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information from the leader may be preferentially
represented in the brains of both individuals. Fi-
nally, coordination of timing during cooperation
is likely mediated by interactions between CPGs
and both autogenous and heterogenous sensory
information.
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Drosophila Microbiome Modulates
Host Developmental and Metabolic
Homeostasis via Insulin Signaling

Seung Chul Shin,3*t Sung-Hee Kim,"t Hyejin You,"? Boram Kim,"? Aeri C. Kim,?
Kyung-Ah Lee,* Joo-Heon Yoon,? Ji-Hwan Ryu,> Won-Jae Lee't

The symbiotic microbiota profoundly affect many aspects of host physiology; however, the
molecular mechanisms underlying host-microbe cross-talk are largely unknown. Here, we show
that the pyrroloquinoline quinone—dependent alcohol dehydrogenase (PQQ-ADH) activity of a
commensal bacterium, Acetobacter pomorum, modulates insulin/insulin-like growth factor
signaling (11S) in Drosophila to regulate host homeostatic programs controlling developmental rate,
body size, energy metabolism, and intestinal stem cell activity. Germ-free animals monoassociated
with PQQ-ADH mutant bacteria displayed severe deregulation of developmental and metabolic
homeostasis. Importantly, these defects were reversed by enhancing host IS or by supplementing
the diet with acetic acid, the metabolic product of PQQ-ADH.

11 metazoans harbor substantial numbers
of commensal microorganisms in the
gut. It has been well established that
commensal bacteria have positive impacts across
a wide range of host physiology, including regu-
lation of immunity and metabolism (/—3). Recent
progress toward understanding gut-microbe in-
teractions using Drosophila revealed that a fine-
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tuned regulation of gut immunity is required for
the preservation of a healthy commensal com-
munity structure to promote host fitness and en-
sure normal host survival rates (4). Furthermore,
the indigenous gut microbiota also controls the
normal turnover rate of gut epithelial cells by
regulating intestinal stem cell activity (5).

Recently, it has been shown that the normal
microflora is deeply involved in the energy
balance and metabolic homeostasis of host ani-
mals (6-9). However, our current understanding of
the impact of gut microbiota on host physiology
is descriptive, due in part to technical difficulties
associated with in-depth integrated genetic anal-
ysis of both the microbes and the host. To over-
come these limitations, we used the combination
of Drosophila and its commensal Acetobacter as
a model of host-microbe interaction to enable
us to perform a simultaneous genetic analysis
of both host and microbe in vivo.

To observe the systemic effects of the sym-
biotic commensal community on the host, we first
examined host growth rate and body size in the
presence and absence of the commensal micro-
flora by generating conventionally reared and
germ-free animals (/0). In conventionally reared
fly larvae, the time to develop into a puparium
was <7 days; it lengthened to ~9 days in germ-
free larvae when they fed on the axenic standard
cornmeal diet (Fig. 1A). Interestingly, the effect
of commensal bacteria on host development was
more pronounced when the amount of yeast in
the diet was reduced (Fig. 1A and fig. S1). Most
notably, conventionally reared larvae developed
into puparia in ~9 days, whereas germ-free larvae
died at first instar if fed a diet containing <0.1%
yeast or if yeast was substituted by casamino
acids (Fig. 1A and fig. S1). Casamino acids were
found to be essential nutrients for host growth
in the absence of yeast. Under these conditions,
germ-free larvae had a body size <10% of corre-
sponding conventionally reared larvae 120 hours
after egg laying (Fig. 1A and fig. S1). At this time
point, the effect of the microbiota on host growth
was most pronounced. These results indicate that
commensal microbiota is able to influence the
systemic development of Drosophila by affecting
both growth rate and body size.

All metazoan guts harbor complex commen-
sal communities: hundreds of species are present
in humans (/7). In Drosophila, the adult midgut
is typically in stable contact with a symbiotic
commensal community composed of 5 to 20 dif-
ferent microbial species that consist primarily of
members of the Acetobacter and Lactobacillus
genera (12—14). We found that the midgut of
laboratory-reared Drosophila harbors five major
commensal bacterial species, Commensalibacter
intestini, Acetobacter pomorum, Gluconobacter
morbifer, Lactobacillus plantarum, and Lacto-
bacillus brevis (12, 15). Taking advantage of
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this simple commensal community, we examined
whether the beneficial role of commensal micro-
biota is attributed to the combined effects of
whole commensal community or whether it can
be attributed to the activities of a subset of the
microbiota. We exposed germ-free embryos fed
on medium containing casamino acids instead
of yeast to each of the five species of commen-
sal bacteria and found that all were able to col-
onize the host gut independently. Colonization
of A. pomorum alone in the germ-free gut was
sufficient for restoring the developmental rate
and body size of casamino acid—fed larvae such
that the developmental rate and body size of the
host animals were comparable to those of con-
ventionally reared larvae or germ-free larvae
colonized by all five bacteria species (Fig. 1B).
The other four bacteria species had a minor ef-
fect on larval growth and development (Fig. 1B).

Acetic acid bacteria such as Asaia sp. colo-
nize gut epithelial cells of mosquito (4nopheles sp.)
through a specific association between the insect
epithelial cells and extracellular polysaccharide
matrix that surrounds bacterial cells (16, 17). Be-
cause our 4. pomorum strain also produced large
quantities of extracellular polysaccharides (when
cultured in vitro, we observed a thick layer of
extracellular polysaccharides), contact between
Drosophila gut epithelial cells and A. pomorum

may be similar to that observed between Asaia
and Anopheles gut cells. To understand the bene-
ficial role of 4. pomorum on host developmental
homeostasis at the molecular level, we estab-
lished a draft genome sequence of 4. pomorum
with a whole-genome shotgun strategy and sub-
sequently performed a transposon Tn5-mediated
random mutagenesis to generate an A. pomorum
mutant library. The draft genome sequence of
A. pomorum consisting of 67 contigs in 19 scaf-
folds contains 2696 predicted genes with a total
genome size of ~2.8 Mb. To screen for bacterial
genes conferring benefits on the host, we mea-
sured growth rate and body size for each cohort
of fly larvae colonized by each mutant (N ~ 3000
each) 120 hours after egg laying (fig. S2). We
performed two replicates of the genome-wide
screening.

‘We found that 23 cohorts of mutant A. pomorum—
monoassociated larvae were consistently smaller
compared with the wild-type (WT) 4. pomorum—
monoassociated larvae. Analysis of the molec-
ular lesions in the 23 mutant strains identified 14
genes, including 11 genes involved in the periplas-
mic pyrroloquinoline quinone-dependent alcohol
dehydrogenase (PQQ-ADH)—dependent oxidative
respiratory chain and three genes encoding pro-
teins with other functions (figs. S3 and S4 and
table S1). Larvae colonized with any of the 14 mu-
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tant strains showed developmental defects (Fig.
1C), although the bacteria colonized the larval
gut as efficiently as WT A. pomorum (fig. S5).
Given that the majority of the bacterial genes
we identified as having a growth-promoting ef-
fect on their host are known to be involved in the
PQQ-ADH-dependent oxidative respiratory
chain (fig. S3) and that five different mutations
in the POQ-ADH-I gene were independently
identified (fig. S4 and table S1), we focused on
the role of bacterial POQ-ADH-I on host phys-
iology. Among the five mutants, we subsequently
used P3GS5 for in-depth analyses. The P3GS5
strain itself exhibited a similar in vitro growth
rate to that of the parental WT A. pomorum and
colonized gut epithelia as efficiently as WT
A. pomorum (fig. S6). Under this condition, we
observed that the development time to reach
puparium formation extended to ~14 days in
P3G5-monoassociated larvae compared with
<10 days in WT 4. pomorum—monoassociated
larvae (Fig. 2A). In low yeast medium, we ob-
served similar results to those from larvae
fed on casamino acids (Fig. 2A). Control ex-
periments showed that the feeding rate between
WT 4. pomorum— and P3G5-monoassociated
larvae did not differ (fig. S7). In addition to a
slower larval developmental rate, we found that
P3G5-monoassociated adults were significantly

Fig. 1. Genome-wide screening of the Acetobacter
genes essential for host growth. (A) The time to
reach puparium formation of conventionally reared
w??® larvae and germ-free w?**8 larvae fed a
standard laboratory diet containing different yeast
concentrations (2, 1, 0.5, 0.25, or 0.1%) or the
casamino acid diet (casamino acid). The sizes of
larvae at the 120th hour of development af-
ter egg laying are shown. Data were analyzed
using an analysis of variance (ANOVA) followed
by Tamhane's T2 post hoc test; values represent
mean + SEM (***P < 0.001). (B) A. pomorum is
sufficient for full larval development. Germ-free
embryos were associated with each of the five
species of commensal bacteria or all five commensal
bacteria (+A. pomorum/C. intestini/G. morbiferiL.
plantarum/L. brevis). Germ-free embryos and con-
ventionally reared embryos were also used as
control. The time to reach puparium formation was
measured in the casamino acid diet. The sizes of
larvae at the 120th hour of development after egg
laying are shown. Data were analyzed using an
ANOVA followed by Tamhane's T2 post hoc test;
values represent mean + SEM (***P < 0.001). (C) All
14 screened mutant strains were defective in pro-
moting host development. Germ-free embryos were
colonized with each of the 14 mutant A. pomorum

strains and the fly larvae fed the casamino acid diet. Mutated gene names and clone identification numbers
are shown. Germ-free embryos associated with WT A. pomorum (wild-type) were used as the control. The time
to reach puparium formation of WT A. pomorum—monoassociated embryos was arbitrarily designated as 1,
and the results are shown as relative time to puparium formation. Data were analyzed using the Kruskal-
Wallis test followed by the Mann-Whitney U test using Bonferroni correction to adjust the probability.
Bonferroni-adjusted P values were used (**P < 0.01, ***P < 0.001). In box-plot diagrams, black lines and
boxes represent the median and first and third quartiles of the values; whiskers extend to minimum and
maximum values. In an independent experiment, the time to reach puparium formation of each group of

monoassociated larvae (n = ~20) was measured.
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Fig. 2. Commensal PQQ-ADH activity is required for diverse ranges of
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with the WT A. pomorum (+wild-type) and P3G5 mutant strain (+P3G5) maintained in the casamino acid media
were compared. (A) Time to puparium formation and sizes of larvae 120 hours after egg laying. A standard
cornmeal-agar medium containing 0.1% yeast was also used. Data were analyzed using the Mann-Whitney U test
(***P < 0.001). (B) Adult body sizes. Body weights of adult flies (5 days old) were measured. Data were analyzed
using the Mann-Whitney U test (***P < 0.001). (C) Wing area, cell number, and size. Female adult flies (5 days old)
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were used. Data were analyzed using the Mann-Whitney U test (***P < 0.001). (D) Sugar and lipid levels. The early
third instar larvae (10 to 15 larvae per each experiment) were used. Data were analyzed using the Mann-Whitney U test (*P < 0.05 and **P < 0.01).
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Fig. 3. Deregulation of developmental and metabolic homeostasis in P3G5-
monoassociated animals is rescued by enhancing host IIS. In all experi-
ments, animals maintained in the casamino acid media were compared.
The animals used in this study were: wild-type + Hs-GAL4, WT A. pomorum-
monoassociated control flies carrying Hs-GAL4 alone; P3G5 + Hs-GAL4,
P3G5-monoassociated control flies carrying Hs-GAL4 alone; and P3G5 +
Hs-GAL4>UAS-DILP2, P3G5-monoassociated flies carrying Hs-GAL4>UAS-
DILP2. (A) P3G5-induced dFOXO nuclear localization is abolished upon
ectopic DILP2 expression leading to cytoplasmic retention of dFOXO. Fat body
tissues of the early third instar larvae were used. (B) Time to puparium
formation and the sizes of the larvae at the 120th hour of development after
egg laying. Data are analyzed using an ANOVA followed by Tamhane's T2
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post hoc test; values represent mean + SEM (***P < 0.001). (C) Adult body
size. Body weights of female adults (5 days old) were measured. Data are
analyzed using an ANOVA followed by Tamhane’s T2 post hoc test; values
represent mean + SEM (***P < 0.001). (D) Wing area, cell number, and size.
Wings of female adult flies (5 days old) were used in this study. Data were
analyzed using Kruskal-Wallis test followed by the Mann-Whitney U test using
Bonferroni correction to adjust the probability. Bonferroni-adjusted P values
were used (*P < 0.05, **P < 0.01, ***P < 0.001). (E) Sugar and lipid levels. The
early third instar larvae (10 to 15 larvae per each experiment) were used. Data
were analyzed using Kruskal-Wallis test followed by the Mann-Whitney U test
using Bonferroni correction to adjust the probability. Bonferroni-adjusted P
values were used (**P < 0.01).
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smaller than WT 4. pomorum—monoassociated
adults (Fig. 2B). Consistent with smaller body
size, P3G5-monoassociated adults had smaller
wings, with reduced cell size and number, com-
pared with those of control adults (Fig. 2C), and
also small intestines (fig. S7). Furthermore, we
found that PQQ-ADH activity of 4. pomorum
ensured the basal number of intestine stem cells
(ISCs) and the epithelial cell renewal rate via
induction of Unpaired-3 (Upd3) expression for
Janus kinase—signal transducers and activators
of transcription signaling activation (fig. S8).
The overall body and tissue size reduction
observed in the P3G5-monoassociated animals
is reminiscent of animals with defective insulin/
insulin-like growth factor signaling (IIS) (/8-22).
It is known that IIS mutant animals show dia-
betic phenotypes, including an increase in cir-
culating sugars and stored lipid levels (20, 23, 24).
When we examined the levels of sugars and lip-
ids in P3G5-monoassociated larvae, we found
elevated levels of total sugars [glucose and tre-
halose (the major disaccharide in insects)] and
triacylglycerides (the main form of stored lip-

A

wild-type

+acetic acid

PH-GFP

dFOXO

DAPI

Merge

Fig. 4. Deregulation of developmental and meta-
bolic homeostasis in P3G5-monoassociated animals
is rescued by acetic acid supplementation. In all ex-
periments, animals maintained in the casamino acid
media were compared. The animals used in this study
were: wild-type, WT A. pomorum-monoassociated
control flies; P3G5, P3G5-monoassociated control
flies; P3G5 + acetic acid, P3G5-monoassociated flies
in the presence of 0.2% acetic acid; and Germ-free +
acetic acid, germ-free control flies in the presence
of 0.2% acetic acid. (A) Acetic acid supplementation
in casamino acid media induces IS activation in
P3G5-monoassociated larvae. PI3K activation state
was evaluated by examining membrane targeting of
pleckstrin homology—green fluorescent protein (PH-

ids) compared with those seen in control larvae
(Fig. 2D). Consistent with the IIS mutant-like
phenotype, we found that WT 4. pomorum, but
not P3G5, was able to induce IIS activation as
evidenced by phosphoinositide 3-kinase (PI3K)
activation and cytoplasmic retention of the fork-
head transcription factor (dFOXO) (fig. S9). Fur-
thermore, bacterial PQQ-ADH activity is required
for full expression of Drosophila insulin-like pep-
tides (DILPs) in the larval brain, suggesting that
PQQ-ADH activity contributes to IIS activa-
tion in part through DILP induction (fig. S9).
Importantly, we did not observe all the effects
of WT A. pomorum on host developmental and
metabolic homeostasis in the absence of host IIS
activation (fig. S10), indicating that 4. pomorum
affects host physiological homeostasis through
IIS activation.

To further investigate whether metabolic
and developmental defects found in a P3G35-
monoassociated animal were caused by low IIS
pathway activity, we attempted to restore host
homeostasis by enhancing IS activity through ec-
topic overexpression of DILP2 (Hs-GAL4>UAS-
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DILP?) in P3G5-monoassociated animals. The
results (Fig. 3A) show that dFOXO nuclear
localization in the fat body, seen in the P3G5-
monoassociated control larvae (carrying the Hs-
GAL4 driver alone), was abolished upon ectopic
DILP?2 expression (that is, P3G5-monoassociated
Hs-GAL4> UAS-DILP? larvae), leading to cyto-
plasmic retention of dFOXO. Importantly, all
metabolic and developmental defects (Fig. 3, B
to E), as well as ISC deregulation (fig. S11) caused
by P3G5 bacteria were largely rescued in P3G5-
monoassociated Hs-GAL4>UAS-DILP2 animals.
Interestingly, DILP overexpression could not rescue
developmental defects found in germ-free larvae
monoassociated with other non—4. pomorum com-
mensal bacteria (fig. S12), indicating that the
DILP effect is specific for P3G5-monoassociated
animals.

PQQ-ADH is the primary dehydrogenase in
the ethanol oxidative respiratory chain of Aceto-
bacter involved in acetic acid production (25).
We found that all screened mutant bacteria in-
cluding the P3G5 strain showed impaired or
severely reduced acetic acid production (fig. S13),
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GFP), and localization of dFOXO was examined by immunostaining with an
antibody to dFOXO. Fat body tissues of the early third instar larvae were used.
DAPI, 4’,6-diamidino-2-phenylindole. (B) Time to puparium formation, and
sizes of larvae at the 120th hour of development after egg laying. Data were
analyzed using an ANOVA followed by Tamhane’s T2 post hoc test. Values
represent mean x SEM (***P < 0.001). (C) Adult body size. Body weights of adult
flies (5 days old) were measured. Data were analyzed using an ANOVA followed
by Tamhane's T2 post hoc test; values represent mean + SEM (***P < 0.001). (D)

Wing area, cell number, and size. Wings of female adult flies (5 days old) were
used in this study. Data were analyzed using the Kruskal-Wallis test followed by
the Mann-Whitney U test using Bonferroni correction to adjust the probability.
Bonferroni-adjusted P values were used (***P < 0.001). (E) Sugar and lipid levels.
The early third instar larvae (10 to 15 larvae per each experiment) were used.
Data were analyzed using the Kruskal-Wallis test followed by the Mann-Whitney
U test using Bonferroni correction to adjust the probability. Bonferroni-adjusted
P values were used (*P < 0.05, **P < 0.01).
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suggesting that acetic acid—producing ability is
an important factor that affects host physiol-
ogy. Although acetic acid supplementation in
casamino acid media did not result in any ap-
preciable effect on host development in the ab-
sence of bacteria (i.e., germ-free animals) or in
the presence of commensal bacterium other than
A. pomorum (i.e., germ-free animals monoasso-
ciated with C. intestini, G. morbifer, L. plantarum,
or L. brevis), all disease phenotypes (defects in
1IS, development, metabolism and ISCs) found
in P3G5-monoassociated animals could be ef-
fectively reversed by acetic acid supplementation
(Fig. 4 and fig. S13). Although the exact mech-
anism of acetic acid action remains to be elu-
cidated, it is known to affect blood glucose level
and insulin signaling in mammals by reducing
the digestion rate of complex carbohydrates in the
diet (26). However, the aforementioned P3G5-
induced deregulation found when the fly larvae
were fed a complex carbohydrate diet (i.e., con-
taining cornmeal) was also observed in fly larvae
fed a diet containing simple carbohydrates, such
as sucrose or glucose (fig. S13). Furthermore,
these defects were reversed by supplementing
the simple sugar diet with acetic acid (fig. S13),
indicating that acetic acid may influence host IIS
and development through a mechanism other
than by reducing the digestion rate of complex
carbohydrates from the diet. Given that acetic
acid can rescue host physiology only in the pres-
ence of P3G5 bacterial metabolic activity, we can
conclude that both PQQ-ADH-dependent acetic
acid generation and PQQ-ADH-independent
acetic acid metabolism are required to promote
the effect of 4. pomorum on host IIS. Further dis-
section of the A. pomorum—controlled gut factor(s)

that mediates the effect of acetic acid—producing
and —using bacterial metabolic activity on host
IIS will provide an important link between
gut microbiome activity and host metabolic
homeostasis.

In summary, the present study showed that the
PQQ-ADH respiratory chain of the A. pomorum
and IIS of the host interact to maintain the gut-
microbe mutualism. Bacterial PQQ-ADH is
required, but not sufficient, to explain all of the
A. pomorum—mediated effects on host physiol-
ogy, and host signaling pathways, other than
IIS, may also be modulated by gut bacteria. Our
Drosophila-Acetobacter interaction system is a
useful genetic model for understanding the mech-
anistic links between microbiome-modulated
host signaling pathways and host physiology.
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N-Terminal Acetylation Acts as an
Avidity Enhancer Within an
Interconnected Multiprotein Complex

Daniel C. Scott,™? Julie K. Monda,” Eric ]. Bennett,?* ]. Wade Harper,® Brenda A. Schulman®?t

Although many eukaryotic proteins are amino (N)—terminally acetylated, structural mechanisms
by which N-terminal acetylation mediates protein interactions are largely unknown. Here, we
found that N-terminal acetylation of the E2 enzyme, Ubc12, dictates distinctive E3-dependent
ligation of the ubiquitin-like protein Nedd8 to Cull. Structural, biochemical, biophysical, and
genetic analyses revealed how complete burial of Ubc12's N-acetyl-methionine in a hydrophobic
pocket in the E3, Dcnl, promotes cullin neddylation. The results suggest that the N-terminal
acetyl both directs Ubc12’s interactions with Dcnl and prevents repulsion of a charged N terminus.
Our data provide a link between acetylation and ubiquitin-like protein conjugation and define a
mechanism for N-terminal acetylation-dependent recognition.

any eukaryotic proteins are N-terminally
Macetylated (I—4). Genetic data under-
score the importance of N-terminal
methionine acetylation (/, 5—10), although specif-
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ic interactions mediated by N-acetyl-methionine
are largely unknown. We examined how N-acetyl-
methionine can direct protein interactions by
studying an E2 enzyme. E2s play central roles in

E1—E2—E3 ubiquitin-like protein (UBL) con-
jugation cascades. First, an E2 transiently binds
E1 for generation of a thioester-linked E2~UBL
intermediate, which then interacts with an E3.
For RING E3s, the UBL is transferred from E2
to an E3-associated target’s lysine, producing
an isopeptide-bonded target~UBL complex.
E2 core domains are sufficient for binding Els
and RING E3s (/7). Contacts beyond E2 cores
often mediate pathway-specific interactions. A
unique N-terminal extension on Nedd8’s E2,
Ubcl12, binds both E1 and E3 (/2-16). Nedd8
transfer from Ubc12 to cullins involves a “dual E3”
mechanism (/6): A RING E3, Rbx1, is essen-
tial for cullin neddylation; a co-E3, Denl, contains
a “potentiating neddylation” domain (Dcn1®)
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