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Beneficial commensal bacteria promote Drosophila

growth by downregulating the expression
of peptidoglycan recognition proteins

Marialaura Gallo,"* Justin M. Vento,” Pauline Joncour,®> Andrea Quagliariello,’ Elisa Maritan,’
Nuno F. Silva-Soares,’ Matteo Battistolli,’* Chase L. Beisel,%>¢ and Maria Elena Martino'”-*

SUMMARY

Commensal bacteria are known to promote host growth. Such effect partly relies
on the capacity of microbes to regulate the host’s transcriptional response. How-
ever, these evidences mainly come from comparing the transcriptional response
caused by commensal bacteria with that of axenic animals, making it difficult to
identify the animal genes that are specifically regulated by beneficial microbes.
Here, we employ Drosophila melanogaster associated with Lactiplantibacillus
plantarum to understand the host genetic pathways regulated by beneficial bac-
teria and leading to improved host growth. We show that microbial benefit to the
host relies on the downregulation of peptidoglycan-recognition proteins. Specif-
ically, we report that bacterial proliferation triggers the lower expression of
PGRP-SC1 in larval midgut, which ultimately leads to improved host growth
and development. Our study helps elucidate the mechanisms underlying the
beneficial effect exerted by commensal bacteria, defining the role of immune ef-
fectors in the relationship between Drosophila and its gut microbes.

INTRODUCTION

Metazoans live in constant association with microbial communities, and their reciprocal interaction is
known to favor many traits of both partners’ physiology (Fraune and Bosch, 2010; McFall-Ngai et al.,
20713). On one hand, animal hosts can benefit the growth and metabolism of their microbial partners, spe-
cifically through the secretion of a complex blend of metabolites (Storelli et al., 2018; Wier et al., 2010; Wil-
son et al., 2010). On the other hand, beneficial bacteria sustain animal health by contributing to the main-
tenance of the immune system homeostasis (Sommer and Backhed, 2013), confer protection against
pathogen infections (Blum et al., 2013; Fraune et al., 2015), promote intestinal epithelium renewal (Buchon
etal., 2009; Shinetal., 2011), and influence host lifespan and development (Brummel et al., 2004; Guo et al.,
2014; Ren et al., 2007). In addition, the gut microbiota bolsters the host digestive processes through the
production of a large collection of enzymes that favor the metabolism of dietary molecules as well as spe-
cific organic compounds such as vitamins, amino acids, and short-chain fatty acids (Nicholson et al., 2012,
Wilson et al., 2010). This type of relationship is referred to as nutritional symbiosis (Hooper et al., 2002).
Most insects undertake facultative nutritional symbioses with their microbial communities (Douglas,
2011; Pontes and Dale, 2006), where both partners benefit from each other’s presence without relying
on one another for their survival (Gilbert and Neufeld, 2014). Drosophila melanogaster, associated with
its microbiota, is a well-known example of such relationship (Erkosar et al., 2013; Lee and Brey, 2013)
and represents a powerful model to study host-microbe interactions (Buchon et al., 2013; Ma et al.,
2015). Wild and lab-reared Drosophila are associated with relatively simple beneficial bacterial
communities. These communities mainly include Acetobacteraceae and Lactobacillaceae families, with
Acetobacter pomorum and Lactiplantibacillus plantarum as the most common species of the Drosophila
melanogaster microbiota (Chandler et al., 2011; Erkosar et al., 2013; Wong et al., 2011). Drosophila micro-
biota influences the host's physiology throughout its entire life (Buchon et al., 2013; Erkosar et al., 2013; Lee
and Brey, 2013). Beside the abovementioned benefits, fly gut microbes are also known to impact their
host's physiology via regulation of many host transcriptional pathways (Nichole A. Broderick et al.,
2014). Indeed, numerous studies have been conducted to characterize the impact of the microbiota on
the gene expression of the adult fly. Commensal bacteria are involved in the modulation of intestinal im-
mune homeostasis (Bosco-Drayon et al., 2012; Bost et al., 2018; Lhocine et al., 2008; Paredes et al., 2011),
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they shape gut morphology through enhancement of stem cell proliferation and epithelial renewal rate
(Nichole A. Broderick et al., 2014; Ridley et al., 2012; Shin et al., 2011), and they have also been shown to
mediate transgenerational inheritance of responses to environmental changes (Karunakar et al., 2019;
Zare et al., 2018). In addition, it has been demonstrated that gut microbes influence host phenotype by pro-
moting the coexpression of group of genes, such as the insulin-like signaling (IIS) and target of rapamycin
(TOR) signaling pathways, transcription factors including the IMD factor Relish, and many more genes,
involved in coordinating cellular signaling, growth, and metabolism (Dobson et al., 2016).

One of the most striking beneficial effects exerted by gut microbes is host growth promotion (Consuegra
et al., 2020b; Schwarzer et al., 2016; Storelli et al., 2011). Some bacterial species associated with
D. melanogaster have been demonstrated to be able to promote fly growth and maturation rate during
the juvenile phase in poor-nutrient conditions (Storelli et al., 2011). The growth-promoting ability of the
gut microbiota is strain dependent and is exerted through the enhancement of the systemic production
of two hormonal growth signals: Ecdysone (Ecd) and Drosophila insulin-like peptide (dILP) via increased
TOR kinase activity in both fat body and prothoracic gland (Erkosar et al., 2015; Storelli et al., 2011). In
addition, it has been shown that fly growth promotion mediated by gut microbes results, at least in part,
from the upregulation of digestive enzyme expression in the midgut via IMD/Relish activity (Erkosar
et al,, 2015). These insights came from comparing Drosophila with a microbiota (either single-strain
associations or complex communities) versus without a microbiota (germ-free condition) (Bost et al.,
2018; Nichole A. Broderick et al., 2014; Delbare et al., 2020; Dobson et al., 2016; Erkosar et al., 2015; Par-
edes et al., 2011), and they largely contributed to our knowledge of the molecular mechanisms underlying
the role of gut microbes in host physiology. Nevertheless, not all bacterial species or strains associated with
Drosophila microbiota are beneficial. As a consequence, a clear understanding of the host genetic
pathways that are specifically regulated by beneficial bacteria remains elusive.

We recently demonstrated that a strain of L. plantarum (LpN'"?©?®””) bearing a moderate Drosophila-
growth-promoting ability was able to improve its beneficial effect by adapting to the fly nutritional
environment (Martino et al., 2018). The LpN'?9%%77_evolved strain (Lp™?1®) showed a single mutation
in the acetate kinase A (ackA) gene, causing the increased production of N-acetylated amino acids, which
were sufficient to improve L. plantarum-growth-promoting capacity. In this study, we coupled comparative
transcriptome analyses and CRISPR-Cas-based microbial engineering on such isogenic strains to reveal the
specific host transcriptional pathways regulated by the association with beneficial gut bacteria and leading
to enhanced animal growth. The presence of a single genetic difference between the bacterial strains,
which is responsible for the improvement in growth promotion, allowed us to uniquely ascribe the
differential host transcriptional response to the microbial benefit. We observe that growth-promoting
L. plantarum strains are able to specifically lower the expression of the Drosophila peptidoglycan recogni-
tion protein (PGRP) SC1, whose activity is regulated by L. plantarum ackA gene function and its metabolic
products. In addition, we demonstrate that the downregulation of PGRP-SC1 gene in larvae associated
with a mid-beneficial strain is sufficient to recapitulate the beneficial effect of the strong growth-promoting
strain and that such benefit is directly linked to bacterial growth.

Our study advances the current knowledge in host-microbe interactions by demonstrating that commensal
bacteria improve fly growth by actively regulating the expression of immune effectors; this leads to higher
bacterial proliferation and the increased production of beneficial microbial metabolites, which are then
consumed by the host. Our results contribute to shed light in the complex mechanisms underlying the
relationships between host and their gut microbes.

RESULTS

Commensal bacteria significantly affect Drosophila transcriptional response

To unravel the Drosophila transcriptional pathways specifically regulated by beneficial gut microbes, we
compared the transcriptome of yw D. melanogaster larvae during the second instar associated with two
strains of L. plantarum promoting Drosophila growth to different extents (LpN"?°?%”” and Lp™5%18 gnoto-
biotic larvae) with germ-free (GF) larvae as negative control. LpN'202877 isa L. plantarum strain isolated from
processed human food (Martino et al., 2015a), showing a moderate growth promotion both in Drosophila
and in mice (Schwarzer et al., 2016). Lp™2"8 is a [pNZ9%77_derived strain, experimentally evolved in
poor-nutrient conditions in the presence of D. melanogaster. Lp™Y521® is isogenic to LpNZ9%877 with
one exception: Lp™¥®21® bears a tri-nucleotide deletion in the ackA gene, which is responsible for a
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significant improvement in larval growth promotion compared with its ancestor (Martino et al., 2018). The
rationale behind the choice of such strains is that any differences in host transcript levels could be directly
ascribed to the single bacterial genetic mutation and, thus, to the improved growth-promoting effect.
Following bacterial association with GF embyos, we performed Drosophila RNA extraction on size-
matched larvae (2.4 mm length). Specifically, considering that microbiota-associated larvae develop faster
than axenic larvae (Storelliet al., 2011), we collected the Lp-associated larvae 4 days after monoassociation,
whereas the GF larvae were collected after 5 days (Figure S1). The transcriptome sequencing of Drosophila
larvae yielded 47-31 million reads for all replicate samples. We analyzed the transcripts using a dedicated R
script and obtained a data set of 17,560 genes (Table S1). Among these genes, 559 genes were
differentially expressed between axenic and gnotobiotic larvae that satisfied our criteria for significant
differential expression (p-value < 0.05 and —1.5- to +1.5-fold). Two hundred eighty-five genes were
differentially expressed in both gnotobiotic conditions (LpN'Z9%77- and Lp™©2 18 associated larvae)
compared with GF larvae, among which 106 resulted to be upregulated and 179 downregulated
(Table S1). Next, we analyzed the remaining 274 genes, and we observed that 209 were differentially
expressed between Lp™%2" 8. associated larvae and GF larvae, with 96 upregulated and 113 downregu-
lated genes, whereas the other 65 genes were differentially expressed between LpN'Z92877
larvae and GF larvae, with 22 upregulated and 43 downregulated (Figure S2A, Table S1).

-associated

We assigned biological pathways to the identified 559 genes using DAVID Gene Functional Classification
Tool (Huang et al., 2009), which annotates each gene and identifies the most relevant biological terms asso-
ciated with a given gene. To improve the usefulness of the functional annotation analysis, we carried out
DAVID clustering analysis for a group of up- and downregulated genes, respectively, and we considered
only the genes that met our statistical criteria (Benjamini adjusted p-value < 0.1).

The transcripts enriched in gnotobiotic larvae compared with GF larvae were dominated by the expression
of lysozyme genes (i.e., LysB, C, D and E) involved in the hydrolysis of beta-linkages between
N-acetylmuramic acid and N-acetyl-D-glucosamine residues in peptidoglycan and the expression of
heat shock protein (Hsp) genes (i.e., Hsp22, 23, 26, 27 and 28) commonly expressed in response to stress
resistance and adaptation (Figure S2B, Table S2). Furthermore, gnotobiotic larvae showed significantly
higher expression of immunity-related genes, including genes involved in peptidoglycan recognition
and the negative regulation of innate immune response, such as PGRP-SB1, PGRP-SD, PGRP-LA, and
PGRP-SCs (Tables S1 and S2). The genes downregulated in gnotobiotic larvae compared with germ-free
conditions were implicated in membrane function through the involvement of genes with catalytic activity,
such as Pkn and Adgf-A2 (Tables S1 and S2).

By comparing the transcriptional response between single-strain associated larvae and GF larvae, the GO
term analysis revealed an enrichment of expression in genes implicated in DNA methylation (Mt2), DNA
binding, and DNA-directed RNA polymerase activity (Rpb5, Rpl12) in Lp™%% 8 associated larvae. In
addition, we detected a significant decrease in the expression of genes involved in cell biogenesis, such
as I(2)gl, the crb gene essential for the development of polarized epithelia and centrally involved in cell
polarity establishment, and the scrib gene required for polarization of the embryonic imaginal disk and
follicular epithelia (Figure S2C, Table S2).

Highly beneficial L. plantarum strains trigger downregulation of the peptidoglycan-
recognition protein SC1 compared with mid-beneficial strains

Next, we sought to identify the host genes regulated by a beneficial bacterium, specifically improving fly
growth. To do this, we compared the transcriptome profiles between LpN'Z0%877_ and | pF¥©218
larvae. Our analysis identified 21 genes differentially expressed between the conditions (p < 0.05 and —1.5-
to +1.5-fold), with 6 and 15 genes being down- and upregulated in Lp™%%"8_associated larvae compared
with LpN'#©2877_associated larvae, respectively (Figure 1, Table S3). The transcripts found to be enriched in
larvae associated with the beneficial strain Lp™7?1® were dominated by the expression of the Sperm-Leu-
cylaminopeptidase 3 (S-Lap3) gene (22.8 fold), a major constituent of paracrystalline material from
D. melanogaster sperm involved in the fertility of male flies (Laurinyecz et al., 2019). We also observed
the upregulation of genes involved in the production of larval cuticle protein (Lcp4 and Lcpé5Ab1), prote-
olysis (CG43124 and CG43125), signal peptides (CG14258, CG 14259, and CG15597), the odorant-binding
protein 56e (Obp56e) involved in nutrient sensing, and methuselah-like 6 (mthlé) implicated in Drosophila
development and lifespan. At the same time, Lp™”%? "8 associated larvae showed downregulation of
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Figure 1. Lp significantly alters Drosophila transcriptional response compared with Lp

Bar chart of the genes with significantly differential expression (up- and downregulated) between Lp 6218,

and
LpN'ZOZB77—associated larvae (p < 0.05 and —1.5- to +1.5-fold). Each color refers to the molecular function associated with
each gene.

genes involved in chitin metabolism (thw), the Niemann-Pick type C-2c (Npc2c) gene, implicated in sterol
transport, and two signal peptides (CG11381, CG7465) (Table S4). Surprisingly, we found that LpF'yGZ'w—
associated larvae showed a lower expression of PGRP-SC1a and PGRP-SC1b genes compared with
LpN'#O?877_associated larvae. No difference was detected in the regulation of other PGRPs (Tables S1
and S4). The specific lower expression of PGRP-SC1 in larvae associated with the strong growth-promoting
strain Lp™%%"8 prompted us to investigate the causes of such immune system downregulation.

Drosophila PGRP-SC1 expression relies on L. plantarum ackA function

First, to validate the RNA-Seq data, transcript abundance of PGRP-SCT gene was assessed on size-
matched larvae newly associated with LpN'?9%77 and Lp™YS218 strains. The amplification results confirmed
a significantly lower expression of PGRP-SC1 in Lp™v%2"8_associated larvae (Figure 2A). Drosophila PGRP-
SCs are known to be mainly expressed in the larval gut (Bischoff et al., 2006; Costechareyre et al., 2016). To
rule out the possibility that the difference of PGRP-SC1 levels was due to variation of expression in
different tissues, we tested the expression of PGRP-SC1 on dissected larval guts. We detected lower
levels of PGRP-SC1 in the guts of Lp™%2"8_associated larvae compared with LpNZ©2877
(Figure 2B), reflecting the expression levels obtained by analyzing whole larvae.

-associated larvae

As Lp™¥6218 has been experimentally co-evolved with the fruit fly, we hypothesized that the downregula-
tion of PGRP-SC1 expression might be due to mechanisms of immune tolerance. To test this hypothesis, we
analyzed the expression of PGRP-SC1 in the guts of larvae associated with Lp°'®*¢2°22 3 different
LpN'ZO?877_derived strain experimentally evolved on the fly diet and bearing a mutation in the same
ackA gene as LpF218 that also improved growth promotion (Martino et al., 2018). LpP'®*®2%22 triggered
the downregulation of PGRP-SCT compared with LpN'"?©?87_associated larvae (Figure 2B), thus suggesting
that PGRP-SCT expression was independent of the strain evolutionary history. Next, we focused on the mi-
crobial molecular mechanisms that led to the downregulation of PGRP-SC1 expression. Specifically, both
LpFYG218 gnd | pPietG2022
dicted to resultin the loss of function of the gene (Martino et al., 2018). We thus asked whether the bacterial
ackA was directly involved in the regulation of PGRP-SC1 expression. To investigate this, we first tested
whether L. plantarum improvement in fly growth promotion relied on the loss of function of the ackA
gene by knocking out the ackA gene in the ancestor strain LpN'?“2%”7 through CRISPR/Cas9-based bacte-
rial genetic engineering (Jiang et al, 2013). Indeed, we observed that Lp??** showed a significantly
improved growth-promoting effect compared with the ancestor LpN'"?*©?8”7 (5 < 0.0001) (Figure 2C). No
significant difference was found when comparing Lp??%* and Lp¥5218 and [pPietc20-2:2
whether the ackA loss of function was responsible for the downregulation of the immune response
observed in Lp9218_associated larvae, we analyzed the expression of PGRP-SCT in the gut of larvae asso-
ciated with Lp@2°*_ Figure 2B shows that the absence of ackA resulted in downregulation of the PGRP-SC1

strains bear nonsynonymous mutations in the ackA gene, which have been pre-

strains. To test
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Figure 2. PGRP-SC1 downregulation by beneficial L. plantarum strains occurs in Drosophila gut and is regulated by L. plantarum ackA function
Relative expression of PGRP-SC1 gene obtained by performing a gRT-PCR analysis on the transcriptome of yw Drosophila larvae (A) and dissected larval guts
(B) mono-associated with the bacterial strains tested (x axis). Lines above each bar represent the mean with the standard deviation (SD) calculated by
analyzing three biological replicates per condition. Relative expression was calculated as ACy, using the housekeeping gene rp49 as reference gene.
Statistical significance of the results with one-way ANOVA test analysis is included (*p < 0.05, **p < 0.01, ***p < 0.001).

(C) Longitudinal size (mm) of Drosophila larvae measured after 7 days of incubation with the bacterial strain LpN'?02877 | pFI¥G2.18 | ,DietG202.2 ) snackA 5 d
g P y p p p P

LpN'#9%77 supplemented with N-acetyl glutamine (NAG), respectively. Each symbol refers to the larval size obtained from one out of the N > 60 Drosophila
larvae analyzed for each condition, with bars referring to the respective mean and standard deviation (SD). All conditions were compared with LpN'?9?877 by
performing one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

compared with LpN'?9%77_3ssociated larvae. To understand how the bacterial acetate kinase function was
involved in Drosophila response against gut microbes, we wondered whether the L. plantarum metabolic
response resulting from the ackA mutation was directly involved in Drosophila immune regulation, or,
instead, whether PGRP-SC1 expression was governed by a more complex mechanism resulting from
ackA mutation. Specifically, we previously demonstrated that the presence of the Lp™%%"8.ackA variant
leads to an increase in the bacterial production of N-acetyl-glutamine (NAG), which is sufficient to recapit-
ulate the improved beneficial effect exerted by Lp™%?1® in the presence of its ancestor (Martino et al.,
2018) (Figure 2C). In light of this, we tested the effect of such a metabolite alone on Drosophila PGRP-
SC1 expression by supplementing NAG to LpN'?9%77_associated larvae. Of note, we found that the
presence of NAG was sufficient to downregulate PGRP-SC1 expression in the gut of Drosophila larvae
(Figure 2B).

Taken together, our results demonstrate that PGRP-SC1 expression occurs in Drosophila gut and is
regulated by L. plantarum ackA function. Specifically, the ackA loss of function leads to an increase in
the production of N-acetyl-glutamine, which is sufficient to cause PGRP-SC1 downregulation in Drosophila
larvae.

Downregulation of Drosophila PGRP-SC1 is a general response triggered by highly beneficial
L. plantarum strains

L. plantarum promotes Drosophila growth in a strain-specific manner (Schwarzer et al., 2016; Storelli et al.,
2011, 2018). We thus asked whether other beneficial L. plantarum strains, phylogenetically distant from
Lp™21® improved Drosophila growth by downregulating PGRP-SC1 expression. To do this, we analyzed
PGRP-SC1 levels in larvae associated with Lp""?", a potent L. plantarum-growth-promoting strain (Martino
etal., 2015a; Storelli et al., 2011) (Figure S3). Lp™*- triggered the downregulation of PGRP-SC1 at the same
extent of Lp™%218 and the other beneficial strains tested (Figure 3A). Of note, Lp"* shows two nucleotide
substitutions in the ackA gene, compared with LpN|202877 (Martino et al., 2018), which might concur with its
high beneficial effect and the regulation of Drosophila immune response. Altogether, our results demon-
strate that different highly beneficial L. plantarum strains promote Drosophila growth by downregulating
the expression of PGRP-SC1 compared with less beneficial strains.

iScience 25, 104357, June 17, 2022 5
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Figure 3. PGRP-SC1 regulation and microbial load

(A) Relative expression of PGRP-SC1 gene obtained by performing a qRT-PCR analysis on the transcriptome of Drosophila
larvae mono-associated with L. plantarum strains (x axis). Lines above each bar represent the mean with the standard
deviation (SD) calculated by analyzing three biological replicates per condition. Relative expression was calculated as
ACy, using the housekeeping gene rp49 as reference gene. Statistical significance of the results with one-way ANOVA test
analysis is included:*p < 0.05, **p < 0.01, ***p < 0.001.

(B) Microbial load (CFU/mL) of the bacterial strains tested after 4 days of incubation in the fly diet and in the intestine of
Drosophila larvae, respectively. Each symbol represents one out of the four replicates analyzed for each condition, with
bars indicating the respective mean and standard deviation (SD). All conditions were compared with LpN'?©%8”7 by per-
forming one-way ANOVA test (*p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001).

PGRP-SC1 regulation and microbial load

Previous research has shown that PGRP-SCs act as negative regulators of IMD pathway activation. Their
combined effect shapes the Drosophila antibacterial response and protects the fly from innocuous infec-
tions (Bosco-Drayon et al., 2012; Costechareyre et al., 2016; Matos et al., 2018; Paredes et al., 2011). We thus
wondered whether the higher expression of PGRP-SC1 observed in LpN'?©?877 _associated larvae resulted in
increased bacterial proliferation through negative regulation of the IMD pathway. To do this, we first
analyzed the expression of attacin D (AttD), a molecular readout of the IMD pathway, and drosomycin
(Drs), a target gene of Toll-pathway, the second NF-kB signaling cascade involved in fly innate immunity
(Choe et al., 2002; Costechareyre et al., 2016; Elrod-Erickson et al., 2000; Kaneko et al., 2004), in larvae
associated with LpN'?92877 and Lp™6218 No significant difference was detected between conditions,
suggesting that the difference in PGRP-SC1 expression exerted by Lp™?"® does not ultimately affect
Drosophila normal immunity (Figure S4).

Next, to test if and how PGRP-SC1 levels were correlated with bacterial growth, we quantified the loads of
LpNIZO2877 | (FIyG218 | DietG2022 | aackA a0 | SNIZO28T7 oo mented with NAG and Lp™in the larval
gut and in the fly diet at the same time point as the transcriptome analysis (4 days after association). In
general, colony counts for L. plantarum were significantly lower in larval intestine compared with fly food
(Figure 3B). However, we observed that the colony counts for LpN'"?©?877 were significantly lower compared
with the more beneficial bacterial associations. The only exception was represented by the
N-acetylglutamine addition, where L. plantarum load reached similar levels both in the fly food and in
the fly intestine.

Downregulation of PGRP-SC is sufficient to improve Drosophila growth

So far, we have demonstrated that the loss of function of L. plantarum ackA gene is responsible for
improving the bacterial-growth-promoting effect in Drosophila and that this happens through downregu-
lation of the fly PGRP-SC1 gene. Following this result, we asked whether the downregulation of PGRP-SC1
in the larval midgut was sufficient to improve larval growth in response to L. plantarum. To test this, we
crossed a fly line carrying a UAS-PGRPSC-RNAI construct (Bischoff et al., 2006) with a midgut-specific
Mex-Gal4 fly line (driver). In the obtained progeny, the midgut cells produced PGRP-SC-dsRNA targeting
the endogenous PGRP-SC transcript to degradation by RNA interference. Mex-Gal4 crossed to
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Figure 4. Lp recapitulates the same growth-promoting effect of LpF'Y%2"-2 in mutant PGRP-SC flies

(A) Longitudinal size of Mex-Gal4>UAS-mCherry-RNAi larvae (control) and Mex-Gal4>UAS-PGRPSC-RNAI larvae (target) (A), Oregon-R wild-type (WT)
population and larvae carrying a deletion of PGRP-SC gene cluster (PGRP-SC2) (B) associated with the bacterial strains LpN'"?9%77 and Lp™¥6% "8 and
measured 7 days after egg deposition on poor-nutrient diet. Each symbol refers to the larval size analyzed for each condition, with bars referring to the
respective mean and standard deviation (SD). Each condition was compared with LpN'#©2877
forming Mann-Whitney test (****p < 0.0001, ***p < 0.001, ns = not statistically significant).
(C) Microbial load (CFU/mL) of bacteria retrieved from the diet of WT and PGRP-SC* Drosophila larvae associated with the strains LpN'zo2877 and LpF'VGZ’“s,
respectively. Each symbol represents the mean value for each technical replicate, whereas lines are the mean obtained from the values within the same
condition with the respective standard deviation (SD). All conditions were compared with WT-LpN'?9%77 by performing one-way ANOVA test (*p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001).

-associated larvae of the respective fly background by per-

UAS-mCherry-RNA line were used as control. We mono-associated the F1 progeny with LpN'"?©?%77 and
Lp™5218 strains and analyzed their effect on larval growth. Remarkably, we found that, although in control
larvae, Lp'E'sz'w'8 maintained a more marked beneficial effect in promoting larval growth, no difference
between the two strains was detected in the Mex-Gal4>UAS-PGRP-SC-RNAI larvae (Figures 4A and S5).
To test whether the deletion of the PGRP-SC locus led to Lp increase in beneficial effect, we used a mutant
fly line bearing a deletion of the PGRP-SC gene (PGRP-SC?) (Paredes et al., 2011). We mono-associated
PGRP-5C4 GF embryos with LpNZ9%77 and [ pF¥6218 strains and analyzed their effect on larval growth
compared with axenic conditions in wild-type (WT) larvae (OregonR). No difference in growth promotion
was detected between LpN?9%77_ and LpTC218.PGRP-5C-associated larvae, whereas LpNZ9%77 ex-
hibited a mid-beneficial effect in WT larvae (Figures 4B and Sé). Following our previous results showing
that PGRP-SC1 expression is inversely proportional to LpN'?9?8”7 growth (Figure 3B), we then asked whether
LpN'ZO%877 |oads were higher in PGRP-SC? flies than in WT flies. Indeed, we observed that LpN'?©?877
reached significantly higher colony counts, with comparable bacterial loads as those of Lp™%%'8 in
both the mutant and WT lines (Figure 4C). Altogether, our results show that L. plantarum is able to improve
Drosophila growth by regulating its immune response via the downregulation of PGRP-SC1, which is
associated with increased bacterial growth and proliferation.

DISCUSSION

In the present study, we aimed at understanding the Drosophila transcriptional pathways regulated by
beneficial gut commensals and leading to improved growth. Consistent with previous work, we showed
that gut microbes strongly affect host's gene expression (Nichole A. Broderick et al., 2014; Combe
et al., 2014; Dobson et al., 2016), and such effects happen regardless of their benefit potential. Indeed,
the presence of two isogenic L. plantarum strains differing in growth promotion significantly altered
gene expression in Drosophila compared with axenic conditions. Analysis of the genes differentially ex-
pressed between gnotobiotic and axenic conditions revealed the upregulation of genes related to hostim-
mune response in the presence of bacteria (Figure S2, Tables S1 and S2). It is well known that commensal
bacteria are basal inducers of host immune responses (Broderick et al., 2014; Buchon et al., 2009, 2013;
Combe et al.,, 2014; Erkosar et al., 2012; Ryu et al., 2008). Our analysis highlighted the significant impact
of peptidoglycan-recognition proteins (e.g., PGRP-SB1, PGRP-SD, PGRP-LA, PGRP-SCs) in Drosophila
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immune system regulation and response to bacteria. PGRPs represent the main and most diverse func-
tional family of peptidoglycan detection proteins (Anselme et al., 2006; Dziarski and Gupta, 2010; Li
et al., 2007; Royet and Dziarski, 2007; Troll et al., 2010; Yu et al., 2010) and have been largely reported as
crucial effectors in regulating the antibacterial response in Drosophila (Buchon et al., 2014; Kurata, 2010;
Royet et al., 2011). We also detected an enriched expression of lysozyme genes (i.e., LysB, C, D and E),
which are synthesized at a high rate in the midgut of larvae and adult flies and are known to have a specific
role in the digestive process (Daffre et al., 1994; Marra et al., 2021). In addition, they are involved in the hy-
drolysis of beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in bacterial
peptidoglycans, likely supporting the action of the PGRP-SC genes in the antibacterial response (Nash
et al., 2006). In addition to immune system regulation, bacterial association caused the upregulation of
genes known to be involved in stress response (e.g., hsp23, GstD8), proteolysis (Jonébci, Jonbécii,
Jond4E, Jon9%ci, Bace, etc.), and metabolism (Figure S2, Tables ST and S2). All these results are largely
in agreement with those of previous studies examining the impact of gut commensals on
D. melanogaster transcriptional regulation across different fly developmental stages and populations
(Nichole A Broderick et al., 2014; Combe et al., 2014).

We next sought to determine the host genes specifically altered by the presence of commensal bacteria
that promote Drosophila growth and development. To do this, we compared the transcriptional response
of Drosophila larvae associated with two isogenic L. plantarum strains: a strong growth-promoting strain
(LpTS278) and the mid-beneficial strain LpN?©%877 We detected differential expression of only 21 genes
between the two conditions. Specifically, Lo™"%%"® |ed to a strong upregulation of the Sperm-Leucylami-
nopeptidase 3 (S-lap3) compared with LpNZ9%77_associated larvae, reaching a variation of 23-fold. Sperm-
Leucylaminopeptidases have been described as structural components of the paracrystalline material of
Drosophila sperm, and they are known to be expressed exclusively during spermatogenesis (Dorus
etal., 2011; Laurinyecz et al., 2019). However, although gonadal development begins during larval and pu-
pal stages, Drosophila larvae are not sexually mature (Markow, 2002, 1988; Markow and O'Grady, 2008).
Here, we do not expect that the S-lap regulation is directly linked to fly fertility or sperm function. Instead,
being peptidases, they may be involved in host development and maturation; this is in line with the upre-
gulation of protease genes that have been detected in the presence of Lp™Y21® (e.g., CG43124,
CG43125). Beneficial microbes have been directly associated with increased proteolytic activities, which
improve host nutrition and lead to faster development (Combe et al., 2014; Erkosar et al., 2012). Here,
we speculate that the upregulation of Sperm-Leucylaminopeptidases exerted by Lp™-"5218 might impact
larval nutrition and development, which is known to affect the subsequent adult reproductive success
(Robertson, 1954, 1957). Indeed, Lp™"¢%18 also triggers the upregulation of genes directly involved in
Drosophila development and lifespan (i.e., mthlé) and nutrient sensing (Obp56e). mthlé belongs to the
Methuselah/Methuselah-like (Mth/Mthl) gene family of G-protein-coupled receptors, which are essential
for larval development, stress resistance, and in the setting of adult lifespan (Aradjo et al.,, 2013; De
Mendoza et al., 2016; Lin et al., 1998). On the other hand, the odorant-binding protein Obp56e is required
for the detection of several essential amino acids. Its upregulation in the presence of Lp™Y2"® might be
thus linked to a higher efficiency in nutrient sensing and assimilation as well as potentially higher food
intake. Further work would be needed to investigate the actual role of S-lap family in larval maturation
and growth and the consequences of altered expression on fly fertility.

The most surprising finding of this study was the downregulation of the immune response exerted by the
beneficial strain Lp™Y62"8, Although both Lp™"62%18 and LpN'?9?877 strains cause an increased expression
of peptidoglycan recognition proteins compared with axenic larvae, the association with Lp™-'¢%"#8
resulted in the specific lower expression of PGRP-SC1a and PGRP-SC1b compared with LpN'"?©?877_associ-
ated larvae. The PGRP-SC gene cluster contains three PGRP-SC isoforms: PGRP-SC1a, PGRP-SC1b, and
PGRP-SC2. PGRP-SC1a and PGRP-SC1b probably arose from a recent duplication, given that the two
genes differ only by a synonymous mutation and produce the same polypeptide (Paredes et al., 2011).
They display an amidasic activity, as they can bind and hydrolyze the bacterial peptidoglycan into smaller
nonimmunogenic muropeptides (Costechareyre et al., 2016; Mellroth and Steiner, 2006; Zaidman-Rémy
et al., 2006, 2011). In contrast, noncatalytic PGRPs (i.e., PGRP-SA, PGRP-SD, PGRP-LC, PGRP-LE, etc.)
bind to peptidoglycan but lack amidase activity. They are essential sentinels upstream of the two
NF-kB-dependent Drosophila signaling cascades called Toll and immune deficiency (IMD) (Kurata,
2010). Although the mode of action of noncatalytic PGRPs in the Drosophila immune response and bacte-
rial recognition has been extensively studied (Bischoff et al., 2004; Choe et al., 2002, 2005; Gottar et al.,
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2002; Kaneko et al., 2006; Leone et al., 2008; Michel et al., 2001; Ramet et al., 2002; Takehana et al., 2004;
Wang et al., 2008; Werner et al., 2003), the precise role of PGRP-SCs is less well defined. In this context, few
studies have focused on determining the function of PGRP-SCs. Specifically, the amidasic activity of
PGRP-SCs has been shown to result in dampening the IMD pathway, which appears to be under strong
negative regulation in flies (Bischoff et al., 2006; Costechareyre et al., 2016; Paredes et al., 2011); this is
known as immune tolerance, and it is meant to prevent constitutive activation of the energy-consuming
NF-kB pathways (Grenier and Leulier, 2020). In addition, it has been demonstrated that PGRP-SC1 and
PGRP-SC2 are required in vivo for full Toll pathway activation by Gram-positive bacteria and for phagocy-
tosis (Costechareyre et al., 2016; Garver et al., 2006). Here, we reveal that highly beneficial L. plantarum
strains are able to exert their growth-promoting effect by specifically downregulating PGRP-SC1 compared
with less beneficial strains, with no effect on other PGRPs. First, we hypothesized that such effect might be
driven by the evolutionary history of Lp™ Y21 which has been co-evolving with the fly for two generations
(Martino et al., 2018). However, our testing of other beneficial strains with different evolutionary back-
grounds (i.e., LpP®*92922) o1 phylogenetically distant from Lp™Y92 "8 (i.e., Lp™ Y led to the same effect
in PGRP-SC1 transcriptional regulation (Figures 2A and 3A); this suggests that PGRP-SC1 regulation by
growth-promoting L. plantarum strains is not strain specific but might reflect a general mechanism of
microbe-mediated growth promotion.

We demonstrated that the lower expression of PGRP-SC1 directly results from the loss of function of the
L. plantarum ackA gene. Indeed, we show that deleterious mutations in the ackA gene of different
L. plantarum strains cause PGRP-SC1 downregulation, which in turns leads to the improvement of the
L. plantarum growth-promoting effect. It is interesting to note that the lower expression of PGRP-SC1
does not result from decreased bacterial loads in the food or in the larval intestine. Contrarily, all
L. plantarum strains bearing the ackA mutation exhibited higher loads compared with LpN"?9%77 At the
same time, we show that the bacterial metabolic rewiring following ackA mutation is sufficient to downre-
gulate the expression of PGRP-SC1. In particular, the supplementation of N-acetyl-glutamine, a direct
consequence of ackA loss of function, was sufficient to trigger the lower expression of PGRP-SC1 without
causing an increase in bacterial colony counts; this suggests that increasing NAG concentration in the pres-
ence of a mid-beneficial strain is able to recapitulate the effect triggered by higher bacterial loads (i.e.,
downregulation of PGRP-SC1 and improved host growth promotion), but it is not sufficient to increase bac-
terial growth per se. We believe that other metabolic pathways separate from those that increased NAG
production are related to the improved growth of L. plantarum in association with Drosophila.

We next asked whether the specific downregulation of PGRP-SC in the larval midgut, as well as the deletion
of the PGRP-SC cluster, were sufficient to improve the beneficial effect of LpN'?9?%”7 Remarkably, we found
that LpN'#©2877 significantly improves its benefit, recapitulating the effect exerted by Lp™Y?"® both in
Mex-Gal4>UAS-PGRP-SC-RNAi and PGRP-SC? flies. Importantly, we show that such improvement in
growth promotion likely results from the higher bacterial loads reached by LpN'"?©?%”7  compared with
the reference population (Figure 4C). Again, this result points out the importance of bacterial colony counts
in affecting larval growth and development. Altogether, our data demonstrate that the degree of benefit
exerted by L. plantarum toward Drosophila relies on the regulation of its immune response. Specifically,
highly beneficial L. plantarum strains improve Drosophila growth by downregulating the expression of
PGRP-SC1 in the larval midgut compared with moderate beneficial strains. The downregulation of such
peptidoglycan catalytic enzymes is likely associated with a decreased bactericidal activity and higher viable
bacterial cells, which in turn benefit larval development and maturation. It is important to note that we did
not detect any significant difference in the regulation of the IMD pathway (i.e., pirk, Rel, AttD gene expres-
sion) nor the Toll pathway (i.e., Drs expression) between Lp™-"5218. and [pNZ9%77_5ss0ciated larvae
(Table S1 and Figure S4), indicating that the higher expression of PGRP-SC1 observed in the presence
of LpN'#©?877 does not result in the IMD negative regulation, as expected from previous works (Bischoff
et al., 2006; Costechareyre et al., 2016). On the other hand, PGRP-SC downregulation following L/:)FLYGZ'W'8
higher loads both in the medium and in the larval leads to improved host growth, further proving that bac-
terial concentration is directly proportional to microbial benefit; this is in line with the dual effect that
commensal bacteria exert on their host. First, Drosophila larvae can use the microbial biomass as a source
of additional nutrients, especially under nutrient-scarce conditions (Keebaugh et al., 2018; Storelli et al.,
2018). Secondly, live microbes can improve animal metabolism and amino acid absorption by increasing
the host's intestinal peptidases activity shown here and in prior work (Dziarski and Gupta, 2010; Royet
and Dziarski, 2007). Moreover, live microbes actively produce and release essential nutrients (Consuegra
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etal., 2019, 2020a; Martino et al., 2018; Storelli et al., 2018) whose density arises as bacterial loads increase.
In this light, we specifically demonstrated that the increase in the production of metabolic products of live
bacteria (i.e., N-acetyl-glutamine), which mimics the effect of higher microbial loads, is sufficient to trigger
a lower expression of PGRP-SC1 and improve larval growth. The effect of bacterial metabolites on the
regulation of Drosophila immune system has been also reported in previous studies (Kamareddine
et al., 2018; Shin et al., 2011). Kamareddine et al. demonstrated that acetate produced by commensal
bacteria from the Acetobacter genus can alter the expression of IMD pathway genes through PGRP-LC
regulation in the enteroendocrine cells, which leads to mobilization of lipid resources in the nearby
enterocytes and ultimately to growth promotion (Kamareddine et al., 2018). Although these data show
that local signaling of bacterial by-products have systemic consequences on the host's development, it
remains unknown how such metabolites (i.e., N-acetyl-glutamine, acetate, etc.) directly affect Drosophila
immune response.

Collectively, our work shows that the lower expression of PGRP-SC1 in Drosophila midgut caused by bene-
ficial commensal bacteria is directly responsible of improved larval growth. PGRPs are highly conserved
from insects to mammals. Although, in insects, PGRPs are mostly involved in regulating defense pathways,
in mammals, they have primarily antimicrobial activities (Gelius et al., 2003; Lu et al., 2006; Paredes et al.,
2011; Wang et al., 2007). Here, we show that a lower expression of PGRP-SC1 is directly linked to higher
microbial loads, suggesting the specific bactericidal activity of such protein, with no effect on the regula-
tion of immune pathways; this demonstrates that intestinal immune tolerance mechanisms to beneficial
bacteria are critical to lead to higher bacterial growth and thus to improved host’s health. Signaling
through immune pathways happens via the activity of bacterial peptidoglycan and metabolic products
(i.e., N-acetyl-glutamine), which are directly responsible of host immune regulation and growth. Our results
reinforce the notion that the influence of beneficial microbes on Drosophila physiology therefore relies on
the intricate network of nutritional, metabolic, and immune inputs (Grenier and Leulier, 2020). Further work
would be needed to dissect the interdependency of such processes and to reveal the mechanisms
underlying the bacterial specificity toward Drosophila immune effectors.

Limitations of the study

This study shows that beneficial commensal bacteria improve larval growth by downregulating the expres-
sion of PGRP-SC in the larval midgut. Moreover, such transcriptional regulation is caused by the loss of
function of L. plantarum ackA gene and the increase of N-acetyl-amino acids. However, future studies
are required to reveal how bacterial acetate metabolism influence Drosophila immune response. In addi-
tion, in this study we employed Drosophila transgenic lines bearing either the downregulation or the dele-
tion of PGRP-SC cluster. We have not been able to employ the genomic rescue of the PGRP-SCs deficiency
lines or create Drosophila transgenic lines bearing the specific downregulation of PGRP-SC1 to verify that
bacterial proliferation triggers the lower expression of PGRP-SC1 in larval midgut. It will be thus interesting
to test the effect of L. plantarum on Drosophila lines bearing the mutation of PGRP-SC1 alone; this will allow
to further proving the specificity of our results.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial strains

L. plantarum: LpN'#02877 (Martino et al., 2015a) LKHZ01000000
L. plantarum: Lp™©218 (Martino et al., 2018) PEBE00000000
L. plantarum: LpP't¢20-2-2 (Martino et al., 2018) PEGW00000000
L. plantarum: Lp*<4 This paper N/A

L. plantarum: Lp™" (Martino et al., 2015b) LKLZ00000000.

Chemicals, peptides, and recombinant proteins

Inactivated Dried Yeast Bio Springer Springaline BA95/0-PW
Cornmeal Westhove Farigel maize H1

Agar VWR #20768.361
Methylparaben Sodium Salt MERCK 106756; CAS: 5026-62-0
Propionic Acid Sigma-Aldrich P1386; CAS: 79-09-4
N-Acetyl Glutamine Sigma-Aldrich A9125-25G; CAS: 2490-97-3
Man, Rogosa, and Sharpe (MRS) Broth Medium Condalab 1215

Man, Rogosa, and Sharpe (MRS) Agar Medium Condalab 1043

Luria Bertani Broth Condalab 1551

Phosphate buffered saline (PBS) Sigma-Aldrich P4417

Glycerol Sigma-Aldrich G5516; CAS: 56-81-5
Tetracyclin Sigma-Aldrich 87128; CAS: 60-54-8
Ampicilin Sigma-Aldrich A9393; CAS: 69-53-4
Kanamycin Sigma-Aldrich K1377; CAS: 25389-94-0
Erythromycin Sigma-Aldrich E1300000; CAS: 114-07-8
RNA later Invitrogen AM7021

Critical commercial assays

RNeasy Mini Kit Qiagen 74104

Agilent RNA 6000 Nano kit Agilent 5067-1511

SuperScript™ IV First-Strand Synthesis System Invitrogen™ 18091050

PowerUp™ SYBR™ Green Master Mix Applied Biosystems™ A25741

Deposited data

Raw and Analysed Data This paper NCBI: Temporary Accession
Number SUB10001912
Experimental models: Organisms/strains
Drosophila melanogaster: yw (Martino et al., 2018) N/A
(reference strain for this work)
Drosophila melanogaster: Oregon R Department of Biology N/A
University of Padova
Drosophila melanogaster Mex-Gal4 (Phillips and Thomas, 2006) N/A
Drosophila melanogaster UAS-mCherry-RNAI BDSC RRID: BDSC_35785
Drosophila melanogaster: PGRP-SC* (Paredes et al., 2011) N/A
Oligonucleotides
PGRPSc1-F: AGCTTCCTGGGCAACTACAA This paper N/A
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PGRPSc1-R: TCGTTCCAGATGTGAGTGCC This paper N/A
rp49-F: CCCAAGATCGTGAAGAAGCG This paper N/A
rp49-R: TTGTCGATACCCTTGGGCTT This paper N/A
AttD-F: AGGAAACCCAAAGAGCGGAG This paper N/A
AttD-R: ACTGGACTTACGCGTTGACC This paper N/A
Drs_F: CCAAGCTCCGTGAGAACCTT This paper N/A
Drs_R: ACAGGTCTCGTTGTCCCAGA This paper N/A
oJV1: ATTGCATGCTTATGAGCAGTGAGCT This paper N/A
CAAGCTTTCTTTGAA
0JV2: AAATTCAGAAGGGATTCTCCACTAGT This paper N/A
GGTACCTTAGCTGT
oJV3: ACAGCTAAGGTACCACTAGTGGAGA This paper N/A
ATCCCTTCTGAATTTAG
0JV4: TTCAAAGAAAGCTTGAGCTCACTGCT This paper N/A
CATAAGCATGCAAT
0JV5: ATGAGTCAATTAAAAACGCGTG This paper N/A
0JVé6: GACTATTTTTCCTCCATCCAT This paper N/A
oJV7: TTTTGCTCACATGTTCTTTC This paper N/A
0JV8: CTGCTTTTTGGCTATCAATC This paper N/A
0JV9: TCATTTAAATCGCCTTGTCGCA This paper N/A
0JV10: CTCACCAACCAAGTCTG This paper N/A
0JV11: CATCATGATCGCCTCGCTTTCT This paper N/A
Recombinant DNA
Plasmids used to engineer L. plantarum This paper N/A

with CRISP-as9, see Table S6

Software and algorithms

ImageJ
Rstudio

LyghtCycler 480 Basic Software Version 1.2

Automatic Colony Counter Scan® 300 and Software

Leica application suite (LAS)

(Schneider et al., 2012)
Rstudio Team, 2015
Roche Diagnostic
Vetrotecnica

Leica

https://imagej.nih.gov/ij/
https://www.rstudio.com/
N/A
N/A
N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

Lead Contact, Maria Elena Martino (mariaelena.martino@unipd.it).

Material availability

Plasmids and bacterial strains generated in this study are available from the lead contact.

Data and code availability

® All data needed to evaluate the conclusions in the article are present in the article or the supplemental
information. The Raw data (FASTQ) have been deposited at NCBI under the temporary Accession num-

ber SUB10001912.

® No new code was generated during the course of this study.

® Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Bacterial strains and culture conditions

The strains used in the present study are listed in Table S5. All strains were grown in Man, Rogosa, and
Sharpe (MRS) broth and agar medium (Condalab, Spain) over night at 37°C without shaking and stored
at —80°C in MRS broth containing 20% glycerol.

D. melanogaster strains and maintenance

Drosophila yw flies were used as the reference strain in this work. Other strains used in this work
were: Oregon® (flies purchased from Department of Biology, University of Padova, Italy), PGRP-SC* KO
line (kind gift from Prof. Bruno Lemaitre) described in Paredes et al. (2011), UAS-PGRPSC-RNAI
(kind gift from Francois Leulier) described in Bischoff et al., (2006), and Mex-Gal4, UAS-mCherry-
RNAI (kind gift from Francois Leulier). For experiments, parents were crossed in Drosophila polystyrene
vials containing 50 g/L inactivated yeast (rich diet) at 25°C. Progeny were collected at
emergence and kept on rich diet at a density of 30 animals/vial for three days, prior to the bacterial
mono-association.

Germ-free (GF) stocks were established as described in Storelli et al. (2011). Drosophila stocks were kept at
25°C with 12/12 hrs dark/light cycles on a yeast/cornmeal diet containing 50 g/L inactivated yeast (rich diet)
as described by Storelli et al. (2011). Poor Yeast Diet (PYD) and PYD + N-acetyl-Glutamine (NAG) were ob-
tained by reducing the amount of yeast extract to 8 g/L and adding 1 g of NAG, respectively, as described
in Martino et al., (2018).

Colonization and infection of larvae

GF adults were put overnight in breeding cages to lay eggs on PYD. GF embryos were collected the next
morning and seeded by pools of 40 on 55 mm petri dishes containing PYD. Bacterial strains were cultured
to stationary phase in MRS broth at 37°C. The embryos were mono-associated with 150 uL (7 x 107 total
CFU) of the respective bacteria, or sterile Phosphate buffered saline (PBS, Sigma-Aldrich, USA) for GF con-
dition. Petri dishes were incubated at 25°C until larvae collection.

METHOD DETAILS
Larval size measurements

The size of the larvae was measured for all conditions from day 4 to day 7 of incubation. Larvae (n > 60) were
collected and washed in distiller water, killed with a short heat treatment (5s at 90°C) and transferred on a
microscopy slide. Images of the larvae were captured using a digital microimaging Leica DMD108 and
larval longitudinal size (length) was measured using ImageJ software (Schneider et al., 2012). The pictures
of the larvae were captured with Leica MZ16A stereomicroscope with Leica Application Suite (LAS) micro-
scope software.

Bacterial load quantification

Quantification of larvae-associated bacteria was determined from a pool of 25 larvae (at least three repli-
cates for condition) on day 4. Larvae were surface sterilized in 75% ethanol and placed in 1 mL of PBS. Sam-
ples were mechanically crushed, plated on MRS agar and incubated at 37°C for 48 h. For each sample, the
remaining fly food was placed in 10 mL of PBS. Samples were plated and incubated as reported above. The
CFU count was performed using automatic colony counter Scan® 300 (Vetrotecnica, Italy) and its accom-
panying software. GF samples were plated on Luria Bertani (LB) agar (Condalab, Spain), and incubated for
72 h at 25°C.

NIZO2877

L. plantarum mutant generation

Plasmid generation

Two E. coli-Lactiplantibacillus shuttle vectors were used to perform genome editing in LpN'?©?%7_ The

first shuttle vector, pCB578 (Table Sé) encodes SpyCas?, a tracrRNA and repeat-spacer-repeat array
with a 30-nt spacer targeting the acetate kinase gene (ackA) that was used previously in LpN'"#©2877 (Var-
tino et al., 2018). The second shuttle vector, pCB591, was used to clone a recombineering template to
generate a clean deletion of the ackA gene in LpN'?9?%”7 First, pCB591 was amplified with primers

0JV1-2, and genomic DNA from LpN?°%77 was amplified with primers 0JV3-4 that amplify ackA as
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well as 1-kb homology arms flanking the start and stop codons. The PCR fragments were stitched
together using the Gibson assembly kit (NEB CN# E2611S) following manufacturer’s instructions to yield
pJV204. Then, primers 0JV5-6 were used to remove ackA from pJV204 using the Q5 site-directed muta-
genesis kit (NEB CN# E0554S) following the manufacturer’s instructions, yielding the final recombineer-
ing template pJV218. NEB 5-alpha or 10-beta Competent E. coli cells were used for both cloning steps,
and primers oJV7-8 were used for screening clones by colony PCR. Correct clones were confirmed by
Sanger sequencing.

Transformation of plasmids

Transformation of plasmids into LpN'?9?%”7 was performed as described previously (Leenay et al., 2019). In

short, 1 mL of an overnight culture was used to inoculate 25 mL of fresh MRS supplemented with 2.5%
glycine and was grown until ODggg reached 0.6-0.8. Then, cells were washed twice with ice-cold 10 mM
MgCl; and twice more with ice-cold SacGly solution. Plasmid DNA (1 nug suspended in water) and 60 plL
of electrocompetent cells were added to a pre-cooled 1-mm electroporation cuvette and transformed
at the following conditions: 1.8 kV, 200 Q resistance, and 25 pF capacitance. Following electroporation,
cells recovered in MRS broth for 3 hours then were plated on MRS agar containing appropriate antibiotics
for 3 days before screening or inoculating colonies. Chloramphenicol and erythromycin concentrations
were both 10 pg mL™" in MRS liquid media and agar.

Genome editing

To delete ackA from LpN'#0%877

, the recombineering template shuttle vector pJV218 was passaged
through the methyltransferase-deficient E. coli strain EC135 to improve transformation efficiency (Zhang
et al., 2012) and then transformed into Lp"N'?©%%"7, where transformants were plated on MRS agar plates
containing chloramphenicol. Then, the ackA-targeting SpyCas9 shuttle vector pCB578 was passaged
through EC135 and transformed into the LpN'?©2877
tle vector, where transformants were plated on MRS agar containing erythromycin. Surviving colonies

were screened for the desired genomic deletion using colony PCR with primers 0JV9-10, and the PCR

strain harbouring the recombineering template shut-

products were subjected to gel electrophoresis and Sanger sequencing with 0JV11 to validate the clean

AdackA H
strain by

cycling between culturing in MRS media and plating on MRS agar, both without antibiotics. After

deletion of ackA (Figure S7). Both plasmids were cured from the mutant L. plantarum

each round of non-selective growth, cultures were plated on MRS agar supplemented with either chlor-
amphenicol or erythromycin. This cycle was repeated until the mutant strain was sensitive to either
antibiotic.

RNA extraction, RT-PCR and real-time PCR

Five biological replicates were generated for each condition (LpN'ZO2877_ [ pFly-G2.1:8.

, and PBS-associated
larvae). Twenty-five larvae or thirty-five dissected guts were collected for each sample, transferred in 50 pL
of RNA later, flash-frozen in liquid nitrogen and stored at —80°C. RNA was extracted using RNeasy Mini Kit
(Qiagen, Germany). Quantity and quality of RNA was assessed on an Agilent 2100 Bioanalyzer using Agilent
RNA 6000 Nano kit (Agilent, USA). Extracted RNA was reverse-transcribed to cDNA using SuperScript™ IV
First-Strand Synthesis System (Invitrogen™, USA). Real-time PCR amplifications were performed on a
LightCycler 480 thermal cycler (Roche Diagnostic, Mannheim, Germany) in a final volume of 10 pL, which
included 2.5 uL of cDNA template. The PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™,
USA) was used together with 0.25 plL of each primer (Table S7). The cycling conditions were as follows:
50°C for 2 min, followed by 2 min at 95°C, and 45 cycles at 95°C for 10 s and 60°C for 1 min. Outputs of
real-time amplifications were analysed by means of the LyghtCycler 480 Basic Software Version 1.2 (Roche
Diagnostic, Mannheim, Germany). The amount of mRNA detected was normalized to control rp49 mRNA
values. Normalized data were used to quantify the relative levels of a given mRNA according to cycle
threshold analysis (ACy).

Library preparation and RNA sequencing

The preparation of mRNA-Seq libraries and their sequencing has been carried out at the EMBL Genomics
Core Facilities, Germany. Preparation of barcoded stranded mRNA-Seq libraries was performed with uni-
directional deep sequencing of pooled libraries, read-length 80 bases, lllumina NextSeq run (yield ~550
million reads/lane), the pool of 15 libraries in one run.
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QUANTIFICATION AND STATISTICAL ANALYSES

Single-end reads have been mapped onto the D. melanogaster reference dmel-all-r6.36 with STAR. The
read counts were obtained with RSEM and the differential expression analysis has been done on R with DE-
seq?2 package. For the comparative analysis between gnotobiotic and GF larvae, all samples and the three
conditions were added to the model. To compare LpN"Z©?877_ and Lp™6218_associated larvae samples, a
second model was used with only these samples. The GO term analysis was performed using DAVID online
tool on the Flybase gene ID (Huang et al., 2009).

Data representation and analysis was performed using Graphpad PRISM 9 software (www.graphpad.com).
One-Way ANOVA test was applied to performed statistical analyses between multiple (n > 2) conditions
for multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Additional images
have been done on R software with ggplot2 package.
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