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Summary 18 

Although recent studies indicate the impact of microbes on the central nervous 19 

systems and behavior, it remains unclear how the relationship between the 20 

functionality of the nervous system, behavior and the microbiota arise. We studied 21 

the eating behavior of Hydra, a host that has a simple nervous system and a low-22 

complexity microbiota. To identify the neuronal subpopulations involved, we used a 23 

subpopulation specific cell ablation system and calcium imaging. The role of the 24 

microbiota was uncovered by reducing the diversity of the natural microbiota. Here, 25 

we demonstrate that different neuronal subpopulations are functioning together to 26 

control the eating behavior. The microbiota participates in control of the eating 27 

behavior since germ-free or mono-colonized animals have drastic difficulties in mouth 28 

opening. This was restored by adding a full complement of the microbiota. In 29 

summary, we provide a mechanistic explanation of how the eating behavior is 30 

controlled in Hydra and how microbes can affect the neuronal circuit. 31 

 32 

Highlights 33 

- Multiple neuronal modules and their networks control complex behavior in an 34 

animal lacking a central nervous system. 35 

- Its associated microbes participate in these neuronal circuits and influence the 36 

eating behavior.  37 

- Disorganization of the microbiota negatively impacts this eating behavior. 38 

- Glutamate participates in an evolutionary ancient interkingdom language. 39 

 40 
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Introduction 45 

Understanding the neuronal basis of any behavior is a challenging task, given the 46 

complex interplay between neuronal circuits and the internal state of the organism 47 

such as hunger, fear or motivation1,2. The neuronal basis for behavior has been 48 

studied in various animal hosts. In Drosophila larvae, food deprivation shapes the 49 

olfactory behavior, highlighting the role of state-dependent neuronal circuits in 50 

dynamic behaviors3.  Another example is the mating and aggression behavior in mice 51 

and flies, where a small number of neurons appear to control both behaviors in a 52 

state-dependent manner4. To add another level of complexity, gut microbes can 53 

affect behavior as well as activity of the nervous system5–9. For instance, the gut 54 

microbiota can affect aggression, fear, motivation, hunger, and emotional 55 

behaviors10–18. However, how microbes actively regulate the nervous system and 56 

thereby affect internal states and behaviors remains mostly unknown. It can be 57 

expected that the myriad of neurochemicals produced by microbes that live in close 58 

association with their host can influence neuronal activity. For example, 59 

muropeptides produced by the gut microbiota of mice are sensed by neurons 60 

expressing the Nod2 receptor in a specific region of the brain, which affects feeding 61 

behavior19. 62 

Ideally, the complex interaction between behavior, internal state and microbes should 63 

be studied in a host that displays complex behavioral patterns, but also has a simple 64 

nervous system and a microbiota that is not too complex. Such a host is Hydra (Fig. 65 

1A), a member of the phylum Cnidaria, which forms the sister group to the Bilateria in 66 

the Eumetazoa clade, which includes one of the earliest animals with a nervous 67 

system (Fig. 1B) 20. The nervous system of Hydra is composed of only two main 68 

neuronal cell types, sensory and ganglion cells, that form a nerve net in the ectoderm 69 

and endoderm, respectively21–23. The associated microbiota colonizes the glycocalyx 70 

that overlays the ectoderm and has direct contact to ectodermal sensory cells (Fig. 71 

1C). There is no cephalization or ganglion formation, but regions along the body 72 

column have higher or lower densities of specific neuronal subpopulations (Fig. 73 

1D)24,25. These represent non-overlapping neuronal networks with differential 74 

activity26. Already in 1744, Abraham Trembley recognized that Hydra’s behavior can 75 

be either spontaneous (such as contractions) or stimuli-evoked27. An example of the 76 

latter is the eating behavior, schematically shown in Fig. 1E, that can be induced by 77 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 29, 2023. ; https://doi.org/10.1101/2023.04.28.538719doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.28.538719
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

food or food-associated molecules such as reduced glutathione (GSH)28,29. The 78 

pattern is stereotypical and consists of three different stages: tentacle writhing, 79 

tentacle ball formation, and mouth opening30 (Fig. 1E, F, Suppl. Video 1). In animals 80 

without nerve cells this behavior is completely absent31. Previous work had indicated 81 

that neurons in the head region and not in the body column or tentacles were 82 

involved in the eating behavior32,33. More recently, single cell RNA sequencing had 83 

identified different neuronal subpopulations including those in the head24,25,34. This 84 

elaborate behavior also responds to an internal state, since a food stimulus given to 85 

well-fed animals does not result in a complete eating behavior response28,29,35. 86 

Interestingly, microbes present in the glycocalyx are in direct contact with the 87 

ectodermal sensory neurons (Fig. 1C)36. Previous studies highlighted the capability of 88 

Hydra’s nervous system to sense and regulate this bacterial community25,36. For 89 

instance, it was observed that by depriving Hydra of its microbial symbionts, 90 

spontaneous behaviors such as body contractions become less frequent37.  91 

Here, we studied the neuronal activity in freely moving Hydra during eating behavior, 92 

to uncover the neural circuitry involved. For this, we traced activity of individual 93 

neuronal populations using calcium imaging and interrogated their function using cell 94 

ablation approach. This revealed that Hydra´s eating behavior is controlled by 95 

multiple subpopulations of neurons that are activated in a temporally and spatially 96 

ordered manner, ultimately leading to mouth opening. In complete absence of 97 

microbes (germ-free animals) the mouth opening time is significantly shortened. 98 

Adding the full complement of microbes back, restores this defect. Animals’ mono-99 

colonized with the major colonizer Curvibacter sp., also shows severe defect in 100 

mouth opening, possibly caused by the production of glutamate. The results 101 

demonstrate how, in an animal without a central nervous system, multiple networks 102 

of neuronal subpopulations form a neuronal circuit to control a complex behavior. 103 

Furthermore, the specific spatiotemporal pattern of neuron activity integrates specific 104 

microbial signals, demonstrating that eating behavior does not solely depend on the 105 

neuronal state of hunger or satiety: the bacterial community also modulates the 106 

neuronal circuits and their state. The evolutionary importance of these observations 107 

is discussed. 108 

Results: 109 

Visualization of the neuronal subpopulations in the head of Hydra   110 
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First, we confirmed the old observation 32,33 that removal of both the body column and 111 

the tentacles of Hydra polyps did not affect the mouth-opening (see suppl. Video V2), 112 

confirming that this property depended on head-specific neuronal regulation.  113 

To visualize the various head specific neuronal subpopulations in Hydra, we 114 

produced multiple transgenic lines using subpopulation specific genes based on 115 

available single cell atlases. For this, we used the promoters of specifically expressed 116 

genes, based on available single cell data sets of Hydra24,25 (See suppl. Fig. S1). The 117 

RFamide neuropeptide, (RFa, preprohormone-B, transcript ID24: t2059aep) is 118 

exclusively expressed in the ectodermal subpopulation N638–41. The genetic target for 119 

the ectodermal subpopulation N3 is the neuropeptide Hym-355 (transcript ID: 120 

t12874aep)42. The marker for the endodermal neuronal subpopulation N4 is 121 

annotated as neurogenic differentiation factor 1-like (e-value: 3.03E-140, t14976aep). 122 

Their respective promoters were used in expression constructs to either drive the 123 

expression of a calcium indicator (GCaMP6s)26,43 or for the NTR-MTZ cell specific 124 

ablation approach (NTR-MTZ, explained below)44,45.  125 

Microscopic investigations of transgenic lines confirmed that the neuronal N6 126 

subpopulation consists of two morphologically different cell types: sensory cells 127 

present in a dense cluster in the tip of the head where the mouth will form during 128 

feeding, and ganglion cells located in small packages at the basis of the head, close 129 

to where the tentacles originate (Fig. 2A-G). These two neuronal N6 types are 130 

interconnected by neurites that form radial connections (Fig. 2B). The ganglion cells 131 

are frequently circularly connected as well (Fig. 2B, F). A two-dimensional density 132 

plot confirmed the concentrated presence of N6 cells at the tip and the base of the 133 

head (Fig. 2G). In contrast, N3 neurons are found throughout the body (Fig. 2H). The 134 

spatial organization of N3 in the tip of the head is circular around the mouth region 135 

(Fig. 2I, K, L). Their density increases at the basis of the head (Fig. 2I-L). N4 neurons 136 

in the head reach the highest density at the base and between tentacles, while 137 

around the mouth their density is lower (Fig. 2M-S). The morphology of N4 neurons 138 

differs between body parts: around the mouth, the N4 neurites form a spider-web 139 

structure (Fig. 2R) with a morphology very similar to sensory cells (Fig. 2O, Suppl. 140 

Video 6). We call these N4 neurons sensory-like cells. 141 
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The density of N3 neurons was found the highest in the foot, followed by the head, 142 

whereas in the body column their density was lower (Fig. 2T). In contrast, most N4 143 

neurons were present in the head with lower and similar numbers in body and foot 144 

(Fig. 2U). The distribution of the three neuron subpopulations (N6, N4 and N3) and 145 

their neurite networks in the head is summarized in Figure 2V. The individual 146 

subpopulations have a clear spatial distribution creating an ordered structure and 147 

resulting in a network of nerves with a relatively high complexity in the head region. 148 

N6, N3 and N4 neurons are differentially active during the mouth opening 149 

Animals were observed during mouth opening as part of their eating behavior and 150 

neuronal activity of head neurons was analyzed. The signals for the distinct sensory 151 

and ganglion cell types of N6 and N4 were recorded separately. Following the 152 

glutathione (GSH) stimulus, the mouth started to open by contraction of the 153 

epithelia32, which was recorded by plotting mouth width (Fig. 3A-C).  154 

After GSH stimulation, the first signal was recorded within 16.8±26.5s (n=6) for N6 155 

sensory cells, whereas the N6 ganglion cells responded 9.3±5.3s later (Fig. 3A, 156 

suppl. Video 3-4), at which time point the mouth started to open. As mouth opening 157 

continued, N6 cells activity slowly decreased (Fig. 3A). This was in stark contrast to 158 

the activity of N3 neurons, which at first sight seemed unresponsive to the GSH 159 

stimulus, both in the head and the foot region (Fig. 3B, suppl. Video 5-6). The N4 160 

neurons responded strongly to the GSH stimulus. A faster response was observed 161 

for the N4 ganglion cells located at the base of the head, with a slower and slightly 162 

weaker response of the N4 sensory-like neurons (Fig. 3C, suppl. Video 7-8). After the 163 

delayed response of the N4 subpopulation, around 40s, the whole cell population 164 

started to spike in a synchronous manner (Fig. 3C, suppl. Fig. 5). 165 

Interestingly, N3 neurons responded opposite to N4 to GSH stimulus, as their spiking 166 

frequency decreased (Fig. 3D-E). In individual polyps with a relatively frequent N3 167 

spiking at the baseline (Fig. 3D), this became less frequent after glutathione 168 

administration. In individual polyps with a low baseline frequency, the firing of N3 169 

neurons stopped completely (Fig. 3D). This was restored to higher frequencies in the 170 

late phase of feeding (330-420s post-stimulus). In contrast to N3, the firing frequency 171 

of N4 neurons dramatically increased in response to GSH (Fig. 3F) and remained 172 

high during late phase of feeding (Fig. 3G). Since N6 cells did not produce pulses but 173 
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fired more or less continuously (Fig3A), an analysis of the spiking frequency could 174 

not be performed. 175 

Next, we assessed whether there was a correlation between the mouth opening 176 

dynamics and neuronal activity.  For this, a 30s window starting at the onset of 177 

neuronal activity was used and the determined change of fluorescence was 178 

correlated with either the mouth width (measured in pixel, px) or speed of mouth 179 

opening (px/sec, Fig. H-K). A linear positive correlation was observed for both effects, 180 

in sensory as well as ganglion N6 cells (Fig. 3H-I). Fitting the N6 data in a linear 181 

correlation for mouth width was better for the sensory cells than for the ganglion cells 182 

(R2=0.23 and 0.11, respectively, Fig. 3H), however, for mouth opening speed the 183 

ganglion neurons fitted better (R2=0.44 vs. R2 0.18, Fig. 3I). This indicates that N6 184 

sensory cells were more likely involved in the mouth opening event, while the N6 185 

ganglion cells might be associated with the speed of the tissue movement. The 186 

negative correlation between N3 neuron firing and mouth width (Fig. 3J) suggested 187 

that a higher frequency of N3 neuron firing correlated with a smaller to no mouth 188 

opening. The positive correlation between firing of the synchronous N4 neuron 189 

population and mouth width fitted with the highest correlation (R2=0.83, n=4, Fig. 3K). 190 

In combination, these data suggest that during eating behavior, N6 sensory neurons 191 

are active as the mouth is opening. The activity of N6 ganglion cells correlates with 192 

the speed of tissue movement during mouth opening. The spiking of N3 decreases 193 

during eating while N4 cells fire more frequently, sending synchronized pulses 194 

through the complete polyp. 195 

Multiple neuronal subpopulations are involved in eating behavior 196 

To identify the contribution of individual neuronal subpopulation in the eating 197 

behavior we used the NTR-Mtz cell ablation system. Genetic constructs were used 198 

that contained nitroreductase (NTR) fused to GFP, to convert metronidazole (Mtz) to 199 

a toxic product that induces apoptosis in the target cell population (suppl. Fig. 6A)45. 200 

As a control, H. magnipapillata strain Sf1 polyps were included that lacks interstitial 201 

cells (neurons, nematocytes, gland cells and germline) after application of a 202 

heatshock46. 203 
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The N6 specific promoter caused a strong expression of the NTR-GFP fusion protein 204 

in Rfa-positive cells in the polyp’s head (Fig. 4A). Indeed, 93% of Rfa+ cells were 205 

also GFP positive, indicating that the N6 line was nearly fully transgenic. Incubation 206 

with 10mM Mtz eliminated the N6 neuronal subpopulation within 12h (Fig. 4A, suppl. 207 

Fig. 6B). Other neuronal populations remained intact, for instance Rfa+ cells in the 208 

tentacles remained detectable, demonstrating that the cell ablation was specific for 209 

the target N6 subpopulation. Mtz treatment of control animals containing the 210 

GCaMP6S construct had no effect (Suppl. Fig. 6D, G). Despite the absence of N6 211 

neurons, the transgenic animals developed normally (Fig. 4B, compare the polyp pair 212 

to the left, without and with Mtz treatment). Similar transgenic animals were produced 213 

for ablation of N4 and of N3 (Suppl. Fig. 6D-I). Polyps lacking N4 neurons that are 214 

normally present in head, body and foot, developed with an inflated body shape (Fig. 215 

4B, middle pair) and animals lacking N3 neurons (expressed in all body parts) were 216 

fully contracted (right-hand pair).  217 

The effect of apoptotic removal of these different neuronal subpopulations on the 218 

eating behavior of the polyps was studied in freely moving Hydra individuals (Suppl. 219 

Fig. S7, Suppl. Video1). Following GSH stimulation, the duration of the mouth 220 

opening period was recorded, as well as the response time required to initiate 221 

tentacle or mouth movement. Results were reported as fold-change compared to 222 

control (Fig. 4C, E, F). Interestingly when using GSH as artificial food stimulus polyps 223 

attempted to ingest the chamber surface (Fig. 4D). This was additionally scored as 224 

‘plate eating’ and described as an extremely wide mouth opening.  225 

As expected, presence of neurons is a pre-requisite for the eating behavior, as their 226 

absence in heat-treated Sf1 animals abolished mouth opening completely (Fig. 4C). 227 

Ablation of either N6 or N4 subpopulation resulted in a severe reduction in mouth 228 

opening time (fold-change compared to control: N4: 0.31±0.398, n=44, p<0.0001; N6: 229 

0.32±0.233, n=46, p<0.0001; Fig. 4C). Removal of N3 caused a non-significant 230 

reduction of mouth opening time (0.599±0.94, n=18, p>0.5). When N4 and N6 231 

neurons were removed in combination, the transgenic animals completely stopped 232 

opening their mouth (0±0.09, n=7; Fig. 4C). 233 

Plate eating was observed in 65% of control animals when the freely moving polyps 234 

spread their mouth wide over the surface of the chamber (Fig.4D). Ablation of N4 235 

neurons completely inhibited this extreme wide opening of the mouth (Fig. 4D).  236 
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The response time to open the mouth after the GSH stimulus was affected by 237 

removal of N4 and N6 neurons but not by removal of N3 (Fig. 4E). Absence of the 238 

subpopulation N6 also strongly delayed tentacle movement (p<0.001, n=46, Fig. 4F). 239 

Taken together, the data show that mouth opening duration, its response time and 240 

the response time for tentacle movement during eating behavior are all controlled by 241 

two distinct neuronal subpopulations N4 and N6, with a degree of redundancy that 242 

adds some resilience to the functioning of this fitness-relevant and important behavior 243 

as single ablation could not completely inhibit mouth opening. 244 

A global neuronal network of connected localized neuron subpopulations 245 

regulates epithelial contraction 246 

To investigate if neuronal subpopulations form synaptic-like connections, 247 

immunohistochemistry was performed with antibodies targeting the combined RFa+ 248 

neuronal subpopulations N1, N6 and N7, or the transgenic lines expressing GFP 249 

(Fig. 5). This uncovered that N3 is connected to multiple other ectodermal neuronal 250 

subpopulations (Fig5A-C). Contacts suggestive of synaptic-like structures between 251 

N3 and N6RFa+ neurites were identified in the head (Fig. 5A), while in the foot N3 and 252 

N1RFa+ neurons were in close proximity (Fig. 5B). In the tentacles N3 was aligned in 253 

nerve bundles with neurites in contact with N7RFa+ sensory neurons (Fig. 5C). 254 

Contacts between ectodermal and endodermal neuronal subpopulations were also 255 

identified, despite their separation by the mesoglea (Fig. 5D-F). For instance, we 256 

identified potential contact points between endodermal N4 and ectodermal N6RFa+ in 257 

the head (Fig. 5D-E). However, in the foot region, no contact points between 258 

endoderm N4 neurons and the abundant ectodermal N1RFa+ could be identified (Fig. 259 

5F). 260 

To investigate the sequential activity of the neurons in the neuronal circuit, we 261 

measured the time gap between the first neuronal activity and the onset of mouth 262 

opening. A longer time-gap relates to an earlier response in the eating behavior. 263 

Figure 5G shows that the earliest responses were observed for sensory N6 cells, 264 

followed by N6 ganglion cells and then N4 ganglion cells (Fig. 5G, n=4-7). This 265 

suggests that sensory N6 cells detect the food stimulus first, to pass the signal on to 266 

ganglion N6 cells, before the N4 cells respond. 267 
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The number of primary neurites located in top part of the head and at its base was 268 

determined for N6 and N3 (Fig. 5H). The top of the head contained the fewest N6 269 

neurites, and the base contained the most (Fig. 5H). This would enable a signal 270 

picked up by N6 sensory cells to be not only propagated but also enhanced via N6 271 

neurites at the base, where the contact between N6 and N4 cells (cf. Fig. 5H, D-E) 272 

ensures involvement of the latter. At the same time, contact between N6 and N3 273 

would allow the inactivation of the N3 cells.  274 

As mouth opening requires the contraction of epithelia, we also measured the time 275 

required to initiate contraction of both ectoderm and endoderm involved in mouth 276 

opening (see Methods for the application of calcium imaging constructs under control 277 

of an actin promoter for this)47. First, we observed that the ectoderm of the head base 278 

contracted before the endoderm did (Fig. 5I, J). While the endoderm was activated in 279 

the whole head region at some point during the behavior, with a faster response at 280 

the top than at the base of the head (Fig. 5J), the ectoderm was only active at the 281 

base of the head, close to the tentacles (Fig. 5I). The time required for ectodermal 282 

contraction at the head base and for endodermal contraction till mouth opening 283 

differs. 284 

All data taken together suggest that the reaction flow went from the N6 sensory cells 285 

to the ectodermal epithelium and to N6 ganglion cells, and from there to the N4 286 

ganglion neurons and then to the endodermal epithelium. This is summarized in 287 

Figure 5K.  288 

The role of bacteria: mono-association of Curvibacter sp. reduces mouth 289 

opening. 290 

Since there are symbiotic bacteria in the immediate proximity of the head neurons36, 291 

we next asked whether these bacteria might have an influence on the neuronal circuit 292 

identified here that control eating behavior. For this, germ-free (GF) animals were 293 

compared with wildtype (Wt) and recolonized with a number of pure cultures of native 294 

bacteria as described previously48,49. Intriguingly, germ-free animals kept their 295 

mouths open much shorter than control animals did (p<0.01, Fig. 6A). Mono-296 

association of polyps with single members of the core bacterial community, (including 297 

Duganella, Pelomonas or Undibacterium species) rescued this defect (Fig. 6A), 298 

although monoassociation with Pseudomonas or Acidovorax had no effect (Fig. 6A). 299 
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Completely unexpected results were obtained with animals that were mono-300 

associated with Curvibacter sp., which is the most abundant representative in the 301 

wildtype Hydra AEP microbiota48–50. Exclusive presence of these bacteria reduced 302 

the mouth opening time to nearly zero (n=47, Fig. 6A-B). The effect could be restored 303 

to some degree by co-addition of a second bacterial species, whereby all tested di-304 

associations produced similar effects (Fig. 6B). The combination of Curvibacter with 305 

Undibacterium and Duganella restored the mouth opening time to normal (Fig. 6B). 306 

The strong inhibitory effect on the mouth opening time by mono-association of 307 

Curvibacter led us to investigate the effect of these bacteria on the neuronal activity 308 

during eating behavior. For this, the neuronal activity of Wt, GF and polyps mono-309 

associated with Curvibacter was compared by calcium imaging (Fig6 C-E). As shown 310 

in Figure 6C, the activity of N6 sensory neurons in germ-free animals was much 311 

lower compared to controls. Interestingly this could be restored by presence of the 312 

Curvibacter symbiont (Fig. 6C). Likewise, Curvibacter restored the decreased N4 313 

activity of GF polyps (Fig. 6D). Activity of N3 neurons was not affected (Fig. 6E). 314 

Curvibacter sp. affects neuronal cells by means of glutamate  315 

To investigate the mechanism how Curvibacter sp. influences the eating behavior 316 

and neuron activity on a molecular level, gene expression pattern of Curvibacter in 317 

mono-association with Hydra was compared to the expression profile of the bacteria 318 

cultured in minimal growth medium R2A. Differentially expressed genes were 319 

identified and the metabolic pathways in which these genes were involved were 320 

examined. This approach identified pathways for alanine, aspartate and glutamate 321 

metabolism, among others (Fig. 6F). In particular, genes associated with glutamate 322 

metabolism were differentially expressed (Fig. 6F). While glutamine synthetase was 323 

downregulated in presence of the Hydra host, glutaminase, glutamate 324 

dehydrogenase (gdhA) and glnM, glnP and glnQ (glutamine transporters) were over-325 

expressed (Fig. 6F). This points to a glutamate production during host-association. 326 

Since glutamine binding and uptake associated genes are also upregulated in host-327 

association, we assume that host-associated Curvibacter sp. secretes glutamate 328 

while taking up glutamine.  329 

Previous work had described a putative NMDA-like glutamate receptor in Hydra 330 

tissues to be involved in the eating behavior51–53. Since N6 sensory cells express the 331 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 29, 2023. ; https://doi.org/10.1101/2023.04.28.538719doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.28.538719
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

NMDA receptor (Suppl. Fig. 8) we hypothesized that bacterial glutamate might bind 332 

to the NMDA-like receptor present on N6 sensory neurons. To test this, Curvibacter 333 

sp. was first cultivated in vitro in Hydra culture medium supplemented with 200µM 334 

glutamine. The glutamate concentration in this supernatant reached 129±36.1ng/µL. 335 

When Curvibacter was cultivated in Hydra culture medium with alanine, little 336 

glutamate was secreted (Fig. 6G). Next, we tested the effect of glutamate on the 337 

eating behavior. As shown in Figure 6H addition of glutamate inhibited mouth 338 

opening duration.  Addition of NMDA had a similar inhibitory effect, corroborating the 339 

hypothesis of an NMDA-receptor being involved. Adding various other amino acids 340 

had little to none effect on mouth opening duration (Fig. 6). Taken together and in 341 

accordance with previous biochemical and functional evidence of the occurrence of 342 

putative NMDA-like glutamate receptors in Hydra tissues and with the fact that N6 343 

sensory cells are equipped with this receptor, we assume that Curvibacter produced 344 

glutamate can affect the N6 neurons via this receptor. 345 

Discussion 346 

Cnidarians emerge as informative models for neuroscience, as they have surprisingly 347 

complex neuronal circuits and enable the study of neuronal activity in complete 348 

organisms lacking a centralized nervous system20,26,54,55. Neuronal control of 349 

behavior in cnidarians is dispersed and control takes place in neuronal 350 

subpopulations. Recent work in Hydra have highlighted that simple spontaneous 351 

behaviors are controlled by single neuronal subpopulations26. Hydra has multiple 352 

non-overlapping neuronal networks, each of which can regulate a single behavior, 353 

but they are also collectively involved in mechanosensory processing56. Hydra is also 354 

a well-described metaorganism which is colonized by a stable and functionally 355 

relevant microbiota37,48,50,57–59. Here we studied the interplay and coordination 356 

between multiple neuronal subpopulations and epithelial cells that together with the 357 

microbial colonizers are involved in the eating behavior. Our work emphasizes the 358 

importance of the microbiota on neuronal circuits. The results offer an opportunity to 359 

unravel the evolution of the interplay between bacteria and the nervous system 360 

mechanistically. 361 

The eating behavior requires coordination between multiple neuronal 362 

subpopulations 363 
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The eating behavior illustrates beautifully how, in the absence of any form of 364 

centralization, different neuronal subpopulations interact with each other to 365 

coordinate a complex behavior. In the presence of a chemical signal for food, for 366 

which we used reduced glutathione, different neuronal subpopulations were either 367 

activated or inactivated, to coordinate the epithelial movement leading to mouth 368 

opening (Fig. 3, Fig. 5K). First N6 sensory cells at the tip of the head are activated, 369 

followed by the N6 ganglion cells at the head base, while the local ectoderm 370 

contracts. When N6 ganglion cells are activated, the frequency of N4 spiking is 371 

increased and the signal spreads from the base back to the tip of the head, leading to 372 

contraction of the endoderm (Fig. 3, Fig. 5K). At the same time, N3 decreases in 373 

spiking frequency and the mouth is opening, suggesting these neurons have an 374 

inhibitory function on mouth opening (Fig. 3). Ablating N3 neurons did not inhibit the 375 

mouth opening, whereas ablating N4 and N6 did (Fig. 4C). Interestingly, these 376 

neuronal subpopulations control different aspects of the mouth opening and eating 377 

behavior: N4 regulates the mouth opening width (Fig. 4D), whereas N6 is involved in 378 

the recruitment of the tentacles (Fig. 4F). In combination, these three different 379 

neuronal subpopulations form the neuronal circuit controlling the epithelia involved in 380 

the eating behavior (Fig. 5K). 381 

The fact that several non-overlapping neuronal subpopulations are involved to control 382 

different aspects of eating behavior suggests that they must be in contact with each 383 

other. One of the highest densities of neurons in Hydra is at the tentacle-head 384 

junctions at the base of the head60,61. At this location, the densities of N3, N4 and N6 385 

populations are particularly high, with increased numbers of primary neurites 386 

compared to the body column (Fig. 2G, L, S, Fig. 5H). In addition, in this region 387 

distinct contact points between neurons of different neuronal subpopulations could be 388 

identified (Fig. 5A-F). In combination with the sequence of activity after glutathione 389 

stimulus (Fig. 3) this led us to the conclusion that the base of the head is the region 390 

where the different signals are being integrated and distributed to the endodermal 391 

and ectodermal networks. The complexity of neurites and synaptic structures in this 392 

region was already identified by electron microscopy60–65. Our results highlight how a 393 

relatively simple neuronal network in Hydra can result in a stunning complexity in 394 

order to process sensory information into multiple responses to control the complex 395 

eating behavior. We note potential similarities to neuronal control mechanisms in the 396 

jellyfish Clytia hemisphaerica, where an apparently diffuse network of neurons is 397 
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functionally subdivided into a series of spatially localized subassemblies whose 398 

synchronous activation controls food transfer from the tentacles to the mouth54. 399 

However, that organism depends on functional modules, whereas in Hydra multiple 400 

subpopulations within a single circuit coordinate the behavior. 401 

Eating behavior becomes severely impaired when the microbiota is disturbed. 402 

Polyps mono-colonized with Curvibacter sp. had drastically reduced mouth opening 403 

time, suggesting a bacterial signal interfered with the neuronal circuit that controls 404 

this fitness relevant behavior. This striking inhibitory effect was all the more 405 

surprising, as Curvibacter sp. normally represents around 70% of the Hydra bacterial 406 

microbiota and has not been associated previously with any negative effect on the 407 

host57. The inhibitory effect of Curvibacter sp. could be reversed by increasing 408 

bacterial diversity while adding back specific members of the core microbial 409 

community (Fig. 6B).  410 

The inhibitory effect of Curvibacter sp. on eating behavior was not accompanied by a 411 

detectable change in neuronal activity compared with the control (Fig. 6C-E). Instead, 412 

mono-association of Curvibacter sp. reversed the effect of germ-freeness back to 413 

control conditions. This highlights that Curvibacter sp. affects neuronal activity, and 414 

also that neurons are able to sense the presence of Curvibacter presence. Since the 415 

N6 sensory neurons are in close contact with the microbiota36, their response was to 416 

be expected, but a similar effect on the endodermal N4 population (Fig. 6D) was 417 

rather unexpected and suggest that Curvibacter sp. has a more global effect on the 418 

nervous system.  419 

The transcriptional response of Curvibacter sp. to the host environment points to the 420 

secretion of glutamate in the presence of glutamine, which was supported by in vitro 421 

observations (Fig. 6G-I). The neuronal subpopulations N3, N4 and N6 express an 422 

NMDA receptor that could responds to bacterial glutamate and integrates this 423 

information into the neuronal circuit of the eating behavior (NMDAR and mGlu, see 424 

Suppl. Fig. 8). Since N4 and N6 but not N3 neurons showed a response to 425 

Curvibacter sp., we assume that N4 and N6 receive and integrate the bacterial 426 

signal. Our work shows that the old observation published by Lenhoff (1961)52 that 427 

glutamate has a negative effect on eating behavior in Hydra may find its explanation 428 

in the microbial colonization of Hydra. 429 
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Evolutionary perspective 430 

Altogether, our findings confirm and expand on the idea that in animals without a 431 

central nervous system, a complex behavior is controlled by multiple subpopulations 432 

of neurons, forming circuits and modules54. Our observations presented here show 433 

that this not only requires the coordination of multiple neuronal circuits, but also that 434 

signals from the microbial environment play an important role. We present data that 435 

support a model (Fig. 6I) in which in the critical phase of mouth opening, can be 436 

affected by microbially produced glutamate. 437 

Already in 1963, the evolutionary biologist Tinbergen outlined an organizational 438 

framework that would control complex behavior66,67. His research involved four levels 439 

of analysis: phylogenic, developmental, functional, and mechanistic investigations. 440 

Our findings of the influence of the microbiota on the neuronal control of Hydra´s 441 

eating behavior, which co-evolved with this host49,57, adds this as an additional 442 

environmental perspective to be considered when studying complex behavior.  443 

That bacteria are able to produce molecules that are active on neuronal cells has 444 

been known for quite some time68,69, but most work has been carried out in 445 

mammals. Here we show that the integration of bacterial signals into neuronal circuits 446 

might be as evolutionary ancient as the first nervous system, as it already exists in 447 

cnidarians. Our observation that bacterial glutamate plays a crucial role in this 448 

interaction, together with the numerous findings on the influence of this molecule on 449 

mammalian intestinal physiology9,69, support the idea that it is part of an ancestral 450 

interkingdom language. 451 
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Figures 485 

 486 

Figure 1. Hydra vulgaris AEP as a model system to study neuro-bacteria interactions. 487 

A. Hydra polyp with a forming bud (asexual reproduction). Scale 1mm. 488 
B. Phylogenetic position of Hydra in the phylum of Cnidaria which is the sister group of the Bilateria. 489 
C. Tissue organization and localization of microbiota on the glycocalyx at the outside of the polyp.  490 
D. Schematic presentation of the seven neuronal subpopulations and their distribution (after Siebert et al. 2019 491 
and Klimovich et al. 2020)24,25. The alternative nomenclature includes Ec for ectoderm and En for endoderm. The 492 
head region contains N6, N3 and N4 neurons. 493 
E. The eating behavior of Hydra towards glutathione as defined by Loomis and Lenhoff 28,29. It can be quantified 494 
by the response time between stimulus and onset of mouth opening or tentacle movement, and by the duration of 495 
the mouth-opening time. 496 
F. Picture of Hydra with an opened mouth (white arrow) and tentacles forming a ball shape that is typical of eating 497 
behavior. Scale 0.5mm. 498 
  499 
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 500 
Figure 2. Visualization of the neuronal subpopulations in the head of Hydra.  501 

A-G. Distribution, structure and morphology of ectodermal neuronal subpopulation N6. The constructs used for 502 
visualization and manipulation of N6 contains the promoter from an RFa neuropeptide (t2059aep, 503 
HVAEP9.T017227.1) regulating the expression of either GCaMP6S or NTR-GFP. A: Schematic of Hydra and the 504 
localization of N6 neurons. B: Immunohistochemistry of N6 neurons in the head (scale 100µm) stained with 505 
antibodies against GCaMP6S/GFP. C-D: Staining (artificial color added) of two representative enlargements 506 
showing the two different types of N6 neurons, with sensory neurons at the head tip (C) and ganglion neurons (D) 507 
found in groups around the head base (scale 10µm), as schematically presented in E. F: enlarged section of A 508 
with the neurites connecting the neurons (scale 50 µm). G: 2D-density plot of the distribution of neurons in a slice 509 
of the head (n=5). Higher densities of N6 neurons are present near the mouth and near the basis of the tentacles. 510 
H-L. Ectodermal neuronal subpopulation N3, for which the construct included the promoter of the neuropeptide 511 
Hym-355 (t12874aep, HVAEP2.T004115.1). H: Schematic of the localization of N3 neurons in the head (I, scale 512 
100µm) and in the body, tentacles and foot (scale 10µm). Their distribution in the head is summarized in J, with 513 
an enlarged section shown in K (scale 50µm). Higher densities are present in the tip and basis of the head (L, 514 
n=12). 515 
M–S. Endodermal neuronal subpopulation N4 with the construct containing the promoter of a NEUROD1-like 516 
protein (t14976aep, HVAEP4.T008286.1). M: the localization of N4 neurons in the polyp. N: Overview of N4 517 
neurons in the head (scale 100µm). O-P: Staining (artificial color added) of two representative enlargements 518 
showing the two different types of N4 neurons, with sensory-like neurons (O) and ganglion neurons (P, scale 519 
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10µm). In the head region, they are mostly present at the basis of the tentacles (Q, R, scale 50µm) with a lower 520 
density at the tip of the head (S, n=10). 521 
T-U. Density of neurons/mm2 in head, body and foot, for subpopulation N3 (T) and N4 (U). Highest densities of 522 
the latter are found in the head (p<0.01, n=5-11, ANOVA, Turkey post-hoc test). 523 
V. Schematic representation of the distribution and organization of the different neuron subpopulations in the 524 
head, from tip (center) to tentacle base. The overlapping locations of the three subpopulations are separated here 525 
for clarity. * p≤0.05; ** p≤0.01; *** p≤0.001 526 

 527 
 528 
Figure 3. Neuronal response during the eating behavior. 529 
A-C. Response of neuron subpopulations to a glutathione food stimulus. A: N6 neurons were differentiated into 530 
the sensory (red line) and ganglion cells (orange line). The sensory cells responded before the ganglion neurons 531 
did.  Lines represent the mean of either sensory or ganglion neuronal population from one representative animals 532 
with grey shading showing the standard deviation (see suppl Fig. 2 for more animals). At the same time, mouth 533 
width was recorded (black line, in pixel). B: the spiking activity of N3 neurons in the head and foot was less 534 
obviously affected by glutathione administration. A slightly higher fluorescence change and baseline activity was 535 
recorded for neurons in the foot than in the head (one representative animal, see suppl Fig. 3 for more animals). 536 
C: N4 neurons in the head responded strongly to glutathione administration, with a delay for the sensory cells 537 
(mean of population: light green line, light grey shading), whose reaction was also weaker than for the ganglion 538 
N4 neurons (dark green line, dark shading, one representative animal, see suppl. Fig. 4 for more animals). 539 
D-G. Spiking frequency of N3 and N4 neurons before and after glutathione administration. D: the spiking activity 540 
of N3 in 5 individual polyps decreased in frequency or stopped altogether after the GSH stimulus. E: the spiking 541 
frequency of N3 neurons at baseline (90s before glutathione, n=5) was lowered during the early feeding response 542 
and mouth opening (0-90s post glutathione, n=3) and was restored during the later feeding response (330-420s 543 
post glutathione, n=5). F: the spiking frequency of N4 neurons increased dramatically after glutathione 544 
administration (n= 4). G: This increase compared to baseline (n=4) was highly significant during early feeding 545 
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(n=4, p<0.01, ANOVA, Turkey post-hoc test) and persisted during the late feeding response (n=4, p<0.01, 546 
ANOVA, Turkey post-hoc test). 547 
H-K.  Linear correlations of neuron activity onset (bin=30s) with either mouth width or mouth opening speed. A 548 
positive correlation was found between N6 ganglion and sensory cells with mouth width (H, n=7) as well as with 549 
mouth opening speed (I).  A negative linear correlation was observed between spiking frequency of N3 neurons 550 
with mouth width (J, n=15). A positive correlation existed between N4 neurons firing and mouth width (K, n=6).  551 

* p≤0.05; ** p≤0.01; *** p≤0.001  552 
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 553 

Figure 4. Ablation experiments highlight specific roles of the neuronal subpopulations. 554 

A. Immunohistochemistry staining for GFP under the promoter for N6 (red) and RFamid (turquoise; expressed in 555 
N6 and other neurons) of polyp heads in absence and in presence of 10mM metronidazole (Mtz, 8h and 556 
12h/overnight (ON)). Scale bar 50µm. Note the depletion of N6 neurons over time. 557 
B. Different NTR transgenic lines of Hydra in absence and presence of 10mM Mtz for 12h. Note the inflated body 558 
shape following ablation of N4 and the fully contracted body in absence of N3. 559 
C. The effect of ablating neuronal subpopulations on the mouth opening time. The measured mouth opening time 560 
was normalized to the mean response of the control within each experiment before pooling all data. The presence 561 
of i-cells is essential for mouth opening. Absence of N6 and N4 significantly (p<0.001, N6: n=46; N4: n=44, 562 
N4+N6: n = 7) decreased mouth opening, and when lacking in combination it abolished the behavior. Ablation of 563 
N3 had no significant effect (p>0.05). Treatments were compared to the “control+Mtz” group. 564 
D. The percentage of animals displaying ‘plate eating’ behavior decreased when neuronal subpopulations were 565 
ablated (n=18-44). The ablation of N4 inhibited this behavior completely.  566 
E. The mouth opening response time after administration of GSH was delayed following ablating of neuronal 567 
subpopulations. N6 and N4, alone or in combination, had a strong impact on the response time, but N3 did not. 568 
(N6: n=46; N4: n=44; N3: n =18; N4+N6: n = 3) 569 
F. The tentacle movement response time was also affected by ablating the neuronal subpopulations, in particular 570 
by N6 (N6: n=46; N4: n=44; N3: n =18; N4+N6: n = 6). 571 
All statistical analyses are based on Kruskal-Walli’s rank sum test and Dunn test as post-hoc with Bonferroni 572 
method; * p≤0.05; ** p≤0.01; *** p≤0.001. 573 
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 574 
Figure 5. The model of the neuronal circuit controlling the eating behavior in Hydra. 575 

A-C. Identification of contact points between N3 and other ectodermal Rfa+ neurons by immunohistochemistry 576 
using antibodies targeting N1, N6, N7 in combination, and GFP for visualization of N3. Contact points (white 577 
arrows) are present between N3 and N6 in the head (A), where N1 and N7 are absent. In the foot (B) contact 578 
points are found between N3 and N1 and in the tentacles (C) they exist between N3 and N7.  579 
D-F. Potential synaptic contact points (white arrows) were also identified between endodermal N4 and ectodermal 580 
neuronal populations at the base of the head. Four examples are shown in D-E, where potential contacts between 581 
endodermal N4 and N6 (white arrows) were observed. Two zoomed pictures are shown, one frontal maximum 582 
projection (D') and one orthogonal maximum projection (E’, scale bar 5µm). In the foot (F-F’) there was no contact 583 
between N4 and N1. 584 
G. Time gap between the first neuronal activity and the beginning of mouth opening. The N6 subpopulation is split 585 
into sensory and ganglion cells. A higher value indicates a faster response to the food stimulus, as seen for N6 586 
sensory cells (n=4-7, Kruskal-Wallis and Dunn post-hoc). 587 
H. The number of primary neurites of each subpopulation divided into head top and head lower part (basis) for N3 588 
(purple) and N6 (red, orange). The highest number of primary neurites are found for N6 at the basis of the head 589 
(n= 4-11, ANOVA, Turkey post-hoc). 590 
I-J. Contraction response of the epithelia to the food stimulus, with ectoderm (L) and endoderm (M). The time 591 
point when the mouth opened is indicated. No contraction of ectoderm in the head top was identified butt a time 592 
relapse between contraction of endoderm at the head top and base is visible H. (n=4) 593 
K. The model of the neuronal circuit involved in the eating behavior. N6 sensory cells detect glutathione first and 594 
propagate the signal to N6 ganglion cells, where it spreads to the endodermal N4 ganglion cells. At the same 595 
time, the signal propagates to N3 cells which modulate the response and stops firing, leading to mouth opening. 596 
Contact between N3 ganglion cells and N1 and N7 neurons ensures further spread of the signal through the body 597 
of the polyp. * p≤0.05; ** p≤0.01; *** p≤0.001 598 
 599 
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 600 

Figure 6.  Mono-association of Curvibacter sp. inhibits mouth opening in Hydra via glutamate production. 601 

A.-B. Wildtype (Wt) Hydra was made germ-free (GF) with antibiotic (AB) treatment and then recolonized with 602 
single constituents of its native microbiota or combinations thereof. 603 
A. Absence of bacteria decreased the mouth opening duration during feeding. This could be partially restored by 604 
recolonization with various bacterial species, but mono-association with Curvibacter sp. strongly inhibited mouth 605 
opening. Results of replicas (n>5) were normalized to the respective control (dotted line: mean of the control) 606 
before pooling experiments.  607 
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B. The negative effect on the mouth opening time of mono-associated Curvibacter sp. was rescued by other 608 
bacterial species with increasing community complexity. Und: Undibacterium sp., Dug: Dugonelia sp., Ac: 609 
Acidovorax sp. Curvibacter sp. was present in all. 610 
C-E. Neuronal activity during eating behavior in transgenic animals with wildtype microbiota, germ-free animals or 611 
recolonization with Curvibacter. C: the activity of N6 sensory cells was negatively affected by absence of bacteria, 612 
while recolonization of Curvibacter rescued this effect. N6 ganglion cells were not affected, Area under the curve 613 
(AUC) was calculated by taking the mean of respective controls and subtract this from treatment (n=8-10). D: The 614 
spiking frequency of N4 was severely impaired in GF polyps which was reversed by presence of Curvibacter. 615 
(n=10-11). E: Absence of bacteria or mono-association with Curvibacter did not affect N3 neural spiking 616 
frequency during feeding (one experiment, n= 3-5). 617 
F. Differentially expressed genes in Curvibacter sp. grown in minimal growth medium (R2A) and in mono-618 
association with its host. Multiple genes are involved in glutamine/glutamate binding, transport and metabolism 619 
shown in red font. 620 
G. Curvibacter sp. grown in vitro in Hydra culture medium supplemented with 200µM glutamine secreted 621 
glutamate into the medium (n= 5), whereas addition of alanine to the medium had no effect  622 
H. Adding glutamate to the medium strongly inhibited mouth opening, but other amino acids had no effect. 623 
Addition of NMDA mimicked the glutamate inhibition (n=10). 624 
I. Model of the mechanism how glutamate production by Curvibacter sp. affects its host. Red arrows indicate 625 
upregulation of bacterial genes during host association, with purple arrows showing down regulation, which in 626 
combination lead to higher glutamate secretion. This binds to an NMDA-receptor on N6 sensory cells to produce 627 
NDA-1, an antimicrobial peptide that limits Curvibacter propagation36. 628 
Kruskal-Wallis, Wilcoxon test, * p≤0.05; ** p≤0.01; *** p≤0.001 629 
 630 
STAR Methods 631 
 632 
Materials availability  633 

The plasmids and transgenic Hydra vulgaris AEP generated in this study are 634 

available upon request. 635 

Code availability 636 

All codes used in this study are available upon request. 637 

Experimental Procedures 638 

Hydra maintenance 639 

In this study used Hydra polyps (Hydra vugaris AEP, Hydra magnipapillata sf1) were 640 

cultured according to standard procedures in standard Hydra culture medium (CaCl2 641 

0.042g/L; MgSO4x7H20 0.081g/L; NaHCO3 0.042g/L, K2CO3 0.011g/L in dH2O) 70. 642 

The animals were kept in 250mL glass beaker at 18°C with a 12/12h light cycle. The 643 

feeding regime was strictly three times per week with Artemia nauplii for at least two 644 

weeks before any experiment. Animals were starved for 1-3 days before either an 645 

ablation experiment or a calcium imaging analysis. There was no difference in the 646 

mouth opening duration between 1-3 days of starvation. 647 

Generating germ-free animals and re-colonization 648 

Germ-free animals were derived by treating animals for five days with an antibiotic 649 

cocktail containing rifampicin, ampicillin, streptomycin and neomycin in final 650 

concentrations of 50�µg/ml each and spectinomycin of 60�µg/ml, as previously 651 

described49. Control polyps were incubated in 0.1% DMSO for the same time since 652 

rifampicin is dissolved in DMSO. The antibiotic cocktail was replaced after 72h of 653 

incubation. After 5 days in antibiotics, the animals were transferred to sterile Hydra 654 

culture medium and incubated for another 2 days. On the second day in sterile Hydra 655 

culture medium, animals were recolonized with defined bacteria or communities and 656 

medium was exchanged. After another 3 days of incubation with defined bacteria or 657 
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communities, polyps were used for the behavioral assays or RNA sequencing. The 658 

germ-free status was checked twice during the protocol, on the seventh day and the 659 

tenth day of the protocol via plating macerated polyps on R2A-agar plates. Random 660 

samples were also tested via PCR using universal rRNA primer Eub-27F and 661 

Eub1492R71. No colonies formed on the R2A agar plates after one week of 662 

incubation at room temperature and absence of amplification product confirmed the 663 

germ-free status. 664 

Germ-free animals were monocolonized with pure bacteria cultures of the core 665 

members of Hydras microbiota: Curvibacter AEP 1.3 (NCBI:txid1844971), Duganella 666 

C 1.2 (NCBI:txid1531299), Undibacterium C 1.1 (NCBI:txid1531302), Acidovorax sp. 667 

AEP 1.4, Pelomonas AEP 2.2 (NCBI:txid1531300) and Pseudomonas sp.50. Bacteria 668 

were cultured from existing isolate stocks in R2A medium at 18°C for three days and 669 

subcultured the day before recolonization (dilution depending on the bacterium). In all 670 

experiments we started from a fresh cryostock and identity of bacteria was regularly 671 

tested. From the overnight culture approximately 105-106 cells were added to the 672 

50mL sterile Hydra culture medium containing 30-50 animals. For the different 673 

combinations of bacteria, each bacterium was added in at equal ratios. After three 674 

days the recolonization success was checked by plating three macerated polyps per 675 

treatment in a 1:1000 dilution on R2A agar plates and counting the CFUs after three 676 

to four days of incubation at 18°C. Recolonized animals were only used when 677 

recolonization was successful and in agreement with previous published values72. 678 

Promoter identification and extraction 679 

Marker genes specifically expressed in the different neuronal subpopulations were 680 

identified using the single cell atlas previously published 24,25 (suppl. Fig. 1). Genes 681 

were then mapped against the different available genomes of Hydra 682 

(nih.gov/HydraAEP) and their promotor were extracted as 1000-1500bp upstream of 683 

the gene, by including the first 30bp of the open reading frame. The sequence was 684 

than cloned into pGem-T Easy (Promega, cat# A1360) while restriction enzyme 685 

binding sites were inserted to further clone the construct into the LigAF vector (for 686 

sequences see suppl. Table 1). 687 

Transgenesis and constructs 688 

Transgenic Hydra vulgaris AEP were derived following the established protocol by 689 

Wittlieb et al.70,73 using a modified version of the LigAF vector. Different lines were 690 

produced in which the specific promotors for desired expression in the neuronal 691 

subpopulation regulated either GCaMP6S (as in Dupre et al. 26) with an actin 692 

terminator or the nitroreductase (NTR)44 (in silico codon optimized) coupled to an 693 

eGFP at the C-terminus followed by an actin terminator sequence (see suppl. Table 1 694 

for sequences). As previously described, the construct was injected via microinjection 695 

in embryos resulting in mosaic animals. Animals were screened for transgenic 696 

neurons and selected to produce fully stable transgenic animals. We then induced 697 

embryogenesis in the transgenic lines and derived F1-generations which ensured 698 

that the construct was incorporated in all cells. This was successful for transgenic 699 

lines N4 and N6 while for N3 reached a non-mosaic stable population only (see suppl 700 

Table 1). 701 
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Histology 702 

For antibody staining, Hydra polyps were relaxed with 2% urethan(Sigma-Aldrich, 703 

U2500)  in Hydra culture medium for less than 2min and fixed for 2h (RT) or 704 

overnight (4°C) in Zamboni (Morphisto, cat#12773). Following 3 washes in PBS with 705 

0.1% tween (PBST) followed by an incubation in PBS with 0.5% TritonX100 and an 706 

1h of blocking in PBST with 1% bovine serum albumin (BSA, Roth, cat# 8076.1). 707 

Animals were than incubated overnight at 4°C with the primary antibody in PBST and 708 

1% BSA. Primary antibodies used in this study were: anti-GFP (Biozol, cat# GFP-709 

1010, 1:1000 dilution) and anti-FMRFamid (BMA Biomedicals, cat# T-4322, 1:1000 710 

dilution). After the primary antibody incubation, four 15min washes in PBST with 711 

1%BSA were performed before adding the secondary antibody. Secondary 712 

antibodies used in this study were: goat anti-chicken Alexa Fluor 488 (Invitrogen, 713 

cat# A11039, 1:1000 dilution) and donkey anti-rabbit Alexa Fluor 546 (Invitrogen, 714 

cat# A10040, dilution 1:1000). Animals were incubated for 2h at RT with the 715 

secondary antibody. After the secondary antibody another four 15min washes in 716 

PBST (here 0.5% tween) with 1% BSA were performed followed by a short 5min 717 

incubation in TO-PRO™-3 Iodide (642/661)(Invitrogen, cat# T3605, 1:1000 dilution). 718 

The animals were mounted in moviol with DAPCO on glass slides and stored at 4°C 719 

till imaging. 720 

Imaging and analysis 721 

Fixed and stained animals were imaged either with a LSM900 (Zeiss) or Axio Vert.A1 722 

(Zeiss) using colibri 7 (Zeiss) as a light source. Further processing of the images was 723 

performed with Zen Blue 3.4 software (Zeiss) or Fiji74. For the analysis of neuronal 724 

densities and distribution we used the Cell Counter plugin by Fiji. For counting, a 725 

rectangular area was subsampled from the images to count comparable areas (see 726 

Fig2B, I and N). For the densities, we calculated the density of neurons per mm2. For 727 

the 2D density plots (Fig2G, L and S) we aligned the rectangle area using Fiji and 728 

extracted the x- and y-coordinates. Data were analyzed using R (v4.0.3)75 over 729 

RStudio IDE76 and for the visualization the plugin tidyverse (v1.3.1)77 was used. For 730 

the characterization of the primary neurites, we counted all neurites originating from a 731 

neuron soma. In all cases at least five animals were analyzed. Multicolor images 732 

shown throughout are pseudo-colored composites (maximum projection), with 733 

brightness and contrast adjusted for clarity. 734 

NTR and sf1 cell ablation experiments 735 

Animals were incubated overnight in 10mM Metronidazole (Sigma, cat# 736 

M1547)44,45,54. On the next morning animals were screened under a fluorescence 737 

microscope for absence of GFP+ cells. Once it was determined that the ablation had 738 

been successful, the animals were washed once in Hydra culture medium and used 739 

for behavioral assays or histology on the same day. Each experiment included a 740 

control of Hydra vulgaris wildtype and the corresponding GCaMP6S transgenic line 741 

with Metronidazole and the NTR-GFP transgenic line without Metronidazole. In all 742 

experiments at least 5 animals per treatment were used. 743 

Hydra magnipapillata Sf1 were exposed to 28°C for 48h together with a control (H. 744 

magnipapillata) for the heat shock and afterwards kept for 19 days under standard 745 
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culture conditions. Neurons were quantified on day 5, 8, 11, 14 and 19 using a cell 746 

maceration protocol22. Polyps were dissociated in maceration solution (1:1:13, 747 

Glycerol, Acidic acid, Hydra culture medium) at 32°C for 30 minutes. Afterwards cells 748 

were fixed in 8% PFA and spread out on gelatin-coated slides. Counting was done 749 

blinded. 750 

Behavioral analysis 751 

Acquisition 752 

To analyze the effect of cell ablation and bacteria on the eating behavior, we 753 

developed a recording system where we can observe multiple animals at once and 754 

animals were minimally restrained. For this, a chamber was used where 5-6 animals 755 

could be observed under controlled fluid flow (Suppl. Fig. 7). The chamber consists of 756 

a two-piece aluminum case and two plexiglass pieces in which one cavity was milled 757 

and the other used as a lid (see suppl. Fig. 7). These were connected and liquid tight 758 

via braces. Animals could survive in the chamber for weeks as long as fresh Hydra 759 

medium was supplied. The chamber has a height of 0.4mm and two channels on 760 

both sides fitted with tubes through which medium can be manually supplied. The 761 

animals were recorded at 18°C in an insulated climate chamber to avoid external 762 

stimuli using M3C Wild Heerbrugg binocular microscopes and Axiocam 208 color 763 

(Zeiss), taking a picture every 2 seconds. 764 

Mouth opening, tentacle response and analysis 765 

The animals were given 10 min to adapt to the recording chamber before recording 766 

started and another 5-10 min before reduced glutathione (GSH, Roth, cat#6382.1) 767 

was supplied via the tube system. In all assays a final concentration of 10µM GSH 768 

was used, prepared in the same medium as the animals were kept in prior to the 769 

experiment using a 0.1M stock solution. Each animal was only recorded once. 770 

Acquired movies were blinded to their treatment and assigned with a random three-771 

digit number before analysis. The behavior was manually annotated. For the 772 

following different behaviors: the mouth opening time, tentacle movement and the 773 

type of mouth opening (see suppl Video 1). As some animals exhibited multiple 774 

mouth openings during the assay, for the mouth opening time only the first event was 775 

recorded. The raw data from the video analysis were further normalized by the mean 776 

of the respective controls within each experiment to obtain the fold-change 777 

information between treatments. The data were merged for analysis and plotting. 778 

Mouth opening width 779 

In order to correlate the mouth opening behavior and neuronal activity, we measured 780 

the width of the mouth opening during GCaMP6S recording via automated tracking of 781 

the opposite edges of the mouth. This tracking was done using icy78 and the tracking 782 

plugin79. Afterwards tracks were manually cleaned, and missing links were 783 

integrated. Using the track manager with the integrated function “Distance profiler” 784 

the distances between the two different tracks were calculated in pixel. The tracks 785 

were then smoothed using the integrated ksmooth function in R75. As the mouth 786 

opening onset to analyze the time sequence of neuronal activation before mouth 787 
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opening, the first increase in the slope was taken after the addition of GSH and 788 

where there is no decrease within a 20 sec window. 789 

 790 

GCaMP6S imaging acquisition and calcium traces extraction 791 

To analyze the neuronal activity during the eating behavior, we developed a system 792 

to record freely moving animals while adding GSH. The animals were placed in 793 

commercially available channel slides with a height of 0.2mm and a width of 5mm 794 

(Suppl. Fig. 7.; Ibidi, cat# 80166). After an animal was placed in the channel sled, 795 

tubing was connected on both sides, and recording was started. GSH was added 796 

using a 1-ml syringe attached to one tube after 2-3min, depending on the behavior of 797 

the animal, and recording lasted for approximately 10min. GSH was only added when 798 

the animal stayed elongated and did not show contraction or somersaulting behavior. 799 

Imaging was performed using the Axio Vert. A1 (Zeiss) with the Colibri 7 as a light 800 

source (Zeiss) equipped with the fluorescence filter 38 HE (Zeiss), 5x and 10x Plan 801 

Apo objective, and the Axiocam 705 mono (Zeiss). Acquired videos were further 802 

processed with Zen Blue 3.4 (Zeiss) to 700x600px, 8-bit and aligned with the Fiji 803 

plugin Linear Stack Alignment with SIFT80. The aligned stacks were than used for 804 

tracing neurons as described by Lagach et al.81. Neurons were automatically traced 805 

in icy78 using the protocol “Detection and Tracking of neurons with emc2”81 with 806 

individually adjusted parameters depending on the population, magnification, and 807 

animal size. Afterwards the quality of the tracks was controlled, and missing links 808 

were manually added, or false tracks were removed. For N6 and N4 neurons, tracks 809 

were manually separated for the different neuronal sensory (-like) and ganglion. 810 

GCaMP6S trace analysis 811 

The raw traces were normalized to obtain the fluorescence change ΔF/F0 using the 812 

background fluorescence as F0. This background fluorescence was taken by 813 

selecting a frame without visible neuronal activity drawing the outline of the animal’s 814 

body column and calculating the mean grey therein via Fiji. For further analysis the 815 

mean activity of each population or neuronal type was taken with the standard 816 

deviation to the mean since it summarized all major events (suppl. Fig. 5). All 817 

visualization and normalization were done using customized scripts in R75. N3 and 818 

N4 spiking frequency was computed using either CASCADE82 and/or MATLAB’s 819 

(Mathworks) “findpeaks” function with manually adjusted parameters. In all 820 

experiments at least 4 animals were used. In Figure 3 A-C only, representative 821 

polyps were shown and the mean of the whole neuronal population with the standard 822 

deviation, for N4 and N6 divided into sensory and ganglion neurons. More replicates 823 

shown in the suppl. Fig. 2-4. 824 

The time sequence of activation of the nerve subpopulation before an opening of the 825 

mouth was determined by the time difference between the first activation of the first 826 

cell and the opening of the mouth. As the timepoint of first neuronal response, the 827 

first activation of the first single cell was taken (shown in Fig. 5G). Higher values 828 

respond to an earlier response to GSH. At least 4 animals pre transgenic line were 829 

taken. 830 
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To find a difference in N6 between germ-free and monocolonized with Curvibacter or 831 

wildtype microbiota, the area under the curve (AUC) was compared. For this 832 

purpose, the mean value of the wildtype microbiota AUC was taken and the 833 

difference to the other treatments was calculated. At least 8 animals per treatment 834 

were used. 835 

GCaMP6S and mouth width analysis 836 

For calculation of positive or negative correlations between the mouth opening and 837 

the mean activity of the different neuronal subpopulations, the smoothed mouth width 838 

data were used. The visualization was done using R and the tidyverse package 839 

(Fig2A-C) 75,77. The mouth opening width was adjusted to the scale of the 840 

fluorescence change as stated on the right y-axis title. To perform linear correlation 841 

analysis, for N6 we compared the fluorescence changes and in case of N3 and N4 842 

the frequency to the mouth opening width at the given time point. For N6, the 843 

GCaMP6S traces were divided into ganglion and sensory neurons. Since a 844 

continuous signal increase rather than a spiking pattern was observed in N6, we 845 

selected a time window of ±15 sec around the mouth opening event and compared 846 

this to the mouth width change in the same time window. For N4 and N3 we took the 847 

spiking frequency and the width of the mouth opening prior the GSH stimulus and 848 

post GSH stimulus. Since we observed a dynamic in the mouth width while recording, 849 

we took the minimal mouth width after the mouth opened and the frequency around 850 

that time point (30sec window). At least 6 animals per transgenic line were used. 851 

RNA sequencing and analysis 852 

Transcriptional analysis of Curvibacter sp. AEP1.3 was performed by RNA 853 

sequencing of bacteria in association with their host and when cultured in R2A 854 

without the host (Neogen, cat#NCM0188A). For the latter, 4mL of culture was 855 

collected before stationary phase was reached, at an OD600 of 0.2-0.3, and 856 

centrifuged (4°C, 12000xg). For samples from host-associated Curvibacter, 5x500 857 

mono-colonized polyps were prepared as described previously83. Curvibacter was 858 

washed off these animals with PBS and the supernatant was collected and 859 

centrifuged (4°C, 12000xg). The bacterial pellet was dissolved in 750µL Trizol by 860 

vortexing and 250µL of chloroform was added and samples were centrifuged 861 

(12.000xg at 4°C). The aqueous phase was collected and 400µL of 99.9% ethanol 862 

was added. The solution was then transferred to silica columns of the ambion 863 

PureLink™ RNA Mini Kit (Thermo scientific). RNA was eluted with 35μL RNase free 864 

water and stored at −80°C until samples were submitted for sequencing. 865 

Prior to sequencing isolated RNA was treated using the TruSeq stranded total RNA 866 

kit (Illumina) and Ribo-Zero Plus kit (Illumina). The remaining RNA was paired end 867 

sequenced using a NovaSeq 6000 (Illumina) with 2×150�bp. RNA sequences were 868 

analyzed using the platform Galaxy84. The sequences were trimmed using 869 

CutAdapt85 and Trimmomatic86, and MultiQC for quality control87. We aligned the 870 

reads against the public available Curvibacter sp. AEP1.3 genome (ASM216371v1)83 871 

using Bowtie288. Reads were counted with featureCounts89. The normalization of 872 

reads and differential gene expression analysis was done using the DeSeq2 pipeline 873 
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in R75,90  and data were visualized using tidyverse in R77. All raw RNA-sequence read 874 

counts and analyzed data can be found in supplement table 2.  875 

Statistics 876 

All statistics were done using R and R-studio as IDE75,76. In all cases data were 877 

tested for their equal variance using Levene’s test and their normal distribution using 878 

Shapiro test. Depending on the outcome of those tests either a parametric (t-test, 879 

ANOVA, Turkey test) or non-parametric test (Kruskal-Wallis, (pairwise-) Wilcox test, 880 

Dunn test) were used. Correction for multiple testing was done using Bonferroni. The 881 

replicate number (n) for each dataset is indicated in the figure legends, along with the 882 

statistical method used for each comparison and the p value. The cutoff for a 883 

significant difference was set as an α < 0.05. Throughout the text, values are 884 

reported as median ± standard deviation. 885 

 886 

 887 
 888 
Supplemental Material 889 
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