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Abstract 821 
 822 
Probing the external world is essential for eukaryotes to distinguish beneficial from pathogenic 823 

microorganisms. If it is clear that the main part of this task falls to the immune cells, recent 824 

work shows that neurons can also detect microbes, although the molecules and mechanisms 825 

involved are less characterized. In Drosophila, detection of bacteria-derived peptidoglycan by 826 

pattern recognition receptors of the PGRP family expressed in immune cells, triggers NF-827 

kB/IMD dependent signaling. We show here that one PGRP protein, called PGRP-LB, is ex-828 

pressed in some proboscis’s bitter gustatory neurons. In vivo calcium imaging in female flies 829 

reveals that the PGRP/IMD pathway is cell-autonomously required in these neurons to trans-830 

duce the peptidoglycan signal. We finally show that NF-kB/IMD pathway activation in bitter-831 

sensing gustatory neurons influences fly behavior. This demonstrates that a major immune re-832 

sponse elicitor and signaling module are required in the peripheral nervous system to sense the 833 

presence of bacteria in the environment.  834 

 835 
 836 
Significance  837 
 838 
In addition to the classical immune response, eukaryotes rely on neuronally-controlled mecha-839 

nisms to detect microbes and engage in adapted behaviors. However, the mechanisms of mi-840 

crobe detection by the nervous system are poorly understood. Using genetic analysis and cal-841 

cium imaging, we demonstrate here that bacteria-derived peptidoglycan can activate bitter gus-842 

tatory neurons. We further show that this response is mediated by the PGRP-LC membrane 843 

receptor and downstream components of a non-canonical NF-kB signaling cascade. Activation 844 

of this signaling cascade triggers behavior changes. These data demonstrate that bitter-sensing 845 

neurons and immune cells share a common detection and signaling module to either trigger the 846 

production of antibacterial effectors or to modulate the behavior of flies that are in contact with 847 

bacteria. Since PGN detection doesn’t mobilize the known gustatory receptors, it also demon-848 

strates that taste perception is much more complex than anticipated 849 

  850 
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 851 

Introduction 852 
 853 
Since microorganisms can reduce the fitness of their hosts, natural selection has favored defense 854 

mechanisms that protect them against disease-causing agents. The molecular mechanisms that 855 

are activated during the humoral and cellular responses, the main armed branches of the host 856 

against invading microbes, are known in great detail.  By avoiding pathogenic microorganisms 857 

or modifying its behavior when infected, host can prevent the activation of the costly immune 858 

response, maximizes its efficiency and reduce the consequences of the infection on themselves 859 

or their progeny. Phenotypes related to such behaviors are well known in mammals. They range 860 

from disgust to social isolation including sleepiness 1. These responses to the microbial envi-861 

ronment are accepted as symptoms, but are not well defined molecularly. Observations in in-862 

vertebrates phenocopying the mammalian sickness behaviors have also been made 2 and may 863 

often be interpreted in an anthropomorphic way while there is no molecular deciphering or no 864 

ecological context. For instance, social insects, such as termites can ascertain the virulence of 865 

the Metarhizium and Beauveria fungi and avoid the most virulent strains3, while Apis mellifera 866 

workers are able to detect larvae infected with the fungus Ascosphaera apis and remove them 867 

from the nest4. On the other hand, since some microorganisms are beneficial for their host, 868 

animals can also be attracted by them. Up to date, the molecular and neuronal basis of these 869 

behavioral responses to microbes are much less characterized than the “canonical” immune 870 

responses. Genetically tractable models such as Caenorhabditis elegans or Drosophila mela-871 

nogaster are very well suited to elucidate them 5, 6, 7, 8. 872 

Devoid of adaptative immunity like all invertebrates, Drosophila has emerged as a well-873 

adapted model to unravel the signaling modules that control the innate immune responses 874 

against bacteria 9, 10, 11, 12. Essential to them are two NF-kB signaling pathways called Toll and 875 

IMmune Deficiency (IMD) whose activation triggers the production of immune effectors, such 876 

as AntiMicrobial Peptides (AMPs), in immune-competent cells 9, 13, 14, 15. This activation de-877 

pends on the previous detection of bacteria-derived PeptidoGlycaN (PGN) by host Pattern 878 

Recognition Receptors (PRRs) belonging to the PeptidoGlycan Recognition Protein (PGRP) 879 

family 16, 17. Recent work has shown that signaling components of the NF-kB/IMD pathway, 880 

including the NF-kB transcription factor Relish, and the upstream PGRP sensors are function-881 

ally required outside the immune system and more specifically in some neurons of the Central 882 

Nervous System (CNS) 18, 19. Direct recognition of circulating bacteria-derived PGN by few 883 

brain octopaminergic neurons leads to their inhibition and, in turn, to an egg-laying reduction 884 
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in PGN-exposed females 20 19. Hence, by detecting a ubiquitous bacteria cell wall component 885 

via dedicated PRRs, few brain neurons adapt the female physiology to its infectious status.  886 

The Peripheral Nervous System (PNS) of Drosophila and more specifically its gustatory 887 

and olfactory systems are also involved in microbe-induced behaviors. By activating a subclass 888 

of olfactory neurons that express the olfactory receptor Or56a, the microbial odorant geosmin 889 

induces pathogen avoidance by inhibiting oviposition, chemotaxis, and feeding 21. In contrast, 890 

bacterial volatiles commonly produced during decomposition of plant material such as ammo-891 

nia and certain amines, are highly attractive to flies 22. Furthermore, Or30a-dependent detection 892 

of bacteria-derived short-chain fatty acid induces attraction in larvae23. Previous works demon-893 

strated that bacterial cell wall components like LipoPolySaccharide (LPS) and PGN are de-894 

tected by Drosophila’s gustatory sensory system 24. Detection of LPS by the esophageal bitter 895 

Gustatory Receptor Neurons (GRNs) expressing the chemosensory cation channel TrpA1 896 

(Transient receptor potential cation channel subfamily A member 1) triggers feeding and ovi-897 

position avoidance 25. PGN detection, instead, triggers grooming behavior upon stimulation of 898 

wing margins and legs but the nature of gustatory sensory neurons and receptors involved in 899 

this behavior remain elusive 24.  900 

Previous work has shown that recognition of bacteria-derived PGN by fly PGRPs me-901 

diates many of these procaryotes-eucaryotes interactions. Di-Amino Pimelic PGN (DAP-type 902 

PGN) found in the cell wall of most Gram-negative bacteria is detected either at the membrane 903 

of immune competent cells by PGRP-LC, or in the cytosol by the soluble PGRP-LE receptor 904 
26, 27, 28. In both cases, this recognition step is sufficient to activate the evolutionary conserved 905 

NF-kB downstream signaling cascade that, in turn, will induce the production of antibacterial 906 

molecules. Probably because its prolonged activation is detrimental for the host, NF-kB path-907 

way activation levels are finely modulated by several negative regulators 29. Among them are 908 

enzymes, called amidases, that by binding and cleaving the PGN into inactive products buffer 909 

IMD pathway activation. PGRP-LB is such an enzyme that is present either extracellularly via 910 

its PGRP-LBRC isoform or inside the cell via the PGRP-LBRA and RD isoforms30, 31, 32, 33.  We 911 

present here data demonstrating that the PGRP-LB enzyme and other IMD pathway compo-912 

nents are expressed in some gustatory neurons suggesting that these cells might sense and react 913 

to external PGN. Using genetic analysis and calcium imaging, we demonstrate that some mem-914 

bers of the IMD pathway are functionally required in bitter-sensing gustatory neurons to sense 915 

and transduce the presence of PGN without the mobilization of the classical gustatory receptors 916 

expressed in these cells. These results demonstrate that the taste system can be used by the fly 917 

to detect the presence of PGN in the environment and that the PGRP/IMD module is not only 918 
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required in immune cells to trigger the production of antibacterial effectors but also in sensory 919 

neurons to modulate fly behavior upon bacteria sensing. Thus, the PGN that is used as an alarm 920 

signal when detected within the body cavity is as well a qualitative readout about the fly envi-921 

ronment. 922 

 923 

 924 

Results 925 

A peptidoglycan binding protein is expressed in some bitter gustatory neurons 926 

Our previous work has shown that some PGN sensing molecules (PGRPs) are active outside 927 

immune cells and specifically in neurons of the CNS. Indeed, the direct detection of bacteria-928 

derived PGN by the cytosolic protein PGRP-LE in a subset of brain octopaminergic neurons 929 

modulates oviposition of infected females in an NF-kB-dependent manner 18, 20. To identify 930 

neurons which potentially expressed PGRPs and thus respond to PGN, we previously made use 931 

of a reporter line, pLB1Gal4, that partially recapitulates the endogenous expression of one PGRP-932 

LB protein isoform (i.e., PGRP-LBRD)20 (Extended Data Fig.1-1a). We now noticed that, in 933 

addition to being expressed in some neurons of the brain, this line also labeled axonal projec-934 

tions that originated from neurons of the PNS. In pLB1Gal4/UAS-mCD8-GFP flies, a GFP signal 935 

was observed in the Sub-Esophageal Zone (SEZ) of the central brain where GRNs send their 936 

axonal projections (Fig. 1a, b) 34, 35. Accordingly, some spare cell bodies present in the labella 937 

at the position of taste sensory neurons were detected (here called pLB1+ neurons; Fig. 1c, 938 

Extended data Fig. 1-1b and Table 1). In contrast, no signal was detected using the two other 939 

PGRP-LB isoform reporter constructs pLB2Gal4 and pLB3 Gal4 (Extended Data Fig.1-1a, b)18. 940 

The axonal network within the SEZ of pLB1Gal4/UAS-mCD8-GFP flies is reminiscent of taste 941 

neurons associated with detection of molecules triggering aversion and classified as bitter. Dou-942 

ble staining between pLB1Gal4/UAS-mCD8-GFP and Gr66a-RFP, which is specifically ex-943 

pressed in bitter gustatory neurons, revealed that all pLB1+ neurons are bitter (Gr66a+), alt-944 

hough they only represent a sub-population of them (Fig. 1d, e and Table 2). Indeed, while there 945 

are around 25 Gr66a+ neurons per each labellum, we identified an average of 5 ± 2 pLB1+ 946 

neurons 36, 37, 38 (Table 1 and Table 2). We confirmed this result by using genetic intersectional 947 

strategy between pLB1Gal4 and Gr66aLexA (Extended Data Fig. 1-2a) and by using another driver 948 

that broadly targets bitter-sensing gustatory neurons (i.e., Gr32aLexA) (Extended Data Fig. 1-949 

2c). Consistently, by using the same strategy and a driver that labels sweet GRNs (Gr5aLexA), 950 

we did not detect any neurons that are simultaneously pLB1+ and Gr5a+ (Extended Data Fig. 951 

1-2d). In addition, the expression of the Gal4 inhibitor Gal80 in Gr66a+ neurons 952 
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(Gr66aLexA/LexAopGal80) suppressed the expression of GFP in pLB1+ neurons (pLB1Gal4/UAS-953 

mCD8-GFP). No signal was detected in pLB1Gal4/ UAS-mCD8-GFP flies expressing the Gal80 954 

repressor, (Extended Data Fig. 1-2b). Lastly, imaging using a pan-isoform reporter line in which 955 

the endogenous PGRP-LB has been GFP-tagged at the locus (PGRP-LB::GFP) demonstrated 956 

that the endogenous PGRP-LB protein is also produced in Gr66a+ neurons (Extended Data Fig. 957 

1-2e). Taken together, these data demonstrate that all the pLB1+ neurons in the proboscis are 958 

bitter-sensing neurons. 959 

 960 

Bitter GRNs respond to bacteria and to DAP-type PGN 961 

Since we observed in bitter-sensing gustatory neurons the expression of an enzyme dedicated 962 

to the buffering of the NF-kB/IMD response and that the PGN is a proxy to delineate whether 963 

bacteria are present or not, we first tested whether pLB1+ gustatory neurons could be activated 964 

by bacterial PGN by performing in vivo calcium imaging. 965 

Two types of PGN, which differs for a single amino acid in the stem peptide, are found in 966 

bacteria. Whereas the Lysine (Lys)-type PGN is found in Gram-positive bacteria cell wall, the 967 

DAP-type PGN forms that of Gram-negative bacteria. While Lys-type PGN preferentially trig-968 

gers the Drosophila NF-kB/Toll pathway, DAP-type PGN mainly leads to the activation of the 969 

NF-kB/IMD pathway 26. Exposing the labella of pLB1Gal4/UAS-GCaMP6s flies to DAP-type 970 

PGN triggered an increase of the intracellular calcium levels in the SEZ located axonal projec-971 

tions of labellar pLB1+ neurons, indicating that this subset of gustatory neurons senses and is 972 

activated by bacterial DAP-type PGN. Our data demonstrated that pLB1+ neurons responded 973 

to DAP-type PGN in a dose-dependent manner and detected caffeine (a bitter compound for 974 

flies), but not sucrose, confirming their bitter nature (Fig. 2a, b, Movie 1, 2). 975 

Considering that the pLB1Gal4 transgene drives the expression of Gal4 in neurons other than 976 

GRNs and in immune cells, and that all pLB1+ GRNs are GR66a+, we decided to study PGN 977 

perception by bitter gustatory neurons in the well-characterized Gr66a+ GRN population. As 978 

for labellar pLB1+ gustatory neurons, calcium imaging revealed that DAP-type PGN activates 979 

Gr66a+ neurons (Fig. 2c, d, Movie 3). Together, these results showed that bitter GRNs, among 980 

which some express the PGRP-LB protein, are able to respond to DAP-type PGN.  Moreover, 981 

when we exposed flies to E. coli, a Gram-negative bacterium that produces DAP-type PGN and 982 

known to activate the NF-kB/IMD cascade in immune tissues, we also detected a response in 983 

Gr66a+ neurons, demonstrating that these neurons are able to directly detect bacteria (Fig. 2c, 984 

d). Because of the highly complex biochemical composition of bacteria, we decided for the next 985 
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experiments to focus on the sensing of pure PGN. To evaluate the specificity of this response, 986 

pLB1Gal4/UAS-GCaMP6s and Gr66aGal4/UAS-GCaMP6s flies were exposed to Lys-type PGN, 987 

that does not interact with PGRP-LB and does not activate the NF-kB/IMD cascade 26.  When 988 

used at concentrations at which DAP-type PGN is active, Lys-type PGN was unable to trigger 989 

calcium increase in pLB1+, nor in GR66a+ neurons (Fig. 2e, f). These data indicate that bitter-990 

sensing gustatory neurons are responsive to the DAP-type PGN found in the cell wall of Gram-991 

negative bacteria.  992 

  993 

Upstream elements of the NF-kB/IMD pathway are required for the response of bitter 994 

GRNs to PGN 995 

Since some GRNs respond to DAP-type PGN, we tested whether the canonical upstream PGN 996 

sensors and downstream NF-kB/IMD pathway components were necessary to transduce its sig-997 

nal, as it is for immune competent cells. For that purpose, in vivo calcium imaging experiments 998 

in pLB1Gal4/UAS-GCaMP6s flies were performed in various NF-kB/IMD mutant background 999 

flies. Two PGRP proteins function as upstream DAP-type PGN (hereafter simply PGN) recep-1000 

tors: PGRP-LC and PGRP-LE (Fig. 3a). While caffeine response was unaffected in PGRP-LC 1001 

(PGRP-LCE12) and PGRP-LE (PGRP-LE112) mutants (Extended Data Fig. 3-1a), PGN ability 1002 

to activate pLB1+ neurons was completely abrogated in PGRP-LC mutants (Fig. 3b) and to a 1003 

lesser extent, decreased in PGRP-LE animals. In contrast, PGN sensing in pLB1+ neurons was 1004 

not modified in the PGRP-LB mutant background compared to control animals (Fig. 3b). When 1005 

we studied the PGN response in Gr66aGal4/UAS-GCamP6s flies, the loss of PGRP-LC was also 1006 

sufficient to abolish this response, indicating that this membrane-associated receptor is required 1007 

in bitter-sensing neurons to detect the PGN (Fig. 3c).  1008 

Since previous reports demonstrated that elements of the NF-kB/IMD pathway are expressed 1009 

and functionally required in some neurons18, 20, their implication in mediating the effect of PGN 1010 

was tested. While loss-of-function mutants for Dredd (DreddD55) (Fig. 3a) were responding 1011 

normally to caffeine, a strong reduction of calcium signal in pLB1+ neurons was observed in 1012 

flies stimulated with PGN (Fig. 3 b, c and Extended Data Fig. 3-1a, c). The conserved ability 1013 

of Dredd mutants to detect caffeine demonstrated that their unresponsiveness to PGN was nei-1014 

ther secondary to neuronal death nor to a loss of cell functionality. To ensure that the NF-1015 

kB/IMD pathway was required cell-autonomously in gustatory neurons, we used RNAi-medi-1016 

ated cell-specific inactivation. Functional downregulation of the PGRP-LC, IMD, Fadd, and 1017 

Dredd in GR66a+ cells, was sufficient to block calcium response after PGN stimulation (Fig. 1018 
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3d). These neurons remained responsive to caffeine (Extended Data Fig. 3-1d) demonstrating 1019 

that the NF-kB/IMD pathway upstream components inactivation specifically impaired the re-1020 

sponse to PGN. Since most of the reported IMD-dependent responses have been shown to be 1021 

mediated by the NF-kB transcription factor Relish, we tested its implication in bitter GRNs 1022 

response to PGN 9, 13. Intriguingly, the calcium response of Gr66a+ neurons upon proboscis 1023 

stimulation by PGN or caffeine was not statistically different in Relish RNAi flies compared to 1024 

wild-type controls (Fig. 3d and Extended Data Fig. 3-1d). Altogether, these data demonstrate 1025 

that Gr66a+ neurons can respond to DAP-type PGN in an IMD-pathway dependent manner, 1026 

but suggest that it is independent of the canonical Relish trans-activator.  1027 

  1028 

The response of bitter-sensing neurons to peptidoglycan does not require TrpA1 nor 1029 

Gr66a 1030 

A previous work has shown that another ubiquitous component of the Gram-negative bacterial 1031 

cell wall, LPS, is detected in esophageal Gr66a+ bitter-sensing neurons via the TrpA1 cation 1032 

channel 25. To assess whether TrpA1 is implicated in the response of neurons to PGN, we per-1033 

formed in vivo calcium imaging in dTrpA1 mutants. The fact that PGN-dependent activation of 1034 

cells is conserved in TrpA1 mutants demonstrated that PGN and LPS are detected by different 1035 

receptors and certainly trigger different pathways in bitter GRNs (Extended Data Fig. 3-1b). 1036 

The non-GPCR gustatory receptor GR66a itself was also not involved in mediating the response 1037 

to PGN. Altogether, these results suggest that PGRP-LC could be the dedicated receptor nec-1038 

essary for PGN detection and transduction in bitter-sensing neurons.  1039 

 1040 

Activation of the NF-kB/IMD pathway in bitter-sensing neurons modulate aversive be-1041 

haviors 1042 

The ability of PGN to activate calcium release in bitter GRNs prompted us to test whether PGN 1043 

triggers aversive behaviors in flies. We tested this hypothesis using the FlyPAD device in a 1044 

two-choice feeding assay (Fig.4a)39. When flies were given a choice between a sucrose only 1045 

and a sucrose plus PGN solution, no obvious repulsive behavior towards PGN was detected 1046 

(Fig.4b and Extended Data Fig. 4-1a, b). To further evaluate the phenotypical consequences 1047 

associated with activation of the NF-kB/IMD pathway specifically in the Gr66a+ neurons, we 1048 

overexpressed the upstream signaling receptor PGRP-LCa in these cells. This ectopic expres-1049 

sion may hypersensitize the cells to PGN and has been shown to induce forced dimer receptor 1050 

formation and hence to trigger downstream signaling in the absence of the ligand or with lower 1051 
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amounts of it. In a two-choice feeding assay, flies in which PGRP-LCa was overexpressed in 1052 

GR66a+ neurons, showed an increased repulsion towards solution containing PGN (Fig.4c). 1053 

This behavior, which was not observed in control animals, was abolished by the simultaneous 1054 

knockdown of the NF-kB/IMD downstream element Fadd (Fig. 4d). Thus, when sensitized 1055 

following over-expression of the PGRP-LCa receptor, flies can discriminate, via the IMD path-1056 

way between a sucrose containing PGN solution and a sucrose only solution. Since lactic acid 1057 

bacteria Enterococci are critical modulators to attract Drosophila to lay eggs on decaying food 1058 
40, we then tested whether IMD-dependent activation of bitter-sensing neurons would impact 1059 

egg-laying site preference. Although we were unable to detect any bias of egg-laying toward 1060 

PGN contaminated media (data not shown), we observed that PGRP-LCa overexpression in 1061 

Gr66a+ neurons directly led to a decreased oviposition (Fig. 4e, f). This decreased egg-laying 1062 

when PGRP-LCa is expressed in bitter-sensing gustatory neurons was confirmed using 1063 

Gr32aGal4 as another bitter GRNs driver (Extended Data Fig. 4-1c). These results suggesting 1064 

that NF-kB/IMD pathway activation in bitter GRNs reduces female egg-laying were further 1065 

confirmed by showing that this effect could be suppressed by the simultaneous RNAi-mediated 1066 

Fadd inactivation in Gr66a+ neurons (Fig. 4g). In contrast, simultaneous knockdown of the 1067 

transcription factor Relish did not impact the egg-laying decrease, indicating that this trans-1068 

activator is not required for this PGN-mediated behavioral response (Fig 4g). We previously 1069 

showed that PGN-dependent NF-kB/IMD pathway activation in a subset of brain octopamin-1070 

ergic neurons was sufficient to reduce female egg-laying, a phenomenon reproduced with 1071 

Kir2.1 overexpression in these neurons, suggesting the PGN-dependent inactivation of this oc-1072 

topaminergic neurons 20. Importantly, inactivating the Gr66a+ cells via Kir2.1 expression did 1073 

not phenocopy the egg-laying drop caused by inactivation of octopaminergic neurons, suggest-1074 

ing that PGRP-LCa overexpression triggered activation of Gr66a+ neurons instead (Extended 1075 

Data Fig. 4-1d). Consistently, conditional Gr66a+ cells activation via TrpA1 overexpression, 1076 

that leads to inward current flux of cations, decreased female egg-laying (Fig. 4h). Taken to-1077 

gether, these data demonstrate that receptor and transducers of the NF-kB/IMD pathway (but 1078 

not the downstream NF-kB transcription factor Relish) are expressed and functionally required 1079 

in bitter-sensing-neurons to mediate a behavioral response towards PGN. 1080 

 1081 

Discussion 1082 
This study demonstrates that some neurons of the gustatory system detect the peptidoglycan, 1083 

one of the main conserved and ubiquitous cell wall bacterial components. In bitter-sensing gus-1084 

tatory neurons, this detection is mainly mediated by the IMD pathway PGRP-LC receptor and 1085 
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thus probably not by classical Gr proteins such as Gr66a. The PGN signal is transduced by the 1086 

known cytosolic members of the IMD pathway such as Fadd and Dredd. Together with previous 1087 

reports, these results confirm the key role played by the PGRP/IMD module in regulating many 1088 

of the interactions between PGN and flies. This specific recognition step, which takes place at 1089 

the cell membrane via PGRP-LC or within the cells via PGRP-LE, has been shown to control 1090 

the production of anti-bacterial effectors by immune-competent cells, to alter the egg-laying 1091 

rate of infected females and to allow the physiological adaptation of the flies to their infectious 1092 

status 18, 19, 20, 28, 41, 42, 43. Interestingly, while the initial MAMP/PRR recognition event is con-1093 

served among these processes, the downstream molecular mechanisms that transduce the signal 1094 

are context-dependent. Whereas the PGN-dependent activation of an immune response in adi-1095 

pocytes, hemocytes or enterocytes and the inhibition of VUM III octopaminergic brain neurons 1096 

rely on the nuclear NF-kB/Relish protein, the transcriptionally regulated effectors are likely to 1097 

be different 10, 20. The response of bitter-sensing-neurons to PGN depends on a non-canonical 1098 

IMD pathway in which NF-kB/Relish is not required. Interestingly, PGRP-LC and some down-1099 

stream IMD components are also required at the pre-synaptic terminal of Drosophila motoneu-1100 

rons for robust presynaptic homeostatic plasticity 44, 45. The local modulation of the presynaptic 1101 

vesicle release, which occurs in seconds following inhibition of postsynaptic glutamate recep-1102 

tors, required PGRP-LC, Tak1 but is also Relish-independent. These data and ours raise im-1103 

portant questions regarding how the activation of the upstream elements of the IMD cascade is 1104 

modifying neuronal activity, a topic for future studies. Previous biochemical studies have 1105 

shown that IMD signaling is rapid, occurring in seconds, a time frame consistent with its role 1106 

at the synapse and now in bitter-sensing neurons signal transduction46. Another possibility for 1107 

the involvement of the IMD pathway in the bitter-sensing neurons would be that the expression 1108 

of a yet to be identified PGN sensor requires the PGRP/IMD module for a permissive signal 1109 

upon stimulation by environmental bacteria.  1110 

Our data show that flies can perceive PGN, a component of the bacteria cell wall, via bitter-1111 

sensing neurons. These findings are complementary to observations made for another cell wall 1112 

component in Gram-negative bacteria, called LPS, which triggers feeding and oviposition 1113 

avoidance in Drosophila through the activation of bitter-sensing neurons25. While LPS induced 1114 

avoidance behavior is mediated through the canonical chemosensory cation channel TrpA1, we 1115 

show that PGN induced activation of bitter-sensing neurons seems to be independent of it. It 1116 

seems to be also independent of the classical Gr receptors but to depend on a dedicated PGN 1117 

sensor used in other contexts. We demonstrate that the bitter response upon PGN stimulation is 1118 

dependent on the IMD pathway that not only regulates a feeding aversion for PGN but also 1119 
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modulate oviposition rate. This indicates that PGN detection by gustatory neurons and its relay 1120 

by the IMD pathway is probably an informative environmental cue for flies. Our approach fo-1121 

cusing on purified PGN allows us to directly link a molecule to the neurons and the molecules 1122 

that perceive it. However, the behavior of flies in a natural environment most probably corre-1123 

sponds to a highly complex integration of multiple intricate signals perceived by different sen-1124 

sory systems of the animal. For instance, lactic acid, which is produced by some bacteria is also 1125 

sensed by gustatory neurons47. In this respect, it remains difficult to appreciate to which con-1126 

centrations of bacteria-derived products animal sensory system are exposed in their natural en-1127 

vironment. Assays estimated the amount of LPS at the surface of fruits of around 1000μg/mL 1128 
25. To our knowledge, no such studies were performed for PGN. It should also be mentioned 1129 

that the amount of PGN released by bacteria is highly dependent on the species considered and 1130 

the bacterial growth phase to cite only few parameters 48. The ability of the PGN to serve as a 1131 

ligand for its host receptor also depends on other cell wall component such as teichoic acid, but 1132 

also on PGN degrading enzymes such as amidase or lysozymes that degrade it49. It is therefore 1133 

complicated to speculate on what could be a physiological concentration of PGN for flies sens-1134 

ing its environment.   1135 

Thus, in nature, PGN is likely detected in combination with other tastants and odorants, which 1136 

detected alone may lead to an array of conflicting behaviors but in combination will yield in 1137 

one context-dependent behavioral output 25, 50. Consequently, it may be hazardous to expect 1138 

clear phenotypes, or to make sense of the observed ones for the ecology of the fly when testing 1139 

a single molecule of the permanent environment of the animal while this molecule is not espe-1140 

cially deleterious per se, but rather informative for the insect. The PGN is an interesting case 1141 

as on one hand, an internal sensing of this molecule indicates an infection, the uncontrolled 1142 

growth of a bacteria or a breach in a physical barrier. On the other hand, the perception of this 1143 

same molecule in the environment might be a clue, among others, to suggest a heavily contam-1144 

inated place.   1145 
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Figure legends 1146 
 1147 
Figure 1.  An IMD pathway component is expressed in neurons located in the proboscis. 1148 

Detection of cells expressing pLB1Gal4/UAS-mCD8-GFP (pLB1+). a. Schematic representing 1149 

the fly head and the axonal projections of pLB1+ peripheral neurons (green). The proboscis is 1150 

an appendix dedicated to the feeding process and hosting neurons dedicated to detection of 1151 

tastants. The cell bodies of pLB1+ neurons are located in labellar sensilla exposed to the envi-1152 

ronment and project axons to the brain, specifically in the sub-esophageal zone (SEZ). b. In the 1153 

brain of female flies, labellar pLB1+ neurons project in the SEZ with a reproducible pattern 1154 

(n=25). The panel on the right is a magnification of the SEZ delineated by the white box. c. The 1155 

projections seen in the SEZ arise from neurons whose cell bodies are located in the tip of the 1156 

proboscis (Table 1, n=32), the labellum. The panel on the right is a magnification of the label-1157 

lum delineated by the white box. d, e. Immunodetection in the brain (d) and detection in the 1158 

proboscis (e) of cells expressing pLB1Gal4/UAS-mCD8-GFP (pLB1+) as well as Gr66a-RFP 1159 

(Gr66a+) (n=5 for brains and 6 for proboscices). d. Top left is a view of a large portion of the 1160 

brain, the other panels are magnifications of the SEZ delineated by the white box. d, e. All the 1161 

pLB1+ projections and neurons (arrowheads) are Gr66a+ while not all the Gr66a+ projections 1162 

and cells (arrows) are pLB1+. Scale bar, 50 μm. n indicates the number of examined brains or 1163 

proboscises. Stacks of images were analyzed. For the proboscises, sagittal views, anterior is on 1164 

the right with dorsal part and maxillary palps sometimes visible at the bottom. See also Table 1165 

1, Table 2, extended Data Fig. 1-1 and Fig 1-2.  1166 

  1167 

Figure 2. Bitter gustatory receptor neurons respond to DAP-type peptidoglycan. 1168 

Real-time calcium imaging using the calcium indicator GCaMP6s to assess the in vivo neuronal 1169 

activity in the sub-esophageal zone (SEZ) of labellar pLB1+ neurons (pLB1Gal4/UAS-1170 

GCaMP6s) (a, b) or bitter gustatory receptor neurons (Gr66aGal4/UAS-GCaMP6s) (c, d). a and 1171 

c. Representative images (top) and averaged fluorescence ± SEM time course of the GCaMP6s 1172 

intensity variations (ΔF/F0%) (bottom). The addition of the chemical on the proboscis at a spe-1173 

cific time is indicated by the arrow. a. The images illustrate the GCaMP6s intensity before and 1174 

after the addition of either water as negative control (left panels), peptidoglycan (PGN 100 1175 

µg/mL; middle panels), caffeine or sucrose (right panels) on the proboscis. Scale bar, 20 μm. 1176 

c. The images illustrate the GCaMP6s intensity before and after the addition of either water as 1177 

negative control, E.coli K12 (OD600=0.5), peptidoglycan (PGN; 100 µg/mL), caffeine or su-1178 

crose (from left to right panel) on the proboscis. Scale bar, 20 μm. b. Averaged fluorescence 1179 
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intensity of peaks (∆F/F0) ± SD for control, PGN (different concentrations), caffeine or sucrose 1180 

stimulated flies (n= 7-8). d. Averaged fluorescence intensity of peaks ± SD for control, E.coli 1181 

K12(OD600=0.5), PGN (100 µg/mL), caffeine or sucrose stimulated flies (n=7-9). e and f. Av-1182 

eraged fluorescence intensity of peaks (∆F/F0) ± SD for pLB1Gal4/UAS-GCaMP6s (n=7-8) (e) 1183 

or Gr66aGal4/UAS-GCaMP6s (n=7-8) (f) flies exposed to water, Lys-type PGN (100 µg/mL) or 1184 

DAP-type PGN (100 µg/mL). n indicates the number of analyzed animals (single dots in 1185 

graphs) for each condition. *** indicates p < 0.0001; non-parametric t-test, Mann-Whitney test. 1186 

 1187 

Figure 3. The PGN detection in pLB1+and Gr66a+ neurons requires upstream elements 1188 

of the NF-kB/IMD pathway. 1189 

a. Schematic of the canonical NF-kB/IMD pathway in Drosophila. b-d. Real-time calcium im-1190 

aging using the calcium indicator GCaMP6s to assess the in vivo neuronal activity in the sub-1191 

esophageal zone (SEZ) of labellar pLB1+ neurons (pLB1Gal4/UAS-GCaMP6s) (b) or bitter gus-1192 

tatory receptor neurons (Gr66aGal4/UAS-GCaMP6s) (c,d). b, c. Averaged fluorescence intensity 1193 

of peaks (∆F/F0) ± SD for pLB1Gal4/UAS-GCaMP6s (n=8-9). (b) or Gr66aGal4/UAS-GCaMP6s 1194 

(n=7-8) (c) flies in different mutant backgrounds and exposed to PGN (100 µg/mL). d. Aver-1195 

aged fluorescence intensity of peaks (∆F/F0) ± SD for Gr66aGal4/UAS-GCaMP6s animals ex-1196 

pressing RNAi targeting different elements of the NF-kB/IMD pathway and exposed to PGN 1197 

(100 µg/mL) (n= 6-8). n indicates the number of analyzed animals (single dots in graphs) for 1198 

each condition. *** indicates p<0.0001; non-parametric t-test, Mann-Whitney test.  See also 1199 

extended Data Fig. 3-1. 1200 

 1201 

Figure 4. Over-expression of the PGN receptor PGRP-LCa in bitter-sensing neurons 1202 

modulates feeding preference towards peptidoglycan and oviposition behavior.  1203 

a. Schematic of the two-choice feeding assay using the flyPAD device 39. Individual flies are 1204 

given the choice between a sucrose solution (5mM) and a sucrose solution (5mM) plus pepti-1205 

doglycan (PGN) and tested for 1 hour. b-d. Feeding preference is expressed as a Preference 1206 

Index (PI) based on the number of sips (see Material and Methods). b. Feeding preference of 1207 

wild type (Canton S) flies exposed to two sucrose solutions (5mM), one of which containing 1208 

PGN (different concentrations are tested and indicated in the X axis) (n=50-68). c. Feeding 1209 

preference of flies overexpressing PGRP-LCa in bitter taste neurons (Gr66aGal4/UAS-PGRP-1210 

LCa) and controls exposed to two sucrose solutions (5mM), one of which containing PGN (100 1211 

µg/mL) (n= 61-73). d. Feeding preference of flies overexpressing simultaneously PGRP-LCa 1212 
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and UAS Fadd RNAi in bitter taste neurons (Gr66aGal4/UAS-PGRP-LCa, UAS-Fadd RNAi) 1213 

and control animals exposed to two sucrose solutions (5mM), one of which containing PGN 1214 

(100 µg/mL) (n=49-52). e. Schematic of the oviposition assay. Individual flies are transferred 1215 

in fresh tubes and allowed to lay eggs for 24 hours (24h). f. Eggs laid per 24h by flies overex-1216 

pressing PGRP-LCa in bitter taste neurons (Gr66aGal4/UAS- PGRP-LCa) and control animals 1217 

(n=80-92). g. Eggs laid per 24h by flies overexpressing simultaneously PGRP-LCa and Fadd 1218 

RNAi or Relish RNAi in bitter-sensing gustatory neurons (Gr66Gal4/UAS-PGRP-LCa, UAS-1219 

Fadd RNAi) and control animals (n=24-76). h. Eggs laid per 24h by flies overexpressing TrpA1 1220 

in bittersensing neurons (Gr66Gal4/UAS-TrpA1) and control animals, at a permissive (23°C) 1221 

and restrictive (29°C) temperature (n=18-20). b-d. shown are the average PI ± SD of at least 1222 

three independent trials. *** indicates p<0.0001; ns indicates p > 0.05; non-parametric t-test, 1223 

Mann-Whitney test. f-h. shown are the average numbers of eggs laid per fly per 24 h ± SD from 1224 

at least two independent trials with at least 20 females per trial, genotype and condition used. 1225 

*** indicates p<0.0001; ns indicates p > 0.05; non-parametric ANOVA, Dunn’s multiple com-1226 

parison test. n indicates number of analyzed animals (single dots in graphs) for each condition. 1227 

See also extended Data Fig. 4-1. 1228 

 1229 

Extended data 1230 
 1231 

Figure 1-1. pLB2 and pLB3 expressions are not detected in the fly labellum. 1232 

a. Schematic representation showing the PGRP-LB locus (adapted from FlyBase http://fly-1233 

base.org/reports/FBgn0037906.html and from 18. The exonic coding sequences are indicated in 1234 

light purple, while the non-coding exonic sequence in dark purple. In green are represented the 1235 

fragments used to generate the pLB1Gal4, pLB2Gal4 and pLB3Gal4 constructs 18. b. Detection in 1236 

the labella of pLB1+ (pLB1Gal4/UAS-mCD8-GFP; n=32), pLB2+ (pLB2Gal4/UAS-mCD8-GFP; 1237 

n=7) and pLB3+ (pLB3Gal4/UAS-mCD8-GFP; n=3) cells (from left to right, respectively). 1238 

Stacks of images were analyzed. 1239 

 1240 

Figure 1-2. pLB1+ neurons in the labellum are exclusively Gr66a+. 1241 

a. Immunodetection in brain (top) and detection in the proboscis (bottom) of cells pLB1+ as 1242 

well as Gr66a+ via genetic intersectional strategy (pLB1Gal4, Gr66aLexA/UASfrtSTOPfrtmCD8-1243 

GFP, LexAopFLP; n=5 brains and n=4 proboscices). Arrows point to pLB1+/Gr66a+ cellular 1244 

bodies. b. Immunodetection in brain (top) and detection in the proboscis (bottom) of cells 1245 

pLB1+ and Gr66a- (pLB1+/Gr66a-) via the expression of the Gal4 inhibitor Gal80 specifically 1246 
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in Gr66a+ cells (pLB1Gal4; UAS-mCD8-GFP/Gr66aLexA, LexAopGal80; n=3 brains and n=4 1247 

proboscices). c. Immunodetection in the brain of cells pLB1+ as well as Gr32a+ via genetic 1248 

intersectional strategy (pLB1Gal4/Gr32aLexA; UASfrtSTOPfrtmCD8GFP, LexAopFLP; n=3). d. 1249 

Immunodetection in the brain of cells pLB1+ as well as Gr5a+ via genetic intersectional strat-1250 

egy (pLB1Gal4, Gr5aLexA/UASfrtSTOPfrtmCD8GFP, LexAopFLP; n=2). e. Detection in the 1251 

proboscis of cells producing the endogenous PGRP-LB (PGRP-LB::GFP) as well as Gr66a-1252 

RFP (Gr66a+). All the PGRP-LB::GFP+ cells (arrowheads) are Gr66a+ while not all the 1253 

Gr66a+ cells (arrows) are PGRP-LB::GFP+ (n=4). In a-d, the right panels are magnifications 1254 

of the sub-esophageal zone delineated by the white box. All the images of the proboscis are 1255 

sagittal views with anterior on the right and dorsal at the bottom. n indicates number of exam-1256 

ined brains or proboscises. Scale bar, 50 μm. 1257 

 1258 

Figure 3-1. The NF-kB/IMD pathway is not required for bitter -sensing gustatory neurons 1259 

response to caffeine and pLB1+ neurons response to PGN does not necessitate Gr66a or 1260 

dTrpA1.  1261 

Real-time calcium imaging using the calcium indicator GCaMP6s to assess the in vivo neuronal 1262 

activity in the SEZ of pLB1+ (a and b) or Gr66a+ (c and d) neurons. a,c. Averaged fluorescence 1263 

intensity of peaks (∆F/F0) ± SD for pLB1Gal4/UAS-GCaMP6s (n=6-7) (a) or Gr66aGal4/UAS-1264 

GCaMP6s (n=7-8) (c) flies in different mutant backgrounds exposed to caffeine (10mM). b. 1265 

Averaged fluorescence intensity of peaks ± SD for pLB1Gal4/UAS-GCaMP6s flies in different 1266 

mutant backgrounds exposed to peptidoglycan (100 µg/mL) (n=6-8). d. Averaged fluorescence 1267 

intensity of peaks ± SD for Gr66aGal4/UAS-GCaMP6s animals expressing RNAi against IMD 1268 

pathway elements and exposed to caffeine (10mM) (n=7-8).  n indicates the number of analyzed 1269 

animals (single dots in graphs) for each condition. ns indicates p > 0.05; non-parametric t-test, 1270 

Mann-Whitney test. 1271 

 1272 

Figure 4-1. While PGN is neither attractive nor aversive for wild type flies in two-choice 1273 

feeding assay, IMD pathway activation in bitter-sensing neurons inhibits egg laying.  1274 

a,b. Feeding preference of yw (n=82-99) (a) or w (n=50-63) (b) flies exposed to two sucrose 1275 

solutions (5mM), one of which containing PGN (different concentrations are tested and indi-1276 

cated in the X axis). c Eggs laid per 24 hours (24h) by flies overexpressing PGRP-LCa in bitter-1277 

sensing gustatory neurons (Gr32aGal4/UAS- PGRP-LCa) and control animals (n=60). d. Eggs 1278 

laid per 24 hours (24h) by flies overexpressing kir2.1 in bitter taste neurons (G66aGal4/UAS-1279 

kir2.1) and control animals (n=60). a,b. Shown are the average Preference Index (PI) ± SD of 1280 
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at least 5 independent trials. *** indicates p<0.0001; ns indicates p > 0.05; non-parametric t-1281 

test, Mann-Whitney test. c,d. Shown are the average numbers of eggs laid per fly per 24 h ± SD 1282 

from at least two independent trials with at least 20 females per trial, genotype and condition 1283 

used. *** indicates p<0.0001; ns indicates p > 0.05; non-parametric ANOVA, Dunn’s multiple 1284 

comparison test. n indicates the number of analyzed animals (single dots in graphs) for each 1285 

condition. 1286 

 1287 

Table 1. Number of GFP-positive neurons for labellum in pLB1Gal4/UAS-mCD8-GFP 1288 

flies.  1289 

The amount of times (N) a precise quantity of pLB1+ neurons is detected (event) is shown over 1290 

the total amount of proboscises observed. Only 1-week old female flies were analyzed.  1291 

Table 2. Number of cells pLB1+ as well as Gr66a+ in labellum of pLB1Gal4, UAS-mCD8-1292 

GFP/Gr66a-RFP 1-week old female flies.  1293 

The amount of pLB1+ neurons, Gr66a+ neurons and co-stained cells are presented.  1294 

 1295 

Movie 1.  pLB1+ neurons respond in vivo to PGN. 1296 

Real-time calcium imaging using the calcium indicator GCaMP6s to assess the in vivo neuronal 1297 

activity in the sub-esophageal zone of pLB1 neurons (pLB1Gal4/UAS-GCaMP6s). Effect of pep-1298 

tidoglycan solution stimulation (100 µg/mL) on the proboscis. GFP signal was recorded every 1299 

500 ms and the PGN was added at 1 second after the beginning of the recording. 1300 

 1301 

Movie 2. pLB1+ neurons respond in vivo to caffeine. 1302 

Real-time calcium imaging using the calcium indicator GCaMP6s to assess the in vivo neuronal 1303 

activity in the sub-esophageal zone of pLB1 neurons (pLB1Gal4/UAS-GcaMP6s). Effect of caf-1304 

feine solution stimulation (10 mM) on the proboscis. GFP signal was recorded every 500 ms 1305 

and the caffeine was added at 1 second after the beginning of the recording 1306 

 1307 

Movie 3. Gr66a+ neurons respond in vivo to PGN. 1308 

Real-time calcium imaging using the calcium indicator GCaMP6s to assess the in vivo neuronal 1309 

activity in the sub-esophageal zone of bitter-sensing neurons (Gr66aGal4/UAS-GCaMP6s). Ef-1310 

fect of peptidoglycan solution stimulation (100 µg/mL). GFP signal was recorded every 500 1311 

ms and the PGN was added at 1 second after the beginning of the recording. 1312 

 1313 

Methods 1314 
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Experimental designs 1315 

 1316 

Fly stocks 1317 

Detailled genotypes of all the flies used can be found in the supplementary raw data under-1318 

lying the results. 1319 

All flies were maintained at 25°C on a standard cornmeal/agar medium on a 12 h:12 h light-1320 

dark cycle with a relative humidity of 70%.The strains used are the following: pLB1Gal4 18; 1321 

PGRP-LB::GFP 20; w (BDSC:3605); yw ; Canton-S; Gr5aLexA 51, 52 (Gently provided by Dong 1322 

Min Shin); Gr66aLexA (53; gently provided by K. Scott’s Lab); Gr32aLexA 54 (gently provided by 1323 

A. Dahanukar’s lab); Gr32aGal4 (BDSC:57622); Gr66aGal4 ; Gr66a-RFP(X4) (BDSC:60691); 1324 

UAS-TrpA1 (BDSC:26264,55); UAS-Kir2.1 (BDSC:6595); 40XUAS-mCD8-GFP 1325 

(BDSC:32195); UAS-Fadd RNAi56; UAS-Imd RNAi (VDRC#101834) ; UAS-Dredd-RNAi 1326 

(VDRC#104726); UAS-PGRP-LC RNAi (VDRC#101636); UAS-Relish RNAi 1327 

(BDSC:28943); UASfrtSTOPfrt mCD8GFP (BDSC:30125); 8XLexAop2-FLP 1328 

(BDSC:55819); UAS-GCaMP6s (BDSC:42746). UAS-PGRP-LCa 57; PGRP-LCE12 58; PGRP-1329 

LE112 59 ; PGRP-LBko 60 ; DreddD55 61; TrpA11 25. 1330 

Tastants 1331 

For in vivo calcium imaging and flyPAD assays tastants were dissolved in autoclaved purified 1332 

distilled water. All tastant solutions were freshly prepared and stored in aliquots at -20°C for a 1333 

maximum duration of six months. Peptidoglycan was obtained from InvivoGen (PGN-EK Cat-1334 

alog # tlrl-pgnek, InvivoGen, USA), while sucrose (Roth, ref 4621.1) and caffeine (Sigma Al-1335 

drich, ref C0750) were obtained from Sigma-Aldrich (USA). 1336 

In vivo calcium imaging 1337 

In vivo calcium imaging experiments were performed on 5-7 day-old starved mated females. 1338 

Animals were raised on conventional media with males at 25°C or 29°C for RNAi experiments. 1339 

Flies were starved for 20-24 h in a tube containing a filter soaked in water prior any experi-1340 

ments. Flies of the appropriate genotype were anesthetized on ice for 1 h. Female flies were 1341 

suspended by the neck on a plexiglass block (2 x 2 x 2.5 cm), with the proboscis facing the 1342 

center of the block. Flies were immobilized using an insect pin (0.1 mm diameter) placed on 1343 

the neck. The ends of the pin were fixed on the block with beeswax (Deiberit 502, Siladent, 1344 

209212). The head was then glued on the block with a drop of rosin (Gum rosin, Sigma-Aldrich 1345 

-60895-, dissolved in ethanol at 70 %) to avoid any movements. The anterior part of the head 1346 

was thus oriented towards the objective of the microscope. Flies were placed in a humidified 1347 

box for 1 h to allow the rosin to harden without damaging the living tissues. A plastic coverslip 1348 
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with a hole corresponding to the width of the space between the two eyes was placed on top of 1349 

the head and fixed on the block with beeswax. The plastic coverslip was sealed on the cuticle 1350 

with two-component silicon (Kwik-Sil, World Precision Instruments) leaving the proboscis ex-1351 

posed to the air. Ringer’s saline (130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 36 1352 

mM saccharose, 5 mM HEPES, pH 7.3) was placed on the head62. The antenna area, air sacs, 1353 

and the fat body were removed. The gut was cut without damaging the brain and taste nerves 1354 

to allow visual access to the anterior ventral part of the sub-esophageal zone. The exposed brain 1355 

was rinsed twice with Ringer’s saline. GCaMP6s fluorescence was viewed with a Leica 1356 

DM600B microscope under a 25x water objective. GCaMP6s was excited using a Lumencor 1357 

diode light source at 482 nm ± 25. Emitted light was collected through a 505-530 nm band-pass 1358 

filter. Images were collected every 500 ms using a Hamamatsu/HPF-ORCA Flash 4.0 camera 1359 

and processed using Leica MM AF 2.2.9. Stimulation was performed by applying 140 µL of 1360 

tastant solution diluted in water on the proboscis. For E. coli K12 stimulation, bacteria were 1361 

grown in LB media overnight at 37°C, spined down 10 minutes at 3500g and the pellet sus-1362 

pended in water to obtain a final OD600 of 0.5. A minimum of 2 independent experiments with 1363 

a total n for each condition ranging from 7 to 10 were performed. Each experiment consisted 1364 

of a recording of 10 images before stimulation and 30 images after stimulation. Data were an-1365 

alyzed as previously described by using FIJI (https://fiji.sc/)62. In all experiments implicating 1366 

pLB1Gal4, this driver and the UAS-GCaMP6s transgenes are homozygous. In experiments using 1367 

Gr66aGal4, the driver and the UAS-GCaMP6s transgenes are heterozygous. 1368 

Immunostaining and imaging  1369 

Immunostaining and imaging were performed as previously described20. Brains from adult fe-1370 

males were dissected in Phosphate-buffered saline (PBS, Eurobio, ref CS0PBS0108) and fixed 1371 

for 15 min in 4% paraformaldehyde (Electron Microscopy Sciences, Cat # 15714-S) at room 1372 

temperature (RT). Afterward, brains were washed three times for 10 min in PBS-T (PBS + 1373 

0.3% Triton X-100) and blocked in 2,5% bovine serum albumin (BSA; Sigma-Aldrich) in PBS-1374 

T for 30 min. After saturation, samples were incubated with the primary antibody diluted in 1375 

0,5% BSA in PBS-T overnight at 4°C. The following day, brains were washed three times and 1376 

incubated with the secondary antibody diluted in 0,5% BSA in PBS-T for 2 h at RT. Next, 1377 

samples were washed for 10 min in PBS-T and mounted on slides using Vectashield (Vector 1378 

Laboratories, Ca, USA) fluorescent mounting medium. In the case of proboscises, no im-1379 

munostaining was performed. Proboscises of adult females were dissected in PBS, rinsed with 1380 

PBS and directly mounted on slides using Vectashield fluorescent mounting medium. The tis-1381 

sues were visualized directly after.  1382 
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For the immunostaining the primary antibodies used are the following: Chicken anti-GFP (Aves 1383 

Labs Cat#GFP-1020, RRID:AB_10000240. Dilution 1:1000), rabbit anti-RFP (Rockland 1384 

Cat#600-401-379, RRID:AB_2209751. Dilution 1:1000), mouse anti-NC82 (DSHB 1385 

Cat#nc82,RRID:AB_2314866. Dilution 1:40). The secondary antibodies used are the follow-1386 

ing: Alexa Fluor 488 Donkey anti-Chicken IgY (IgG) (H+L) (Jackson ImmunoResearch Labs 1387 

Cat#703-545-155, RRID:AB_2340375. Dilution 1:500), Alexa Fluor568 donkey anti-mouse 1388 

IgG (H+L) (Thermo Fisher Scientific Cat#A10037, RRID:AB_2534013. Dilution 1:500), 1389 

Alexa Fluor647 donkey anti-mouse IgG (H+L) (Jackson ImmunoResearch Labs Cat#715-605-1390 

151, RRID:AB_2340863. Dilution 1:500), Alexa Fluor 568 donkey anti-rabbit IgG (H+L) 1391 

(Thermo Fisher Scientific Cat#A10042, RRID: AB2534017. Dilution 1:500). 1392 

Images were captured with either a Leica SP8 confocal microscope (in this case, tissues were 1393 

scanned with 20X oil immersion objective) or an LSM 780 Zeiss confocal microscope (20x air 1394 

objective was used). For the detection of endogenous PGRP-LB::GFP, images were captured 1395 

with a Spinning Disk Ropper 2 Cam (20x or 40x air objective were used). Images were pro-1396 

cessed using Adobe Photoshop. 1397 

Feeding assay 1398 

5-7 day-old mated females were used. Animals were starved as a group for  20 h at 25°C prior 1399 

to the assay in a tube containing a filter soaked in water. Previously, these females were raised 1400 

with males on a conventional media at 25°C or 29°C for RNAi experiments. The assay could 1401 

not last more than 1 h as the food is totally consumed after this period. Two-choice feeding 1402 

assays were performed by using the flyPAD device39 which records the cumulative number of 1403 

sips. Each sip corresponds to a contact of flies’ proboscis with the chosen food substrate. Indi-1404 

vidual flies were captured via aspiration (neither CO2 nor ice used) and deposited in arenas 1405 

containing two food substrates. The control substrate consisted in a 1% agarose 5mM sucrose 1406 

solution, whereas the test substrate additionally contained peptidoglycan dissolved in water at 1407 

the indicated concentrations. Each arena’s well (2 per arena) was filled with 3.5 µL of food 1408 

solution. Tests were run for 1 h at 25 °C under constant light in a behavioral room limiting the 1409 

influence of external light and noise. Data were collected and analyzed by using Bonsai63 and 1410 

MATLAB, respectively (scripts provided by Pavel Itskov). Preference index was calculated as 1411 

following: (number of sips in the test solution - number of sips in the control solution)/ total 1412 

number of sips. Non eaters were excluded from the analysis. 1413 

Oviposition assay 1414 
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Oviposition assays were performed as previously described20. 5 day-old mated females were 1415 

used and raised on conventional media with males. Eclosed flies were raised at 25°C or 21°C, 1416 

in case of experiments involving the thermosensitive transgene UAS-TrpA1 or 29°C for RNAi 1417 

experiments. 5 day-old mated females were anesthetized on a CO2 pad and singularly trans-1418 

ferred in tubes containing a fresh (not older than 48h) conventional media with some dry yeast 1419 

(Fermipan) on top of it right before the egg-lay period. Flies were let to lay eggs for 24 h at 1420 

25°c or 23°C in control conditions for experiments involving UAS-TrpA1 or 29°C for test con-1421 

ditions for experiments involving UAS-TrpA1 and RNAi experiments. After the egg-lay pe-1422 

riod, animals were discarded and eggs were counted using a binocular scope. At least two in-1423 

dependent trials with at least 20 females per trial, genotype and condition were used. 1424 

Statistical analysis 1425 

Detailled statistical analyses and population sizes can be found in the supplementary raw data 1426 

underlying the results. 1427 

In vivo calcium imaging 1428 

D'Agostino & Pearson test to assay whether the values are distributed normally was applied. 1429 

As not all the datasets were considered as normal, non-parametrical statistical analysis such as 1430 

non-parametric unpaired Mann-Whitney two-tailed tests or non-parametric unpaired ANOVA, 1431 

Kruskal-Wallis test, and Dunn's post-test were used for all the data presented. 1432 

Feeding assay 1433 

D'Agostino & Pearson test to assay whether the values are distributed normally was applied. 1434 

As not all the datasets were considered as normal, non-parametrical statistical analysis such as 1435 

non-parametric unpaired Mann-Whitney two-tailed tests or non-parametric unpaired ANOVA, 1436 

Kruskal-Wallis test, and Dunn's post-test were used for all the data presented. 1437 

Oviposition assay 1438 

D'Agostino & Pearson test to assay whether the values are distributed normally was applied. 1439 

As not all the datasets were considered as normal, non-parametrical statistical analysis and spe-1440 

cifically the non-parametric unpaired ANOVA, Kruskal-Wallis test, and Dunn's post-test were 1441 

used for all the data presented. 1442 

 1443 

GraphPad Prism 8 software was used for statistical analyses. For in vivo calcium imaging and 1444 

feeding assay analysis non-parametric unpaired Mann-Whitney two-tailed tests were 1445 
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performed. In the case of oviposition assay, we used the non-parametric unpaired ANOVA, 1446 

Kruskal-Wallis test, and Dunn's post-test.  1447 

 1448 

 1449 

1450 
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Number of observed pLB1+ 
neurons (event) 

N events/ Total number of 
proboscis

3 5/32

4 6/32

5 11/32

6 6/32

7 3/32

8 1/32

Table 1



Number of observed
pLB1+ neurons

Number of observed
Gr66a+ neurons

Number of observed
pLB1+/Gr66a+ 

neurons
4 19 4
3 20 3
3 19 3
3 17 3
3 20 3
4 15 4

Table 2


	Slide Number 1
	Slide Number 1

