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The resident prokaryotic microbiota of the metazoan gut
elicits profound effects on the growth and development of
the intestine. However, the molecular mechanisms of
symbiotic prokaryotic-eukaryotic cross-talk in the gut
are largely unknown. It is increasingly recognized that
physiologically generated reactive oxygen species (ROS)
function as signalling secondary messengers that
influence cellular proliferation and differentiation in a
variety of biological systems. Here, we report that com-
mensal bacteria, particularly members of the genus
Lactobacillus, can stimulate NADPH oxidase 1 (Nox1)-
dependent ROS generation and consequent cellular prolif-
eration in intestinal stem cells upon initial ingestion into
the murine or Drosophila intestine. Our data identify and
highlight a highly conserved mechanism that symbiotic
microorganisms utilize in eukaryotic growth and develop-
ment. Additionally, the work suggests that specific redox-
mediated functions may be assigned to specific bacterial
taxa and may contribute to the identification of microbes
with probiotic potential.
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Introduction

It is becoming increasingly evident that an optimal metazoan
gut microbiota serves beneficial functions for the host that
includes energy extraction, stimulation of immune develop-
ment, and competitive exclusion of pathogenic microorgan-
isms (Neish, 2009). In addition, experiments in germ-free
animals have demonstrated a physiological role for the
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microbiota in regulation of epithelial homeostasis, as
well as host immunity and metabolism (Hooper et al,
2012; Nicholson et al, 2012). Consistently, abnormalities
(‘dysbiosis’) in the intestinal microbiota may be sufficient
to provoke intestinal inflammation as seen in inflammatory
bowel disease (IBD), and quantitative and/or qualitative
abnormalities of the microbiota have been associated with
other allergic, metabolic, systemic immune, and infectious
disorders (Sartor, 2008). Indeed, therapeutic administration
of exogeneous viable bacteria, termed probiotics, has also
been reported to dampen inflammation, improve barrier
function, and promote intestinal reparative responses in
response to inflammatory and developmental disorders of
the intestinal tract (Park and Floch, 2007).

Eukaryotes have evolved dedicated perception and signal-
ling systems for monitoring potential pathogens, and neces-
sarily, their own symbiotic microbiota. These pathways allow
for recognition of microbes via pattern recognition receptors
(PRRs) and activation of signal transduction cascades such as
the MAPK and NF-kB pathways. While generally considered
pro-inflammatory, basal low level PRR signalling has been
implicated in normal homeostatic maintenance in the gut
(Rakoff-Nahoum et al, 2004). Additionally, our research
group has reported that the microbiota in the intestinal
lumen modulates host redox biochemistry to limit pro-
inflammatory signalling and activate reparative responses
(Kumar et al, 2007, 2009; Wentworth et al, 2010; Swanson
et al, 2011; Wentworth et al, 2011). Thus, there is increasing
evidence that the gut microbiota is perceived by the host, and
influences a wide range of physiological processes. However,
little is known of how the microbiota mechanistically
influences gut biology. Moreover, delineation of the
molecular mechanisms that underlies host and microbe
interactions would be instrumental in understanding this
important symbiotic relationship, its role in heath and
disease, and therapeutic the exploitation of beneficial bacteria.

The gut epithelium of both mammals and invertebrates is a
highly adapted tissue that has evolved for both digestive and
absorptive functions as well as providing a vital mechanical
and immunological barrier against gut luminal contents. The
epithelia of both are a two-dimensional, single cell sheet of
enterocytes interspersed with pluripotent stem cell niches
that serve as sources of cellular renewal (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006; van der
Flier and Clevers, 2009). In mammals, the stem cell compart-
ment is at the base of the three-dimensional epithelial
invaginations forming the crypt niche. The daughter
progeny of mammalian stem cells further proliferate and
migrate luminally defining the adjacent transient amplifying
compartment prior to terminal differentiation into absorptive,
mucus secreting, and neuroendocrine epithelial cells. It is
estimated that the dynamic renewal of murine epithelia
occurs within 4-5 days (van der Flier and Clevers, 2009).
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In Drosophila, the epithelial cells of the larval fly gut are
initially supplied by dispersed single intestinal stem cells
(ISCs) that proliferate into a multicellular niche over the
course of larval life. The stem cells and progeny represent
adult midgut precursors (AMPs) that serve as the primordia
of the adult intestinal epithelium that forms during pupal
metamorphosis. The adult Drosophila midgut comprises an
enterocyte monolayer interspersed with hormone-producing
enteroendocrine cells. The adult midgut enterocytes are
continuously replenished by ISCs that adjoin the intestinal
basement membrane (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2006). Together, these systems form an
attractive and genetically tractable target system for the
study of gut stem cell dynamics and the role of environ-
mental influences in this process (Mathur et al, 2010).

Reactive oxygen species (ROS) are short-lived molecules
derived from incomplete reduction of oxygen metabolites that
at high levels have a microbicidal function in professional
phagocytes. However, a lower ‘physiological’ level of ROS is
increasingly recognized in the mediation of intracellular signal-
ling events in a wide variety of cell types (Hernandez-Garcia
et al, 2010). Importantly, ROS are induced in response to
bacteria in virtually all forms of multicellular life ranging
from plants and social amoebae to humans, thus representing
a primordial form of microbial perception and control (Ha
et al, 2005b; Kotchoni et al, 2006). Significantly, ROS are also
increasingly recognized as mediators of cellular proliferation
and differentiation in disparate biological systems such as plant
root hair development (Tsukagoshi et al, 2010), and Drosophila
haematopoiesis (Owusu-Ansah and Banerjee, 2009). Recently,
we reported that some species of human gut bacteria can
induce rapid, physiological generation of ROS that has potent
regulatory effects on host immune function, intracellular
signalling, and cytoskeletal dynamics (Kumar et al, 2007,
2009; Swanson et al, 2011; Wentworth et al, 2011). Cellular
ROS are often produced via the catalytic action of NADPH
oxidases. The archetypal member of this family, Nox2, was first
identified in neutrophils, and was shown to play an important
role in phagocyte microbicidal ROS generation in response to
bacteria (oxidant burst). Subsequently, paralogues of Nox2
were identified in non-phagocytic tissues, including Nox1 and
Duox2, which are strongly expressed in colonic intestinal
epithelia of both flies and mice (Lambeth, 2004; Bedard and
Krause, 2007; Ogier-Denis et al, 2008).

Herein, we show that the commensal Lactobacillus spp. are
potent inducers of endogenous ROS generation, and of ROS-
dependent cellular proliferation within intestines of two me-
tazoan models, namely the fruitfly Drosophila melanogaster
and the mouse. In addition, we show that Lactobacillus-
induced ROS generation and cell proliferation is dependent
on a functional Nox1 enzyme in intestinal epithelial cells. ROS
production was absent in germ-free animals and was asso-
ciated with suppressed epithelial growth. Together, these data
indicate that bacteria-induced activation of an ROS generating
enzyme in enterocytes influences cellular proliferation.

Results

Colonization of the Drosophila midgut by Lactobacillus
plantarum induces cellular ROS generation

We previously demonstrated that contact with the human
commensal (and commonly used probiotic) Lactobacillus
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rhamnosus GG with cultured epithelial cells induces the
endogeneous generation of cellular ROS (Wentworth et al,
2011). Here, we assessed the ability of diverse strains of
bacteria to elicit this response in viable Drosophila gut
epithelia. To undertake these analyses, and as an improve-
ment on previous techniques that used ROS detection dyes
that were prone to auto-oxidation or photobleaching, we
employed a new class of hydrocyanine dyes (hereafter
referred to as hydro-Cy3) that exhibit far greater specificity
and stability, enabling detection of ROS generation in tissue
compartments in vivo (Kundu et al, 2009). Whereas the
mammalian gut microbiota includes several hundred
distinct species of bacteria, the Drosophila gut microbiota is
markedly less complex (Wong et al, 2011). We isolated and
cultured six distinct bacteria (three Gram negative and three
Gram positive) from the luminal content of adult Drosophila
(Supplementary Table S1). Pure cultures of the isolated
bacteria were mixed with sterile media, and germ-free
Drosophila embryos introduced into the vial. Thus, emerged
first-instar larvae gnotobiotically ingested sterile media sup-
plemented with pure cultures of the respective bacteria.
Culture-based quantification revealed that each first-instar
larvae typically ingested a total of about 10°-10* CFUs (see
Materials and methods). Fluorescent imaging revealed that
gnotobiotic ingestion of L. plantarum potently induced the
rapid generation of ROS in midgut enterocytes within 30 min,
as detected by the oxidation of the hydro-Cy3 dye, and
activation of the ROS-responsive gstDI-gfp reporter element
(Sykiotis and Bohmann, 2008) (Figure 1). Ingestion of pure
cultures of other members of the microbiota, particularly
Gram-negative bacteria, elicited nearly undetectable levels
of cellular ROS generation (Figure 1), and no ROS generation
was detected when emerged germ-free larvae consumed
sterilized food (Figure 1), although minor fragments of
auto-fluorescent particles were visible. In addition to first-
instar larvae, L. plantarum ingestion by germ-free third-instar
larvae also induced the generation of cellular ROS, and
ROS-responsive genetic elements within 30 min of feeding
(Figures 2A and B). Importantly, ingestion of B. cereus
isolated from the Drosophila gut, or the Drosophila pathogen
Erwinia carotovora, did not induce ROS generation at up to
4h post ingestion (Figures 2C and D). These results were
recapitulated in adult Drosophila where ingestion of L. plan-
tarum but not E. carotovora (detected in the figure by GFP
activity) induced ROS generation after 4 h (Figure 2E).

As stated in the introduction, bacterial-induced ROS gene-
ration occurs in phagocytes via the enzymatic activity of the
Nox2 NADPH oxidase. Indeed, it is well established that
NADPH oxidases function in the anti-microbial response in
mammalian phagocytes, and in epithelial cells of the
Drosophila gut (Quinn and Gauss, 2004; Ha et al, 2005a).
However, the function of ROS generated in response to
colonization with commensal bacteria is not understood.
We thus examined the extent to which the dNox or dDuox
(the sole NADPH oxidases in Drosophila) function in
L. plantarum-induced ROS generation within enterocytes. We
expressed RNAi constructs against dNox and dDuox under
the enterocyte-specific myoIA-GAL4 driver fly (Morgan et al,
1994). We confirm that the stock used significantly reduced
the expression of dnox and dduox respectively compared to
w1118 or gal4™ control flies (Supplementary Figure S1). Our
analyses show that depletion in the levels of dNox but not
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Figure 1 Ingestion of Lactobacillus plantarum by first-instar Drosophila larvae induces cellular ROS generation. Detection of ROS generation
following the ingestion of indicated bacteria by germ-free newly emerged gstDI-gfp first-instar larvae for 30 min with the indicated Gram-
positive or Gram-negative bacteria isolated from Drosophila midguts (Supplementary Table S1). Germ-free gstD1-gfp embryos were placed in a
vial containing sterilized Drosophila growth media inoculated with 1 x 10° cfu of the indicated bacteria. ROS were detected by oxidation of the
hydrocyanin ROS-sensitive dye (upper panels), that is present in the larval food. Larvae used also harbour an ROS inducible gstD1-gfp reporter
gene (green lower panels). (A’) Cartoon of first-instar midgut. Enterocyte (EC), intestinal stem cell (ISC), luminal contents (LCs). (A”) Tissue
orientation control by staining of first-instar midgut stained for DNA. (A”’) Exploded view of the interface between the ECs and the LC in larvae
fed L. plantarum. Numbers of bacteria ingested by larva were quantified and results are presented in Materials and methods.

dDuox markedly dampened induced ROS generation follow-
ing the L. plantarum ingestion (Figure 2F and G). We con-
clude that initial ingestion of L. plantarum induces the rapid
generation of ROS by a dNox-dependent mechanism.

Lactobacillus induces ROS-dependent cellular
proliferation in the Drosophila intestine

The Drosophila larvae midgut enterocytes are large polyploid
cells that form the interface with the gut luminal contents.
The stem cells are interspersed between enterocytes, and
the stem cells expand over the larval life to form pro-
liferative stem cell niches. These niches harbour adult
midgut progenitors (AMPs), from which the adult intestinal
epithelium is derived during pupal metamorphosis (Mathur
et al, 2010), whereas the adult midgut enterocytes are
continuously replenished by pluripotent ISCs (Micchelli
and Perrimon, 2006; Ohlstein and Spradling, 2006). We
assessed the number of proliferative niche cells in the
midguts of conventionally raised and germ-free Drosophila
larvae. Germ-free third-instar larvae had significantly fewer
numbers of EdU-positive cells in the midgut stem cell niches,
compared to conventionally raised larvae (Figure 3A and B),
as well as fewer GFP-positive cells in germ-free esg-GAL4
UAS-gfp, a genetic marker of midgut niche stem cells and
their progeny (Micchelli and Perrimon, 2006), compared
to isogenic conventionally raised flies (Supplementary
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Figure S2). Strikingly, colonization of germ-free third instar
Drosophila larvae with L. plantarum for 2h significantly
increased the number of proliferating niche cells in the
midgut (Figure 3A and B). As stated in Introduction,
ROS have been shown to function in cell proliferation
within diverse tissues (Owusu-Ansah and Banerjee, 2009;
Tsukagoshi et al, 2010). We corroborate these reports
by showing that supplementing the N-acetylcysteine (NAC)
(a glutathione precursor and direct antioxidant) into the
fly media for 12h before bacterial ingestion signi-
ficantly decreased L. plantarum-induced cell proliferation
(Figure 3A and B). We also detected similar responses in
adult Drosophila. Germ-free adult Drosophila had signifi-
cantly fewer EdU-positive ISCs and progeny than convention-
ally raised flies (Figure 3C and D). Similar to the response in
larvae, L. plantarum ingestion for 12 h resulted in a signifi-
cant increase in the number of EdU-positive ISCs and their
progeny in the adult midgut while E. carotovora ingestion did
not (Figure 3C and D).

As shown in Figure 2, the NADPH oxidase, dNox is
required for L. plantarum-induced ROS generation in
enterocytes. Here, we show that depletion of dNox, but not
dDuox levels also significantly reduced the numbers of pro-
liferating cells in conventionally raised larval midgut
(Supplementary Figure S3), and in the 5-day-old adult midgut
(Figure 3E and F). Consequentially, examination of the DNA
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Figure 2 Ingestion of Lactobacillus plantarum by Drosophila induces cellular ROS generation in the midgut. (A) ROS generation following the
ingestion of L. plantarum by germ-free third-instar larvae over 1 h. ROS were detected by oxidation of the hydrocyanin ROS-sensitive dye also
included in the media. (B) Microscopic analysis at x 4 magnification of larval midgut dissected from (A). (C) ROS generation in the third-instar
midgut following the ingestion of L. plantarum, Bacillus cereus or Erwinia carotovora for up to 4 h. (D) Densitometric analysis of larval midguts
described in (C). Results are an average for 5 dissected midguts from each assay. (E) ROS generation in the gstD1-gfp adult Drosophila
midgut following the ingestion of L. plantarum, or Erwinia carotovora-GFP for up to 4h. Note Hydro-Cy3 fluorescence and expression of
GFP in enterocytes following the L. plantarum ingestion. Also note GFP fluorescence detected in the midgut following the ingestion of
E. carotovora-GFP. (F) ROS generation following the ingestion of L. plantarum in adult Drosophila midguts of the indicated genotypes for 1 h.
(G) Densitometric analysis of larval midguts described in (F). Results are an average for five dissected midguts from each assay. All histograms
report densitometric analysis (arbitrary units) of hydro-Cy3 oxidation, using the ImageJ software. Ten identically sized areas within an image
were measured. n=>50. **P<0.01, ***P<0.0001.

counter stain in Figure 3E indicated changes in midgut
histological architecture, and we detected significantly
shorter lifespan in Drosophila expressing enterocyte-specific
dnox™ compared to control flies (Supplementary Figure S4).
Examination of the adult midgut at 10, 20, and 30 days
following the eclosure reveals only few detectable EdU-
positive cells and marked observable changes in midgut
histological architecture (Supplementary Figure S5).
Similarly, using a GFP marker for enterocyte cells (Jiang et al,
2009), markedly altered enterocyte histological archi-
tecture was detected in dnox™ compared to control flies
(Supplementary Figure S6). Intriguingly, we also examined
the influence of diminishing dNox levels in midgut ISCs using
the ISC-specific escargot-GAL4 driver fly. We detected less
influence on the numbers of EAU-positive cells in the midgut,
although subtle changes in cell arrangement were seen
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(Supplementary Figure S7), suggesting that dNox-mediated
pro-proliferative ROS production occurs predominantly in
enterocytes. Together, these observations demonstrate that
Lactobacillus-induced ROS generation promotes cell prolifera-
tion in the Drosophila intestine, by a mechanism dependent
on dNox activity in enterocytes.

Contact of lactobacilli with cultured mammalian cells
induces ROS generation

To determine whether the specific influence of ROS-inducing
lactobacilli is conserved in mammalian systems, we assessed
the ability of diverse strains of mammalian commensal
bacteria to elicit this response in cultured Caco-2 cells. Cells
were grown to confluency and pre-loaded with hydro-Cy3 for
30min, before contact with 1x10% cfu of the candidate
bacteria. Consistent with previous experiments, lactobacilli
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Figure 3 Ingestion of Lactobacillus plantarum induces ROS-dependent cellular proliferation in the Drosophila intestine. (A) EdU-positive cells
in the midgut of w1118 germ-free third-instar larvae, or germ-free larvae fed with 1 x 10% cfu L. plantarum for 4 h. Where indicated, the media
also contained 1 mM N-acetylcysteine (NAC). (A’) Cartoon of en face third-instar midgut. Enterocyte (EC) in grey, adult midgut progenitors
(AMPs) in red. Note some large enterocytes are EAU positive due to endonuclear DNA replication in maturing larval. (B) Number of EdU-
positive cells under conditions described in (A) n =20, ***P<0.001. (C) Detection of EdU-positive cells in the midgut of adult conventionally
raised, germ-free, or germ-free adult Drosophila following the ingestion of L. plantarum or Erwinia carotovora for 12 h. (D) Number of EAU-
positive cells under conditions described in (C) n =20, ***P<0.001. (E) Detection of EQU-positive cells in the midgut of adult where the levels
of Nox or Duox are diminished under the enterocyte-specific myolA-GAL4 driver. Full genotypes myolA-GAL4;UAS-dnox-RNAi and myolA-
GAL4;UAS-dduox-RNAi, and myolA-GAL4;UAS-gal4-RNAI. (F) Number of EdU-positive cells in (A). n=10, ***P<0.001.

rapidly induced the generation of cellular ROS within minutes
of contact (Figure 4A and B). Other Lactobacillus species
tested, including L. acidophilus or L. casei, as well as the
Gram-positive intestinal bacteria Bifidobacteria bifidum and
Lactococcus lactis also induced the generation of cellular ROS,
albeit to a lower extent than L. rhamnosus (Figure 4A and B).
Importantly, L. rhamnosus-induced ROS generation was
abolished in the presence of the superoxide dismutase
(SOD) mimetic TEMPOL (Figure 4B). In contrast, Bacteroides
thetaiotaomicron, a well-known enteric Gram-negative
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anaerobic microbe, as well as Gram-negative Escherichia
coli or the mammalian pathogen Salmonella typhimurium
could not induce cellular ROS generation. In addition, contact
of cultured cells with the luminal contents isolated from
conventionally raised mice also induced the generation
of cellular ROS, whereas similar fecal preparations from
germ-free mice could not (Figure 4C). These data confirm
the conserved ability of members of the lactobacilli to
induce the epithelial ROS generation across distant metazoan
phyla.
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Figure 4 Contact of cultured cells with lactobacilli induces the generation of cellular reactive oxygen species (ROS). (A) Bacterial-induced ROS
in cells contacted by the indicated bacteria for up to 40 min. Caco-2 cells seeded in a 96-well format were preloaded with 100 uM hydro-Cy3,
then contacted with 3 x 10%/100 ul viable bacteria for the indicated times. Cells were then washed three times with PBS before fluoromometric
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of Caco-2 cells as described in (A) by the cecal contents of a conventionally raised BL6, or of germ-free BL6 mice. ROS was detected by

fluoromometric analysis at 575 nm.

Ingestion of Lactobacillus induces Nox1-dependent
generation of cellular ROS in murine enterocytes

To examine the extent to which bacterially stimulated and
Nox1-mediated ROS generation following the ingestion of
lactobacilli can be detected in vivo in the murine model, we
assessed the effects of feeding L. rhamnosus GG in 6-week-
old and 2-day-old wild-type mice, and in intestinal epithelial
cell-specific Nox1-deficient (B6.Nox12™C) animals. We re-
cently described the generation of B6.Nox1*'® mice and
the intestinal epithelial expression pattern of Nox1 (Leoni
et al, 2013). In addition, previous publications have reported
strong expression of noxI in colonic tissue (Suh et al, 1999;
Geiszt et al, 2003). We confirm these findings, and also detect
Nox1 activity in the distal small intestine (Supplementary
Figure S8). To assess ROS generation, wild-type and
B6.Nox1*'E€ littermates were administered hydro-Cy3 by IP
injection 30 min before oral gavage feeding with preparations
of 1x10° cfu L. thamnosus or E. coli. Preliminary experi-
ments indicated the bacterial gavage contents reached the
colon within 1h. Examination of colonic tissues at 1h post
feeding revealed that L. rhamnosus, but not E. coli ingestion
resulted in the generation of ROS within colonic and small
intestine epithelial cells in 6-week-old mice (Figure 5A and
B), and in 2-day-old mice (Supplementary Figure S9) by a
Nox1-dependent mechanism. Furthermore, feeding germ-free
6-week-old mice L. rhamnosus potently induced ROS genera-
tion in the enterocytes of the small intestine (Supplementary
Figure S10). Finally, pretreatment of murine subjects with the
anti-oxidant NAC administered by IP at 1 h before oral gavage
of L. thamnosus GG completely abolished detectable ROS in
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the small intestine (Supplementary Figure S11). These data
show that ingestion of L. rhamnosus GG results in the potent
induction of Nox1-dependent ROS generation in enterocytes
of the distal small intestine and the colon.

Ingestion of Lactobacillus induces Nox1-dependent cell
proliferation in the murine gut epithelium

As stated previously, endogeneous and presumably enzy-
matic generation of ROS in cells have been implicated in
the control of cellular proliferation in other biological systems
(Owusu-Ansah and Banerjee, 2009; Tsukagoshi et al, 2010).
We thus examined the extent to which L. rhamnosus-
induced, and Noxl-dependent ROS generation influenced
cellular proliferation in the murine intestine. Our
experiments show that 6-week-old mice fed L. rhamnosus
GG had significantly elevated levels of proliferating cells in
the colon compared to controls at 5h following the bacterial
ingestion, as measured by the number of phospho-Histone
H3- and EdU-positive cells (Figure 6A and B; Supplementary
Figure S12), consistent with previous reports (Preidis et al,
2012). Importantly, we confirm that L. rhamnosus GG-
induced cell proliferation in the colon is Nox1 dependent at
6 weeks and 2 days old (Figure 6A and B; Supplementary
Figure S12). In addition, these data were recapitulated in the
small intestines of or 6-week-old mice fed L. thamnosus GG,
again in a Nox1-dependent manner (Figure 6C and D), and
upon initial colonization of 2-day-old mice (Supplementary
Figure S13). Together, these data support the conclusion that
L. rhamnosus is a potent inducer of Noxl-dependent ROS

©2013 European Molecular Biology Organization
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Figure 5 Ingestion of Lactobacillus induces Nox1-dependent generation of cellular reactive oxygen species (ROS) in murine enterocytes.
(A) Detection of ROS generation in the distal small intestine of B6.wild type or B6.Nox1™®® 6-week-old mice at 1 h following the oral gavage
feeding of L. rhamnosus GG or E. coli. Mice were administered 5 pl of 200 uM hydro-Cy3 at 15 min before bacterial feeding. (B) Detection of ROS
generation in the colon of 6-week-old mice treated as described in (A). In each figure, Haematoxylin and Eosin (H&E) stain is included for
tissue orientation and scale. Scale bar =100 pm. Histograms report densitometric analysis (arbitrary units) of hydro-Cy3 oxidation, using the
ImageJ software. The densitometry of 10 identically sized areas within an image was measured. Results are an average for three mice for each

treatment. n=30. ***P<0.001. Error bars indicate s.e.m.

generation in enterocytes, and of ROS-dependent cellular
proliferation in gut tissues (Supplementary Figure S14).

Discussion

A growing body of evidence indicates that the gut microbiota
beneficially affects intestinal homeostasis and, by extension,
systemic organismal health. However, relatively little is
known of how the host perceives non-pathogenic bacteria,
or how the microbiota mechanistically influences gut biology.
Here, we describe a highly conserved response (the genera-
tion of endogeneous cellular ROS via the action of NADPH
oxidases) of host intestinal cells upon perception of bacteria
that likely forms a fundamental component of the host-
microbiota interaction.

Besides being by-products of metabolism, or active anti-
microbial molecules, data are emerging that certain ROS
species, especially non-radical forms such as H,0,, function
as essential signalling molecules (Hernandez-Garcia et al,
2010). This notion became relevant with our recent
discovery demonstrating that commensal gut bacteria
induced rapid, generation of physiological levels of ROS

©2013 European Molecular Biology Organization

from an unknown source within mammalian epithelial cells
that had regulator effects (Kumar et al, 2007; Swanson et al,
2011; Wentworth et al, 2011). Cellular redox signalling
requires ‘sensor’ proteins, which are generally regulatory
enzymes whose activity can be modulated by ROS (Jones
et al, 2012; Ray et al, 2012). These redox-sensitive proteins
are modified by reversible H,0,-mediated oxidation of
their active site cysteines, thus allowing for graded
perception of intracellular H,O, concentrations and control
of critical steps in signal transduction pathways. As we
and others have shown, such redox-sensitive thiolates are
present in a limited but increasingly recognized subset of
enzymes, including tyrosine phosphatases, MAP kinase
phosphatases (MAPK-P or DUSPs) and regulatory enzymes
of ubiquitin and ubiquitin-like proteins such as SUMO and
Nedd8 (Jones et al, 2012). However, to date, little was known
about the extent to which ROS modulates proteins that
function to control cellular proliferation in the mammalian
or insect intestine. Here, we propose a new paradigm where
ROS generation stimulated by an exogeneous source—the
gut microbiota—elicits the enzymatic generation of epi-
thelial ROS, and subsequent modulatory effects on epithelial
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Figure 6 Ingestion of Lactobacillus induces Nox1-dependent cell proliferation in the murine gut epithelium. (A) Detection and numeration of
p-Histone H3 in cells within the colon of 6-week-old w.t. or B6.Nox14"=C mice at 4 h following the oral gavage feeding of HBSS or L. rhamnosus
GG. (B) Detection and numeration of EdU-positive cells within the colon of 6-week-old w.t. or B6.Nox1*'" mice at 4h following the oral
gavage feeding of HBSS or L. thamnosus GG. (C) Detection and numeration of p-Histone H3 in cells within the small intestine of 6-week-old
w.t. or B6.Nox1*™™€ mice at 4 h following the oral gavage feedin% of HBSS or L. rhamnosus GG. (D) Detection and numeration of EdU-positive
cells within the small intestine of 6-week-old w.t. or B6.Nox1*'® mice at 4h following the oral gavage feeding of 1 x10° cfu of HBSS or
L. rhamnosus GG. For each numeration, 40 x 20 fields were counted in three mice for each treatment. ***P<0.001.

proliferation (Supplementary Figure S14). Identifying ROS- further insights into the molecular mechanisms that
sensitive proteins that control cell proliferation and/or differ- mediate symbiotic bacterial-induced promotion of epithelial
entiation in the stem cell microenvironment will yield homeostasis.
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We show that candidate bacterial strains induce variable
levels of ROS generation in contacted cells. Lactobacilli were
found to be especially potent inducers of ROS generation in
cultured cells and in vivo. On the basis of 16S ribosomal RNA
sequencing, the candidate lactobacilli tested, L. rhamnosus,
L. acidophilus and L. casei on mammalian cells, and L.
plantarum in flies have been grouped into disparate phylo-
genic clades (O’Callaghan and O’Toole, 2013). Despite the
divergence, each lactobacilli tested have seemingly evolved
the ability to induce cellular ROS generation within its
adapted host. Members of the Lactobacillus genus are well-
known members of the human microbiota, and are
prominently represented as candidate probiotic agents.
These biological effects were highlighted in a recent report
where Lactobacillus sp. stimulated intestinal epithelial
growth (Preidis et al, 2012). Lactobacilli have been utilized
in fermented food products for centuries. Their ability to
catabolize milk, utilized by yogurt and cheese makers, may
have also been exploited during evolution by the gut of
neonatal mammals, which may explain the development of
lactobacilli-mediated beneficial effects on mammals.
Likewise, the role of lactobacilli in fruit spoilage may be
relevant to the ability of Drosophila to use these organisms as
a signal for growth. This notion is consistent with the recent
reported that L. plantarum stably colonizes the Drosophila
gut, is transmitted vertically, and promotes Drosophila
systemic growth by modulating hormonal signals through
TOR-dependent nutrient sensing (Storelli et al, 2011). This
study concluded that the Drosophila microbiota sustains
optimal larval development and that mono-ingestion of
L. plantarum is sufficient to recapitulate the effects of the
normal microbiota. Our investigations describe another role
for L. plantarum in local epithelial development, that is, the
stimulation of Nox-dependent epithelial ROS generation and
the ROS-dependent promotion of gut proliferation under
homeostatic conditions. In addition to ROS generation, we
also detect activation of the Nrf2 pathway-responsive and
ROS-sensitive  anti-oxidant response element (ARE)
(Figure 2E, lower panels). The Nrf2 pathway induces the
upregulation of a battery of anti-oxidative genes that counter-
balance ROS levels in the cytoplasm (Mitsuishi et al, 2012).
Thus, ROS generation following the long-term colonization
with lactobacilli is likely to be spatially and temporally
variable, where ROS levels (and cell proliferation) are dyna-
mically modulated. These events are the focus of current
investigations within our research group.

We also identify the enzymatic basis of bacterial-induced
ROS generation. Recently, Nox family members have been
identified in many non-phagocytic cell types, with Nox1 and
Duox2 strongly expressed in intestinal epithelia (Lambeth,
2004). Importantly, Nox1 has been shown to be important for
migration of cultured colonic epithelial cells (Sadok et al,
2008), suggesting direct effects on intestinal epithelial related
processes, including proliferation and/or migration. In this
study, we confirm this function by showing that Nox1 is
required for bacterial-induced intestinal cell proliferation in
mice and Drosophila. In addition, depletion of Nox in
Drosophila enterocytes reduced lifespan, although decreased
viability was only detected following 30 days (Supplementary
Figure S4). Depletion of dNox also resulted in markedly
altered enterocyte histological architecture, with the degree
of altered architecture correlating with age (Supplementary
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Figures S5 and S6). These observations strongly implicate
dNox as functioning in a critical role during midgut develop-
ment and/or homeostasis, consistent with previous reports
(Coant et al, 2010). Further examination of signalling events
in the ISC microenvironments where dNox levels are depleted
will yield critical insights into the exact mechanisms by
which dNox generated ROS controls and modulates pro-
proliferative and differentiation events in the gut.

Orthologues of the Nox family mediate ROS generation
throughout multicellular life, including Drosophila (Ha et al,
2005a). Interestingly, in the fly, ROS generation occurs in the
epithelia, and is necessary for control of the luminal flora. In
this case, the dDuox enzyme was shown to be responsible for
antimicrobial ROS generation in response to pathogenic
infection (Ha et al, 2005b; Chakrabarti et al, 2012).
Furthermore, it was reported that the Drosophila intestine
responds to E. carotovora infection and tissue damage by
inducing ISC proliferation, through a mechanism regulated
by the Imd and JAK-STAT pathways following 16h
infection (Buchon et al, 2009). Importantly, in our studies,
E. carotovora did not induce detectable ROS generation using
the hydro-Cy3 dye at the much shorter time points we
examined, and moreover, we show that cell proliferation is
also induced by a dNox-dependent response to symbiotic
bacteria in conditions and time scale that do not involve
tissue injury. It is important to contrast our results to recent
studies that report the generation of HOCI in the gut following
2h ingestion of E. carotovora by a Duox-dependent
mechanism (Lee et al, 2013). HOCI generation is formed
from hydrogen peroxide and chlorine by the enzyme
myeloperoxide (MPO). In addition, the R19S dye used by
Lee et al (2013) is sensitive only to HOCI (Chen et al, 2011),
whereas the hydro-Cy3 dye used in our studies is sensitive to
a broad range of ROS (Kundu et al, 2009). Thus, these data
support the conclusion that Nox-catalysed ROS generation in
response to lactobacilli modulates homeostatic cell signalling
in the gut, whereas Duox and MPO-catalysed generation of
HOCI is a response to pathogens.

In the mammalian gut, epithelial ROS generated in response
to bacteria serves a signalling role and likely there are
numerous ROS-sensitive enzymes that could be influenced
by changes in cellular redox status. As has been discussed,
reversible oxidative inactivation of a wide range of regulatory
enzymes is an increasingly recognized mechanism of signal
transduction (Ray et al, 2012). Delineating ROS-dependent
outcomes on multiple cell signalling pathways in vivo will
be the challenging future work. Alternatively (but not
contradictorily), a role of bacterial-elicited ROS stimulating
an epithelial antimicrobial response (as occurs in phagocytes
and the Drosophila gut), especially in limited locations such as
the intestinal crypt, is still to be resolved. Taken together, we
suggest that ROS generation for signalling and microbicidal
functions in the gut epithelia may represent the primordial
ancestral response to bacteria, and that Nox1-dependent ROS
generation in epithelial cells plays an important role in critical
ROS-mediated intestinal homeostatic processes.

Materials and methods

Isolation of bacterial strains from the Drosophila intestine
wllI18 third-instar larvae propagated on conventional Drosophila
media were dissected and the gut homogenized in a 1.5-ml
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microcentrifuge tube in sterile PBS using a sterile plastic pestle.
Serial dilutions of the homogenate were plated on three separate
solid media: brain heart infusion (BD, Sparks, MD), tryptic soy (BD,
Sparks, MD), and de-Man-Rogosa-Sharpe (BD, Sparks, MD) under
both aerobic and anaerobic conditions. Anaerobiosis was achieved
using a sealed chamber together with the Gas-Pak EZ system (BD,
Sparks, MD). After incubation at 30°C for 24-48h, individual,
morphologically distinct colonies were inoculated into the corre-
sponding liquid media and grown at 30°C for 24 h with or without
aeration.

Purification of bacterial genomic DNA, 16S PCR and DNA
sequencing, and quantitative PCR

Genomic DNA was purified from each bacterial isolate using the
QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA). Short segments
of 16S rDNA were amplified from each isolate by PCR using
a combination of forward (16S63F, 5-CAGGCCTAACACATGCAA
GTC-3'; 16S338FV3, 5-ACTCCTACGGGAGGCAGCAG-3’) and re-
verse (6S1387R, 5-GGGCGGWGTGTACAAGGC-3’; 16S518RV3,
5’-ATTACCGCGGCTGCTGG-3') primers. Amplified 16S rDNA pro-
ducts were purified using the Qiaquick PCR Purification Kit
(Qiagen), and sequence analysis was performed at SeqWright
DNA Technology Service (Houston, TX). The following
bacterial strains were identified in the Drosophila gut: Bacillus
cereus; Achromobacter xylosoxidans; Lactobacillus plantarum;
Achromobacter  piechaudii;  Stenotrophomonas  maltophilia;
Staphylococcus  capitis; Acetobacter pomorum (Supplementary
Table S1). To determine the extent to which RNAi (IR) constructs
obtained from the Vienna Drosophila RNAi Center (VDRC) silenced
nox and duox expression, respectively, we dissected five adult
Drosophila intestines and immerse them directly in TRIzol before
RNA extraction. For each Drosophila line examined, RNA from three
independent replicates (each containing five intestines) was ex-
tracted. Transcript levels were measured for each replicate in
duplicate by qRT-PCR. nox transcript levels were amplified using
primers Nox-RT-F  5'-ggctatctcctgecaagateg-3’, and Nox-RT-R
5’-ccaactcaatcaggceggtat-3', and duox transcripts amplified using
primers Duox-RT-F, 5'-tggccaacgagatagtgatg-3’, and Duox-RT-R
5’-aaactgccatcaatccaage-3’. nox and duox transcript levels were
normalized against rp49 transcript levels measured using Rp49-F,
5’-tacaggcccaagatcegtgaa-3' and Rp49-R, 5'-tctecttgegettettgga-3'.

Fly culture and strains

Flies were maintained on standard media. The gstD-gfp reporter line
was a gift from Dirk Bohmann (Sykiotis and Bohmann, 2008).
MyoIA-GAL4 was a gift from Shigeo Takashima (Takashima et al,
2008), and Vienna Drosophila RNAi Center (VDRC) stocks 4913
(dnox™) and stock 2593 (dduox™®) were used for depleting levels of
NADPH oxidases in the midgut.

Detection of ROS generation and cell proliferation in the

germ-free or colonized first and third instar Drosophila larvae
Drosophila embryos were collected and transferred to a cell strainer.
Under a sterile hood, embryos were washed three times with sterile
PBS, soaked in 50% bleach for 5min, before washing again with
sterile PBS. The mesh of the cell strainer was cut with a sterile
blade, and transferred into a sterile Perti dish containing sterilize
Drosophila food, and incubated for 24 h at 25°C. Then, first-instar
larvae were transferred into another Petri dish containing 2 ml
liquefied sterile Drosophila food containing a total of 1x10° cfu
pure bacterial culture, and a final concentration of 100 uM of hydro-
Cy3 ROS-sensitive reagent. After 30 min, the intestinal tract of first-
instar larvae were dissected, fixed in 4% paraformaldehyde, and
fluorescence detected by confocal microscopy. The procedure was
similar for the detection of ROS generation in the intestine of
third-instar larvae, save that embryos were incubated at 25°C
for 4 days before transfer into liquefied Drosophila food. To deter-
mine that the first-instar larvae ingested similar numbers of
bacterial monoculture, larval intestines were dissected into 1ml
sterile PBS, and cfu calculated by the plate count method.
We detected 5.5x10% cfu L. plantarum per first-instar larval
intestine (s.d. =2 x 10%, n=5), 1.04 x 10* cfu B. cereus per intestine
(5.d.=7.8x10°, n=5), 1.16x10* <cfu S. capitis per
intestine (s.d.=3.4 x10°, n=5), 6.8 x 10* cfu E. coli per intestine
(s.d.=1.51 x10*, n=5) 9.96x10° cfu A. piechaudii per
intestine (s.d. =2.8 x 10°, n=5), 3.3 x 10* cfu A. xylosoxidans per
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intestine (s.d.=1.1 x10*, n=5), and 6.2 x10* cfu S. maltophilia
per intestine (s.d. = 1.6 x 10%, n=5), respectively. For the detection
of cellular proliferation in the intestine of third-instar larvae, EQU
(final concentration of 0.4 mM) was added to liquefied sterile food
(germ free) or to liquefied food containing 1 x 10° cfu pure bacterial
culture. Larvae were incubated in the milieu for 4 h, the intestines
dissected and EdU incorporation determined according to the
manufacturer’s protocol (Roche Diagnostics GmbH, Germany).

Detection of ROS generation in cultured cells and murine
models

ROS generation was measured using the Hydro-Cy3 ROS sensitive
dye (Kundu et al, 2009). Briefly, cultured Caco-2 cells were grown to
confluence on a 96-well plate. Then, 100 uM Hydro-Cy3 was added
to the culture media (DMEM with 0.4% serum) incubated at 37°C
and 5% CO,. After 1h, media containing the Hydro-Cy3 dye was
removed by washing with KRH (Krebs-Ringer-Hepes) buffer,
before contacting cells with a total of 5x10%® cfu bacteria
suspended in KRH buffer. Fluorescence was measured using a
fluorescence microplate reader (SpectraMax M2; Molecular
Devices, Sunnyvale, CA, USA) after various time intervals with
excitation at 544nm and emission at 574nm for Hydro-Cy3. For
qualitative detection of ROS, cultured Caco-2 cells were grown to
confluency in 8-well chamber slides, treated as described above,
before detection of fluorescence by Confocal microscopy at 40 x
objective. In some experiments, cells were incubated in the
presence of 5mM TEMPOL before bacterial contact. For the
detection of ROS generation in the 6-week-old murine distal small
intestine of 6-week-old mice, mice were fasted for 16 h before IP
administration of 100 pul of 40 mM Hydro Cy-3 for 15min. Then,
200pl of 1x10" cfu/ml of bacteria, or buffer control was fed to
mice by oral gavage. After 1h ingestion of bacteria, mice were
sacrificed and tissues of the distal intestine sliced to small pieces,
before visualization by confocal microscopy. All ROS fluore-
scence experiments repeated at least three times. The procedures
for 2-day-old mice were identical to those for 6-week-old mice,
save for no fasting period, 25 pl of 40 mM Hydro Cy-3 administered
by IP for 15min, and 100 ul of 1 x10° cfu of bacteria fed by oral
gavage and ingested for 30min before sacrifice. For
the detection of cell proliferation in murine tissues, 6-week-old
mice were fed 200 ul of 5 x 10 cfu of bacteria for 2 h, and 2-day-old
mice, were fed 100l of 1 x10° cfu/ml of bacteria for 1h before
sacrifice.

Detection of EdU-positive cells and phospho-Histone
H3-positive cells in the murine model

Proliferating cells in the intestine were identified by detecting EdU-
positive or phospho-Histone H3-positive cells. For EAU analysis,
mice were fed the 1 x 10° cfu of the indicated bacteria by oral gavage
for 3 h. Then, mice were administered EQU by IP at a rate of 100 ug
EdU per gram of mouse weight. Following a further 2 h, mice were
euthanized and the intestinal epithelium was assessed for EdU-
positive cells under confocal microscopy. For p-Histone H3 analysis,
mice were fed 1 x 10° cfu of the indicated bacteria by oral gavage for
Sh. Frozen sections of the intestinal tissue were immunostained
using the anti-phospho Histone H3 antibody (Cell Signaling,
Danvers, MA), followed by (3,3’-diaminobenzidine) DAB detection.
Numbers of p-Histone H3-positive cells were assessed by light
microscopy. At least three mice were included in each experimental
point, and 40 field views at x 20 magnification of each intestinal
preparation were numerated for both EdU and p-Histone H3-posi-
tive cells.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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