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SUMMARY

Quorum sensing fundamentally alters the interaction of Vibrio cholerae with aquatic 

environments, environmental hosts, and the human intestine. At high cell density, the quorum-

sensing regulator HapR represses not only expression of cholera toxin and the toxin co-

regulated pilus, virulence factors essential in human infection, but also synthesis of the 

Vibrio polysaccharide (VPS) exopolysaccharide-based matrix required for abiotic and biotic 

surface attachment. Here, we describe a feature of V. cholerae quorum sensing that shifts the 

host-pathogen interaction toward commensalism. By repressing pathogen consumptive anabolic 

metabolism and, in particular, tryptophan uptake, V. cholerae HapR stimulates host intestinal 

serotonin production. This, in turn, activates host intestinal innate immune signaling to promote 

host survival.
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In brief

Here, Jugder et al. show that the V. cholerae master high cell density regulator HapR represses 

pathogen tryptophan consumption. This provides host enterocytes precursors for serotonin 

synthesis, which activates intestinal innate immune signaling and prolongs host survival. Thus, 

V. cholerae HapR promotes a commensal relationship with the host.

INTRODUCTION

Regulatory quorum sensing circuits are encoded in the chromosomes of most if not all 

bacteria (Kareb and Aider, 2020; Papenfort and Bassler, 2016). These circuits allow bacteria 

to measure the density of their neighbors through receptors that bind specific diffusible 

signals that are synthesized and excreted into the environment. These quorum sensing 

receptors then activate a signaling cascade leading to global transcriptional changes.

Bacterial quorum sensing circuits play disparate roles in the host-microbe interaction. In 

the case of the symbiont Vibrio fischeri, quorum sensing plays an integral role in the 

development and survival of its squid host Euprymna scolopes in the environment (Essock-

Burns et al., 2021; Lupp et al., 2003). In the human pathogen Pseudomonas aeruginosa, 

high cell density (HCD) quorum sensing increases expression of virulence factors to the 

detriment of the host (Chadha et al., 2021). The plant pathogen Agrobacterium tumefaciens 
uses HCD quorum sensing regulation to increase the copy number of its virulence plasmid 

and promote conjugal virulence plasmid transfer (Platt et al., 2014). The multiple quorum 
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sensing circuits of the Gram-negative halophilic bacterium Vibrio cholerae have been 

intensively studied (Jung et al., 2016; Mashruwala and Bassler, 2020). Although only a 

subset of V. cholerae strains are human pathogens that express the principal intestinal 

colonization factor toxin co-regulated pilus (TCP) and the diarrheal agent cholera toxin 

(CTX), the genomes of pathogenic and environmental V. cholerae strains encode quorum 

sensing circuits. Given the heterogeneity of V. cholerae strains and diversity of environments 

they inhabit, the overarching role of quorum sensing in the life cycle of V. cholerae remains 

opaque.

A particularly complex V. cholerae quorum sensing circuit includes four quorum sensing 

receptors that respond to four unique ligands (Jung et al., 2015, 2016). At low cell density, 

these quorum sensing receptors are kinases that phosphorylate the response regulator LuxO. 

Phosphorylated LuxO activates transcription of four small regulatory RNAs, Qrr1–Qrr4, that 

promote translation of the low cell density transcription factor AphA and inhibit translation 

of the HCD transcription factor HapR. When their ligand is abundant, any one of these 

quorum sensing receptors can dephosphorylate LuxO to increase HapR protein levels (Jung 

et al., 2015). As the master regulator of adaptation to HCD, HapR increases transcription 

of hapA, encoding the secreted hemagglutinin protease responsible for most of the protease 

activity in V. cholerae supernatants (Wang et al., 2011). It also represses expression of the 

VPS biofilm exopolysaccharide synthesis enzymes and the virulence factors CTX and TCP 

(Beyhan et al., 2007; Waters et al., 2008; Zhu and Mekalanos, 2003; Zhu et al., 2002). 

Because TCP is the principal colonization factor in the small intestine, investigators have 

proposed that, at HCD, HapR mediates V. cholerae detachment from the human intestine and 

environmental dispersal (Fong et al., 2010; Tacket et al., 1998; Zhu et al., 2002). However, 

the ubiquity of these circuits in non-pathogenic Vibrio suggest that they may also play an 

important role outside of the human intestine.

Because V. cholerae is found in close association with arthropods in the environment (Broza 

et al., 2005; Halpern et al., 2004; Sack et al., 2003), we previously proposed the common 

fruit fly Drosophila melanogaster as a model arthropod host for V. cholerae (Blow et al., 

2005). The fly intestine is comprised of a foregut, midgut, hindgut, and rectum (Capo et al., 

2019). The midgut, which is the seat of digestion and nutrient absorption, is comprised of an 

anterior region (anterior midgut [AMG]) that houses the microbiota, an acidic middle region, 

and a relatively microbe-free posterior midgut (PMG) (Wong et al., 2016). Its epithelium 

includes enterocytes (ECs), enteroendocrine cells (EECs), and stem cells. Although all 

of these cell types encode components of the tumor necrosis factor (TNF)-like immune 

deficiency (IMD) innate immune signaling pathway, this pathway likely has a unique 

regulon in each cell type (Ferguson and Foley, 2021; Kamareddine et al., 2018a; Ryu et 

al., 2006; Wang et al., 2013).

Systemic IMD signaling is initiated by peptidoglycan monomers and polymers that are 

sensed by two peptidoglycan receptors, peptidoglycan recognition protein (PGRP)-LE and 

PGRP-LC. IMD signaling terminates in phosphorylation and cleavage of the transcription 

factor Relish, which is homologous to nuclear factor κB (NF-κB) of mammals. The N-

terminal fragment of Relish, Rel68, then translocates to the nucleus to activate expression of 

several antimicrobial peptides (AMPs) as well as other genes, many of which have unknown 
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significance in innate immunity (Kleino and Silverman, 2014). A subset of EEC in the 

Drosophila AMG and PMG express and secrete the enteroendocrine peptides Tachykinin 

(Tk), diuretic hormone 31, and neuropeptide F (Dutta et al., 2015; Guo et al., 2019). These 

cells coordinate EC AMP expression in response to commensal and pathogenic bacteria 

through transcriptional activation and release of Tk (Kamareddine et al., 2018a). Because Tk 

also represses intestinal lipid synthesis, decreased expression of Tk in EECs results in lipid 

accumulation in ECs (Song et al., 2014). Therefore, Tk may act as a metabolic regulator and 

as a cytokine (Jugder et al., 2021).

In oral infection of Drosophila, V. cholerae passes through the AMG, experiences a 

bottleneck in the acidic middle midgut, and accumulates in the PMG and rectum. Host 

death is the ultimate outcome. Although TCP and CTX are not major virulence factors 

in this infection, ingested V. cholerae activates transcription of the genes required for 

VPS exopolysaccharide-dependent biofilm formation, and this biofilm is essential for 

colonization of the fly intestine (Purdy and Watnick, 2011). As the infection progresses, 

the intestinal biofilm reaches densities that activate HCD quorum sensing and repress VPS 

biosynthesis genes in a HapR-dependent manner (Kamareddine et al., 2018b). However, in 

continuous feeding experiments, which do not depend on colonization, WT V. cholerae and 

VPS mutants are equally lethal to the Drosophila host (Kamareddine et al., 2018b).

We have reported previously that HapR attenuates V. cholerae virulence in the Drosophila 
host. Here we demonstrate that repression of tryptophan uptake by V. cholerae HapR fuels 

the conversion of tryptophan to serotonin in host ECs and that activation of host intestinal 

IMD signaling by serotonin prolongs host survival of infection.

In the mammalian host, modulation of dietary tryptophan by commensal microbes alters 

serotonin levels, and this affects intestinal innate immunity and inflammation (Gao et al., 

2018; Haq et al., 2021; Liu et al., 2021). We propose that, in human and Drosophila 
infection, a decrease in V. cholerae tryptophan consumption as pathogen burden increases 

may attenuate intestinal inflammation and improve metabolic homeostasis.

RESULTS

A V. cholerae ΔhapR mutant demonstrates increased virulence

We have reported previously that a V. cholerae ΔhapR mutant is more virulent in a fly model 

of oral infection (Kamareddine et al., 2018b). Increased virulence has also been observed for 

a ΔhapR ΔvpsA mutant that is defective for biofilm formation. This more virulent phenotype 

was documented in infection of Oregon R (OreR) males and females (Figure 1A). Depletion 

of lipid stores from the main lipid repository, the fat body, was accelerated during a ΔhapR 
mutant infection (Figure 1B).

Because the PMG is stably colonized by V. cholerae (Purdy and Watnick, 2011), we 

questioned whether infection with a ΔhapR mutant might differentially alter Tk and DH31 

expression in this intestinal compartment. In fact, compared with the intestines of flies 

infected with wild-type (WT) V. cholerae, we noted a significant decrease in Tk+ and 

DH31+ cells in the PMG but not AMG of OreR flies infected with a ΔhapR mutant (Figures 
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1C and 1D). Total intestinal Tk expression was also slightly but significantly decreased 

(Figure S1A). However, in contrast to the observation in TK knockdown flies, no increase in 

lipid accumulation was observed in the AMG or PMG (Figure S1B; Song et al., 2014). This 

suggests that Tk+ cells in the AMG and PMG respond to distinct microbial signals and that 

ΔhapR mutant infection does not decrease Tk expression sufficiently to derepress intestinal 

lipid synthesis.

V. cholerae HCD quorum sensing signaling activates ecdysone-dependent gene regulation, 
IMD signaling, and cuticular synthesis in the host intestine

We have reported previously that activation of V. cholerae HCD quorum sensing diminishes 

virulence in the model arthropod host D. melanogaster in part because of differential 

utilization of environmental succinate by the V. cholerae ΔhapR mutant (Kamareddine et al., 

2018b). To better understand this process, we interrogated the host intestine transcriptional 

response to V. cholerae HCD quorum sensing by RNA sequencing (RNA-seq) analysis using 

the following infection model. Flies were fed V. cholerae in Luria-Bertani (LB) broth for 48 

h, followed by a 24-h washout in PBS. We have found previously that, after this washout 

period, V. cholerae is principally present in the PMG and rectum (Purdy and Watnick, 2011). 

Colonization was preserved during the washout period, and we did not observe a significant 

difference in colonization between WT V. cholerae and a ΔhapR mutant (Figure S2A). 

As shown in Figures S2B and S3A, under these conditions, transcription of V. cholerae 
vpsL, a gene essential for VPS synthesis, was increased in ΔhapR mutant infection, whereas 

transcription of V. cholerae hapA was decreased. Therefore, in this experimental design, V. 
cholerae is stably associated with the Drosophila intestine, colonization by WT V. cholerae 
and a ΔhapR mutant is comparable, and HCD quorum sensing is activated.

Using this model, a transcriptomic comparison of WT V. cholerae and ΔhapR-infected 

fly intestines identified 782 differentially regulated fly genes (Table S1). Of these, the 

transcription of 672 genes was increased in WT infection, whereas transcription of 110 

was increased in ΔhapR infection. This demonstrates that the Drosophila intestine actively 

responds to the changes imposed on the V. cholerae transcriptome by HapR regulation.

To uncover broad categories of differentially represented genes, we performed Gene 

Ontology (GO) analysis. The Gene Ontology Terms (GOTERMS) representing structural 

constituents of chitin or the cuticle, the IMD innate immune response, and the ecdysteroid 

metabolic process were significantly overrepresented in the list of Drosophila genes 

activated by WT V. cholerae infection, and IMD-regulated AMPs, ecdysone-responsive 

genes, and cuticular genes were among the most highly and significantly differentially 

upregulated in WT infection (Figures 2A and 2B). In contrast, only GOTERMs related 

to oxidation-reduction were significantly overrepresented in the list of host genes with 

increased transcription in ΔhapR mutant infection (Figures 2A and 2B).

The steroid hormone 20-hydroxyecdysone (20E) regulates cuticle synthesis during 

development and potentiates Drosophila IMD signaling in many organ systems of the adult 

fly, including the intestine (Ali and Takaki, 2020; Flatt et al., 2008; Jugder et al., 2021; 

Nunes et al., 2021; Rus et al., 2013; Zheng et al., 2018). We observed differential activation 

of several 20E-regulated genes in the intestines of flies infected with WT V. cholerae 
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(Figures 2B and S3B; Table S1). In addition, 46 genes associated with cuticle formation and 

at least 20 known IMD pathway-regulated genes, including 10 AMPs, were differentially 

activated in response to WT V. cholerae infection (Figure 2B; Table S1).

Some cuticular proteins we identified by GO analysis are expressed in all intestinal cell 

types, others are most highly expressed in EECs, and most are induced in response to 

infection (Dutta et al., 2015). A study in the silk moth Bombyx mori has demonstrated 

regulation of cuticular genes by the IMD pathway (Liang et al., 2015). We hypothesize 

that, when synthesized by intestinal epithelial cells, these proteins participate in peritrophic 

matrix synthesis, whose renewal would be a logical component of the innate immune 

response to intestinal infection. We propose that 20E-responsive, IMD-regulated, and 

cuticular genes fall within one regulatory pathway.

Activation of the intestinal IMD pathway by HCD quorum sensing follows a pathway similar 
to that utilized by the commensal microbiota

We previously showed that the commensal microbiota activates intestinal IMD signaling 

by amplifying 20E-dependent regulation via chromatin remodeling in Tk-expressing EECs 

(Jugder et al., 2021). IMD signaling in these cells controls expression of Tk, which then 

serves as a cytokine to activate IMD signaling in other cell types. To establish that WT V. 
cholerae activates IMD signaling via a similar route, we allowed OreR flies to ingest WT 

V. cholerae or a ΔhapR mutant in LB broth for 48 h, washed out non-adherent bacteria, and 

then harvested intestinal mRNA. We observed a pattern of 20E-regulated gene transcription 

similar to that observed in response to microbiota-derived acetate and consistent with 

activation by WT infection downstream of 20E synthesis (Figure 2C). We also corroborated 

increased transcription of DptA, CecA1, and AttA in WT infection (Figure 2D).

To determine whether Tk participates in IMD signaling in response to V. cholerae HCD 

quorum sensing, we administered WT V. cholerae or a ΔhapR mutant to Tk > driver-only 

and Tk > TkRNAi flies. V. cholerae HCD regulation was observed in the intestines of control 

and RNAi flies (Figure 2E). Despite this, infection with WT V. cholerae compared with a 

ΔhapR mutant yielded increased intestinal DptA and AttA expression only in driver control 

but not in Tk RNAi flies (Figure 2F). This suggests that increased AMP expression in 

response to V. cholerae HCD quorum sensing is dependent on Tk expression.

The commensal microbiota activates the intestinal innate immune response but does not 

kill the host. We questioned whether differential activation of IMD pathway signaling in a 

WT V. cholerae infection might account for decreased host susceptibility to infection. To 

test this, we infected parental flies and flies with deletions of eight IMD-regulated AMPs 

(ΔAMP) with WT or ΔhapR mutant V. cholerae and then monitored survival. As shown 

in Figure 2G, parental flies died significantly faster after infection with a ΔhapR mutant 

compared with infection with WT V. cholerae, whereas there was no difference in survival 

of ΔAMP flies after infection with WT V. cholerae or a ΔhapR mutant. These results suggest 

that WT V. cholerae prolongs host survival by activating intestinal IMD signaling through a 

pathway related to that employed by the commensal microbiota. Based on these findings, we 

propose that V. cholerae HCD quorum sensing promotes a commensal interaction with this 

host.
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V. cholerae HapR regulates pathogen metabolism at HCD

To identify differences in the bacterial transcriptome between WT V. cholerae and a ΔhapR 
mutant, we performed an RNA-seq experiment on planktonic bacteria grown in culture to 

early stationary phase. We included a ΔhapRΔvpsA mutant to assess the effect of increased 

VPS biosynthesis on the ΔhapR transcriptome. The conditions of this experiment differ from 

those of previously published microarray studies that focused on mid-exponential phase, 

AKI medium, or biofilm cultures (Yildiz et al., 2004; Zhu and Mekalanos, 2003; Zhu et al., 

2002). A total of 501 genes were differentially regulated by HapR, including 345 genes with 

increased transcription in WT V. cholerae and 156 with increased transcription in a ΔhapR 
mutant (Table S2). Only expression of the vpsA gene was significantly different between the 

ΔhapR and ΔhapR ΔvpsA mutants. This suggests that, in early stationary phase, secondary 

effects of biofilm matrix synthesis on the ΔhapR transcriptome are minimal.

HapR has been reported previously to repress the canonical virulence factors TCP and 

CTX as well as biofilm formation (Vance et al., 2003; Zhu and Mekalanos, 2003; Zhu 

et al., 2002). As proof of principle, we noted that biofilm genes as well as the genes 

encoding the hemagglutinin protease were some of the most differentially and significantly 

regulated (Figure 3A). GO analyses of differentially regulated genes are shown in Figure 

3B. As expected, we found that genes involved in flagellar and type IV pilus motility were 

differentially represented in the set of genes upregulated in WT V. cholerae compared with 

a ΔhapR mutant. In contrast, biofilm adhesion genes and those involved in repression of 

motility were differentially represented in the set of genes upregulated in a ΔhapR mutant.

GO analysis also revealed a role of HapR in regulation of metabolism. In particular, 

although phosphoenolpyruvate phosphotransferase system (PTS)-dependent transport of 

trehalose, cellobiose, galactose, mannose, and glucose and oxidative phosphorylation were 

differentially represented in genes upregulated in WT V. cholerae, genes involved in the 

transport of amino acids such as alanine, glutamate, serine, threonine, and tryptophan as well 

as dicarboxylic acids were differentially represented in the group of genes upregulated in 

a ΔhapR mutant (Figures 3B, S4A, and S4B). We confirmed differential regulation of the 

three dicarboxylic acid transporters by qRT-PCR (Figure S4C). To document the functional 

relevance of these changes in transcription, we also demonstrated improved growth of WT 

V. cholerae on glucose and of the ΔhapR mutant on threonine, glutamate, and succinate 

(Figure S4D).

V. cholerae HapR represses the glyoxylate shunt

To further understand the role of HapR in regulation of V. cholerae metabolism, we analyzed 

the intracellular and extracellular polar metabolites of WT V. cholerae and a ΔhapR mutant 

in early stationary phase cultures (Tables S3 and S4). WT V. cholerae and a ΔhapR mutant 

consumed carbohydrates, amino acids, and nucleotides present in LB broth (Figure 4A). 

However, the ΔhapR mutant consumed and utilized these nutrients more avidly.

Because the ΔhapR mutant does not activate HCD regulation, we hypothesized that it might 

be locked in a consumptive, anabolic state that would ordinarily be used to fuel log-phase 

growth. One characteristic of anabolic growth is transcriptional activation of the glyoxylate 
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shunt (Figure S5A). Isocitrate lyase and malate synthase, the two enzymes involved in 

the glyoxylate shunt, enable nutrients catabolized through the tricarboxylic acid cycle to 

bypass steps in which carbon is lost as CO2, preserving these moieties for synthesis of 

essential cellular components (Dolan and Welch, 2018). As shown in Figure S5B, in early 

stationary-phase LB broth cultures of WT V. cholerae or a ΔhapR mutant, transcription 

of aceB, the gene encoding malate synthase, was significantly increased, whereas the 

increase in transcription of aceA, the gene encoding isocitrate lyase, did not reach statistical 

significance. In the absence of the glyoxylate shunt, growth on acetate is not possible 

because both carbons are lost as CO2 and, therefore, unavailable for synthesis of essential 

cellular components. We hypothesized that, if the glyoxylate shunt were repressed by HapR, 

then WT V. cholerae should grow more poorly than the ΔhapR mutant in minimal medium 

containing only acetate as a carbon source. We first established that transcription of aceA 
and aceB was differentially activated in a ΔhapR mutant during growth on acetate (Figure 

S5C). As predicted, the ΔhapR mutant grew to higher cell densities than WT V. cholerae in 

minimal medium containing acetate (Figure S5D). We conclude that, as V. cholerae growth 

slows at HCD, HapR actively represses the glyoxylate shunt as well as uptake of many 

nutrients, including dicarboxylic acids and amino acids.

Tryptophan uptake is correlated with virulence in the Drosophila model

V. cholerae uptake and excretion of metabolites dramatically alters the outcome of infection 

in a Drosophila model (Blow et al., 2005; Hang et al., 2014; Kamareddine et al., 2018b; 

Vanhove et al., 2017). In our metabolomic analysis, we noted significant differences in the 

intracellular and extracellular concentrations of aromatic amino acid metabolites, including 

phenylpropiolic acid, indole-3-carboxylic acid, tryptophan, and xanthurenic acid (Figure 

4A). Tryptophan and its metabolites, such as indole-3-carboxylic acid and xanthurenic acid, 

are known bioactive compounds that are affected by the commensal intestinal microbiota of 

the fly (Lesperance and Broderick, 2020). In mammals, these metabolites have been shown 

to modulate intestinal innate immunity and inflammation (Ala, 2021; Gao et al., 2018). 

Therefore, we questioned whether differential utilization of tryptophan by a ΔhapR mutant 

might contribute to its increased virulence. To test this, we first supplemented the diets of 

WT V. cholerae or a ΔhapR-infected OreR flies with tryptophan. As shown in Figure 4B, 

low concentrations of tryptophan significantly improved survival of flies infected with a 

ΔhapR mutant but not WT V. cholerae. High tryptophan concentrations have been reported 

previously to be toxic to flies (Lesperance and Broderick, 2020), and this was also true 

for flies infected with WT V. cholerae or a ΔhapR mutant. The intestines of flies infected 

with a ΔhapR mutant display differential transcription of genes involved in 20E synthesis 

and signaling. If this were dependent on the intestinal tryptophan supply, we reasoned, 

then provision of supplemental tryptophan in the diet would have an inverse effect. In fact, 

we noted that supplementation of the diet with 0.5 mM tryptophan decreased transcription 

of the 20E synthesis gene shd but increased transcription of ImpE2 and DptA, a pattern 

opposite to that observed in a ΔhapR mutant infection (Figure 4C).

We noted that trpE, which encodes anthranilate synthase, the first enzyme in tryptophan 

synthesis, was upregulated approximately 16-fold in LB cultures of a ΔhapR mutant 

compared with that of WT V. cholerae, and this could be rescued by provision of hapR 
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in trans (Table S2; Figure S6A). trpT, encoding a predicted tryptophan permease, was 

upregulated approximately 2-fold (Table S2; Figure S6A). This is consistent with the 

consumptive, anabolic program of the ΔhapR mutant. To determine whether V. cholerae 
tryptophan metabolism might play a role in pathogenesis, we constructed in-frame deletions 

in trpE, trpT, and the tryptophan repressor trpR in the parental and ΔhapR backgrounds 

and tested the virulence of these strains. As shown in Figure S6B, mutation of these genes 

singly in either background had only minor effects on host survival, and the ΔtrpT and 

ΔtrpR mutants grew well in M9 medium supplemented only with glucose (Figure S6C). 

The ΔtrpE and ΔtrpEΔtrpT mutants were also able to grow in M9/glucose medium, albeit 

with significant growth defects (Figure S6C). This suggests that there is redundancy in 

the V. cholerae tryptophan synthesis pathway. Redundancy in amino acid transport is also 

common (Vanhove et al., 2020). We found that supplementation of M9/glucose medium 

with 2 mM tryptophan enabled the ΔtrpEΔtrpT double mutant to grow at a rate similar to 

that of WT V. cholerae (Figure S6C). This suggests that there is redundancy in tryptophan 

transport as well. We noted that VC2283, which was significantly repressed by HapR, 

was predicted to be a TrpR-regulated tryptophan transporter in the RegPrecise database 

(Table S2; http://regprecise.sbpdiscovery.org:8080/WebRegPrecise/index.jsp; Novichkov et 

al., 2013). We named this gene aatX (aromatic amino acid transporter X). aatX demonstrated 

increased transcription in a ΔhapR mutant, and transcription was repressed by provision of 

hapR in trans (Figure S6A). aatX was also repressed by TrpR, whereas deletion of trpR 
had little effect on expression of TrpT (Figure S6D). Deletion of aatX alone had a small 

effect on virulence, whereas deletion of trpT and aatX significantly decreased the virulence 

of a ΔhapR mutant (Figure 4D). The transcription factor TyrR, which activates tryptophan 

transport in Escherichia coli in response to tyrosine and phenylalanine, was identified in a 

previous transposon screen for V. cholerae virulence genes in the Drosophila model (Hang 

et al., 2014). Deletion of tyrR also decreased the virulence of a ΔhapR mutant (Figure 

4D). However, qRT-PCR suggested that TyrR does not regulate trpE, trpT, or aatX at HCD 

(Figure S6E).

HapR represses expression of tryptophan transporters, but we have no evidence that this is 

the case for TyrR. Therefore, as a more direct measurement of tryptophan uptake, we used 

high-performance liquid chromatography (HPLC) to measure tryptophan concentrations 

in the supernatants of 8-h LB broth cultures of WT V. cholerae, a ΔhapR mutant, and 

tryptophan uptake mutants. As shown in Figure 4E, the concentration of tryptophan in 

ΔhapR supernatants was more than 15-fold lower than that in WT supernatants. Although 

deletion of trpT or aatX singly did not significantly increase extracellular tryptophan 

concentrations in ΔhapR supernatants, the ΔhapRΔtrpTΔaatX and ΔhapRΔtyrR mutants 

consumed significantly less tryptophan than the ΔhapR mutant.

ΔhapR mutant infection results in decreased fat body lipid stores and decreased Tk+ cells 

in the host PMG. Deletion of the V. cholerae tryptophan uptake genes or tyrR in the ΔhapR 
mutant background also rescued these phenotypes (Figure 5). We conclude that impairment 

of tryptophan uptake in a V. cholerae ΔhapR mutant is correlated with reduced virulence and 

reduced disruption of lipid storage in the Drosophila host.
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Evidence that dietary serotonin activates intestinal innate immune signaling and improves 
survival of V. cholerae infection

In mammals, intestinal tryptophan fuels synthesis of the neurotransmitter serotonin, 

which, in turn, modulates intestinal inflammation and epithelial barrier renewal (Liu 

et al., 2021; Morris et al., 2017). Tryptophan conversion to 5-hydroxytryptophan 

by tryptophan hydroxylase is the rate-limiting step in serotonin synthesis (Figure 

6A). 5-hydroxytryptophan decarboxylase then converts 5-hydroxytryptophan to 5-

hydroxytryptamine (5-HT) or serotonin. Mammals and Drosophila have two distinct 

tryptophan hydroxylases; one is expressed in the central nervous system and the other in 

peripheral tissues such as the intestine (Neckameyer et al., 2007; Walther and Bader, 2003; 

Zhang et al., 2004). The Drosophila peripheral tryptophan hydroxylase is named Henna (Hn) 

for its role in pigmentation. It is expressed in every cell type in the gut (Dutta et al., 2015). 

Our RNA-seq experiment showed increased transcription of Hn in the intestines of flies 

infected with WT V. cholerae, supporting a connection between intestinal tryptophan supply 

and serotonin synthesis (Figure 2B; Table S1).

We hypothesized that increased intestinal tryptophan availability during infection with 

WT V. cholerae might result in increased serotonin synthesis. To assess intestinal 

tryptophan concentrations, we first performed metabolomics on the intestines of Drosophila 
continuously infected with WT V. cholerae or a ΔhapR mutant. However, no difference 

in intestinal tryptophan concentrations was detected (Table S5). We then considered the 

possibility that available tryptophan might be rapidly transported into host ECs and 

converted to serotonin. To examine this, we infected Drosophila with WT V. cholerae or 

a ΔhapR mutant for 48 h, followed by a 24-h washout period. We then detected serotonin 

in Drosophila intestines by immunofluorescence. As shown in Figure 6B and quantified 

in Figure 6C, serotonin was greatly decreased in the PMG of flies infected with the 

ΔhapR mutant compared with WT V. cholerae, whereas there was very little difference 

in the AMG. As further evidence that differential production of serotonin might underlie 

the differences in the intestinal transcriptome during WT and ΔhapR mutant infection, we 

measured intestinal transcription of several genes encoding serotonin receptors in the setting 

of infection. All showed a trend toward decreased expression in ΔhapR mutant infection 

(Figure 6D). However, statistical significance was only reached for 5-HT1A and 5-HT7. 

Tryptophan supplementation of the diets of uninfected Drosophila resulted in significantly 

increased transcription of Hn as well as the serotonin receptors (Figure 6E). Serotonin 

supplementation in the setting of a ΔhapR infection increased Hn and DptA expression to 

that measured in the intestines of flies infected with WT V. cholerae (Figure 6F). Serotonin 

supplementation also increased survival of male and female flies infected with WT V. 
cholerae or the ΔhapR mutant (Figure 6G). These data provide additional evidence of 

the role of increased serotonin synthesis in the transcriptional differences observed in the 

intestines of flies infected with WT V. cholerae or a ΔhapR mutant.

Serotonin synthesis in the intestine activates innate immune signaling and improves host 
survival of infection

To directly test whether conversion of tryptophan to serotonin is involved in resistance 

to WT V. cholerae infection, we drove HnRNAi to Tk-expressing EECs and ECs. As 
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shown in Figure 7A, mortality of Tk > HnRNAi flies was not significantly different from 

that of driver-only controls, whereas HnRNAi in ECs resulted in reduced survival of WT 

V. cholerae infection. We then documented reduced Hn transcription in the intestines of 

infected or uninfected NP1> HnRNAi compared with driver-only control flies (Figure 7B). 

DptA expression was also reduced in both, suggesting that serotonin synthesis controls IMD 

signaling. Expression of HnRNAi in ECs also decreased Tk+ cells in the PMG and lipid 

storage in the fat body of infected flies (Figure 7C). The most highly expressed intestinal 

serotonin receptor is 5-HT1A, and it is principally expressed in EECs (Dutta et al., 2015). 

However, knockdown of this receptor in EECs yielded only a partial phenotype (Figure S7). 

These observations suggest that diminished tryptophan uptake by WT V. cholerae provides 

this amino acid to host ECs for conversion to serotonin. This, in turn, amplifies expression 

of innate immune genes in the setting of infection and promotes host survival of V. cholerae 
infection.

DISCUSSION

Here we show that the HCD quorum sensing master regulator HapR represses consumptive, 

anabolic metabolism in the diarrheal pathogen V. cholerae. Repression of V. cholerae 
tryptophan uptake, in particular, fuels host intestinal serotonin synthesis. This activates 

intestinal innate immune signaling and slows expenditure of host lipid stores. Thus, V. 
cholerae HCD signaling alters the outcome of infection by reducing the competition for 

tryptophan between host and pathogen.

Although V. cholerae HCD quorum sensing is thought to mitigate infection by repressing the 

canonical virulence factors, here we show that it also provides the host with an unexpected 

means of limiting intestinal colonization. Tryptophan is an essential amino acid for flies 

and mammals, the majority of which is obtained from the diet (Agus et al., 2018). In 

contrast, most bacteria can synthesize tryptophan via endogenous pathways but prioritize 

transport from the intestinal environment (Lingens, 1968). Tryptophan may be converted 

into serotonin by the host intestine, into indole by intestinal bacteria, or into kynurenine and 

its metabolites by both (Agus et al., 2018). Intestinal conversion of tryptophan to serotonin 

plays a key role in many disease states, including irritable bowel syndrome, intestinal 

inflammation, inflammatory bowel disease, colorectal cancer, and autism spectrum disorder 

(Haq et al., 2021; Mishima and Ishihara, 2021; Settanni et al., 2021). Here we provide 

evidence that serotonin synthesized by the Drosophila intestine in response to V. cholerae 
HCD regulation protects the host by activating the intestinal innate immune response.

Repression of V. cholerae virulence by the HCD master regulator HapR has been conceived 

as an adaptation that accelerates dissemination of V. cholerae into the environment (Merrell 

et al., 2002; Tsou et al., 2008; Zhu et al., 2002). However, V. cholerae HCD regulation 

is also believed to repress pathogen accumulation in the host intestine via multiple 

mechanisms. First, decreased synthesis of TCP and VPS limits V. cholerae colonization 

of the intestinal epithelium. Second, CTX increases the concentration of sodium in the small 

intestine from 20–30 mM to 90–120 mM, which is ideal for growth of a halophile such 

as V. cholerae (Molla et al., 1981; Spiller, 1994). Therefore, repression of CTX expression 

by HapR creates an unfavorable intestinal environment. Third, decreased expression of 
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myriad transporters and anabolic pathways limits the ability of V. cholerae to synthesize the 

building blocks necessary for pathogen proliferation. Last, decreased V. cholerae tryptophan 

consumption shuttles this precursor of serotonin to the host. Serotonin synthesis, in turn, 

activates the host innate immune response and increases expression of AMPs to reduce 

pathogen burden. Because all of these functions prolong host survival, we hypothesize that 

HCD quorum sensing regulation in V. cholerae promotes cooperation between host and 

pathogen.

Limitations of the study

Animal models for the study of V. cholerae pathogenesis have strengths and weaknesses. 

With the exception of humans, intestinal expression of V. cholerae virulence factors, 

colonization of the small intestine, and osmotic diarrhea have only been observed in 

neonatal mammals (Attridge et al., 1996; Thelin and Taylor, 1996). These models permit 

elucidation of V. cholerae virulence factor regulation in vivo. However, V. cholerae HCD 

quorum sensing is not activated in the neonatal mouse intestine (Zhu et al., 2002). To enable 

a study of the effect of HCD quorum sensing and serotonin synthesis on the host intestine, 

here we use a Drosophila model. In this model, the canonical virulence factors do not 

play a major role in pathogenesis, and the intestinal environment and response to microbes 

may differ from that of the mature mammalian intestine (Blow et al., 2005). Therefore, a 

direct confirmation of our findings awaits a human study or development of an improved 

mammalian model.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed to and will 

be fulfilled by the lead contact, Dr. Paula I. Watnick (paula.watnick@childrens.harvard.edu).

Materials availability—All mutants and plasmids generated in this study are available 

from the lead contact without restriction.

Data and code availability—RNA-seq data for WT V. cholerae and a ΔhapR mutant 

grown to early stationary phase (NCBI: PRJNA810852) and Drosophila intestines infected 

with these two strains (NCBI: PRJNA811240) have been deposited in the NCBI repository. 

No code was generated as a part of these studies. Any additional information required to 

reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila Husbandry and strains—Flies were reared on standard fly food (16.5 g 

L−1 yeast, 9.5 g L−1 soy flour, 71 g L−1 cornmeal, 5.5 g L−1 agar, 5.5 g L−1 malt, 7.5% 

corn syrup and 0.4% propionic acid) and kept in incubators at 25°C, 70% humidity on a 12 

h light/dark cycle. The following fly lines were obtained from the Bloomington Drosophila 

Stock Center (http://flystocks.bio.indiana.edu/): Ore R-C (BL 5), yw (BL 1495), HnRNAi 

(BL 60025), and 5-HT1ARNAi (BL 33885). The TK-Gal4 and NP1-Gal4 (Myo1A-Gal4) 
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driver flies were kind gifts from Norbert Perrimon. For all experiments, 5–7 day old flies 

were used. Female flies were used unless otherwise noted.

V. cholerae strains—Wild-type and mutant V. cholerae all derive from wild-type V. 
cholerae strain HC-494 isolated from a cholera patient in year 2013 of the Haitian V. 
cholerae epidemic (Azarian et al., 2014; Kamareddine et al., 2018b). This strain is quorum 

sensing-competent and resistant to streptomycin. For all experiments, V. cholerae strains 

were prepared by culturing in LB broth supplemented with 100 μg/mL streptomycin 

(Sm100).

METHOD DETAILS

Vibrio cholerae mutant construction and rescue—V. cholerae mutants were 

constructed by double homologous recombination as previously described (Vanhove et al., 

2020) in the background of the HC494 strain collected from Haiti in 2013 (Azarian et al., 

2014). Suicide plasmids for gene deletions were constructed using the primers listed in Table 

S6. The hapR gene was amplified using the primers listed in Table S6 and then cloned into 

the pFLAG expression vector under IPTG control. For rescue experiments, expression was 

induced with 1 mM IPTG.

Vibrio cholerae growth measurements—Starter cultures were inoculated into LB 

broth from single colonies harvested from LB-agar plates supplemented with 100 μg/mL of 

streptomycin and grown overnight. The cells were then washed three times with phosphate-

buffered saline (PBS) to remove all traces of LB broth and then resuspended in 1 mL of 

M9 medium. This cell suspension was diluted 1:100 into M9 medium supplemented with 

the indicated carbon source. 100 ul aliquots were then dispensed into a 96 well plate in 

triplicate, and the optical density at 600 was measured using an Infinite M Nano Microplate 

Reader (Tecan).

Vibrio cholerae infections—Oral Vibrio cholerae infections were carried out in an 

arthropod containment level 2 facility in a 25°C incubator with 12 h light/dark cycles. 

Survival was measured as previously described (Jugder et al., 2021). For RT-qPCR and 

bacterial burden experiments, midguts were harvested either directly after a 48-h infection or 

after an additional 24-h wash-out period on sterile PBS as indicated.

Immunofluorescence—The midguts and fat bodies of 5- to 7-day-old female flies were 

dissected and fixed at room temperature in PBS+ 1% Tween 20 (PBS-T) containing 4% 

formaldehyde (Thermo Fisher Scientific NC9658705) for at least 30 min. After fixation, 

tissues were washed three times with fresh PBS -T for 10 min at room temperature, 

followed by incubation for 1 h at room temperature in a blocking buffer comprised of 

PBS-T with 2% BSA and 0.1% Triton X-100 (Sigma-Aldrich 9002-93-1). Guts were 

then incubated overnight at 4°C with the primary Rabbit anti-Tk, Rabbit anti-DH31, or 

Rat anti-serotonin antibody (Abcam, AB6336) at a dilution of 1:500 in blocking buffer. 

Samples were then washed three times for 10 min in PBS-T, incubated in blocking buffer 

supplemented with an Alexa 594-conjugated anti-rabbit secondary antibody (1:500, Thermo 

Fisher Scientific A-11012) or Alexa 488-conjugated anti-Rat secondary antibody (1:1000, 
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Invitrogen, A48262), DAPI (1:1000, Invitrogen D1306), and BODIPY 493/503 (1 mg mL−1, 

Invitrogen D3922) for 2 h at room temperature, and washed again in PBS-T three times 

for 10 min. The tissues were then mounted in Vectashield mounting medium (Vector 

Laboratories H-1000). Confocal images were acquired using a Zeiss LSM 780 inverted 

confocal microscope with a 90.1 μM pin hole diameter, 1.11 μM pixel size, a 1.58 μsec/

pixel scan rate, and 566.8 μM × 566.8 μM scan area. An Argon laser was used for 

illumination with 594 nm, 488 nm, and 405 nm laser lines. A 10X oil objective for Tk 

and lipid imaging and a 40X oil objective for serotonin imaging. Zen Blue v. 1.0 acquisition 

software was used. Tachykinin-expressing cells in the anterior and posterior midgut were 

counted manually. For assessment of lipid accumulation in fat bodies or intestines, ImageJ 

(FIJI) was used to quantify total fluorescence. This was normalized by dividing by the 

total area included in the measurement. Background fluorescence was subtracted from this 

measurement. A minimum of 6 midguts or fat bodies were quantified for each condition and 

genotype.

Drosophila RNA extraction, RNAseq, and RT-qPCR—Total RNA was extracted 

from a minimum of 10 midguts or whole flies using TRIzol reagent (Thermo Fisher 

Scientific 15596026) followed by further purification using the Direct-zol RNA MiniPrep 

Plus kit (Zymo Research R2070) according to the supplier’s instructions. RNA was 

quantified using a NanoDrop 1000 Spectrophotometer. cDNA was synthesized from 500 

ng of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad 1708891) as described by 

the manufacturer.

RT-qPCR was performed using iTaq SYBR Green (Bio-Rad 1725121) on a StepOnePlus 

real-time PCR system (Applied Biosystems). Three biological replicates with technical 

duplicates of each were performed for each experiment. Relative expression of target genes 

was calculated using the comparative CT method normalized to rp49. Primers used for 

RT-qPCR analyses are listed in Table S6.

Library construction, paired-end sequencing on the Illumina NovaSeq platform, and 

statistical analyses were performed by the Molecular Biology Core Facilities (MBCF) 

at the Dana-Farber Cancer institute (http://mbcf.dfci.harvard.edu/genomics/next-generation-

sequencing).

Vibrio cholerae RNA extraction, RNAseq and RT-qPCR—Overnight cultures of V. 
cholerae in LB broth were diluted in a ratio of 1:100 into fresh LB broth. After growth 

for 8 h at 27°C with shaking, the cell pellet from 1 mL of culture was resuspended in 

TRIzol reagent and heated for 10 min at 60°C or lysed using FastPrep tubes containing 

0.1 mm Zirconia/Silica beads (MP Biomedicals MP115076600). Samples were either stored 

at −80°C or immediately purified with the Direct-zol RNA Miniprep kit according to the 

manufacturer’s instructions. For some experiments, following elution into 100 μL of water, 

samples were subjected to Turbo DNase treatment for 45 min at 37°C with shaking, a 

second purification step with the Direct-zol RNA Miniprep kit and elution in 70 μL of water.

For RNAseq and statistical analysis, these sample were submitted to the The Microbial 

‘Omics Core (MOC) at the Broad Institute (https://www.broadinstitute.org/infectious-
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disease-and-microbiome/microbial-’omics-core). cDNA was prepared for qRT-PCR using 

iScript Reverse Transcription Supermix (Bio-Rad 1708841) according to the manufacturer’s 

protocol. PowerUP SYBR Green Master Mix (Applied Biosystems 10002984) was used in a 

StepOnePlus Real-Time PCR System (Applied Biosystems). Three biological replicates with 

duplicate technical measurements were performed for each experiment. Relative expression 

of target genes was calculated using the comparative CT method normalized to clpX. 

Primers for RT-qPCR are listed in Table S6.

Sample preparation for V. cholerae metabolomics—Single colonies were harvested 

from V. cholerae cultured overnight on LB agar plates supplemented with Sm100 and 

resuspended in 1 mL of LB broth supplemented with Sm100. This suspension was diluted 

to yield a starting OD600 of 0.01 and cultured for 8 h at 27°C. The culture was then 

centrifuged, and cell and supernatants were separated. The supernatant was filtered through 

a 0.22 uM filter (Fisher) and combined with methanol in a ratio of 1:4 supernatant:methanol. 

Cell pellets were resuspended in 1 mL 80% methanol. Both pellets and supernatant mixtures 

were incubated overnight at −80°C and then centrifuged to remove cell debris, transferred to 

clean tubes, and dried.

Sample preparation for metabolomics of the Drosophila intestine.—Intestines 

were prepared for polar metabolomic analysis as previously described (Vanhove et al., 

2017). Briefly, the intestines of 15 y1w1 V. cholerae-infected flies for each of three 

biological replicates derived from independent vials were dissected and homogenized in 500 

μL of a cold methanol:water solution (80:20). After incubation for 2 h at −80°C, samples 

were centrifuged for ten minutes at 14,000 × g, transferred to a new vial, re-extracted 

with methanol:water solution (400 μL), and incubated for 6 h at −80°C. Supernatants from 

the two extractions were combined and desiccated at room temperature in a Speedvac 

concentrator.

Targeted mass spectrometry—Samples were re-suspended in 20 mL HPLC grade 

water for mass spectrometry. 5–7 μL were injected and analyzed using a hybrid 6500 

QTRAP triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence 

UFLC HPLC system (Shimadzu) via selected reaction monitoring (SRM) of a total of 

298 endogenous water-soluble metabolites for steady-state analyses of samples. Some 

metabolites were targeted in both positive and negative ion mode for a total of 309 

SRM transitions using positive/negative ion polarity switching. ESI voltage was +4950V 

in positive ion mode and −4500V in negative ion mode. The dwell time was 3 ms per SRM 

transition and the total cycle time was 1.55 s. Approximately 9–12 data points were acquired 

per detected metabolite. Samples were delivered to the mass spectrometer via hydrophilic 

interaction chromatography (HILIC) using a 4.6 mm i.d x 10 cm Amide XBridge column 

(Waters) at 400 μL/min. Gradients were run starting from 85% buffer B (HPLC grade 

acetonitrile) to 42% B from 0-5 min; 42% B to 0% B from 5-16 min; 0% B was held from 

16-24 min; 0% B to 85% B from 24-25 min; 85% B was held for 7 min to re-equilibrate 

the column. Buffer A was comprised of 20 mM ammonium hydroxide/20 mM ammonium 

acetate (pH = 9.0) in 95:5 water:acetonitrile. Peak areas from the total ion current for each 

metabolite SRM transition were integrated using MultiQuant v3.0 software (AB/SCIEX).
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Quantification of tryptophan in supernatants by HPLC-MS—Supernatants were 

prepared as described for metabolomics. L-tryptophan (L-Trp) quantification was carried out 

on an Agilent 1200 HPLC instrument equipped with a Luna 5 μm C18(2) 100 Å column 

(Phenomenex, 250 mm × 4.6 mm) and coupled with an Agilent LC/MS 6130 Quadrupole 

analyzer. The mobile phase was composed of 0.1% formic acid in water (v/v) (A) and 

0.1% formic acid in acetonitrile (v/v) (B). Linear gradient elution was performed at 0.5 

mL/min starting at 1% B increasing to 80% B at 15 min, and finally returning to 1% B at 

18 min for column re-equilibration, which was completed at 20 min. Chromatographic data 

were processed using Agilent OpenLab ChemStation software. The retention time of L-Trp 

was 11 min, and the wavelength was 225 nm. For the MS detector, data acquisition was 

performed in single ion monitoring mode [m/z]+ 205 for L-Trp.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9.0 software was used for generation of all graphs and for statistical 

analyses with the exception of transcriptomic and metabolomic analyses. Measurements 

represent the mean of at least three biological replicates in all graphs. Error bars represent 

mean ± the standard deviation. As appropriate, a two-tailed Students t-test, ordinary one-

way ANOVA or Brown-Forsythe ANOVA with post-hoc Dunnett’s test was used to calculate 

significance. The statistical test applied is noted in the figure legend. For all tests, statistical 

significance was calculated as a p value. Asterisks indicate the following p value ranges: * 

for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001, and ns (non-significant) 

for p > 0.05.

For Drosophila and V. cholerae transcriptomic experiments, DEseq was used to calculate 

fold change and statistical significance. For both, data were filtered to select genes whose 

transcription was altered by 2-fold or more and yielded an adjusted p-value of ≤ 0.05. For 

Drosophila transcriptomic data, lists of genes with increased expression in the intestines 

of flies infected with WT V. cholerae or a ΔhapR mutant were subjected to GO analysis 

separately using the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID) v6.8 (Huang da et al., 2009a; b). Categories that were differentially represented 

with a p value of ≤0.05 were considered significant. For V. cholerae transcriptomic data, 

lists of genes with increased expression in WT V. cholerae cultures and ΔhapR mutant 

cultures were subjected to GO analysis separately using the GSEA-PRO v3 online tool 

(http://gseapro.molgenrug.nl/). Volcano plots were generated using VolcaNoseR (Goedhart 

and Luijsterburg, 2020). Metabolomics data were processed using the open access program 

Metaboanalyst 5.0 (https://www.metaboanalyst.ca/) (Pang et al., 2021; Xia et al., 2009) as 

follows. Samples were first normalized by sum and then Log2 transformed. To calculate 

significance, a Student’s t test was used for intracellular metabolites and a one-way analysis 

of variance (ANOVA) with a Fisher’s LSD post hoc test was used for supernatants. A false 

discovery rate cut-off of 0.05 was used in both cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• V. cholerae HapR represses pathogen tryptophan consumption

• Host enterocytes convert dietary tryptophan to serotonin

• Intestinal serotonin synthesis activates IMD signaling and prolongs host 

survival

• HapR orchestrates a commensal interaction between host and pathogen
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Figure 1. HCD V. cholerae quorum sensing promotes host survival, preserves host lipid stores, 
and modulates EEP expression in the PMG
(A) Fractional survival over time of OreR flies fed WT V. cholerae or a ΔhapR mutant. 

Significance was calculated by log rank analysis.

(B) Representative micrographs and fluorescence quantification (lipid) in fat bodies stained 

with Bodipy and DAPI.

(C and D) Representative micrographs of Tachykinin (Tk) and diuretic hormone 31 (DH31) 

immunofluorescence in (C) the anterior midgut (AMG) or (D) posterior midgut (PMG) of 

flies analyzed in (B). Flies were dissected after 48 h of infection with the indicated V. 
cholerae strain. Scale bars, 200 μm.

For (B)–(D), at least 6 fat bodies or guts were examined. The mean is shown. Error bars 

represent the standard deviation. A Student’s t test was used to assess significance. **p < 

0.01, *p < 0.05. See also Figure S1.
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Figure 2. Oral infection with a HCD quorum-sensing-defective V. cholerae mutant leads to 
decreased activation of ecdysone-responsive, innate immune, and epithelial repair genes
(A and B) Gene Ontology (GO) analysis and (B) volcano plot of significantly regulated 

genes in the fly intestine during oral infection with WT V. cholerae compared with a 

ΔhapR mutant. Analysis is based on an RNA-seq experiment with biological triplicates that 

included an expression fold change greater than 2 with adjusted p < 0.05 to be significant. 

The calculated false discovery rate (FDR) is shown.

(C and D) qRT-PCR analysis of (C) the indicated 20E-regulated genes and (D) transcription 

of the IMD pathway-regulated AMPs DptA, CecA1, and AttA in the intestines of OreR flies 

orally infected with WT V. cholerae or a ΔhapR mutant.

(E and F) qRT-PCR transcriptional analysis of (E) the V. cholerae HapR-regulated genes 

hapA and vpsL and (F) the indicated IMD pathway-regulated AMPs in the intestines of 

Tk > driver only and Tk > TkRNAi flies orally infected with WT V. cholerae or a ΔhapR 
mutant. Measurements for ΔhapR-infected flies were normalized to that of WT V. cholerae-

infected flies of similar genotype. For qRT-PCR results, the mean of biological triplicates 

is shown. Error bars represent the standard deviation. A Student’s t test was used to assess 

significance.
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(G) Fractional survival over time of isogenic control and mutant flies with deletions in genes 

encoding the AMPs Def, AttC, Dro, AttA, AttB, DptA, Drs, and AttD fed WT V. cholerae or 

a ΔhapR mutant.

Significance was calculated by log-rank analysis. **p < 0.01, *p < 0.05, **p < 0.01, ***p < 

0.001. See also Figures S2 and S3 and Table S1.
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Figure 3. HCD quorum sensing regulates amino acid and carbohydrate metabolism in addition 
to biofilm formation
(A and B) Volcano plot (A) and GO analysis (B) of genes differentially expressed in 8-h 

LB cultures of WT V. cholerae and a ΔhapR mutant. Analysis is based on an RNA-seq 

experiment with bioiogical triplicates in which the fold change in expression was required 

to be greater than or equal to 2 and adjusted p < 0.05 was taken to be significant. The 

calculated adjusted p value is shown. See also Figures S4 and S5.
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Figure 4. The decreased virulence of WT V. cholerae is recapitulated in a ΔhaprR mutant 
through tryptophan supplementation or inhibition of tryptophan uptake
(A) Polar metabolomics of LB broth as well as the intracellular and extracellular milieus 

of WT V. cholerae and the ΔhapR mutant cultured for 8 h in LB broth. The mean of log2 

of the normalized intensity (NI) of biological triplicates is shown. A one-way ANOVA with 

Fisher’s least significant difference (LSD) post hoc analysis was used to assess significance. 

Only significantly different metabolites with between WT and ΔhapR FDR < 0.05 are 

shown.

(B) Fractional survival of OreR flies infected with WT V. cholerae or a ΔhapR mutant and 

supplemented with the indicated concentrations of tryptophan. Log-rank analysis was used 

to calculate statistical significance.

(C) qRT-PCR analysis of 20E and IMD pathway-regulated genes in the intestines of 

uninfected OreR flies fed LB broth supplemented with the indicated concentrations of 

tryptophan. The mean of biological triplicates is shown. Error bars represent the standard 

deviation. A Student’s t test was used to calculate significance.

(D) Fractional survival of OreR flies infected with WT V. cholerae or a ΔhapR mutant alone 

or with deletions of the indicated genes hypothesized to be involved in tryptophan transport.

(E) High-performance liquid chromatography (HPLC) analysis of tryptophan concentrations 

in LB broth or the supernatants of the indicated V. cholerae strains harvested after 8 h of 
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culture in LB broth. The mean of biological triplicates is shown. Error bars represent the 

standard deviation. A one-way ANOVA with Tukey’s multiple comparisons test was used to 

calculate statistical significance.

Floating symbols indicate significance with respect to the ΔhapR strain. ****p < 0.0001, 

***p < 0.001, **p < 0.01, *p < 0.05; ns, not significant. See also Figure S6.
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Figure 5. Decreased tryptophan uptake by the V. cholerae ΔhapR mutant preserves host fat stores 
and increases Tk expression in the PMG during infection
(A) Representative micrographs and fluorescence quantification (lipid) in fat bodies of OreR 

flies infected with the indicated V. cholerae strains and stained with Bodipy and DAPI.

(B) Representative micrographs of Tk immunofluorescence in the PMG of flies analyzed 

in (A). Flies were dissected after 48 h of infection with the indicated V. cholerae strain. 

Scale bars, 200 μm. At least six intestines were evaluated. The mean is shown. A one-

way ANOVA with Tukey’s multiple comparisons test was used to calculate statistical 

significance. ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 6. Evidence that V. cholerae-derived tryptophan is converted to serotonin in the host 
intestine
(A) Enzymes and intermediates involved in peripheral conversion of tryptophan to serotonin 

in Drosophila.

(B and C) Representative micrographs (B) and quantification (C) of serotonin 

immunofluorescence in the AMG and PMG of OreR flies infected with WT V. cholerae 
or a ΔhapR mutant for 48 h, followed by a 24-h PBS washout. Scale bars, 100 μm. At least 

six intestines were evaluated. The mean is shown. A Student’s t test was used to calculate 

significance.

(D and E) qRT-PCR analysis of serotonin receptor expression in the intestines of OreR flies 

(D) infected with WT V. cholerae or a ΔhapR mutant or (E) supplemented with tryptophan.

(F) qRT-PCR analysis of Hn and DptA expression in the intestines of OreR flies infected 

with WT or ΔhapR mutant V. cholerae alone or with serotonin (5-HT) supplementation.

(C–F) For qRT-PCR, the mean of biological triplicates is shown. Error bars represent the 

standard deviation. Significance was calculated using a Student’s t test (C–E) or a one-way 

ANOVA with Dunnett’s multiple comparisons test (F).

(G) Fractional survival of male and female OreR flies orally infected with WT or ΔhapR 
mutant V. cholerae alone or with serotonin (5-HT) supplementation. Significance was 

calculated by log rank analysis.
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**p < 0.01, *p < 0.05. See also Table S5.
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Figure 7. Serotonin synthesis by Hn in ECs is responsible for the differential virulence of WT V. 
cholerae and a ΔhapR mutant in the Drosophila host
(A) Fractional survival of EEC driver control (Tk>), EC driver control (NP1>), or cell-type-

specific Hn knockdown flies orally infected with WT V. cholerae or a ΔhapR mutant. Log 

rank analysis was used to calculate significance.

(B) qRT-PCR analysis of expression of the indicated genes in EC driver control (NP1>) or 

NP1> HnRNAi uninfected or WT V. cholerae-infected flies. A washout step was performed 

prior to dissection. The mean of biological triplicates is shown. Error bars represent the 

standard deviation.

(C) Representative micrographs and fluorescence quantification (lipid) in fat bodies stained 

with Bodipy and DAPI and PMG immunofluorescence imaging and quantification of Tk in 

the intestines of Drosophila with the indicated genotypes and infected with the indicated V. 
cholerae strains. Flies were dissected after 48 h of infection with the indicated V. cholerae 
strain. Scale bars, 200 μm. At least six intestines were evaluated. The mean is shown. A 

Student’s t test was used to calculate statistical significance.

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-Rabbit IgG (H + L) Secondary 
Antibody, Alexa Fluor® 594 conjugate

Thermo Fisher Scientific Cat# A-11012; RRID:AB_2534079

Goat anti-rat IgG (H+L) Secondary Antibody, Alexa 
Fluor® 488 conjugate

Fisher Scientific, Invitrogen A48262; RRID:AB_2896330

Rabbit anti-Tachykinin (DTK) Kind Gift from Jan Adrianus Veenstra https://www.ncbi.nlm.nih.gov/
pubmed/18972134; 
RRID:AB_2923320

Rabbit anti-DH31 Kind Gift from Jan Adrianus Veenstra https://www.ncbi.nlm.nih.gov/
pubmed/18972134; 
RRID:AB_2923321

Rat anti-Serotonin Abcam AB6336; RRID:AB_449517

Chemicals, peptides, and recombinant proteins

Bacto-Agar VWR Cat# 214010

LB Broth Fisher Scientific (BD Difco) DF0446-17-3

Sodium Phosphate, Dibasic Sigma-Aldrich 567550

Potassium phosphate monobasic Sigma-Aldrich P5655

Sodium chloride Sigma-Aldrich S5886

Ammonium chloride Sigma-Aldrich A9434

Glucose Sigma-Aldrich 1083421000

MgSO4 Sigma-Aldrich 208094

CaCl2 Sigma-Aldrich C5670

Alanine Sigma-Aldrich A7469

Arginine monohydrochloride Sigma-Aldrich A6969

Cysteine Sigma-Aldrich C7352

Glycine Sigma-Aldrich G8790

Histidine hydrochloride monohydrate Sigma-Aldrich H5659

Isoleucine Sigma-Aldrich I7403

Leucine Sigma-Aldrich L8912

Lysine Sigma-Aldrich L8662

Methionine Sigma-Aldrich M2768

Phenylalanine Sigma-Aldrich P5482

Serine Sigma-Aldrich S4311

Threonine Sigma-Aldrich T8441

Tyrosine Sigma-Aldrich T8566

Valine Sigma-Aldrich V0513

L-tryptophan T0254

Phosphate buffered saline (PBS) TEKnova Cat# P0191

Bovine Serum Albumin Sigma-Aldrich Cat# A8022

Triton™ X-100 Sigma-Aldrich Cat# 9002-93-1

DAPI (4′,6-diamidino-2-phenylindole,Dihydrochloride) Invitrogen Cat# D1306

BODIPY® 493/503 (4,4-Difluoro-1,3,5,7,8-
Pentamethyl- 4-Bora-3a,4a-Diaza-s-Indacene)

Invitrogen Cat# D3922
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REAGENT or RESOURCE SOURCE IDENTIFIER

Vectashield Antifade Mounting Medium Vector Laboratories Cat# H-1000

Molecular Biology Grade Ethanol Thermo Fisher Scientific Cat# BP28184

Methanol Sigma-Aldrich 34860

Tween20 American Bioanalytical Cat# 9005-64-5

TRIzol Reagent Thermo Fisher Scientific Cat# 15596026

Paraformaldehyde EMS Cat# 19208

Sodium Acetate Thermo Fisher Scientific Cat# 127-09-3

Ampicillin, Sodium Salt Thermo Fisher Scientific Cat# 69-52-3

Streptomycin, Sulfate Sigma-Aldrich Cat# 3810-74-0

Critical commercial assays

Direct-zol RNA MiniPrep Plus Zymo Research Cat# R2070

iScript cDNA Synthesis Kit Bio-Rad Cat# 1708891

iTaq Universal SYBR Green Supermix Bio-Rad Cat# 1725121

PowerUP SYBR Green Master Mix Applied Biosystems 10002984

Turbo DNase Thermo Fisher Scientific Cat# AM2238

Deposited data

WT V. cholerae vs a ΔhapR mutant Boston Children’s Hospital NCBI: PRJNA810852

Ore R Drosophila colonized with WT V. cholerae vs a 
ΔhapR mutant

Boston Children’s Hospital NCBI: PRJNA811240

Experimental models: Organisms/strains

OreR-C Bloomington Drosophila Stock Center 
(BDSC)

BL 5

y1w1 BDSC BL 1495

HnRNAi line BDSC BL 60025

5-HT1ARNAi line BDSC BL 33885

delta-AMPs line (iso DrosDel w1118; DefSK3, AttCMi, 
DroAttABSK2, MtkR1, DptSK1; DrsR1, AttDSK1)

Kind gift from Bruno Lemaitre https://www.ncbi.nlm.nih.gov/
pubmed/30803481

Tk-Gal4 Kind gift from Norbert Perrimon N/A

Myo1A-Gal4 Kind gift from Norbert Perrimon N/A

AstC-Gal4 BDSC BL52017

Software and algorithms

Graphpad Prism 7.00 Boston Children’s Hospital N/A

Fiji (ImageJ) https://imagej.net/software/fiji

Database for Annotation, Visualization and Integrated 
Discovery (DAVID)

https://david.ncifcrf.gov/ N/A

Metaboanalyst v5.0 https://www.metaboanalyst.ca/ N/A
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