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a b s t r a c t

Physiological responses are the ultimate outcomes of the functional interactions and proper organization
of the different cell types that make up an organ. The digestive tract represents a good example where
such structure/function correlation is manifested. To date, the molecular mechanisms that establish and/
or maintain gut segmentation and functional specialization remain poorly understood. Recently, the use
of model systems such as Drosophila has enriched our knowledge about the gut organization and
physiology. Here, we review recent studies deciphering the morphological and functional properties of
the Drosophila adult midgut compartments. Intestinal compartments are established through the dif-
ferentiation of regionalized stem cell populations in concert with the joint activity of patterned tran-
scription factors and locally produced morphogens. The maintenance of a compartmentalized gut
structure is vital to the organism, allowing sequentially the ingestion and digestion of food, absorption of
nutrients, and excretion of waste products in addition to the compartmentalization of immune and
homeostatic functions. Further characterization of the gene regulatory networks underlying gut
compartmentalization will pave the way for a better understanding of gastrointestinal function in insects
and mammals, in both health and disease conditions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In metazoans, organs are usually divided into discrete structures
enabling highly specialized functions. As a good example, the
alimentary canal displays an extreme case of functional segmen-
tation, in which successive compartments along the ante-
roeposterior axis comprise various cell types that are characterized
by distinct architectures and functions (Karasov et al., 2011;
Stainier, 2005). This spatial variation allows for the sequential
processing of food, from ingestion, through digestion and absorp-
tion to excretion (Karasov et al., 2011). Hence, the proper function
of the gastrointestinal tract is not only bound to its overall integrity
but also to its ability tomaintain a proper functional and segmented
organization.

Moreover, the digestive tract faces multiple stresses due to its
role as a barrier with the external milieu and the permanent
interaction with microbes, as well as simple mechanical food
abrasion. In response to this challenging environment, the gut
epithelium is renewed constantly in most animals; being one of the
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most highly mitotic organs (Radtke and Clevers, 2005). This feature
is achieved via the activity of intestinal stem cells (ISCs) scattered
along the epithelium forming the inner lining of the digestive tract.
ISCs divide and differentiate to compensate the loss of cells due to
daily environmental insults (Radtke and Clevers, 2005). Thus the
gut is capable of maintaining a stereotypic organization while it is
constantly renewing. However, to date, understanding the cellular
and molecular mechanisms that are involved in the organization
and maintenance of the adult digestive system remains a major
challenge.
2. Drosophila melanogaster: an emerging model to study
intestinal and stem cell biology

The alimentary canal of adult D. melanogaster is established
during metamorphosis and fully matures within the first 48 h post-
eclosion (Buchon et al., 2013b; Demerec, 1994; Takashima et al.,
2011). It consists of a simple epithelial tube divided into foregut,
midgut, and hindgut. The foregut is of ectodermal origin and in-
cludes themouth, the pharynx, the esophagus, and the crop (Hakim
et al., 2010). The crop is an impermeable bag-like structure that
allows food mixing, detoxification, and storage (Stoffolano and
Haselton, 2013). A specialized sphincter, the cardia, connects the
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foregut to the midgut and regulates food passage toward the
midgut. The midgut, which is the only adult tissue originating from
the endoderm, occupies a large part of the abdomen with an
average length of 6 mm (Buchon et al., 2013b), and is the principal
site of food digestion and nutrient absorption. Historically, scien-
tists have divided the adult midgut into three segments: anterior,
middle and posterior. This organization has been defined following
the identification of an acidic region in the middle of the midgut
that comprises specialized cells, the copper cells, which ensure a
local low pH compartment (Dubreuil, 2004). Several studies have
shown that genes encoding antimicrobial peptides and digestive
enzymes are expressed in a patterned manner along the midgut
(Abraham and Doane, 1978; Buchon et al., 2009b; Shanbhag and
Tripathi, 2009; Terra and Ferreira, 1994; Wang et al., 2009). This
suggests that despite its small size, the midgut of Drosophila is
divided into physiologically specialized regions. The midgut pre-
cedes the hindgut, a tissue of ectodermal origin composed of the
pylorus, the ileum and the rectum (Demerec, 1994). The pylorus
parallels the cardia and functions like a valve that controls the
transit of the luminal content by constricting surrounding muscles.
Malpighian tubules, which are specialized excretory structures
analogous to themammalian kidney, branch at the midgut-hindgut
junction and discharge waste product into the hindgut (Beyenbach
et al., 2010). The ileum mediates the absorption of water and ions
and participates in excretion of waste.

Similarly to its mammalian counterpart, the midgut epithelium
of Drosophila is renewed by the activity of ISCs (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006). ISCs divide
mostly asymmetrically, generating both a new ISC to maintain the
pool of stem cells in the gut and a progenitor called enteroblast (EB)
(de Navascu�es et al., 2012; Goulas et al., 2012; Ohlstein and
Spradling, 2007). Enteroblasts are transient and post-mitotic cells
that gradually differentiate into either the absorptive and digestive
enterocytes (ECs) or the secretory entero-endocrine cells (EEs)
(Ohlstein and Spradling, 2007). Alternatively, it has been proposed
that commitment to the endocrine lineage could be established in a
distinct progenitor, the pre-EE rather than enteroblasts (Biteau and
Jasper, 2014; Zeng and Hou, 2015). Over the last ten years, the
Drosophilamidgut has become a useful system to gain insights into
the molecular mechanisms that control ISC behavior and gut
physiology (Buchon et al., 2013a). JAK/STAT, EGFR, Wnt, Notch,
Hippo, Hedgehog, and BMP pathways are among the key conserved
signaling pathways regulating ISC proliferation and differentiation
(Biteau and Jasper, 2011; Buchon et al., 2009a, 2010; Cordero et al.,
2012; Guo et al., 2013; H. Jiang et al., 2011, 2009; Karpowicz et al.,
2010; H. Li et al., 2013; Lin et al., 2008; Ohlstein and Spradling,
2007; Osman et al., 2012; Ren et al., 2010; Shaw et al., 2010;
Singh et al., 2011; Staley and Irvine, 2010; J. Zhou et al., 2014).
The Drosophila intestine is capable of rapid regeneration in
response to acute chemical or biotic insults, such as infection
(Amcheslavsky et al., 2009; Buchon et al., 2009b; H. Jiang et al.,
2009). Upon damage, the gut epithelium initiates a homeostatic
feedback loop that couples enterocyte loss to ISC proliferation. The
visceral muscles originating from the mesoderm have a critical role
during intestinal regeneration. Indeed, two layers of visceral mus-
cles, comprising an external layer of longitudinal muscles, as well as
an internal layer of circular muscles, surround the gut epithelium.
The latter appears to be involved in the regulation of ISC activity by
responding to signals from the epithelium, such as the JAK-STAT
cytokine Upd3, by releasing key growth factors such as the EGF
vein or wingless ligands to control ISCs behavior (Biteau and Jasper,
2011; Buchon et al., 2010; H. Jiang et al., 2011; Lin et al., 2008; Lin
and Xi, 2008). The enteroblasts also control ISC activity through
the expression of different JAK-STAT, EGFR and Wnt ligands
(Buchon et al., 2010; Cordero et al., 2012; H. Jiang et al., 2011; Liu
et al., 2010; F. Zhou et al., 2013). Despite this emerging picture of
a non-autonomous control of ISC homeostasis, it remains unclear
how different pathways are integrated within the ISC to control
their maintenance and lineage differentiation. Apart from a few
analyses, most conclusions related to ISC homeostasis have been
formulated based on studies performed on the posterior adult
midgut, without considering that the digestive tube presents
structural and functional differences along its length.

3. The Drosophila midgut consists of five major
compartments

In order to understand the underlying complexity of the
Drosophila adult midgut, we and others used morphometric, his-
tochemical and transcriptomic approaches to delineate areas of
functional compartmentalization (Buchon et al., 2013b; Marianes
et al., 2013). We first identified six major constrictions that com-
partmentalized the intestinal lumen into five main chambers
through a morphometric analysis. Using a fluorescent brush border
marker that stains the apical side of enterocytes and classical his-
tological analyses, we further divided those five compartments into
8 distinct subregions (Fig. 1) and described their respective
biochemical properties that appear highly specific. Furthermore, an
extensive mapping of gene expression profile revealed the exis-
tence of 14 distinct subregions (Buchon et al., 2013b). Interestingly,
the morphometric, histological, and the genetic data converged,
suggesting the presence of sharp boundaries delineating the gut
regions. Independently, Marianes and Spradling have used both
light and electron microscopy to investigate structural differences
along the whole midgut. Coupled to the characterization of the
expression patterns of hundreds of reporter lines, they identified
the presence of 10 discrete regions along the Drosophila midgut
(Marianes et al., 2013). Strikingly, these 10 regions are a part of the
14 subregions, demonstrating a good consensus between both
studies (Fig. 1) (O'Brien, 2013).

The two main sphincters of the gut, the cardia and the pylorus,
are innervated by a subset of neurons located in the central nervous
system (Cognigni et al., 2011). These neurons also innervate
exclusively the most anterior (R1 and R2a) and most posterior re-
gions (R5) of the midgut (Buchon et al., 2013b). This suggests that
the local innervation of midgut extremities could regulate food
transit in and out of the midgut. However, peristalsis appears so far
to be the only mechanism regulating transit inside the midgut,
which could be regulated by entero-endocrine cells enriched in the
midgut domains devoid of neurons (Buchon et al., 2013b; Cognigni
et al., 2011; LaJeunesse et al., 2009). EEs secrete numerous neuro-
peptides that are highly patterned along the gut length but their
physiological functions and mode of action remain largely un-
known (Beehler-Evans and Micchelli, 2015; Song et al., 2014;
Veenstra, 2009). However, recent reports have provided evidence
for a role of EEs in modulating ISC function (Amcheslavsky et al.,
2014; Scopelliti et al., 2014), gut homeostasis and gut metabolism
(Song et al., 2014). Altogether, these findings show that the
Drosophila digestive tract is not a simple tube, but a highly com-
partmentalized organ with a diverse array of functions.

4. Midgut compartments display functional specialization for
digestion and immune defense

To gain general insights into the functions of the five main
midgut compartments, regional transcriptomes have been gener-
ated using microarrays (Buchon et al., 2013b) and RNAseq
(Marianes et al., 2013). Both studies demonstrate that each midgut
compartment performs unique physiological functions and acts as
an integral metabolic, digestive and immune unit, corroborating



Fig. 1. A The Drosophila midgut consists of 5 major regions (R1-R5) which are further subdivided into 8 histological and 14 genetic subregions. B Schematic illustration of the
sequential processing of food and nutrient absorption along the gut compartments. C The intestinal epithelium is constantly renewed through the activity of Intestinal Stem Cells
(ISCs) which divide and generate new stem cells and transient committed enteroblasts (EBs). Enteroblasts differentiate into either absorptive/digestive epithelial (enterocytes, ECs)
or secretory (entero-endocrine, EEs) cells. The gut epithelium is basally supported by visceral muscles (VM) and apically separated from the lumen by a chitinous structure, the
peritrophic membrane (PM). D Intestinal compartments are established and maintained due in part to the activity of regional stem cell populations. The daughter cells of ISCs
located at region boundaries do not mix except in rare cases, in which the daughter cells retain the fate of their region of origin.
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previous observations showing that the expression of some
digestive enzymes and transporters are restricted to discrete ter-
ritories of the gut (Abraham and Doane, 1978; Terra and Ferreira,
1994; Wang et al., 2009). For instance, the anterior midgut com-
partments express enzymes involved in the digestion of macro-
molecules such as starch, lipids, and large proteins (Fig. 1). The
middle midgut ensures an acidic environment that is required in
the processing of some molecules into simpler sugars, amino acids
and fatty acids. The low pH also helps in the reduction of metallic
ions, which are subsequently absorbed at the proximal regions of
the posterior midgut. Finally, the posterior midgut is dedicated to
the massive absorption of small nutrients that are destined to rapid
use or storage (Fig. 1). The posterior midgut, coherently with its
absorptive function, expresses genes encoding lipid transporters at
a high level. Accordingly, numerous lipid droplets are detected in
the anterior and posterior regions. Although some functions are
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confined to a region of the midgut, most are just enriched in some
regions, while being lowly expressed in others.

In addition to digestion, nutrient transport, and absorption,
other midgut functions show some regional specificity. The
Drosophila gut immune response is mostly manifested through the
generation of reactive oxygen species by the NADPH oxidase Duox,
and the synthesis of antimicrobial peptides (AMPs) regulated by
the Imd pathway (Buchon et al., 2013a). Interestingly, most AMPs
are strongly expressed in the anterior midgut in comparison to the
posterior compartments, suggesting that the anterior midgut acts
as a first defense barrier (Buchon et al., 2013b). Moreover, some
AMPs are selectively expressed in specific regions (e.g. Def, DptB,
Att-A, Dro3), indicating that regional identity modulates the im-
mune machinery in a precise manner (Buchon et al., 2013b). After
immune challenge, the expression levels ofDro3 and DptB reporters
are highly induced in both the foregut and anterior midgut (R1 and
cardia predominantly) (Bosco-Drayon et al., 2012; Buchon et al.,
2013b, 2009b; Osman et al., 2012), but also expand spatially (for
DptB) to the posterior regions where no basal activity is normally
detected (Buchon et al., 2009b). The Imd pathway is activated upon
the detection of bacterial cell wall components, i.e. DAP-type
peptidoglycan, by peptidoglycan recognition proteins (PGRPs).
PGRP-LC encodes a membrane bound receptor, while PGRP-LE
encodes an intracellular receptor. Both gene expression data
(Buchon et al., 2013b) andmutant phenotypes (Bosco-Drayon et al.,
2012; Neyen et al., 2012) indicated that bacterial recognition is
mediated by PGRP-LC in the foregut, anterior midgut and the
hindgut, while PGRP-LE is acting predominantly in the middle and
posterior midgut. It is tempting to speculate that regional differ-
ences in the mechanisms underlying bacterial recognition allow
maintaining a basal level of activation specific to individual gut
regions according to local epithelium structure and permeability.
As the midgut is more permeable than the foregut and the hindgut
that are lined by a cuticular exoskeleton, the detection of bacteria
by the intracellular PGRP-LE receptor could allow decreasing im-
mune reactivity to peptidoglycans derived from commensals or
ingested within the food. Finally, immune regulators are also
patterned along the midgut. For instance, the transcription factor
caudal is expressed only in the posterior midgut, where it down-
regulates the expression of AMPs (Ryu et al., 2008). This specific
decrease in immune reactivity in the posterior midgut could also be
a mechanism to tolerate the intestinal flora that accumulates
densely in the distal midgut compartments along with the luminal
content (Broderick et al., 2014). Altogether, these results suggest
that the immune response is patterned and differentially modu-
lated in terms of immune recognition, regulation and activity. Of
note, many genes encoding detoxification enzymes (such as cyto-
chrome P450s, genes involved in the response to oxidative stress,
serpins, alcohol and acylglycerol catabolisms) are strongly enriched
in the crop, suggesting that the Crop could act as a detoxification
chamber neutralizing toxic aliments prior to their passage in the
cardia and the midgut (Buchon et al., 2013b).

5. Establishment and stability of intestinal regionalization

D. melanogaster displays two different feeding styles during its
life. As larvae, the insect feeds continuously on solid or semi liq-
uefied food using its mouth hooks, and as an adult, it ingests liquid
food via its proboscis. As the gut is completely reconstructed during
metamorphosis, one could ask whether the compartmentalization
of the adult midgut parallels that of the larval stage, or whether
there is a complete reshaping of gut structure-function to ensure
the adaptation to adult lifestyle (Takashima et al., 2011). On a large
scale, the ultrastructure of the larval and adult midgut is similar.
Like the adult, the larval midgut is composed of three major
segments, the anterior, middle and posterior midgut. The middle
midgut undoubtedly corresponds to the adult counterpart, hosting
copper cells that generate a local acidic pH (Dubreuil, 2004). In
addition, based on ultrastructural features, it has been proposed
that larval anterior enterocytes are absorptive, the middle enter-
ocytes comprise a mixed population of absorptive and secretory
cells, and the posterior enterocytes are mostly absorptive; an or-
ganization reminiscent of the adult midgut (Shanbhag and Tripathi,
2009, 2005). However, a number of differences could be observed.
First, the acidity level varied along the successive midgut domains
of the larvae in comparison to the adult stage (Shanbhag and
Tripathi, 2009). In larvae, the luminal content of the anterior
segment and the anterior part of the posterior segment is between
neutral to mild alkalinity (pH > 7 and <8), the middle midgut is
highly acidic (pH < 3) and the distal part of the posterior midgut is
highly alkaline (pH > 10) (Shanbhag and Tripathi, 2009). In the
adult, the luminal contents of anterior and posteriormidgut regions
are mildly alkaline (pH 7e9), while the middle midgut segment is
acidic (pH< 4.0) as in larvae (Shanbhag and Tripathi, 2009). Second,
reporter transgenes showing a patterned expression in the adult
also show regionalized expression in the larval midgut, albeit both
expressions are not collinear (Buchon et al., 2013b). Finally, both
larval and adult guts display specific anatomical structures serving
the need of each specific life stage. The larval gut is equipped with
the gastric caeca, which are composed of four outgrown compart-
ments attached to the anterior midgut at the level of the cardia.
Conserved in some other insects, these anatomical structures may
serve to take nutrients out of the bulk flow enabling therefore
longer and distinct digestion or as reservoirs for symbiotic mi-
crobes. In adults, the crop is a bi-lobed structure annexed only to
the adult gut and may be of particular importance for food storage
to be used in case of nutrient scarcity (Stoffolano and Haselton,
2013). To what extent these stage-specific structures could impact
the function of the different midgut regions have not been yet
addressed. Thus, an integrative analysis is required to define how
many regions compose the larval midgut and what their respective
functions are.

A careful observation of guts derived from newly emerged flies
revealed that a full regional subdivision of the adult midgut is not
acquired until a few hours after eclosion. This suggests that the
basic molecular programs responsible for regional identity are
turned on late during development (Buchon et al., 2013b). Addi-
tionally, the adult midgut is populated after the proliferation in late
larval stages of adult midgut progenitors (AMPs), which are
grouped in nests along the larval midgut and spread to colonize the
transient pupal and future adult midgut (H. Jiang and Edgar, 2009;
Mathur et al., 2010; Micchelli et al., 2011; Takashima et al., 2011). At
the pupal stage, these adult midgut progenitors can still be
exchanged between the hindgut and midgut, indicating that pre-
cursor's identity is not predetermined during larval or early pupal
stages (Takashima et al., 2011, 2013). However, in the case of the
adult middle midgut, the specification of the copper cell region
occurs during a defined window of metamorphosis. At this stage,
progenitor cells expressing the transcription factor escargot are
receptive for the Bone Morphogenetic Protein (BMP) ligand
secreted from the visceral muscles, which induces locally the
regional fate of those cells (Driver and Ohlstein, 2014). Further in-
duction of the BMP pathway in the adult midgut can generate an
expansion of cells with some copper cell features (expression of the
Cut marker), but is not capable of generating fully differentiated
copper cells (Driver and Ohlstein, 2014; H. Li et al., 2013). This
suggests that the BMP pathway alone in adults is insufficient to
alter cell fate and transform any cell type (ISC, EB, or ECs) into
mature copper cells. Moreover, BMP has a general role in control-
ling the regenerative response upon infection and damage (Guo
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et al., 2013; Z. Li et al., 2013; J. Zhou et al., 2014), and could be
involved in the maintenance of ISC fate throughout the midgut
(Tian and J. Jiang, 2014). Thus, regional cues for the copper cell
compartment (middlemidgut or region 3, see Fig.1) are provided at
a specific time window, during metamorphosis (Driver and
Ohlstein, 2014), and the BMP pathway is further used in the adult
midgut to control epithelium homeostasis and ISC proliferation, but
cannot define regional fate anymore (Guo et al., 2013; H. Li et al.,
2013). These data strongly argue that regional properties are
already embedded into middle midgut specific stem cells late
during metamorphosis and maintained throughout adult life. It
remains to be determined whether such a model is applicable
outside of this peculiar region and to what extent visceral muscles
regulate regional identity.

Importantly, once established, intestinal compartmentalization
remains stable throughout life, regardless of nutritional changes or
acute damage (Buchon et al., 2013b). However, during aging, in-
testinal regionalization is irreversibly altered, and associated with
an abnormal proliferation and differentiation of stem cells (Biteau
et al., 2008; Choi et al., 2008). This leads to the hypothesis that
deterioration of intestinal regionalization may be a causal factor for
the loss of intestinal homeostasis during aging (Buchon et al.,
2013b).

6. Maintenance of intestinal regionalization involves a
complex gene regulatory network

Sixty percent of the transcription factors encoded in the fly
genome are expressed in the adult midgut. Interestingly, some of
them are known to regulate normal embryonic gut development.
For instance, GATAe, a key determinant of embryonic midgut
endoderm (Okumura et al., 2005), is also required at the adult stage
in enterocytes along the midgut's entire length for regional gene
expression (Buchon et al., 2013b). Themidgut-specific transcription
factor, Labial, coordinates both copper cell morphology and func-
tion similarly to its role in the embryo and larvae (Buchon et al.,
2013b; Dubreuil et al., 2001). Therefore, genetic programs
shaping gut architecture and functions in the embryo are recycled
throughout the adult life to maintain gut homeostasis. How these
developmental factors cooperate with other transcriptional regu-
lators such as the pan-gut transcription factor bigmax and the
regionally acting Ptx1 gene needs to be elucidated (Buchon et al.,
2013b).

Morphogens are also known as major regulators of tissue
patterning and organization. These diffusible factors are expressed
in a concentration dependent manner to provide positional infor-
mation to the neighboring cells leading to their specification in
different cell types. Interestingly, the Wnt/Wg signaling is
expressed in a gradient manner, with the highest levels of Wnt
around the major boundaries separating the five compartments
(Buchon et al., 2013b). This observation suggests that these con-
strictions could act as boundaries between compartments but also
as organizing centers for these regions. In addition, many genes
encoding digestive enzymes are expressed in gradients in the vi-
cinity of intestinal boundaries and their expressions are correlated
to the patterns of Wnt/Wg activity. Deciphering how Wnt/Wg
regulates graded gene expression remains to be addressed. Of note,
GATA3 and Wnt are also detected at the junction linking the
stomach to the intestine in mammals, suggesting a functional
conservation of the genetic determinants involved in the segmen-
tation of the digestive system.

Alternatively, as is exemplified above, ISCs in the middle midgut
can be regionally specified during metamorphosis and are able to
keep their positional information throughout life (Driver and
Ohlstein, 2014). Those two models are not antagonistic, and it is
possible that a combination of epigenetic modifications inside ISCs
act in concert with regional secreted factors to shape enterocyte
differentiation and patterned gene expression. Onemajor challenge
facing future studies is to identify the relative contributions of adult
signals and developmentally programmed cues in the maintenance
and plasticity of those gut regions.

7. Intestinal stem cells display compartmentalized properties

To what extent do regional ISCs contribute to functional gut
compartmentalization? Performing genetic clonal analyses in
Drosophila showed for the first time, that most ISCs residing in the
vicinity of region boundaries differentiate into daughter cells of the
same regional fate (Marianes et al., 2013). Even in exceptional sit-
uations where daughter cells move to the neighboring compart-
ment, they retained their regional identity (Fig. 1). Along the same
line, tumors induced by the down-regulation of Notch pathway in
progenitor cells did not cross region boundaries (Marianes et al.,
2013). This indicates that gut compartmentalization is in part
mediated by intrinsic ISC genetic programs. Future work should
investigate potential regional epigenetic mechanisms responsible
of this stem cell lineage “memory”. Altogether, these results suggest
that, in addition to ISC region-specific fate, cell adhesion cues are
likely involved in maintaining intact region boundaries, preventing
the mixing of localized cell types.

Differences in ISC behavior were also revealed across various ISC
populations along the digestive system. In the cardia, type I Gastric
Stem Cells (type I GaSCs), which are a subpopulation of ISCs, reside
in the epithelium and control the formation and the renewal of the
whole cardia, the esophagus, the crop, and probably a part of the
region 1 of the midgut (Singh et al., 2011). Contrary to other midgut
stem cells, GaSCs are grouped in a cluster throughout life within the
cardia at the foregut-midgut junction and do not spread
throughout the epithelium within the different compartments.
Similar ISC behavior is observed at the midgut-hindgut junction
(Fox and Spradling, 2009; Takashima et al., 2013, 2008). Differences
in the ISC division rate are also observed. ISCs of the anterior (R2)
and posterior (R4) midgut are more proliferative than other ISC
populations, with ISCs in the posterior R4 compartment dividing at
least once a day (Marianes et al., 2013). In strong contrast, ISCs of
the middle midgut (Gastric Stem Cells or GSSCs) proliferate at a
very low rate, dividing once every 4e5 days. It remains contro-
versial whether those quiescent stem cells express classical
markers of ISCs, such as the Notch ligand Delta (Marianes et al.,
2013; Strand and Micchelli, 2011). It is possible that the detected
level of Delta depends on basal renewal rates, and thus rearing
conditions. Deltawould therefore represent amarker of active stem
cells, rather than a stemness marker. Finally, different ISC sub-
populations show distinct levels of susceptibility to oncogenic
transformation. In the anterior midgut R1, ISCs are more suscepti-
ble to transformation by a double mutation in the oncogenes Ras
and Apc, while ISCs of R4 aremore susceptible to develop tumors in
response to Notch down regulation (Marianes et al., 2013; Martorell
et al., 2014). Altogether these studies demonstrate that ISC activity
varies strongly between regions. Future studies should determine
how much of those regional properties are secondary conse-
quences of different regional physiologies, and how much are cell
autonomous properties of regional ISCs.

8. Future directions

Recent analyses of the Drosophila midgut using morphological,
histological and genetic techniques have greatly advanced our
understanding of the regulatory networks underlying adult intes-
tinal compartmentalization. More efforts are needed to uncover the
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mechanisms involved in the early establishment of gut regionali-
zation, as well as the regional characteristics of ISCs and their
daughter cells. These studies will also help identify some key de-
terminants of tumor growth in the gut, whether they are region
specific or aging related. Furthermore, how gut regionalization is
maintained upon epithelium renewal induced by acute gut damage
is still an open field to explore. Another line of research could be to
analyze how the overall gut structure and its underlying molecular
mechanisms are conserved in other Drosophila species and even
other insect groups. Since adaptation to new sources of food par-
ticipates in the speciation processes, it would be interesting to
compare the gut organization in other Drosophila species that feed
on different substrates or even other dipterans that are carnivore or
detritivores. The use of D. melanogaster as a model system will
improve our understanding of insect gut physiology, and pave the
way for future control strategy of agricultural pests and disease
vectors. Furthermore, the high similarity in intestinal structure and
function between Drosophila and mammals confirms the great
utility of this invertebrate genetic model to address fundamental
biological questions related to humans in both health and disease.
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