Pirk, PGRP-LC is no longer main-
tained in the cytoplasm and passes into the membrane
where it can be inappropriately activated by the microbiota,
thus leading to ectopic AMP expression in gut epithelial
cells. Pirk and PGRP-LB, both targets and regulators of the
IMD signaling pathway, establish a negative feedback loop
in the IMD signaling pathway to avoid the hyper-activation
of target genes and impose a brake on the PGN-driven
signaling due to commensal bacteria. In the presence of
high bacterial load, i.e., in an infectious context, high levels
of PGN are released by proliferating bacteria, thereby
transiently increasing the signal strength so as to over-
whelm the basic inhibition of the pathway and to trigger
AMP production. As the inhibitory circuitry is under
transcriptional control of the IMD pathway, the system
quickly returns to homeostasis upon elimination of the
bacteria by AMPs.

If we accept that these data clearly demonstrate that
regulation of immune tolerance and of the intensity of the
immune response in the gut is largely dependent on neg-
ative regulators of the IMD pathway, it is likely that some
functional redundancy does exist in between these regula-
tors. To appreciate the real consequences associated with a
IMD pathway deregulation on gut homeostasis, microbiota
composition, and even on fly integrity, analysis should be
performed on individuals in which multiple regulators have
been simultaneously inactivated.

Reactive oxygen species

The second major bacterial proliferation attenuator in the
gut epithelia are reactive oxygen species (ROS). Natural
infections by bacteria induce in the fly gut, as in that of
mammals, a rapid ROS burst, a reaction that is compulsory
to keep bacterial growth under control. Although directed
towards the same microbial targets, the regulation of ROS
production in the Drosophila gut is quite distinct from that
of AMPs (Fig. 3). ROS are constitutively produced in the
gut at a basal level by the membrane-associated dual

oxidase (DUOX), a member of the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase family [54]
(Fig. 3). Interaction between the gut microbiota and epi-
thelial cells triggers the phospholipase C-f (PLCf)-
dependent production of 1,4,5-triphosphate (IP3) and sub-
sequent mobilization of intracellular calcium, which
modulates DUOX enzymatic activity [37]. This activation,
triggered by soluble microbial extracts distinct from PGN,
requires a functional Ga protein (Gaq), suggesting that a
G-coupled receptor acts upstream of the pathway. The
observation that fly mutants for PLCf have a reduced life
span due to the uncontrolled proliferation of dietary
microbes demonstrates the importance of basal ROS pro-
duction in routine microbe control. The molecular nature of
the bacterial elicitor of the DUOX activation pathway
remains elusive but is clearly different from that of bac-
terial PGN.

Although capable of controlling normal gut microbiota,
this system of basal ROS production is not potent enough
to eliminate food-borne bacterial infection. When the gut
bacterial burden increases, not only DUOX activity by also
DUOX protein expression levels and, consequently ROS
levels, are consistently dramatically upregulated [37]. This
DUOX gene transcriptional upregulation is under the
control of the P38 pathway in the gut. However, as opposed
to the DUOX activation pathway itself, the P38-dependent
transcriptional regulation of the Duox gene is under the
control of both PGN-dependent and -independent pathways
and is not required to mediate the basal level production of
ROS in the alimentary duct. Whereas MEKK1 and P38
mutant flies are highly susceptible to gut bacterial infec-
tion, they consistently show normal resistance to systemic
infection by microorganisms. Importantly, recent reports
indicate that ROS, in addition to its direct microbicidal
role, could be implicated in maintaining gut homeostasis
after infection by regulating intestinal stem cell prolifera-
tion (see below) [73].

Maintenance of gut homeostasis after bacterial
infection

As in most animals, the integrity of the Drosophila gut
relies on the homeostasis of the intestinal epithelium,
which is based on a strict balance between intestinal epi-
thelial cell death and their renewal from a pool of intestinal
stem cells. Several recent reports demonstrate that intesti-
nal infections trigger epithelial cell death associated with
the proliferation and differentiation of intestinal stem cells
in order to maintain tissue integrity. Thus, the reaction of
the Drosophila gut to microorganisms is not restricted to
activation of the immune system but extends to integrated
responses aimed at maintaining gut tissue integrity. ISC
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division and intestinal renewal can be stimulated by feed-
ing flies damaging agents or expressing apoptotic genes in
the gut (Fig. 2) [27, 74, 75]. For example, the ingestion of
the DNA-damaging agent Bleomycin and dextran sulfate
sodium causes cell death and stimulates both ISC division
and EB differentiation. Targeted expression of the anti-
apoptotic protein P35 specifically in ECs can partially
suppress Bleomycin-dependent ISC division [37]. Dying
ECs are thus able to induce ISCs to divide and to differ-
entiate into EBs in order to compensate for gut cell loss
and, eventually, to maintain gut homeostasis. A functional
insulin signaling pathway is required for this process since
loss-of-function mutations in either the insulin receptor
(InR), the InR substrate Chico, or the downstream tran-
scription factor FOXO, abolish Bleomycin-dependent ISC
stimulation [37].

The ingestion of invasive bacteria, such as Erwinia ca-
rotovora (Eccl5) or Pseudomonas entomophila, is also
able to efficiently stimulate ISC division [37, 75]. Experi-
ments using anti-phospho histone H3 staining have shown
that ISC division is increased tenfold after oral bacterial
infection. Large mitotic clones can be consistently recov-
ered in adult midguts 3 days following Eccl5 infection,
while only small clones are visible in control guts. The
escargot-GFP marker, which strongly labels ISCs, EBs, and
newly synthesized ECs, stains an increased number of cells
after Eccl5 ingestion, indicating a recent and extensive
increase in the quantity of stem cell-derived cells. Both
bacterial recognition by PGRP-LC and activation of the
IMD pathway are dispensable for ISC division and EB
differentiation induced by Eccl5 ingestion [75]. These
surprising observations indicate that invasive bacteria are
not recognized per se and that PGN is not the bacterial
elicitor that triggers ISC activation. Rather, they suggest
that it is the bacteria-induced damage to gut cells that
stimulates ISC division. This hypothesis is in good agree-
ment with the observation that bacterial ingestion
correlates with increased EC apoptosis. Importantly, the
induction of the oxidative burst following Eccl5 bacterial
infection appears to be a major inducer of cell damage and
epithelium renewal since ISC activation and intestinal
renewal do not occur in infected flies fed with the antiox-
idants N-acetyl cysteine or glutathione or when the Duox
gene is silenced in the gut by RNAi [75]. What are then the
signaling pathway(s) that are activated in the gut cells
following bacterial infection and required to trigger ISC
proliferation? Recent studies show that these pathways are
the same as those previously described to control gut
homeostasis in the absence of immune challenge (JAK/
STAT; EGF) (Fig. 2) [34, 37, 75]. Consistent with this
findings, one of the JAK/STAT ligands, Upd3, is strongly
induced in ECs after bacterial ingestion or by EC-induced
apoptosis [34, 37, 75], and the reduction of JAK/STAT
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signaling specifically in ISCs decreases epithelial renewal
induced upon bacterial infection [34, 75]. The cellular and
molecular mechanisms responsible for Upd3 expression by
ECs remain unknown, although cell damage is a likely key
factor. Indeed, physical injury of the gut with forceps is
sufficient to induce localized expression of Upd3 in the
vicinity of damaged ECs. Moreover, the DUOX-dependent
oxidative burst is essential for Upd3 production and JAK/
STAT signaling activation [75]. In addition, bacteria-
dependent ISC activation requires the cytoprotective JNK
pathway that is strongly activated in both ISCs and ECs.
Inhibition of this pathway specifically in ISCs dramatically
affects their number and their subsequent progeny [36, 75].
Intestinal renewal and maintenance of gut homeostasis are
essential in the Drosophila defense against Eccl5 infec-
tion. Flies with reduced JAK/STAT or JNK signaling in
ISCs, or missing Upd3 in ECs, succumbed much earlier
than control flies after Ecc15 infection [75]. Such mutant
flies lack epithelial renewal and display morphologically
altered guts with abnormal and missing ECs. It has recently
been shown that the EGFR pathway contributes to gut
morphogenesis through its activity in enterocytes and is
required to properly coordinate the delamination and
anoikis of damaged cells [76, 77].

In addition to their role in controlling ISC proliferation
and differentiation in infected intestines, basal levels of the
JAK/STAT and JNK signaling pathways are essential to
maintain gut homeostasis in uninfected guts, ensuring the
proper differentiation of ISC progeny and ISC maintenance
[75]. This function illustrates well that bacterial infection
stimulates—rather than initiates—a molecular and cellular
response (i.e., ISC activation) that occurs naturally in
uninfected flies. Interestingly, flies raised under axenic
conditions display reduced ISC division and intestinal
epithelial renewal. Thus, in addition to constantly trigger-
ing basal levels of IMD (but without AMP production) and
DUOX pathway activation, indigenous microbiota main-
tain a basal level of epithelium regeneration probably by a
mild activation of the JAK/STAT and JNK signaling
pathways.

Conclusions

The contribution of Drosophila melanogaster to our
understanding of the mechanisms governing the innate
immune response, although relatively recent, has been
remarkable. Recent findings showing that fruit flies carry
commensal gut bacteria and that they have developed
means to tolerate these bacteria have led researchers to
embark on an array of totally new and exciting fields of
research. Given the remarkable evolutionary conservation
in most immune mechanisms, it is very likely that the
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results obtained in Drosophila will be of significant rele-
vance to an in-depth understanding of antimicrobial
defense strategies in other organisms, including humans.
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